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I.  

Editors' Foreword 

, This translation of Professor G. G. Winberg's monograph 
is reproduced with the author's kind permission. It represents 
a cooperative enterprise of the Fisheries Research Board of 
Canada, the Department of Zoology, University of Toronto, and 
the Ontario Department of Lands and Forests, Research Division. 

Two preliminary English versions were used: one prepared 
by Mrs. E. Jermolaev on behalf of the Ontario Department of 
Lands and Forests, the other by the Bureau for Translations, 
Foreign Language-Division, Department of,the Secretary,of 
State of Canada. These were compared and brought into agree-
ment; then both of the editors and Mrs. Jermolaev once more 
checked the revised version, particularly as regards the 
technical terminology, returning frequently to the original 
text in order to clarify difficult passages. 

Some more or less arbitrary decisions were made concerning 
what word equivalents to use, and there is also some special 
terminology. The more important of these are listed below: 

adaptatsiià 1. acclimation (physiological response of an 
individual to any change in environmental conditions); 
2. adaptation (an hereditary characteristic of a 
mulls.  which favours its survival in a given 
locality or habitat--cf. page 38 of the translation). 

akklimatizatsin 1. acclimation; 2. acclimatization (the 
establishment of a species in a new geographical 
region). N.B. The English word acclimatization is 
sometiMes used with the meanihg given for acclima-
tion above, but this has been avoided in this 
translation. 

akklimatizirovatr 	1. to acclimate; 2. to acclimatize 

dykhanie respiration 

gazoobmen respiration, respiratory exchange 

intensivnost' 	rate, (less often) intensity 

,kal 	calorie, gram-calorie 

kkal Calorie, kilogram-calorie 

oblekt 	1. subject, specimen; 2. (less often) species 



obmen, or obmen veshchestv metabolism (see page 1$ of the
translation for the various kinds of metabolism)

uroven' obmena level of metabolism, metabolic level (see
page 93 of the translation)

skorostT obmena, intensivnost° obmena metabolic rate

potreblenie kisloroda oxygen consumption

prirost growth, increase , gain (in weight , rather than length)

prisposoblenie = adaptatsi2â (both meanings)

respirats3.onna:i a kamera
respiratsionnai^a skla.ânka
respiratsionny^. sosud
respirometer

spetsifichsskix. •; spep'^:^i^.,

respirometer
respiration chamber
respiration vessel

sreda .. : enyironme;it;,.:merc3.iuin.:: '• . .
temperatur sre^.y amb^.ént -tOinpex°^.ture

vid ï.. species; .2-.. ,(less- ôften) form

vidovô:% species (adjectivetI!<.

A l3:st is ga.ven' below of the fishes mentioned only by
their Russian,names in the Russian text. Corresponding scien-
tific names and English names are given, where possible. In
the translation, English names are used as far as possible,
otherwise the Russian name.

American char (amerikanskaia
paliia)

Atlantic salmon (1.o so st , sëmga.)
Baikal omul ( Baikal. f skii omulti)
Baikal sculpins (bychki)
beluga
bream (leshch)
brook lamprey (ruchoevaia

minoga)
brook trout (forelt ruchTeva^a)
burbot (nalim)
chub (golavlT )
chum salmon (keta)

Salvelinus fontinalis

Salmo salar
Coregonus autumnalis
Cottus and allied genera
Huso huso
XBramis brama
Lampetra planeri

Salmo trutta (I*morphan fario)
Uo-ta iota
Leuciscus cephalus
Oncorhynchus keta
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crucian carp (karas)
cyprinodonts (karpozubye)
dace (elets)
eel (ugorr )
goldfish (zolota^.â rybka)
güdgeon (peskart )
herring (selgdQ)
ide (yaze )
inconnu (belorybitsa)
inconnu (nel?ma)
Ladoga whitefish (sig

ladozhskil)
lamprey (minoga)
largèmouth bass (chërnyl okun?)
loach (v Qi`-iln )
lungfish (dvo akodyshashchaia)
minnow (goi?ian)
mirror carp (zerkal9nyi karp)
muksun (a whitefish)
Neva smelt (nevskaiâ

koriushka )
ninespine stickleback

(deV3.atiiglai-'a koliushka )
os4tr (a sturgeon)
peliad (a whitefish)
perch (okuri1)
pike (shchuka)
pipefish (morskaia igla)
pond carp (karp)
rainbow trout (forelt

raduzhna£^a)
ripus (a form of cisco)
river lamprey (ruchtevaa

minoga)
roach (plotva)
rudd (krasnopgrka)
ruffe Orsh)
scaled carp (cheshizYchatyi karp)
seahorse (morsko^. kon"k )
scorpionfish (morskoi Prsh)
sculpin (podkamenshchik)
sevriuga (a sturgeon)
sheatfish (som)
ship (a sturgeon)
smelt (kori`u3shka)
spiny loach (shchipovka)
sterlet (sterliad)
sticklebacks (koliushki)
stone loach (gblets)
sturgeons (osetrovye)
tench (lin')
trout (forelt )

iii

Carassius carassius
Cypinoâontidae

4i lls. angu^ l'lâ
Leuciscus leuciscus

Carassius-auratus
Oottu.s ^,_cqbl ca or Gobio og bio )
G'^c,^ haren. uti , G 2allasi
^:^eucisc^.is ^.c^.us ^
rt-enc^c^^z m 1;^.^uçichthXs,-
,jt-enoaus j.euCicn,5nys ne.ima
Oare onus lavaretus baeri

PetroMzon or Lampetra
Miq sK^teru salmoides
NL°ts_gt^'t1k a 7 c?ssiliQa
P^^^topterus aethiopicus
F'hoxj,:nixs. ±hc^^D.^?ua

GoregojI.us muksun
Osmerus mordax

PurI it'^us pun^^.tius

.hcipenser gilldenst ddti
Ooregoonus peled
Perca fluviatilus
Es ®x 1ius

L]2at ^us or Nerophi s
Cvpx.a-J._aus cax^ ©
Sa lmo ^a^.d ne^:i

Ooregonus albula ladogensis
1^an^pe'%ra t'luviatilus

Leuciscus rutilus
Scardiriîus ër^rthrophthalmus

i na
CVprintas ca^^
Hip-pocamms sp,
ScoUaena sp e

tus °oo
Acienser stellatus
Silur us Z1âia^ ^
Âco i^enser nudiventris
Osmerus morlax, 0. dent ex

•^,aenia rCobitis
Lcipenser ruthenus
Gasterosteidae
Nemachilus barbatulus
ci ensar and Fiuo

Tinca tinca
S --^.mo ^2a.^,ta ( 48mor phaM fario)



Ural ri pus
vobla (a for m of roach)
whitefish (sig)
whitefishes (sigovye)
wild carp ( sazan )
zander (sudak)

Coregonus albula spp.
eucïscùs ru^t^lus caspicus
Co^egon^s lavaretus
Coregonus spp.
C rïnûs car a.
tizostediosl or Lucîoperca )

luciopéra

The technical conventions used are as in othe;.r transla-
tions reproduced by the Fisheries Research Board. In particu-
lar, materials put in square brackets always consist of notes
made by the editors or transle:tor s s- or e1seare. RuSuian rywords.
included for the purpose of identifying the authorgs meaning
when there might be ambiguity. Also, page numbers of the
Russian original are inserted in the English text in square
brackets. The paen references throughout the text are to this
or^inal paination.

In conformity with English usage ,the initials of individ-
uals named in the text have of-ben been omitted. All tempera-
tures given are in degrees Centigrade.

F. E. J. Fry, Department of Zoology, University of Toronto,
Toronto 5 , Ont. .

W. E. Ricker, Fisheries Research Board of Canada, Nanaimo, B.C.
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CORRECTIONS, 

(Page references are to the pagination of the translation) 

Page 1, paragraph 2, line 3: instead of "if", read "is". 

Page 34, paragraph 1, line a0: delete "rate". 

Page 132, paragraph 2, line 2: instead of "testing", read 
"treating". 

Page 133, footnote: delete the comma at the end of line 1. 

Page 179, paragraph 2, line 2: instead of "is", read "are". 

Page 191, Chertov, line 2: instead of "black-spined", read 
"black-backed". 

Page 202, Wolsky and Holmes, line 1: instead of "in", read 
"and". 
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Problems and Methods in the Study of Fish Metabolism

1. General problems in the study of the metabolic

rate of fish

Fish metabolism is being actively studied both because of
its great importance in comparative physiology g and because of
its importance to the practice of fishery management.

It is necessary to know the physiological peculiarities
of fish well in order to develop a scientific basis for fish
culture and management,. Metbaboli+: rate if of 'maj6r importance
because, in. oAbe^ 'way or another, it affects the speed of all
vital prdcesses. Metabolic rate reflects the expenditure of
energy of fishfl and consequently their food requirements.
Metabolic rate is Unk.ed directly with, oxygen requirements,
and these must be understood in order to solve many problems
associated with rearing fish, holding fish, shipping live fish,
etc.

All this has been realized by Soviet scientists, who in
recent years have published many works Oontaining valuable
information that describes fish metabolism quantitatively.
Howeverg the material on the metabolic rate of fish that has
accumulated in the Soviet and foreign literature, done by dif-
ferent methods and from different points .of viewa has not yet
been critically examined and summarized. Therefore, in spite
of the abundance of published material it is still not possible
to answer such a simple question as: "What is the metabolic
rate of a fish?"' We refer, of course t not to particular
measurements made under experimental conditions, but values
which describe the metabolic rate of fish in nature.

This is not at all a new approach to the question. On the
contrary, the very first attempts at a quantitative study of
the respiration of fish [SMe 1L7, made more than a hundred
years ago, were done for this purpose (Humbolt and Provengal,
l$ll). As the results of the study of fish metabolism accumu-
lated and*phenomena of great complexity were uncovered, the
original simple question was pushed into the background by a
number of new and special problems, dealing with isolated -
features of fish metabolismo The importance of the study of
such problems cannot be denied; however, the study of the con-
ditions which determine the level of metabolism of each species
of fish in its natural environment remains the ultimate'goal
of research in this field. It is data of this kind that are
needed to solve problems that have come to the fore in fishery
management.
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Bearing this in mind, we have concentrated our attention 
upon the results of the measurements of the rate of metabolism, 
setting to one side its  •physiological and biochè-Mical mechan-
isms. This cari  be done because the morphological and physio-
logical peculiarities of various species of fish must have 
developed in such a manner, during the process of evolution, 
that in the environment which is normal for each species (that 
is  under the conditions to which it  ha  s become adapted) it 
can maintain a certain level of metabolism needed for normal 
development. This problem is solved by a great variety of 
physiological mechanisms, depending on the structure, manner 
of life, local conditions and biological peculiarities of each 
species. It is not the existence of a particular kind of 
structure of the organs of respiration, blood circulation, or 
what-not that determines the metabolic rate; rather, the meta-
bolic requirements of a particular way of life and place of 
abode determine the development of such morphological and 
physiological characteristics in the fish as are dictated by 
the need for providing the necessary rate of supply of oxygen 
and the removal of carbon dioxide or other metabolic products. 

These considerations indicate the theoretical possibility, 
and in fact the necessity, for a special treatment of the rate 
of metabolism as a definite and very important aspect of the 
pr2i 	of metabolism. The possibility and usefulness of such 
a treatment of the question is supported also by the entire 
material cited in subsequent chapters and by the conclusions 
and generalizations based upon it. It is nevertheless quite 
clear that by limiting ourselves to a study of the quantitative 
aspect of fish metabolism, and refraining from any analysis of 
the physiological mechanisms which make metabolism possible at 
a particular rate, we have greatly narrowed the scope of the 
problems to be studied and of the possible conclusions. How-
ever from my point of view the path chosen was unavoidable, 
partly because inclusion of questions concerning physiological 
and biochemical mechanisms of respiration in fish [22e.  5] 
would require a book two or three times the size of this, but 
also for more fundamental reasons. At the present level of 
knowledge it is not yet possible to relate the differences in 
the metabolic rates of different fishes definitely to any con-
crete physiological and biochemical characteristics. This can 
be done in a few cases, but only with respect to particular 
manifestations of ecological and physiological differences--for 
example, greater or less resistance to asphyxiation as related 
to the properties of the hemoglobin. But as a matter of fact, 
even in the few cases that have been studied we are very far 
from understanding how the processes take place in the body of 
the fish, or the conditions and circumstances which determine 
why an experimental sibject has a particular metabolic rate. 	

