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ABSTRACT 
A method using polyethylene tubing of various sizes and a flow of water commen-

surate with the size of the specimen has been employed to determine the resting 
metabolic rates of large fish. With female dogfish, ranging in size from 0.1-9 kg, 
at about 13° C, there is a linear regression of log metabolic rate on log body weight 
with a slope calculated at 0. 74. The metabolic rates of ling-cod, ranging in body 
weight from about 0.2-20 kg, gave a slope of 0.78. 

INTRODUCTION 

From values available to him in the literature, Zeuthen (1947) 
was able to plot metabolic rates against body size for fish up to a 
maximum size of only a little more than a kilogram in weight. He 
concluded: " As a whole, the experiments seem to indicate that the 
decrease in metabolic rate, which appears well established [with 
increasing body size for small fish] ... most probably continues 
[for large fish] ... , but the uncertainty of this finding is so high that 
it is completely impossible to predict anything concerning the metab-
olism of large fishes. Measurements in this field would be of the 
greatest interest." Reviewing the subject of respiration of fish ten 
years later, Fry (1957) was not able to include measurements beyond 
the one kilogram level. 

Our interest in this problem arose from a concern with changes 
in tissue respiration which presumably take place with an increase 
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in body size. Since such changes are poorly understood in fishes, 
it was first necessary to establish whether or not there is a decline 
in standard metabolism with increase in body size. As noted below, 
modification of a simple technique which has been in use for more 
than 50 years has made it possible to obtain metabolic rates of large 
fish. Reported here are measurements of metabolic rates of Squalus 
suckleyi (elasmobranch) weighing up to 9 kg and of Ophiodon elong-
atus (teleost) weighing up to 20 kg. 

METHODS AND MATERIALS 

Winterstein (1908) devised a constant fl.ow system which bathed 
the gills of a fish with water; by the Winkler method for dissolved 
oxygen he could measure the difference in oxygen saturation be-
tween the incoming water and the outgoing water after it had passed 
over the gills, thus computing the rate of oxygen uptake. Ege and 
Krogh (1915) modified the method only slightly by having the in-
flowing water bathe the entire fish before running out into a col-
lecting device; thus the rate of fl.ow could be computed. 

In the present experiments, a water flow proportional to the in-
creased size of the fish was passed through a cylindrical bag of 
polyethylene tubing of a length and size suitable for the subject. 
The rate of fl.ow was measured every half hour either with a vessel 
and stop watch (dogfish experiments) or with a calibrated flow-
meter inserted on the up-stream side of the metabolism chamber 
(ling-cod experiments). 

Polyethylene tubing, in the form called "lay-fl.at", is available 
commercially in a variety of gauges and widths and in any length 
desired. In these studies three sizes were used: 1) width 8 inches 
in the "lay-fl.at" condition, wall thickness 0.002 inch; 2) width 14 
inches, wall thickness 0.004 inch; 3) width 18 inches, wall thickness 
0.006 inch. When inflated with water to a cylindrical shape, the 
circumference of item I was 16 inches, the diameter about 5 inches. 
Item 3, the largest we were able to use in the tanks available to us, 
provided a cylinder with a diameter of nearly 12 inches. 

One end of the polyethylene, cut to a length somewhat greater 
than the subject, was gathered around a # 14 I-hole soft rubber 
stopper and fastened firmly with an adjustable stainless-steel hose-
clamp. This end was then tested for leaks, after which the cylinder 
was filled with water, the whole unit being contained in a large 
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tank provided with an independent flow of sea water. The fish was 
introduced head first, after which the other end of the bag was 
gathered and clamped to a second stopper. The stream of water 
through the bag was led out of the tank, and its outflow was fixed 
high enough to keep the bag inflated but not overdistended. With 
too much pressure the bag would rupture, with not enough pressure 
it would collapse. Since the bag was transparent, the fish could see 
through it and could be observed at any time. The fish did not 
struggle once it was in the bag, but its insertion into the bag was 
sometimes accomplished only with some effort. The two dorsal 
spines of the dogfish were clipped off with bone forceps before the 
fish was placed in the bag. 

The measured flow of water, siphoned from a constant-level 
reservoir, was adjusted so that a readily measured difference in 
oxygen content of the water was produced by the metabolism of 
the fish. E xperiments were continued in some cases up to 36 hours, 
with water samples taken at half-hour intervals. Polyethylene is 
sufficiently impermeable to oxygen so that a steep gradient of dis-
solved oxygen between the inside and the outside of the bag could 
be accomplished by artificial means without noticeable change in 
the oxygen content of the water flowing through the bag. 

In work with the ling-cod it was noted that the temperature of the 
smaller quantity of water passing through the polyethylene respir-
ation chamber was slightly lower than that of the much larger and 
more slowly moving body of water in the tank. Table II shows some 
of these temperature differences. We assume that the actual tem-
perature of the fish was close to a mean of the incoming and out-
going water in the bag and not to that in the tank itself. A mean 
temperature of about 12° C was the objective. The fish of Puget 
Sound normally live in sea water a few degrees colder than 12°, 
but this was the lowest temperature which could be achieved con-
sistently during summer months with the sea water system at 
Friday Harbor. Observations employing the sea water system at 
Seattle were made at similar levels to permit direct comparisons 
between ling-cod and dogfish. 

Dogfish, obtained by trawling, lived for long periods in the sea 
water system at the Friday Harbor Laboratories and were considered 
to be in normal condition. Usually they were held in the water 
system without feeding for a few days before use so that the di-
gestive tract would be empty. After completion of the metabolic 
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studies, the animals were dissected to ascertain that the digestive 
tracts were actually empty. 

The ling-cod proved much more difficult to obtain by trawling. 
Therefore the majority were taken by hook and line or by long-
line, and some of the small ones were taken by beach seine. Fortun-
ately the mouth of the ling-cod is tough, but fish that were considered 
injured were discarded. The ling-cod fed voraciously in the labor-
atory and could be kept for long periods before use, some remaining 
in the aquaria on the Seattle campus for more than a month. Since 
digestion in these animals is slow, they had to be starved for about 
two weeks before a resting metabolic rate could be measured. In 
one early experiment, when an unusually high value for the meta-
bolic rate was obtained, it was found later by dissection that the 
fish had still been digesting a good-sized sole; ingestion must have 
occurred at least ten days before the experiment. 

The oxygen content of the water was determined by the unmodi-
fied Winkler procedure, using a 300-ml stoppered bottle for sampling 
and a 50-ml titration aliquot. 

RESULTS 
Squalus suckleyi (Dogfish) 

Female dogfish employed in these experiments weighed up to 
8.9 kg, the heaviest ones being pregnant; the largest nonpregnant 
subject weighted 5.7 kg. No males were used. 

The data for this species are presented in two ways: 1) Table I 
sets forth the individual values of the metabolic rates of each fish 
to show the variability; 2) the data have been plotted in Fig. 1 as 
a log-log graph to show the degree of conformity to a straight line. 
For ease in plotting, several individual values have been lumped 
together (see Table I) to give a single point on the graph. Eq. Y = 
aXb des?ribes this straight Ene; the value of b, the regression of 
metabolic rate on body size, obtained from the numerical data by 
the method of least squares, proved to be 0. 7 4 for Squalus suckleyi. 

Ophiodon elongatus (Ling-cod) 

T~e ~easu~ed values for the oxygen uptake of the ling-cods 
studied m this work are presented in Table II . Each individual 
value is the mean of many measurements obtained from serial 
samples taken for long periods of time following preliminary ob-
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TABLE I. THE RESTING METABOLIC RATES OF FEMALE DOGFISH, Squalus suckleyi, 
AT TEMPERATURES VARYING FROM 12-14° C. EACH VALUE REPRESENTS THE MEAN 

OF SIX TO TEN DETERMINATIONS MADE AT IIALF-HOUR INTERVALS 

Body 
111ean 

0 1 Con- M ean Body 
Mean 

0 2 Con- Mean 
Weight 

Weightt 
aumption O,iCon- Weight 

Weightt 
sumption o. Con-

(kg) (ml/min) aumptiont (kg) (ml/min) sumptiont 

0.102 0.102 0.18 0.18 1.867 1.87 1.22 1.22 
2.488 1.44 

0 .641 0.641 0.40 0.40 2.915 1.60 
2.70 1.52 

0.908 0.67 
0.975 0.58 3.195 2.15 

0.94 0.62 3.242 2.88 
3.350 l.97 

l.021 0.58 3.426 1.11 

l.073 0.96 3.30 2.03 

1.05 0.77 
3.994 2.75 

l.114 0.65 4.291 2.02 

1.126 0.97 4.700 2.35 

1.130 0.96 4.782 2.32 

1.12 0.86 4.861 2.52 
4.950 2.41 

1.213 0 .80 4.60 2.60 

1.229 0.71 
1.237 0.85 5.672§ 3.38 

1.255 0.80 5.698 3.54 

l.283 0.71 5.929§ 3.35 

1.24 0.77 5.76 3.42* 

1.433 0.98 7.043§ 7.04 4.06 4.06 

l.686 0.81 
1.55 0.89 7.849§ 7.85 3.69 3.69 

1.711 1.24 8.970§ 8.97 2.72 2.72 

1.743 0.93 

1.759 1.05 

1.778 1.38 

1.778 1.28 

1.75 1.17 

t For fish of similar size. 