AM
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The information at hand permits us only to set forth some 
of the most important problems whose solution is necessary for 
an understanding of the physiological mechanism that determines 
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a particular metabolic rate. How•ever9in -view of the present
development of comparative physiology, fla fruitful study of
such questions as, for examplep the interrelation of tissue
metabolism and the metabolism of the entire o.rDganism q the con-
nection between the properties of the hemog:9.obin and respira-
tion, or the p)rjF sio logioaà. basis of different forms of rela-
tionship between respiration rate and the ambient partial
pressure of oxygen 9 etc., cannot be m.ade froiu data obtained in
experiments on fish alone. Such a restriction would. be
entirely art:ificia ld When solving such prob:Lems of a general
physiological naturN, it is necessary make use of all. the
pertinent dWLa 9 rather than selecting them on the bas^.'s of the
systematic position of the subjecto, f:c`>>ma which they were
obtained; although the latter, of course, has to be taken into
oonsideratioti. Th^.^s if the physiological mechanism of of res-
piration were included. in the study, we. could only to a slight
degree and in ra,s,e cases c^.ry^^Azne(ct, it oausa.lly with so general a
parameter as -^h^.̂  .rate of inetabolism, which sums up a whole
complex of r^^cn^°pho`? ogicas. and physiologioal-propertie^.1 of each
organismo Fartheramore, the netessi ty would arise either to
enlarge the scope of the phenomena to be stud.Led to indefinite
limits or, limiting oneself to information obtained from fish,
to treat important general physiological questions artificially
and even su.perfi r;ia lly.

Finally, and this is of no less importanc.^e 9 the study of
the quantitative aspect of metabolism is carried out, using
methods peculiar to itâ elf. Also 9the processing and inter- .
pretation of data pertaining to the quantitative aspect of
metabolism require special prooedures. As.shown bel.ow, in the
actual d^Onduot of research it often happens that this aspect
of the problem is underestimated9 not enough attention has
been given to obtaining appropriate parameters that really
reflect the metabolic rate for fish Epage 61, or to the.
quantitative formulation of relationships that link metabolic
rate with the various characteristics of the experimental
material or the environmental conditions. Consequently it has
seemed necessary to give special treatment to this rather.
clearly defined field in the ecological physiology of fish)
which has its own objectives and methods of study.

Metabolic rate in fish g as in other anîmals, is most often
evaluated by the rate of respi.ration 9 ohi.efly by the rate of
oxygen consumption. The rate of oxygen consumption of various
freshwater and marine fishes has been studied by many -authors.:
The use of published data is made difficult, by the fact that
they are of far from uniform value $ having been gathered by
diverse and not always reliable methods p and. under different
condy :ions. Many authors have overlooked important factors
that influence a fish4s metabolic rate; they do not give
enough attention to the fact that the metabolic rate depends
on how the fish were held prior to the experiment; and, what
is particularly annoying, they have failed to give oomplete-
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enough descriptions of the conditions under which their
measurements were made. For this,reason some foreign research
workers maintain thatq in generals published data are inade-
quate for estimating the true value of the metabolic rateo On
this viewa nothing is known for sure about metabolic rate
among fishes _(Black 91951)o It i s û b.o^rTn below that it is
impossible to agree with this pEssimist.i.c fl even nihilistic n
statement.

The composite tables of measurements of fish respiration
r:gt.e .; qu o-4-e^c^ in various reviews and manuals s represent the
oppôs^.te extreme in points of view, but they too suffer from
the absence of any critical analysis of the published material
or synthesis of the empirical data.

Data on the metabolic rate of fish were compiled for the
first time in the well-known review of Kestner and Plaut (1924),
and later in the book by Leiner (1937). In both cases data of
various authors were included in the tables without the slight-
est effort to critically appraise the accuracy of the different
figuresa These tables are very incomplete 9 or rather they
represent a casual collection of some of*the published figures.
They include many unreliable data from early works, and they
do not include a lot of recent and reliable material from for-
eign authors, not to mention the fact that Soviet literature
is ignored completely. Measurements are presented that were
obtained at different temperatures a that refer to fish.of dif-
ferent siz es a and so on. The se indiscriminately collected and
heterogeneous data do not contribute to knowledge of what
metabolic rates are typical of f:I.sha Epage 7] or how they are
related to the nature of' the animals or to 'renvironmental7
cond3_tionso Even more eclectic and less representative are
all those examples of fish metabolic rates which are cited in
text-books of general and comparative physiology,..in manuals
of fish culture, and in various other publicationso

For this reason we have had to refrain completely from
using any of the tables so compi1 ed a or other second-hand data,
and have consulted the original sources. All the material
used below has been taken directly from the works in which.the
measurements were originally publisheda Contrary to the
pessimistic prediction df Black and other authors, a critical
study of the published data has permitted certain generaliza-
tions which, in our opinion, are of definite theoretical '
interest and make it easier to use the data in solving various,
practical problems of fishery managemento

Though valuable information can also be found in foreign
literature, the works of Soviet authors contribute particularly
to the understanding of the metabolic rate among fishes.
Systematic research on fish respiration was started by
S. N. Skadovsky in the Lomonosov State University in Moscow.
Of the many papers published under âkadovskyQs direction, those

N
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^ of greatest interest are N. S. StroganovQs work on the rela-
tion of the metabolic rate of fish to temperature,
A. B. Lozinov Q s work on the relation between the metabolic
rate of young sturgeons and the partial pressure of oxygen in
the environnient, and some others. The Laboratory of F°I.sh
Physiology in the Federal Research lnstit•ate for Lake 4nd River
Fisheries (VN10RKky.) 9 directed by T. 1. Priv®Lfte'rv,i,", a,second.
center for the study of respiration of fish. The investiga"
tions of Fr3.volflav.-and'_ his co-wc>rkers (S, V.
N. D. Nikiforov, and others) have shed light on nis.ny._aspects
of the metabolism of fish as related to various paaactical

► " probl.ems of fish culture. A number of valuable experimental
- studies of fish respiration have been carried. out, in various

laboratories by individual research-workers. Most of these
are in one way or another conneeted,with the school of
S. N. Skadovsk:y (V. S. Ivlev 9A . F. Shcherbakov, V. I. Olifant
X. A. Veselov and others).

z

It is well known that the rate of oxygen consumption is
not only the most widely used and accessible but also the most
meapingful index of metabolic rate. This is particularly true
of organisms living in water. Oxygen dissolved in water can
be measured without any difficulty, but the measurement of,car-
bon dioxide in water is considerably less accurate by the
methods commonly used. F^.irthexmore, in many cases the results
of measurements of the rate of release of carbon dioxide by
water organisms are obscured by [page $ 7 such phenomena as the
partial solution of carbonates from their integuments, reten-»
tiôn of carbon dioxide in the tissues, and so on. All this
complicates the task of obtaining of reliable values of the
respiratory coefficient for fish. The difficulties of deter-
mining accurately the respiratory coefficient of aquatic
organisms have often been underëst:imated, especially in earlier
works. Many attempts have been made to interpret differences
between respiratory coefficients obtained f rom short-term
experiments,.when as a matter of fact the reality of the
differences tyhemselvés is very questionable. It must also be
stated, and this 3.s a great pity, that some very recent works
do not take into consideration the experience gained from
earlier research in respect to the difficulty of obtaining
reliable values for the respiratory coefficient of fish. For
instance, G. N. Bogdanov and S. V. Streltsova (1953) give two
tables of respiratory coefficient values for various fishes,
without any indication of the methods used to obtain them.

The values of the 23 coefficients which they quote fluc-
t.uate within the limits 0.4 to 1.63 without any kind of order
or senseF The authors, bâ.sing everything upon only one deter-
mination at each temperature, and not p4ying attention to the
fact that the values of the respiratory coefficients they
obtained cannot have any physiological meaning, are neverthe-
less quite unperturbed when they write that "'Bream are charac-
terized(;) by a very small respiratory coefficient at a



temperature of 0® s, which increases to 1.63 at 20"99 and similar
statements. Such careiessness with regard to method and so
uncritical an attitude towards the results of i.ndividual:
measurements are astonishing. EwPen such an absurd. value for
the respiratory coefficient as 1.63 did not arouse any doubt
in the au.tt;hors4 minds or praapt them to attempt to bring this
value into line w,I.th generally accspted pîAysic,-Log.r.cal concepts.
It is obvious that rNspi:e°ation, with arespiratorÿ coefficient
of 1.63 cannot continue for any length of tl.me o Eveom ÿf 9
during a sho:r°Y,eµterm experryiment-. fl a L ee,piratory coefficient did
reach tk:1i8 high figu.re, it cannot be of any general interest.

It is still more difficult to bring the statement of
T. 1. Pri.volftew^ (1954) into accord with generally accepted
physiological concepts, when he says that, '17the respiration of
crucian car p of 250..300 g, at a low oxygen content and a water
temperature of 200,is G^uchl^ that °1i;., the absence of oxygeri in
their envirc<7nment they give off 40-138 m.g of carbon dioxide
per hour per kilogram of body weight, Apparently here he is
speaking of observations made dux°ing the brief period of
incipient asphyxd.ation prio.^^ to the death of the fish, when
carbon di..oxidg., 1n3 released from the alkali reserve as a result
of acidification of the environment from glycolysis and other
processes of anaerobic metabolism. But, how is the following .
paragraph ^i n the same article to be understovd? In the
winter of 1952 fingerling urucian carp weighing ;1-10 g were
placed in hermetica:T.yy [RMe 91 sealed glass respirometers of
a capacity of up to 500 co. Some of thes6 fish survived for
more than 2 months on the oxygen that was in these chambers at
the beginning of the experiment (about &,..^^ m^.g)9 the water
temperature being 3-9`'. The main- bu.lk of the o,^}rgen was con-
sumed by'the cru.ci.an carp during thei)N first hours in the
respirometer. The res^-0 of the time (niore than 2 months) they
lived by means of anaerobic processes taking place in their
body" (page 45). We will not undertake to comment, on this
astonishing statement, apparently unique in contemporary
physiological literature, which affirms the ab:I.li.ty of a verte-
brate to maintain active life for a p?°otracted time un.d.er
conditi.ons of strict anaerobl.osis. We sAill only mention that
recently there has been some reason to doubt, the ability even
of intestinal parasites, in whose metabolism anaerobic
processes play a large r. ole n to maintain active life for a
protracted period under strictly anaerobic cond.1.tions (Winberg,
194-8).

The very first thorough work on fish re^pirati_on (Jolyet
and Regnard, 1877) showed that the respiratory coefficients of
fish under ordinary conditions in no way d.i.,ffe^.^ from the
coefficients known for other representatives of the animal
kingdom. It is characteristic of early authors that they paid
much attention to the respiratory coefficient of fish, whereas
recent authors commonly limit themselves to measuring the rate
of oxygen consumption. In a majority of cases this is quite
sufficient.
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It is possible to calculate energy consumption in metabo-
lism su.ffÿoiently accurately from the rate of oxygen consump-
tion, independently of the size of the respiratory coefficient.
Indeed, let us take the limiting possible values for the non-
proteiti?, respira tory coefficient., ?! o00 v^Phen fed exclusively with
carbohydrate and 0.'718 when fed exclu;°ively ^in-th fat. . Th^.:

-correspondirig0-1U;_;al.orilf:^^,c ooe:ffici6ntN will be 5.047 and
4.735 Calories [kilogrc am-calories ] per liter of 02, Even these
extreme values d:•fiy"Late by only ^-' , râ% from their mean. For
ordinary v4lues of the ^.^es-pira;bory uoeff:îe-ient, the deviations
from the mean do not exraeed :t^,5%. Neg1_ecting the protein
metabolism -v6d.11 not intr^oduce any sign if1_oa.i'r.i;, error. It can
be shown (W(Ap°, 1 91,.9) that the eneay°gy expE;ndita^.res, calculated
from the non-protein respiratory ooeffician; should be reduced
by only 1% for every 12..^)% of the total trntabo:Lism allotted to
protein,

It is oftea forgGatten that even with the most 92exarât?
calculations of the en.ergy, aaspect of fish metabolism, figures
must unavo+•i dab...y be used whioh from their,° very nature are
provisional to a oonsiders.ble degree , and. -M'Ach have beeii,
obtained froin experiments on completely di fferen•t animals; By
the great expenditure of labour required for eb.et,ermin.ing
n:^^t^.^ogen meta^,^c^`.^ ^.sm .and tl^e respiratory coefficient, ^ t^ is
possible to obtain [.RM(k ^.^1 a small (1-3%') and puK°ely
illusory increase in the "acUuracy" of the figure for energy
expenditure p

Fish, like other cold-blooded anime.ls, do not have a
definit^.^ stable basal metabolic x°ate. For this reason the
metabolic rate of fish can only be obtained by arathexA lar e
number of separate mes.surements. Often this Qit would séeml
we1.l-known fact has been ignored, and the results of one or
few measuroments are used9 not as approximate values, but as
accurate ones, so that , without any Just:ifioation, res.l
significance is asoribed to small discrepancies, etc, In this
oonnection, we have given much attention to appl.y°i ng to the
material on fish metabolic rates the genrx°ally accepted
methods for statistical treatment of quantitative data,
endeavoring to test the authenticity of the conclusions by
ob je.ptive oriteria.

The rate of oxygen consumption, like any other index of
metabolic rate, does not oompSetel yrefleot the quantitative'
aspect of the metabolism of different subjects; metabolic rate
3.s, in .faot, inseparably bound up with the specific peculiari-
ties of each subject investigated, .4.e. with the qualitative
aspect of inets:bol.ism. One and. the same rate of oxygen con-
sumption can have a d3fferent physiological meaning in the
case of a rapidly growing and. in the case of a starving fish.
S. N. Skadovsky (1939) was correct when he said that an
increase in the oxidation processes denotes an acceleration of
the total metabolism only zf . it Is a.ocompanied by a



corresponding increase in the assimilating function of the 
organism and is associated, at any particular stage, with a 
normal increase in growth and development." 

The imperfections and provisional character of all methods 
for the quantitative study of the metabolic rate of fish do 
not remove the standing need to discover what laws prevail in 
this realm. At present this can only be done by studying the 
material on rate of oxygen consumption of fish; as it is only 
for that datum that sufficient material is available. 

This book contains a collection of the data that are 
available concerning the oxygen consumption of fish, presented 
in such a way as to facilitate comparisons. This has made 
possible a number of generalizations which help to reveal the 
nature of the relationship of metabolic rate to environmental 
conditions, to the general size of the body of the fish, to 
the peculiarities of different species, and so on. This in 
turn opens up new possibilities for calculating the food 
requirements of fish and for solving other problems directly 
associated with practical fish management. 

2. Methods of measuring the  metabolic rate of fish 

Measurements of the rate of oxygen consumption of fish 
have been made by various authors who have used diverse 
methods, but the majority belong to one of three main types: 
the sealed vessel method, the gas recirculation method, and 
the flowing water method. 

The simplest method, using closed vessels, was used in 
the first attempt to study fish respiration (Humbolt and 
Provençal, 1811). It consists of the following: one or sev-
eral fishes are placed in a measured amount of water, which 
is isolated from atmospheric air. Before and after a 
definite ejtposure time, the oxygen content of the water is 
measured and the amount of oxygen consumed is ascertained from 
the difference between these two determinations. This method 
is still successfully employed by many authors. 'When properly 
and cautiously applied it still yields excellent results. The 
well-known data of Ege and Krogh (1914) can serve as an illus-
tration; they discovered the "normal curve" relationship of 
rate of oxygen consumption of goldfish to temperature by this 
method. 

In order to insulate their fish from the atmospheric air, 
some authors (Pereira, 1924;  He é and Bonnet, 1925; Toryu, 
1928; Gompel, 1937; Shlaifer, 1938; Oya and Kimata, 1938) 
placed them in water below a layer of mineral oil. At first 
it was assumed that perfect separation had been achieved in 
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this way. Later it was proved that oxygen passes through oil
at an appreciable rate (Allee and Oesting, 1934). Neverthe-
less oil greatly reduces the rate of gas exchsnge with the
atmosphere. Therefore, if there is a sufficiently rapid
reduction of the oxygen by the respiration of the fish, as
usus.lly happens when such measurements are made, 't<he rate of
oxygen consumption under these conditions can be established
with little errodc°. In other cases, however, the use of this
very primitive method has entailed gross errors. At the
present time isolation from atmospheric air is achieved in
most cases by placing the fish in hermetically sealed cali-*
brated vessels (Ermakov and Medvedeva, 1924.n Adri&nov, 1937;
Brukhatova a 1939n ivanova, 1939; Stroganov, 19399 Maksudov,
1940; Privolnev, 19469 Taliev, 1947fl Maksudov, 194.8; Markova,
1949; Kharchenko, 1949; `^auson , 19^^.9 ^ irablon ,ka^a , 1e951, 9
LQzxnovp 1952 a 1953; Ivlev and Ivleva, 1952; Mints, 1,952;
Winberg and Khartova, 1953t, Ivlev, 1954; Vernon, 1895g
Buytendijk, 1910; Henze, 1910; PUttera 1909; .Montuor7. , 1913;
Ege and Krogh, 1914; Baldwin t 1923 9 Baudin, 1930-1932;
Terroine ,1931^ Raffy, 1933: Sumne^°, 1.94.2 9 Hasler, 194.2. q
Leach, 1946; Fry and Hart, i948; Schlieper, 1952; and many
others).

jpa^^ 121 In the simplest and most widely used form of
the sealed Wssel method, it is possible to determine only the
total oxygen uptake during the course of the experiment. It
is impossible to detect possible variations in rate of cân-
sumption during the experiment. In. order to obviate this
shortcoming some authors have used siphon-equipped glass jars.
With the se it is possible to obtain samples of water for
analysis, while replacing it with the necessary amount of
water (Lo zinov a 1952, 1953; Fry and Hart-, 194.$, A. G. Mints
(1952) replaced the siphoned-off water with hydrogen. She
assumed that in this way the error which would arise from
absorption of oxygen from the air would be avoided. It can
easily be seen that replacing air with hydrogen in no way
reduces the magnitude of the possible error; but merely
reverses its direction. When, as is ^isual, the oxygen satura-
tion of the water exceeds 50%, replacing air with hydrogen
only increases the difference of oxygen pressures between the
liquid -and gaseous phase, and the error from loss of oxygen
from the water into the hydrogen will be greater than the
error that would arise (under the same conditions) from the
enrichment of water with oxygen from the air.

The method of Maloeuf (1936, 1937) is an s.ngeni.caus and
peculiar modification of the sealed vessel method ain which
the water taken for samples is replaced by mer cury.

When there is little motion of the fish in the respir-
ometer during an experiment, the oxygen content in the immedi-
ate proximity of the experimental fish can become greatly
reducedo Thus the average oxygen content in the vessel in



such cases will not correctly represent the-conditions to
which the animal was exposed during the experimen.t.
N. S. Stroganov (1939) and also Lindroth (1942) used special
vessels that were equipped with stirrers to circulate the
water.

In another interesting modification of the method n a
current of water is set up in a special revolving ring-shaped
vessel g which makes it possible to measure the rate of oxygen
consumption of fish swimming at different rates (Fry and Hart,
1948; Graham, 1949). For the same purpose L. A. Kovalevskaia
(1953), in V. V. Shuleikin 9 s laborator y, used a vessel in
which a circular water current was set up by means of a
propeller.

The universally accepted Winkler method is usually used
in determining the oxygen content: of the water. Only a few
authors resort to different methods of analysis q such as
potentiometric determ3.nations (Hasler, 1942) or the Van Slyke
method (Toryu, 1928; Maloeuf, 1936, 1937). It was pointed out
(Allee and Oesting, 1934) that under certain conditions, as a
result of the presence of the fish in the respiratory [page 127
vessels, there is an accumulation of nitrites, in the presence
of which the Winkler method gives values slightly too high.
To remove this error the Rideal-Stewart method was recommended,
and has been used by some authors (Tvanova9 1939; Maksudov,
194.8 ;.And others ), Howevea^ , it became e vident that when
measurements are made under ordinary conditions the nitrite
error is not appreciable (Wells; 1935; and others). It seems
that this e.rror can occur only in special circumstances n for
example after a large number of freshly fed fish have spent
some time in the vessels--something which is usually avoided
when measuring the rate of oxygen consumption. Recently it
was proven by carefully conducted experiments that if the
usual conditions for measuring fish respiration are observed.
the Winkler and Rideal-Stewart methods give identical results
(Fry and Hart t 1948*).

In works published prior to the development of the
Winkler method, the oxygen content of water was determined by
vacuum extraction of the gases (Gréhant, 1869, 1$86). or by
boiling (Vernon, 1895), followed by analysis of the gas.

The main advantage of the sealed vessel method is that it
3.s simple and can be used under any conditions. Its chief
defect is the impossibility of creating strictly constant
conditions during the whole time of measurement. Throughout
the time of exposure the oxygen is reduced in the respiration
vessel, while the amount of c4rbon dioxide and of other
products of metabolism increases. Hiowever, under ordinary
conditions, this fact does not have much effect on the
measurements 9 seeing that an accumulation of several milli-
grams per liter of carbon dioxide does not affect the metabolic
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rate, while the oxygen content of the water begins to affect 
the metabolic rate of fish only after it has dropped below a 
certain level (see below). This is taken into consideration 
by an overwhelming majority of authors, who have used vessels 
of such volume that the reduction of the oxygen content 
towards the end of the experiment would not exceed a third of 
its initial value. 

The second method, the gas recirculation method, is the 
most complicated method technically. It is based on the well-
known Regnard method for the study of respiration of terres-
trial animals. The principle of the Regnard method was 
applied to fish by Jolyet and Regnard (1877), who measured 
the metabolic rate of a number of freshwater and marine fishes 
by means of it. The data of these authors were given wide 
publicity. The method of gas recirculation consists of 
pumping air or a gas mixture through the respirometer contain-
ing the fish and through a system of carbon dioxide absorbers, 
all in a closed circuit. The oxygen removed [Emt là) by the 
fish is replaced by the addition of measured amounts of that 
gas. This method makes possible a simultaneous determination 
of the rate of oxygen consumption and of the rate of carbon 
dioxide excretion. Later the method of Jolyet and Regnard was 
applied and somewhat simplified by Bounhiol (1905), who used 
it to measure the metabolic rate of a number of kinds of 
marine fishes. The results of the careful measurements by 
Bounhiol, which were published in a journal of limited circu-
lation, are not as well known as the earlier and less reliable 
data of Jolyet and Regnard, which have invariably been quoted 
up to recent times. 

The extensive investigations by German authors of the 
school of the physiologist Mintz are also based upon the gas 
recirculation principle. These deal with the study of the 
respiration and nitrogen metabolism of carp and other fresh-
water fishes (Knauthe, 1898; Lindstedt, 1914; Zuntz,-1904 
Gronheim, 1911; for a drawing of the Zuntz apparatus, see 
Wündsch, 1937). An analogous method was used in Bucharest by 
Calugareanu (1907) in studying the unique characteristics of 
the respiration of the eel. Finally, as far as I am aware, 
the method of recirculation was last used in 1914-1922 to 
study the influence of the partial pressure of oxygen upon 
the rate of oxygen consumption by fish (Gardner, 1926). 