§ Pregnant. 
• Values for pregnant and nonpregnant were lumped because they were so close 

together as to make it inadvisable to try to plot them separately. 
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Figure I. Log-log relationship of the rate of oxygen consumption with body weight of 
female dogfish, Squalus sucldeyi, at 13° C. Open circles, normal fish ; solid circles, pregnant fish. 
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TABLE II . STANDARD METABOLISM OF LING-COD OF VARYING BODY SIZE. EACH 

VALUE IS THE MEAN OF 10 TO 20 DETERMINATIONS MADE AT HALF -HOUR INTERVALS. 

SUCCEEDING VALUES FOR THE SAME FISH WERE MADE ON OTHER DAYS 

Weight ,- Temperature, ° C 0 2 Consumption 
(kg) InP.mv Bath Outfiow (ml/min) 

Comments 

.267 12.2 .20 

.523 12.9-13.3 .38 

.845 10.9 13.3 12.0 .57 Nembutal, 15 mg/kg 
10.8 13.1 11.6 .54 Nembutal, 15 mg/kg 

.965 .64 
1.500 12.6 .97 

13.3 1.03 
3.770 11.2 12.4 11.5 1.82 Nembutal, 15 mg/kg 

2.18 Nembutal, 15 mg/kg 
4.400 10.9 13.0 11.2 1.69 Nembutal, 15 mg/kg 
6.820 12.0 2.62 
7.330 10.5 12.5 ll.l 2.81 

10.6 11.3 11.0 2.86 Nembutal, 20 mg/kg 
10.3 10.9 11.8 2.64 Nembutal, 20 mg/kg 
10.9 12.1 11.4 2.52 Nembutal, 20 mg/kg 
ll.l 12.3 11.6 2.56 Nembutal, 20 mg/kg 

9.090 3.92 
15.910 12.1 4.82 
17.200 11.0 12.4 11.7 5.99 Nembutal, 12 mg/kg 

11.0 11.8 11.5 5.29 Nembutal, 12 mg/kg 
20.900 12.2 7.96 

11.8 7.45 

servation. It is well known that some species of fish require a long 
period of adjustment or conditioning after handling before they reach 
a state of minimum resting metabolism. Therefore the actual ex-
periment was not begun until the preliminary serial samples showed 
fair consistency. Measuring the rate of the large specimens proved 
to be only slightly more difficult than measuring that of the small 
ones. 

For this species, the value of b, the regression of metabolic rate 
on body size, again obtained by the method of least squares, is 
0. 78, with a standard error of ± 6 °lo-
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DISCUSSION 

Whether or not a fish is at a minimal resting metabolic rate is 
not easy to determine. In the present case some additional evidence 
on this point was much needed. According to Geyer and Mann 
(1939), too small a chamber may excite certain fish. In our experi-
ments the volumetric ratio of the largest bag to the largest fish 
used was about 4 to 1, whereas Geyer and Mann recommended a 
minimum ratio of 10 to 1. Furthermore, for purposes of comparison 
with in vitro tissue respiration rates, a minimum figure for the total 
rate of oxygen uptake by the postabsorptive but nonstarving fish 
was needed. We therefore made measurements of ling-cod which had 
been sedated with sodium pentobarbital (cf. Fry, 1957: 32). Com-
parison of data for sedated ling-cod and untreated individuals 
showed that all were at comparable levels of metabolic activity. 
Fig. 2 shows the average of all values for the oxygen consumption 
per minute of each fish plotted against body weight. The way in 
which the points fall on a straight line may be taken as evidence 
that the barbiturate was not depressing the metabolic rate. Also, 
we may judge from the agreement of data for the untreated and 
sedated fish and from the consistency of results for a single fish from 
day to day, that a minimum resting rate was being measured in 
the unsedated fish. 

It is now possible to clarify in large measure the uncertainty ex-
pressed by Zeuthen (see Introduction). The decrease in metabolic 
rate with increasing body size is indeed well established for small 
fish. Fry (1957) has reviewed this point specifically for fish and has 
provided numerous references in addition to those given by Zeuthen. 
Directly to this point he cited ten other values (from less than 0.66 
to 0.9 for different species of fish) for slopes relating the logarithm 
of the rate of metabolism to the logarithm of weight; most of these 
fish were small, usually below 200 g (.2 kg) for the largest body 
weight. Job (1955) obtained measurements of specimens of almost 
a kilogram in body weight. The good fit of his experimental data 
to a slope of 0.85 went far to remove any doubt that large fish 
would also show such a regression. Our value of 0.78 for ling-cod 
extends the generalization to 20 kg, and the method described seems 
to offer a relatively easy solution to the problem of measuring 
metabolic rates of much larger fish. The value of 0.74 obtained for 
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dogfish is quite close to that for ling-cod, being both low or inter-
mediate in comparison to the figures presented by Fry. 

It is still impossible to forecast that measurements of other large 
fish will be in agreement with the intermediate values reported here, 
because significant correlations have not emerged from examination 
of the information accumulated so far. Temperature, salinity and 
mode of life seem not to play dominant roles, but the body of data 
is still small and a careful search may be well rewarded. 
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