• 	 Since that time the method has no longer been used, not 
only because of its great complexity, but also because it is 
not free from serious shortcomings. In using it, reasonably 
accurate measurements can be made only on large fish, or on a 
large number of small fish placed in the apparatus at the same 
time (in his experiments Lindstedt put 265 perch weighing 
3904 g into a vessel with a capacity of 52.7 liters:). During 
the experiment the fish move about, since they find themselves 
in a vessel through which air is passing. Considerable 



distortion in the results of prolonged experiments can arise
because the water in which the fish are living is not changed
and bacteria develop in it. It is difficult or even impossible
to check the rate of oxygen consumption during the course of
the experiment, It is very important tha^î^, the fish are in
motion. when making mea5urement s by 1-,h°: s me thod , for fish of
different species possess different; degrees of mobility and
excitabil:i.ty 9 and behave ver y differently during the measured
ments ,maki ng -± t ve.ry difficu]lt to obtain comparable material..

The flowing water method is free from. these defects and
is also simpler and more refined. It makes it possible to
measure the rate of respiration of a single specimen of fish
of any size, to watch the rate of oxygen. consumption during
the experiment and, what is of par. ticular importance, to main-

the experiment,-a strictly constant envi^°onmen^, throughout
as well. as the immobility of the fish undergoing the test.
The flowing water method for measuring 11:1 rate of res-
piration in fish was first used alc+ng time ago (GrOhant,
1886). Afterwards it was used by Winterstein 11908.) for his
well-known work on the study of the physiology of gill respira-
tion in fish. However, 'Winterstein fixed the fish and créâted
a forced flow of water through the oral cavity and the gill
sl:i.ts, thus interfering with normal conditions of respiration.
In the hands of A. Krogh (Ege and Krogh, 1914; Gaarder, 191$ )'
this method assumed the simple form which it has retained down
to the present. At first 9in order to eliminate movement and
to make it possible to measure 'tstandard metabolism'1, the
measurements of respiration in the Krogh laboratory were made
on fish narcotized with urethane. It soon became evident that
fish in a respirometer with flowing water wi'i.l q as a rule,
remain motionless for a long time without na.rcosi.s. For this
reason subsequent authors have worked and still work,with fish
that are not narcotizeda

The well-known work of Keys (1930) discusses the methods
for the study of respiration of fish 9 and the flowing -,.qater
method is recommended (see also Wells, 1932_). Since that time
this method has been used extensively, especially by American
authors (Hall, 1929; Keys, 1931; Adkins 1930; Wiebe and
Fuller, 1933; Wells, 19350, Clauseny 1939; Oya and Kimata, 3.93$9
Etkin et alo , 1940a Smith and Matthews, 1942.9 194$9 Mâtthews
and Smith, 1947 s Freeman , 1950; also ,independently of the se
workers, by Powers, 1923; Szarca 91930 ;` Geyer and Mann 1.939;
Precht, 1951; Halsband, 1953; SchmeingWEngberding 9 19531.

The flowing water method has also been used sucqessful.ly
by many Soviei, authorss These are mainly of the school of
S. N. Skadovsky (Sv:îrenko,"1937; 5hcherbakov, 1937; Tvlev fl
1938*; Nov3okova a 1939; Stroganovfl1949; Veselov 91949).
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The great advantages of the flowing walller method are
evidento Howevera this method also has its weak pointso The
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rate of oxygen consumption is determined by the difference of
the oxygen contents in the water before and after it passes
through the r esp°i ratory chamber. The absolute value of this
difference is small, so considerable error can creep in when
calculating the rate of oxygen ^^onsi^mp•^,^,c^s^.. For this *reasôn
N. S. Stroganov (1940), after having had much experience in
stud.yifig fish respiratioti9 made an attempt to construct an
apparatus which y in. his ^.^pinion 9 combines the advantages of
all three principal methods. By means of a pump he caused a
certain volume of water to circulate from the respirometer to
a reser voi r[and back again p the reaervoir betng l equipped
with a clever device by which it, is possible •,bo draw samples
of water for a.nalysis. However.a we must obs^.^^^ve that
Stroganovs s device, -Wh:i.ch is an improved and complicated
variant of the sealed vessel method s does not eliminate the
basic defect of that Cp^;&e q1, 1 method. 911,he impossib--ili ty of
maintaining stri4 tly stable conditions. If the reservoir is
large, the defect of -the flowing water method fl namely, poor
accuracy in determin•i ng the amount of oxygen consumed, is not
eliminated <aither. Rzrth.errrzoxüe, the data obtained by
Stroganov when u,-1.-ag this apparatus raise d.oub,s seand erning
its suitability. It was discovered that on changing from a
slow speed of water 1::1rculation to a somewhat higher speed,
the rate of oxygen consumption of the fish also increased.
Stroganov considers it possible to suppose that when the rate
of the flow of water is increased the basal metabolism of the
fish does actually increase also; and he is not at all worried
that according to his data a sterlet, for example, following
an increase in flow bf only 0.06 m;/sec fl which is avex°y small
awdintq nncreased its oxygen consumption 7 times"'(: )g and
further, that at slow current speeds the steriet in his
experiment had a'^m.etabolie, ratef4 far below Taor°mal, In spite
of all the lability of the metabolic rate of fish, i^i•^ is
nevertheless impossible that the metabolism of an immobile
fish could vary over such aw1.de range. This, as well as the
other peculiarities of the data in this wo:g°k aleave no doubt
that the change in the rate of the circulation of the water in
the experiments by Stroganov produced. only illusory changes in
the basal metabolism of the fish.

It would seem that when the current flowed slowly 9 water
with a low oxygen content stagnated in dead regions of the
respirometer, which water was forced out by an. increase in rate
of flow. Vùolsky (1934) pointed out that errors of this kind
are possible when using the flowing water method. In. order to
prove arelat,ionship between basal, metabolism of fish and rate
of the flow of the water, long experiments would be nécessary
to demonstrate at what particular stable level the metabolism
of the fish becomes ests.blished a for different speeds of water
flow.

It is also impossible to agree with the statementa of
Geyer and MAnn (1939) who 9 disagreeing with other authors on
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the basis of very scant and completely unconvincing data, con-
sider triat, the size of the respirometer affects the results of
the measurements of the rate of oxygen consumption by fish.
If there existed any such close relation of the metabolic rate
of motionless fish to the rate of water flow as is assumed by
Stroganov in his 1.940 'work9 or any effeet of size of the res-
pirometer on the measurements9 this would make the use of the
flowing water method invalid 9 wherea,,,-, practis^al experience
with this method indicates the Rappo; i.te o

Besides the three main methods ajust described, for
measuring the rate of the respiration of fish, other methods
also have been used. Some authoxNs, working with fry or small.
[ eIZI fish, have employed different variations of mano-
metri.c methods. Thus'the Warburg apparatus was used by
P. A. Korzhuev (1941) for fry and fingerling sturgeons, whilé
T', I. Privolnev-(2.945, 1946) used it for the young of various
cyprinids. Leiner (1.93p^--t 1938) determined the rate of oxygen -
consumption of the sea-horse and its young by means of the
same apparatus. Smith (194.3) used the same method to measure
the metabolic rate of Lebistes. V. I. Olifan (1,940 s 1945,,
1945a), and yu. D. Pol akov 1940 ) used the Drastikh differ-
ential, manometer when studying the rate of oxygen consumption
by the young of various fishes. Other authors too have
attempted to use manometric devices (Geyer and Mann:, 1939;
Haugaard, 1.943) to study fish respiration. Many authors
observe that during the first hours of an experiment the fish
show an increased consumption of oxygeno Th^s is usually
ascribed t o :s.ncreased activity and excitemen•ra after being
placed in the vessel. It is -important to bear in mind that
motor activity, which definitely affects metabolic rate, is
not necessarily associated with clearly distinguishable move-
ments; it can consist of barely perceptible one su-in which
event the beEâviour of the fish in the respirometer is des-
cribed as quiet or 'talmost motionl,ess1% Halsband (1953) used
the flowing water method for measuring the oxygen consumption
rate of fish with excised pectoral finso His data show that
in fish that had not been operated on the respiration rate
changed much mores, with change in conditions s, than the fish
that had been operated on. This indicates that the motion of
the pectoral fins has a noticeable effect upon the rate of
oxygen consumption of fish. As early as 1925 Crozier pointed
out that moving the pectoral fins accelerates the rhythm of
the respiratO7ry motion (Crozier and Stier, 1925).

Keys (1930) especially emphasizes the. accelerated rate of
oxygen consumption during the first period after the fish have
been placed in a respirometer. According to his data 9 which
were obtained from several species of saltwater fish, a
gradual reduction in metabolic rate is observable during the
early part of an experiment. A constant level of metabolism
(the "standard metabolism't) was established only after 3-^,
hours in these experiments. It can be seen from KeysY charts
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that in the case of Fundulus,  the original level of metabolism 
exceeds the "standard metabolism" by 50% during the first hour; 
in the case of Girella n.l,gyicans it is about 40%, for Clino-
cottus analis It is 70%. According to V. S. Iv1ev 9 s (WYFT 
aZ •F.-Ehe corresponding phenomenon is mu • h lesa developed in 
carp.  •  In them, metabolism during the first hour is not more 
than 20% above the standard level. According to data of Wiebe 
and Fuller (1933) the fry of largemouth baes consume oxygen 
during the first hours of an experiment at a rate 8-40% 
greater than in the subsequent period of stable [page  18] 
metabolic level. In order to obtain  values  for "standard 
metabolism" Keys recommends that fish be held first in 
respiratory vessels for at least 4 hours. Wells (1935) goes 
farther and considers that 24 hours are needed. Wth these 
data in mind a majority of authors,  in  using the flowing water 
method, begin their measurements only after a longer or 
shorter period of  'familiarisat ion" [privykanie] of the fish 
with conditions in the respirometer. On the other hand, only 
a few of the authors who use the sealed vessel method reject 
data obtained during the first hour, though this was done by 
Raffy (1933). An increased rate of oxygen consumption during 
the initial period of measurement is far from being observed 
in ail  experiments, or with all species. Nevertheless, this 
circumstance can be one of the causes of discrepancies between 
data obtained from the same species using different methods of 
measurement. 

When measuring the respiration of fish, especially if 
they are small in size, frequently several speelmens are 
placed in the respirometer, whereas in other cases the respira-
tion of only one fish is measured. The question arises whether 
this circumstance can influence the result of the measure-
ments. This question has already been the subject of special 
research, mainly by American authors of the school of Allee, 
who experimented with various invertebrates as well as with 
fish. It was first found for goldfish that if the number of 
fish is increased and the capaCity of the respirometer remains 
the same the oxygen consumption per fish drops (Schuett, 
1934). Later, using the same subject, Shlaifer (1938) studied 
changes in degree of activity and in oxygen consumption in 
relation to the number of fish in the respiration chaMber. 
According to his data, activity and oxygen consumption are 
somewhat higher for isolated goldfish, while if the capacity 
of the vessel is enlarged the difference in the behaviour 
between those kept singly and those in groups disappears. 
This author also maintains that in "conditioned water", i.e. 
water which prior to the experiment had contained fish, the 
rate of oxygen consumption is considerably lower than in 
unconditioned water, providing the level of activity [of the 
fish] is about the same. It is unfortunate that these 
important conclusions are based [Rem.ft 1,9] upon a small number 
of measurements, which were carried out under inadequately 
controlled conditions and by means or the most primitive form 
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of the sealed vessel method--that 3.s, in aquaria covered by a
layer of o3.l. In his second work, using the same method,
Shlaifer (1939) showed that in the dark the metabolism of
isolated fish does not differ from the metabolism of fish held
in groups of f.our, and also that there is no 'tgroup effect" in
the case of blinded fishesa On the other hand a "group effectn
is manifested when there is visual e,ontacf, with fish in an
adjoining aquarium, or when a fish is placed in a mirror-walled
aquarium. The data obtained are explained by Shlaifer on the
basis of the greater activity of the fish which are not in
visual contact with other spec3.mensd The metabolid rate in
the case of a "group effect"x according to average data, 3.s
25-*50f lower than for a single fishn Wells (1935a), on the
basis of a great many experiments on respiration of Fundulus,
did not find that rate of oxygen consumption depends on the
number of fish in the respirometer.

The experimental data available, while still inadequate,
suggest that in species which display a clearly gregarious way
of life, the degree of activity or of excitabil3.ty, and conse-
quently also metabolic rate, can change in the presence of
other individuals. However there is, firstly, no reason to
expect the same reaction in all fishes; on the contrary, the
reaction should differ, it would seem, depending on the par-
ticular manner of life of the species in question. Secondly,
if there is à, reaction, it 3.s primarily concerned with degree
of activitÿ, and could only indirectly and in small measure
affect the metabolic rate of motionless fish.

The conditions under which fish are kept prior to an
experiment are also of considerable importance. It is unfortizW
nate that not only is there no uniformity in this respect, but
even the origin of the experimental material and the conditions
under which it was kept prior to the experiment are not always
mentioned. Only with respect to feeding have most authors
adopted the practive of measuring respiration 24 hours or more
after the last meal; but even here there is not complete
uniformity. The movements of fish during the period of
measurement are of great importance to oxygen consumption.
There is no doubt that this factor is the one most responsible
for discrepancies between measurements of respiration obtained
under otherwise identical conditions. The fish move least in
experiments made by the flowing water method. When using the
sealed vessel method the degree of.mobility of the fish may
differ greatly depending on the conditions. However, in pracW
tice, even in this case the fish.in the respirometers are
usually relatively quiet.

[Page 207 For our purposes it 3.s important to determine
which of the methods makes it possible to obtain the most
authentic values of the metabolic rate of fish4 There is no
doubt that each of the methods can provide fully reliable data
if it is used properly. Ege and Krogh (1914) found that data'



obtained by the sealed vessel method agreed well with those
obtained by the flowing water method. The same thing has been
found in very recent investigations (Privolnev, 1946; Oya and
Ki.mata, 193$9 Freeman, 1950).

The degree of reliability of the data of different authors
does not depend upon what method they used, but on how closely
they adhered to the conditions necessary for accurate results
using the method chosen. It is unfortunate that the conditions
under which measurements are made are rarely fully described.
Sometimes not even the temperature at which the measurements
were made i s mentioned (Ermakov and Medvedeva, 1934, ; Fedorova,
19409 Privolnev, 1945; Buytendijk, 19109 jdaldw3.n 91923 ). This
omission can be encountered even in the very latest works
(Chertov, 1953).

In some instances this carelessness in the matter of
method, or the ignorance of the authors, reaches such a pitch
that the data they publish are so unreliable they cannot be
taken into consideration at all (B.aldw^.^.n, 1923; Pereira, 1924),
although they have often been quoted uncritically by other
authors. Unfortunately there is also an example, not alto-
gether explicable, of such ;'wor-k being published in recent
Soviet scientific literature (Markova, 1949), The degree of
reliability of the data of different authors can vary greatly.
It is not always possible to evaluate material from this point
of view since the majority of authors fail to pay enough
attention to this question. Only in very few works have the
results of measurements been treated statistically, thus
making it possible to discuss the reality of the differences
under discussion on the basis of objective criteria. Another
shortcoming in recent works is the fact that not enough use is
made of the experience and results of previous research; this
sometimes reaches extremes (Kharchenko, 1949). All this con-
vinces me that the time 3.s ripe for a review of the available
material on metabolic rate of fishes, together with a critical
comparison of this material, evaluation of the reliability of
each set of data, and a generalization of the results obtained.

In order to be able to discuss the degree of reliability
of published values for fish metabolic rates, it must first of
all be discovered how metabolic rate changes with temperature,
with partial pressure of oxygen, with the f3.shQs physiological
condition, [page 211 and other factors. This is examined in
detail below. It was emphasized earlier that the purpose of
this book is restricted to giving an account of and general-
izing about quantitative data on fish metabolic rates and
respiration in particular, since material on the rate of oxygen
consumption is mainly used. In keeping with this main purpose
ot the book, the chapters in which the relation of metabolic
rate to temperature and other factors are discussed serve
primarily in an auxiliary capacity. They are directed toward
explaining possible discrepancies between respiration measure-
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ments that result from the action of one or other of these 
factors. For example, data on the relation of metabolism to 
temperature are given primarily for the purpose of finding 
methods for comparing the material of different authors 
obtained at different temperatures. Because of this there is 
no need to study the relation of the metabolism of fish to 
temperature when the latter is close to 0 (below 5'). This 
is a particularly important question, which deserves special 
attention. Similarly, while we present the available data 
showing the general nature of the relationship between meta-
bolic rate and the ambient oxygen content of the water (Chap-
ter 111) 9  we will not dwell on the question of the conditions 
under which fish become asphyxiated. This important question, 
which is only indirectly connected with the main theme of this 
book s  has a large and extremely contradictory literature, and 
requires separate treatment. 

It must further be said that although material pertaining 
to both young fish and mature fish, of ail  ages and sizes, has 
been used e  embryonic metabolism and metabonem during the 
first etages' Of post-embryonic growth (fish fry or larvae) 
will not be discussed. The material used concerning respira-
tion of young fish refers primarily to the fully-transformed 
stages; although in a few instances data are discussed per-
taining to metabolism at earlier stages of the development-
ment--as shown in the appropriate tables. 

The terms to be used to designate the different types or 
aspects of fish metabolism must be specifically defined. In 
view of the difficulties encountered when measuring basal 
metabolism [osnovoi obmen] or resting metabolism tobmen 
pokoin] of poikilothermal animals, fish in particular e  many 
authors follow A. Krogh and speak by preference of the so-
called "standard metabolism" tstandartne. obmen]. Most often 
this term designates that more-or-less steady level of metabo-
lism which is established by fish held for some time in a 
respirometer when respiration is being measured by the flowing 
water method. It is clear that when the fish, as usually 
happens e  remain motionless for a long time and are not fed e  
the "standard metabolism" must be very close to the resting 
[page 22] or basal metabolism. However, when using data given 
in the literature it is rarely possible to judge whether, in 
each case, the conditions of measurement (even when the flow-
ing water method is used) actually corresponded to those • 
necessary to obtain the "standard metabolism". In general, it 
has not been established whether for all kinds of fish—rather 
than just those few that are favorite subjects for laboratory 
research--it is possible to obtain a constant level of 
"standard metabolisle that can be maintained for a long time. 
Therefore, there is neither need nor opportunity to make wide 
use of this term. 

On the other hand, in discussing data it is impossible to 
avoid using the terms "resting metabOlism" or "basal metabo- 
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lism"I, which-I regard as synonymous. The need for these terms,
Trrhose mean3.rig is qüite clear on the théoretical side, is. not
removed by the fact that in practice it is hard to define whà.t
figurès - actüally represent thë resting metabolism of a part.icu-
lar subject. Special attempt.s to deterrrli_ne , expe: }̂v•imentally,
values for the resting ?netabolism of fish are dewcribe0 in the
appropriate places (pp. 96, 107, 171 and follou:iaxg ).

It is obvious that when a fish moves., its metabolic rate
increases. The ma joa.°ity . of ex.isting measurements have been
obtained under conditions where motio^n of the fish was not
completely prevented, and for this reason they must be some-
what greater than the 4gresting metabo.lism^; so in that sense
they can be called 71métabolirm in the moving (active) condi-
tion"-of the fish or, in brief, 11^active metabolism'2 Eaktivnyi
obmeh7. In practice it 3.s more useful to speak of "'active
metabolism9t in cases where there are distinct movements by an
actively swimming fish; The term assumes a definite meaning
when both the rate of respiration and the ra-be of movement are
measured at the same time (pages 168-179), especially if it is
the maximum speed of movement and the corru sponding maximum
value of the active metabolism.

The great majority of published data on the metabolic rate
of fish has been obtained, by the different methods, from
subjects that were relatively quiet or almost motionlessa
There is no doubt that values obtained under such conditions
are closer on an average to the "resting metabolism!' than to
the maximum possible value of thé =Qae:tive metabolismt*, How-
ever, they are not identical with the resting metabolism and
'therefore in discussing these data, there is a pressing need
for a term indicating what kind of valuas are meant. Lacking
a better alternative we have decided to use, in a purely
formal sense, the term obychnyl obmen (page 150), which in a
general way, perhapsf corresponds to the term_=$routine metabo-
lismn that is sometimes used Un English ].

[page The speed of oxygen consumption and other
indices of metabolism can be expressed by figures that refer
either to the entire organism, or to a unit weight. In the
latter case the metabolic rate is meant. It 3.s clear that we
must differentiate between the rate of resting metabolism,^the
rate of basal metabolism, the rate of routine metabolisin, the
rate of active metabolism, and so on. But if this terminology
is strictly adhered to, our exposition Will become extremely
bulky. For this reason I consider that in many cases it is
possible to write simply the "'rest-? ng metabolism" or '?active
metabolism1t; for the context should make it cleâr whether the
rate of resting metabolism or the rate of active metabolism is'
really intended.

At times it is necessary to make use of figures that
represent the amount of oxygen consumed. during unit time by
one fish,
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When it becomes necessary to speak not of a rate of
metabolism, but of values pertaining to the whole fish, l will
use the term "total metabolism" Cobshchil obmenJ, for want of
a better one.

Here, too, in the majority of cases it should be clear
whether basal, routine or active metabolism is meant.

Regardless of the fact that the material at hand at the
present time concerning the quantitative aspect^of fish
metabolism is inaccurate in many cases, or was obtained under
non-standard conditions which make comparison difficult,
nevertheless, as shown in the chapters to follow, it is quite
possible to deduce from it a number of principles by which the
quantitative aspects of the metabolism of fish are regulated,
and to describe metabolic levels by quite definite figures.



Chapter II. Cpae ^,^

The Relation of the Metabolic Rate of Fish to Temperature

1. Genèr. al relationship between the metabolism

of fis.h and 1^emperature

The metabolic rate of fish, as of all poikilothermic
organisms, is closely dependent on the temperature. Many
authors have attempted to express the quantitative aspect of
this relationship. As is well known, the researches of
A. Krogh and his co-workers marked an important stage in the
study of this problem. By means of experiments carefially con-
ducted with organisms of very diverse systematic position
(goldfish, frogs, flour beetle pupae, dogs )it was shown that
the relation between the metabolic rate and temperature in
motionless animals ("standard metabolism") is subject to a
general quantitativè law common to all groups, which can be
expressed by what has been called "KroghQs normal curvett
(Krogh, 1916).

The rate of oxygen consumption of a motionless goldfish
follows this curve (Ege and Krogh, 1914). As time passed,
"Krogh 4 s normal curve't gained great popularity, and it was
repeatedly confirmed by experiménts done on-very diverse
material. However, critical comments were not lackïng, Many
authors, having obtained experimental.results that deviated
from the normal curve, expressed doubt as to the universality
of -the relationship described by it. In` spite of this, when
describing the relationship of metabolism of poikilothermal
animals to temperature in his 1941 book, A. Krogh considered
it appropriate to limit the presentation to a description of
the ori in of his "normal curve", without any qualifications
(Fig. 11.

Can we agree with this? Is it really possible to estab-
lish a general law expressing the relation between fish
metabolism and temperature? Let us examine the results of all
the observations at hand in which fish metabolic rate has been.
followed over a sufficiently broad range of temperature. In
order to compare the data obtained from subjects which have
different levels of inetabolism, all the results to be discussed
are expressed. as percentà.ge deviations from the metabolic rate
at 20*.

Lpage L ] The first thorough study of the metabolic rate
of a number of representatives of the marine fauna, including
the lancelet and two species of fish, conducted by Vernon (1£395),
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had already contained data describing the relation between the 
metabollsin - of poikilothermal organisms and temperature. In 
spite of the imperfect methodology of this early work, Vernon's 
data are quoted without fail in all the reviews, and have been 
mentioned in quite recent papers (Stroganov, 1939). For each 
of his experimental animals Vernon made only a few measure-
ments at different temperatures. The irregular results 
obtained of course do not justify Vernon's conclusion s  which 
now sounds naive, that eat all temperatures there are intervals 
over which metabolism remains constant". It is of interest 
that the average data for all 12 species of polkilothermal 
animals studied by Vernon result in a smoothly ascending con-
cave curve s  which is close to or practically coincident with 
the "normal curve" of Krogh. 

• 
[•ap..e.  26] The relation between metabolism and tempera-

ture  in the lancelet and the fish Serranus can be described 
perfectly by this average curve, whWeas the results of 9 
measurements of metabolic rate of the fish Heliases are better 
described by a less steep curve. However nU-WEI-7ignificance 
can be ascribed to this difference. 

The data of Lindstedt (1914) have also been given wide 
publicit* They concern the relation of metabolism in the 
tench to temperature and are shown in Fig. 2, in the form used 
here. It is easy to see that the measurements made at 13-140  
gave relatively high results. Some authors have thought it 
possible to ascribe special significance to this fact, and 
have seen in it a confirmation of their idea that there exist 
certain zones of temperature within which metabolic rate 
remains more or less constant (Clausen '  1933; Wells, 1935; 
Stroganov, 1939). In this connection, the fact has been over-
looked that another important index of metabolic rate, namely 
the rate at which the nitrogenous products of metabolism are 
given off, contradicts this interpretation, This index, 
according to data in the same work, in no way suggests devia- 
tions from the "normal curve", as is quite evident from Fig. 2. 

From further study of Lindstedt's work it is easy to see 
the reason for the relatively increased rate of oxygen con-
sumption at 13-14°. The fact is that these data were obtained 
over the course of 2.5 months from a group of fasting tench. 
Furthermore, all the measurements at 13-14* were made at the 
beginning of the period of fast, whereas the measurements at 
26° are the last. To explain all the peculiarities of the 
results obtained, it is sufficient to make the perfectly 
reasonable assumption that at the start of the fasting periOd 
the tench moved around more actively in the 52-liter respir 
ometer used by Lindstedt. 

[RtIe 21] The data obtained by Gardner (1926) and his 
co-workers are often quoted. They are graphically'depicted in 
Fig. 3, in which each point corresponds to one measurement. 

• 
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Fig. 3 [page 273

k

Relation between the metabolic rate of fish
and temperature, according to data of Gardner
(1926). Axes as in Fig. 2.
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Fig. 4 [page 273

Relation between the metabolic rate of Fundu-
lus arvi innis and temperature, from Wells^
(193 data. Axes as in Fig. 20

1--first series of ineasurement s(in winter;
weight of one fish about 4.25 g); 2--second
series (in summer; average weight of a fish about
5.3 g).
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Fig. 1 [page 251

Relation between the metabolic rate of fish
and temperature, from data of Ege and Krogh (1914).

The ordinate shows the oxygen consumption of
goldfish in ml 02/kg/min. 1- fish narcotized;
2- fish not narcotized. 8olid ].ine--the "normal
curve"; broken lines--curves for two constant
temperature coefficients (3.9 and 2094).
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Fig. 2 [page 261

The relation between the metabolic rate of
tench and temperature, from data of Lindstedt
(1914).

Ordinate--metabolic rate as a percentage of
the metabolic rate at 200; abscissa®-temperatureo
1- oxygen consumption; 2- nitrogen excretion.
Curved line--the "normal curve" of Krogh.
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All those who have had experience with measurements of meta-
bolic rate of poikilothermal aquatic organisms, especially
fish, know very well how large are the irregular fluctuations
in measurements-made under what seem to be identical condi-
tions. Taking this into cônsideration, one must conclude that
Gardner's data correspond to the normal curve of Krogh as well
as they could. It is a curious fact that very recently one of
the most thoughtful investigators of the metabolism of fish
has used these data, or rather an arbitrarily selected portion
of them, to demonstrate the inapplicability of the Krogh
curveâ (Fry, 1947, page 28, fig. ll).

On the other hand, Keys (1931) specially points out that
his numerous and careful. méasûrements of the rate of oxygen
consumption by FuMdulus parvi.Linnis, using the flowing water
met,hod, follow Krogh 4 s curve exactly. For the same spec3.es ^
and using data collected at different seasons, this fact has
also been pointed out by Wells (1935) in his widely familiar
work devoted especially to the study of the relation of fish
metabolic rate to temperature (Fig. 4).

(page 2$7 Very convincing materials concerning the ques-
t3on'under° -study are contained in the works of N. S..Stroganov
and 3. G. Svirenko, carried out in.Skadovskygs laboratory. By
a number of especially carefully conducted experiments,
Stroganov (1939) traced the rate of oxygen consumption of
males, females and young of Gambusia holbrooki over a wide
temperatûre range. His results are p otted in Fig. 5. With
the usual scatter of the individual points, their general
position in this case also can be perfectly well expressed by
the same nnormal curve". One can notice only a'tendency
toward a somewhat slower increase in the metabolic rate at
high temperatures. A similar impression is conveyed by Fig. 6,
on which are shown all the data obtained by Svirenko (1937s
1949) in studying the influence of temperature on metabolism
of the sterlet. In this case it is noteworthy that Fig. 6
contains the results of several series of measurements made
under very different conditions and in different years, and
includes fish from fingerling size up to 355 g in weight.

Svirenko points out that in her experiments, even when
conditions appeared to remain unchanged and the temperature
remained constant, radical differences were observed in the
results of consecutive measurements of the oxygen consumption
by one and same fish. This phenomenon is well known. Never-
theless many authors, when discussing the relation of metabo-
lism to temperature, fail to consider the possibility of
random fluctuations in the data of different experiments con-
ducted at different temperatures. In general, the relation-
ship of fish metabolic rate to temperature is often inter-
preted very arbîtrarily« Usually it is.only.an authorts own
(often quite inadequate) data that are taken into considera-
tion ainstead of the sum total of all [page 297 material
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available. If we consider also the other published material,
which for the sake of brevity is presented here in graphical
form (Fig. 7-13)t the general character of the relation of the
metabolic rate of fish to temperature becomes ful.ly apparent.

In. Fig. 7-139 1.6 and 1$ are presented, without selection,
all the available data obtained by the various authors who
have measured the metabolic rate of fish over a sufficiently
wide range of temperature. Qnly Knauthe4s data are excluded,
which were obte.ined more than 50 years ago and later published
by Cronheim (1911), who constructed from them those curves of
the relationship between respiration and nitrogen metabolism
in the carp that have often been reproduced in reviews and
manuals. Actually this material is utterly unsuitable for
this purpose. It suffices to say that Knauthe4s measurements.
were made on a group of 4 fish over a long period of time
(from April 24 to September 28)$ which explains many of the
peculiârities of the results obtained. For example, it is
quite natural that at a temperature of 14-17° relatively high
values were obtained because the measurements at this tempera-
ture were made at the beginning of the period of observations;
thus there are no adequate grounds for speaking of seasonal
fluctuations in the metabolic rate, as Cronheim did.

[page ^1 Very important results have been obtained by
Scholander et a1.. (1953^, who established particularly the
relation of metabolic rate to temperature for tropical and
arctic fi.shesp It was shown that the metabolic rate of 4
species of tropical fishes studied over the range 15-35° follow
the "normal curve'' beautifully. Four species of arctic. fishes,
whose respiration was studied from 0° to 15°, yiélded lower
values for temperature coefficients than was expected for
these low temperatures according to normal curve.

The materials shown in Figures 2-13, 16 and 1$ were
obtained by a number of authors who used different methods for
measuring the metabolismf and they concern fish of the most
diverse systematic position, size and age a dwelling under, the
most varied conditions in fresh and salt waters. In spite of
this there is not a single case in which the results of the
measurements deviate appreciably [sushchestvenno7 from the
"normal curve". The more careful the technique used to obtain

.the dataa and the more reliable the results of the measure-
ments, the more closely do the empirical data follow the
normal curve. This rather remârkable fact leads inexorably to
the conclusion that Krogh4s normal curve expresses the general
law relating fish metabolic rate to temperature quite nicely.

Attempts to discover a universal formula or curve which
would "eacactly't express the relationship between the rate of'
biological phenomena tga e^7 and temperature have forever
receded into the past.hT ere can be no expectation that
experimental data will in every case strictly follow the

W
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Fig. 5 Epage 281

Relation between the metabolic rate of fish
and temperatiwe e from the data of N. 30 Stroganov
(1939, 1939a). Axes as in Fig. 2.

1-4--Gambusiam lm virgin females; 2- preg-
nant fer,aales; -5--males; 4- young. 5--perch.
The points are the results of individual measure-
mentso
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Fig. 6 [page 29]

Relation between metabolic rate of the ster-
let and temperature, from data of Svirenko (1937,
194$)o Axes as in Fig. 20

1- fish No. 6; 2- No, 5; 3- No. $;
4- No. 3 and No. 4; 5- fingerlings; 6- Noo ?,
The points represent the results of individual
measurements.
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Fig. 7 [page 293

Relation between metabolic rate of fish and
temperature, from data of G. N. Bogdanov and
S. V. Streltsova (1953 ). Axes as in Fig. 2.

1- bream; 2- perch; 3- sander; 4- pike.

Fig. $ [page 303

Relation between the metabolic rate of Huro
floridana and temperature, from the data of WeTe
( 1933T-.Axes as in Fig. 2.
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Fig. 9 [page 30)

Relation between metabolic rate of eels and
temperature , from the data of Raffy (1933). Axer
as in Fig. 2.

- 1- eel fingerlings (weight about 0.2 g);
2- eels weighing about 40 g.
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Fig. 10 [page 31)

Relation between the metabolic rate of
Tautogolabrus ads ersua to temperature, from data
of Haugaard 94Âxes as in Fig. 2.

1- summer material; 2- winter materialo
The points represent results of individual measure-
ments.
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normal curve or some other universal law, independently of pre-
vailing conditions and peculiarities of the specific organism 
in question. However, experiment has shown convincingly that, 
in spite of this, the general character of the relation 
between metabolic rate of various animals [and temperature] 
can be expressed, as a first approximation and with sufficient 
accuracy for practical purposes, by the empirically-obtained 
normal curve. 

Of course the "normal curve" can only serve for initial 
orientation, but for this purpose it is completely suitable 
and very useful. It makes possible rather accurate comparisons 
between measurements of metabolic rate made at different 
temperatures, by adjusting all the figures for metabolic rate 
to one temperature, let us say to 20°. Obviously [page  2?.. ] 
only approximate values can be obtained in this way. However, 
in using this method in practice one becomes convinced that it 
affords quite realistic results. 

As is well known, the purely empirical "normal curve" has 
no logical basis. It cannot be expressed by a simple equation 
of any sort, such as would facilitate calculations when 
adjusting metabolic rate to a single temperature. The "normal 
curve" is described approximately by the following values for 
the temperature coefficient  

Temperature intervals: 0-5° 5-10 0  10-15' 15-20 20-25° 25-30 0  

10.9 	3.5 	2.9 	2.5 	2.3 	2.2 

Probably it would be better to take Q10  . 2.0 or 1.8 for the 
25-30' range. It is possible to bring the data obtained to a 
standard temperature within the limit of each interval in 
question by using the above temperature coefficients and the 
usual formula: 

tet,  
K2 . K1 x QL. 1°  

-10 

The computations are rather cumbersome, especially in the case 
of wide temperature intervals; for this reason it is advanta-
geous to present a table of the multipliers: 

10 

These greatly facilitate the adjustment of values of metabolic 
rate to 20° (Table 1). In the practical use of the Table it 
is possible, by linear interpolation, to find multipliers for 
intermediate (fractional) values of temperature also, for 
example, 15.10 , 15.2°, etc. 

Qio 
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Fig. 11 [page 311

Relation between the metabolic rate of gold-
fish and temperature. Axes as in Fig. 2.

1 and 2--data of A-y (1947) t obtained from
fish acclimated beforehand to the temperature of
measurement. 1- motionless fish; 2- metabolism
when in motion. 3 and 4®-from the data of Baudin
(1931).
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Fig. 12 [page 32]

Relation between the metabolic rate of carp
and temperature, Axes as in Fig. 2,

1- data of V. S. Ivlev (1938); 2- data of
Oya and Kimata (1938) (averages from their fig. 6).
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cal data will deviate from the normal curve.

Here we enter a realm that has been little explored, and
about which there is as yet a lack of concepts sufficiently
devéloped or generally accepted. The use of published material
and ideas is hampered considerably by the fact that a majority
of authors who have interpreted the pecul:I.arit3.es of the
results they obtained have failed to prove •k^^hat it is not just
a matter of accidental deviations involving only that particu-
lar experiment, i.e. they have not taken sufficient care to
demonstrate the reproducibility of their results. Without
that, s.Zl-interpretations of the causes of any partbicular
shape of the curve lose any objective significance they might
have.

Many authors have expressed the Opinion that empirically
obtained curves of the relation between temperature and meta.;.
bolic rate of various poikilothermal animals, including fish,
have a flattened or even horizontal, sector. This means that
over some intermediate range of temperatures there is little
change in the metabolic rate. This phenomenon was described
for insects by Z. V. Kozhanchikov. E. Ya. Graevsky (1946)
reported it for aquatic pulmonate mollusks. These authors
believe that the flattened sector of the curve lies within the

^ range of optimal temperatures [for the animal in question].

Clausen (1933) too, when tracing the relation between
rate of oxygen consumption by fish and temperature, found
[ a e 357 in his experiments that at 15° the rate was lower
than at 11°. From this result, which Tregard as strictly
accidental, he suggested that there is 4'nervous regulation"
of metabolic rate. It is interesting that to support,the
existence of a flattened sector in the curve Glausen, as well
as somè more recent authors (Wells, 1935^ Stroganov, 1939)`,
refer to the data of Lindstedt (1910, the peculiarities of
which actually have a much simpler explanation, as was shown
above (page 26).

Wells (1935), as mentioned before, showed that data on
the metabolic rate of Fund.lus arvipinnis, obtained at vari-
ous temperatures and at various times t follow the ."'normal
curven very nicely (Fig. 4)., However, with the very same
species, by means of a special prolonged series of measure-
ments dur.ing which the temperature was only slowly and gradu-
ally changecl, Wells obtained curves which, in his opinion,
have.flattened sectors at intermediate temperatures. These
data have attracted attention and have been quoted repeatedly
as proof of the existence of a flattened sector on the curve
relating temperature to metabolic rate, However it is easy
to show ^ L67 that they do no such thing. Each of the
three series of observations conducted by Wells was continued
for more than two and, in one case, for more than three
24-hour peri.ods. Superimposed on the gradual increase in



temperature were the changes in illumination and other condi-
tions that follow the rhythm of day and ni,grit. Fry (1947).
drew attention to this Nircumstanoe q and presented Wells ,4 data
on a gra h with the individual measurements plol.,dted in sequence
QF-igo i,1,^, As aresu.1t fl°'the "influence of the diurnal period-
icity on lbhe rate of oxygen consumption becomes quite 0:l.ear a
and cHompletely explains the mystex°ic^^a,s flattened sec,tors on.
Wells4 Curves.

N. So Stroganov gave much attention to the study of the
relation of fis-h metabolic rate to temperat•ezre. He conducted
a number of carefully designed experiments on this problem
(1•939 41939a 9. 1,940, )e From this research he arrived at vFZry
important conclusions concerning the nature of -the relation of
me•babol3.c rate to temperature. When the data obtained with a
gradually rising water temperature (not more than 1® per hour)
are plotteds aurves are obtained on which, in S•troganovqs ,
opinion p it is possible to detect f3lat'caened â ectors. Acmord-
ing to his ir.aterpretatiQn a these sectors reflect a ntempera-
ture zone of adaptation" a°,^^° ¢gadapt.ive tempe^,Aature zone". In
his first wor k a.Lxa 1939 s sma1.^. perch were ^.sedo For the
comprehensive woa°°k (1939a) specimens of the viviparous Gam-
busia, hol'brookii were used. In 4 ser:I.es of measurements; the.
relation o:c met;aboY.:i.sm to tempe .r. ature was traced in young
fish gin males 9 and in virg^n and pregnant females. The rate`
o^.' oxygen consumption was measured at each tempe•pva•cure s as was
the rate of e^trolufiion of C02 and of ammonium nitrogen.
S#,roganovQs curves whicrh show the rate of production o:L' 002
and of ammonia also have flattened se:;tors. However, the
p;asition of these sectors does not at all coincide with the
pos:%tr,i.on of the corresponding "zones of adaptation" for the
rate of oxygen consumption. Moreover9if one turns to the
respirs.t:1.on coefficients calculated by Stroganov, or the rela-
tions between rate of excretion of nitrogen and the rate of
oxygen consump'r.,ion 9there remain no traces of the "zones of
adaptation". Therefore it is hard ^•,o .determine, from,
St^°oganovQs material, between what particular tempe^°s.ti^.res.
each "adaptive temperature zone" is actually looated. The
author fails to come to the readerQs ai da he does n6t point
out wher% exaotly9 in hi s opinion, the adaptation zones are
located, but contents himself with asserting that they exist,
in a genere.l way.

C 2_Za Although it is difficult to recognize bound-
aries of adaptation zones fx°om StroganovQs tables and f3.gu^9es;
nevertheless it is plain that the curves obtained di:ife^
radically one from the other. This is in spi^e of the fact
that all 4 groups of fish that were used in the ex^erimen•^ fl
with perhaps the-exception of the first (the ye^^ang fl were held
for a long time prior to the experiment under the same or very
similar conditions. Seeing that each group was used for one
experiment only, it remains unclear whether the same differ-
ences would. have been obtained from repeated tests on one and
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Relation between metabolic rate and tempera-
ture for fingerling sevriuga and osItr, from data
of A. B. I.ozinov (1950) . Axes as in Fig. 2 0

1- sevriuga; 2- osKtr.
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Fig. 14 [Page 351

The effect of diurnal differences in metabolic
rate on the results of the measurements carried out
by Wells (1935) in studying the relation of rate of
oxygen consumption of Fundulus to temperature (from
Fry, 1947).

Ordinate--02 consumption in ml/g hour (loga-
rithmic scale), Abscissa--time in hours from the
start of each of the three series of ineasurements.
3, 4 9 5- numbers of the 3 series of ineasurement s o
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the same group of fisha Stroganov? s (19.^Q ) very interesting
and important statemen-c , that the ?azohe of adaptation" for
Gambusialiving at a higher temperature :L s shifted in' the
^ixection of that higher temperature, i s unfortunately not
confirmed by any experi.mental m.ater.:.alo

411 Stroganov4s data witho-Aut exception, cozac.ervn'i ng oxygen
consumption rate of Ga_m.bus:la, are ^^hr-n^^i In Fig. 5 o It is
easil^,,- se4en that the general course the coInbined curve over
a broad temperature range does not c?.a.^.̂ °f er f-^O^.^m the course
which is usually o^^,smrn.^°•t^^ in situations, 4srhere '^k`,he temperature
changes rapi dlye Gonsea;uent-ly, 9 summing -1,,he curves
with flattened sector^^ does, not lead to aflatten:Lng of the
composite curve. This can happen only if the flattened seg-
ments of the partial curves correspond at 111ahe several tempera-
ture irztervals9and disturb the normal. form of the cu^.°ve only
in small se^^'^^+^;°A:̂  ; that is ^ :e ^"q ofc^.^ ' the two possible tv'peM,types of.^.._ °° ,
adaptation G,o-_,ae shown in Fig. _0, type A .^.:.^^ rea.li zed. If
howeve..^° the separate curves, obtained dus l-rag a slow change of
temperature , differ from the normal curve I n the. manner of
type 8, then. the composite curve should. be flatter than the
curve obtained for rapid changes of temperature.

Quite recently an important study by Sn,1'xme'^,ng--Migberding,
(1953) a se,uden.t of Schl3.epe°r4s, has been published, In this
study the rate of oxygen consumpt ion of fish at various
temperature s:l.is compared with the recuits of a ss,udy of the
temperatures preferred by fish, .Acco.r9d.ing to these data, the
oxygen consumption rate for all the species stuc'+.ied (trout,
sculpin, goldfish, tench, carp) is practically independent of
temperature over s. small temperature range (1o5-40), Tnrhzch
varies with the species. ^pa^e 281 In other words,
Strogano^^q;^ ideas were confirméd. It is of particular inter-
est that he showed , using the same â peciete , that the zone in
which metabolism is independent'ëf te . mperature actually coin-
cided with the zone of optimal (preferred) tEamperature,
Schmeing-Engberding mentions in his list of ref er ences the
works of N; S. Stroganov, V. S. Ivlev, and A. P. Shcherbakov,
but there is not a word about them in the text.%

Schmeing-Engberding used the flowing water method. Prior
to starting the readings the fish were kept in the respirometer
for several hours, which, in his opinion, is long enough for
temperature acclimationo Measurements were made every I° or
2®. The fish were kept for 24 hours at each ^,emperature. As
far as I can tell from the incomplete description of the
method and from the table of the results given for the meta-
bolic rate of carp (as an example), the experiments were con-
ducted with utmost care. Unfortunately all. the measurements
are presented only in graphs, and only in relative form--as
percentages of the metabolic rate at the start of each pre-
ferred temperature zoxl.e. I-t, remains unclear, when this method
of exposition is used, to what extent the metabolic rate was



really constant, because he says that metabolic rate was re-
• garded as, ,zn€;harged'..ift cases ,where' -the ineasureme,'d•ts at 'r,^o

cent temperaturo.s - differed hy..,up :to 5%:,_'..(but n+:a more thail. -. thai^^
Fu'rther9 it is also unclear in what order the measurements
were made 9 especially in the ^-ase of low tempera-Lureso This
is of primary importance in situations where the experiments
continue for many days, An unfavourable impression is also
created by the fact that the author repeatsa without c°x°itîcismfl
SohlieperQs unfounded assertions about a difference between
eurythermal and stenothermal forms in respect to the relation
between ra.eta'bo.l; sm and te;mperaturem=assertx ons that refer to
very weak and inconclusive experimetzts. Very q'uestiofiable a
too fl are Schmeing-Engberding ^s expan sive deliberations about
the various factors that influence fish me.t,a.bolio. raioe f, even
including some 1Rpsyehologit:a.1,11 xaoi.,orsa All, this greatly
complicates the task of eva:lWa'rfin.g the reliability of the data
of this papero

It is, most interesting that Schmein.g=Engberding also
measured the oxygen consumption rate of tench and goldfish
that had been narcotized with a.c.;eton.e-chlorofor.m, In 'both
experiments there resulted art ordinary steadily ascending
temperature c:ur•vea very close to the normal cu^:veo No zones
were observed in which metabolism was independent of tempera-
tu^.^eQ If this is so a then one may assume that the apparent
constan^:,y of the metabolic rate at temperatures close to the

• preferred temperature occurs because temperatures below the
p:.°eferx ed temperature stimulate the movement of the fish Z^a .e
91 and areduotimn in metabolism is compensated by an increase
in motor ac;tivifi:y fl with the net result that over a certain
range metaboli^.° rate is apparently independent of temperaâureo

One of the au•thor 9 s remarks is noteworthyn to the effect
that in h,11s experiments the narcotized fish had a higher meta-
bolic rate than those •whio°h were not narootizedo This com-
pletely unexpected circumstance makes it possible to assume
that in the regular tests q especially at higher temperatures 9
the metabolic rate of the fish was below normal for some
[unknowm. ] oause o Actuall,y 9'che absolute data or^^ metaboliC
rate a whic,h. are furnished only for the carp n show that up to a
tEmperatux^e of 21' the values obtained from this experiment
correspond exactly to those expected from the data of other
au•tho:e°s fl but measurements at higher temperatures are considex9-
ab:iy lower than the average metabolic rate that has been found
for carp of the same sizeo

On the whole one must conclude that the very :Lnteres•ting .
views of Stroganov and other authors regarding the existence
of zones of stability when temperature is changed slowl.yfl
which take the form of a flattened or horizontal portion on
the curve relating ^rie;t a-b, o :L'AJb :, rate and temperatui e D still
. reqzaire mox°e -work to provide them with a better foundation of

WfactuP.d rnaterialA In genex°as fl the course of the curves
obtained experiment€^l.ly is in each individual case determined

te
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Fig. 15 [page 37] 

Two possible cases of the effect of tempera-
ture acclimation on the curve of the relation of 
the metabolic rate to temperature. 

Dotted line- the normal curve; solid line-
the expected curve of relationship between 
metabolism and temperature for fish previously 
adapted to each of the temperatures at which the 
metabolic rate is measured (see the text). 
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Fig. 16 (page 39 )  

Relationship between metabolic rate of carp 
and temperature, from data of Schmeing-Engberding 
(1953). Axes as in Fig. 2. See the text, page 3g. 



by so many factors that it is hardly possible to come to defi-
nite conclusions by mere"Ry stud.y^,ng. s^^°ur^^e ^°ox^ms28p More pene-
trating conclusions will become possible after it has been
clarified how the metabolic :Level. of fish changes in the
course o f ^ ;° a'^w.c °^Lj.^.ima' dit 1 different `fi' ^1G:91pLe^.^üt conditions.:.^^^lât ^,!'â

.lbe.54 .̂..̂Î.t.,...c.i^n. of the 1.:ivel^:if rlieta0.8o liyg of f^iô?h

E ^^z^ft ha" I

As long ago as 3.936 1 drew at,,ter:a11.i oz?. to f,,;I-P.e. great general.
biological interest of the first published material which
showed that acclimation to low temperatures is accompanied by
an increase in metabolic: rate, and that the reverse phenomenon
is observed in the. case of acclimaz ^on to high temperatures
(Winberg, 19"46). For fish, this phenomenon ^ras po.g..nted out by
Wells (1935a, 1935b). He discovered, for Rzndul T4as ^arvi-pinnis,
that the metabolic rate of fish which had. ^iéer^ ^.W Â^^mated to
90-2h.1 was abou'+, 30m10dfo lower than in fish acclimated to .
10-12"", when measured either at, :.̂ ^.,2" or at 201. Similar
results were obtained in two experiments with Gilligh^_ th^^

mirabilis. One gro^kp of these i^..sh ^^ra^,w kep^, a`^: j x:o^° 17
days prior to the experiment, and the other g a oup at, 11.1 for
20 days. Both groups were 'tested at 20". In the cold-adapted
fish the level of me°± abolism was 30-1?.0% higher than in the
warmGadapted group. This difference was stri^°tly maintained
throughout the entire time of observation (^)O ikours).

ViTi.th-regard to these and similar experiments, it must be
noticed that at difz̀ °enent, temperatures it is very difficult,
as a practical matter, to ensure the uniformity of other
conditions, so that it is easy to ascribe to the direct action
of temperature effects which really stem from accompanying
circumstances. For instance, the same volume of water at
difierent, temperatures is not at all sufficient to create a
uniform gas regime. In order to achieve the latter, it is
advisable to use larger vessels when the temperature is higher.
Wells says that prior to his experiments the fish had been
starved for 24 hours. Bowever, equal periods of star`vation at
11° and 33° are not at all equivalent physiologically. At 3:3®
it takes $times more reserve subst^anoe and oxygen to meet the
requirements of matabolism than at 111. Such considerations
call for caution in interpreting the data G-f some authors,
mostly f^.^reigas who have studied the Influence of temperature
acclimation and as arLile have underestima tUed the complexity
of the phenomenon and the possibility of indireot, effects of

^ different temperature conditions (Winberg 9 1937).



Precht (1951) published the results of measurements of
the rate of oxygen oonsumption, of eels that had been acclimated
to 11' and 26°. The flowing 'water method was used, In
stating his results Precht, who appears to be entirely
unfamiliar with the work of other a.uthor^ uaing ^^Ahis method,
has a lot to say about the increased rate of oxygen consump
tion that he di3coverwd , apparently ujo.awa7re tha.l; this is a
common and wel:^-known, phenomenon (see page 17). The basic

ajp,c _411 thatcondition for successful use of tEe method a[p:
measurements must not begint. -wnftil after a constant level of
metabo:"U^.̂ m is estab?.ished nwas not observed in Precht 8 s
experiments. Fitrthermo:r,e,;t he eels, J.-,.^ order to eliminate
motionp 'tPPere narcotized with u:retha.ne. All uh:1Lsflas well. as

his .°ons`°ugsed presentatmon, makes it practically Impossible to
use PrechtQs data. NeveP°'reheless, from the results of all the
experiments as summarized in figure 8 of the work qu.ot ed, it
can be seen that eels acclimated to 11' apparently had a
higher l,e ve l, of meta.bolism at all temperatures (10-27°) than
did eels acclimated to 26°. On the other hand, eels acclima-
ted to l;° exhibited such a low rate of oxygen c°onsumption.
(especially at 10") that it seems very do-abtful whether this
is really due to the influence of the temperature at which
they were held prior to the experiment, and not some other
accessory cause s not taken into consideration.

No s?a.c;h doubts arise concerning the work of
A. P. Shoherbakov (1937), wh:ich is above reproach as regards
m.e-tqhodology. For this reason this work ^s of special import-
ance to an understanding of changes in metabolic rates of
fish under the sustained influence of different temperatures.
For his study of this problem Shcherbakov used a species which
is extremely well suited to the purpose e namely the river
lamprey (1!^^m e^'^ar^. f^,uv^.at^.1.^.s). An adult river lamprey
doe sn Yt feed. Duri ng the experiment many lampreys attached
themselves by auotion to the wa1ls of the respirometer and
remained. completely mo'r,iona.,essp Using the flowing -water
method, Shoherbakov showed that shortly after the lampreys had,
been placed in the respirometer a constant rate of oxygen con-
sumption was established, and was maintained indefinitely.
All measurements of oxygen consumption. were made at a tempera-
ture of 1>.^-1°'7,5°. Prior to the measurements the lampreys
were kept at .3 different temperatures for a considerable
length of time: 1.5-3.5'D,7-9" and 15-17®. The rate of oxygen
consumption of the lampreys of the first group (average of
7 measurements) was 0.21 mg 02 per gram per hour; there was
little variation in the results of separate measurements
(0.20-0.U.,). For 7 experiments with the second group of
lampreys it amounted to 0.17 mg 0,2/g/hour (range 0.15-0-19).
For 12 measurements with the thira group of lampreys it
amounted to 0.14 mg 02/g/hour (0A12-0oa6). Hence in this
case too the metabolic rate of specimens acclimated to a].ow
temperature (about 21) was higher, by 23%9 than that of
lampreys acclimated to 8°'9rancl,.^ra;,: higher than lamp,^w'-..:.(
reys acclimated to 160. Shoherbakov4^.^ data are :impdx°tant
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evidence in support of the view that in fish and, so it seems,
many other poikilothermou.s animals,as well, adaptation to high
temperatures is accompanied by reduction of metabolic level,
whereas adaptation to low temperature is accompanied by
increase in metabolic level,

Precht (1949) supports the existence of such a general
law, on the basis of his own and published work, particularly
that of, N. S. Stroganov and A. P. Shcherbakov, E V2,,] and
even makes an attempt to distinguish several types of^r anges
in metabolic rate in acclimating to different temperatures.
This attempt deserves little attention because inadequate
experimental data make it mainly speculs.tive o Moreover he
states the problem in a confusing and superficial manner.
-Precht assumes that in one and the same organism the type of
temperature adaptation of metabolism can differ at different
seasons. To me it seems that not the type, but only the out-
ward manifestations of adaptation can differ at different
times in the same animal. Better founded and more interesting
is Prechtrs statement that a change in level of metabolism
during acclimation does not occur in all organisms, but only
in eurythermal ones, which in their natural environment
encounter great temperature fluctuations. From this point of
view the changes in the metabolic level during acclimation to
temperature are not of a fundamental [vseobshchis] character,
rather they have been evolved as an adaptation. Some important
data of other authors support this view. It has been shown
that, of two species of littoral crustaceans, in the one
(Enerita talpoida) which retains its activity during winter
themetabolic rate rises as a result of the acclimation to low
temperatures, whereas this does not occur in Talorchestia
megalophtha.lma which is inactive in winter.

In the same laboratory, and usin a good method (the
manometric respirometer of Scholander^, the respiration of the
fish Tauto olabrus adspersus was measuredat a temperature of
15°, both in summer w eh n the fish in their natural environment
live at temperatures of 1$-22° and also in the winter when
they live at 1-2°. A considerable number of measurements,
made at various temperatures from 1° to 30° (Fig. 10), dis-
closed only a slight increase in the metabolic rate in winter.
The smallness of the change in metabolic level with acclima-
tion temperature in the case of Tautogolabrus is explained by
the writers as a result of the fact that in -win°t;er these salt-
water fish abandon the coastal zone and lead an inactive life.
If this supposition is correct, then one must not expect great
changes, on acclimation to high or low temperatures, for all
the organisms which can survive considerable temperature
fluctuations, but only for those which lead an active life
over a wide temperature range (Edwards, 1943s J. cell. comp.
Physiology, 21).

Freeman (1950) measured the tissue respiration of the
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muscles and of brei from the brain of goldfish which had been
previously acclimated to different temperatures. He maintains,
but without providing any numerical data, that the rates of
oxygen consumption of the muscles of fish adapted to 1^° and
to 27® did not differ. This makes it impossible to directly
associate tl?a,e UJ changes in metabolic level, in the process
of acclimation, with any corresponding change in the tissue
metabolism of the muscles. In contrast to muscle respiration,
the rate of respiration of the brain tissue, which was meas-
ured at 1$.9®, exhibited a well-developed inverse relation to
the temperature the fish had been acclimated to. It was also
shown that changes in metabolic level in acclimation were
accompanied by corresponding changes in the frequency of
respiratory movements. From this Freeman believes that the
metabolic activity of the brain is the main factor determining
the level of oxygen consumption of fish. Figure 17 shows the
speed with which the changes occur that characterize the
acclimation to 12° of fish which previously had lived at 27°.
This drawing gives data for the rate of oxygen consumpt.ion
rate of the wholé fish and for the brain tissue, and also the
frequency of the breathing movements at various times after
the fish had been placed in the low temperature. In this case
the acclimation is completed, in the main, during the first
4$ hours. In practice, research workers who wish to obtain
fish fully acclimated to a particular temperature usually con-
sider it necessary to keep the fish at this temperature for
several days at least, and in most cases for two weeks or more.

Although it has not yet been adequately shown how meta-
bolic level changes during temperature acclimation, there are
nevertheless [ a e^A7 several serious experiments which
support the view that, at least in many cases, the acclimation
of fish to low temperatures is accompanied by an increase in
level of inetabolism, and that the reverse occurs on acclimation
to high temperatures. If this phenomenon is actually wide-
spread and sufficiently pronounced, the inevitable conse-
quences must be: 1) a higher metabolic rate among fish which
live at the lower temperatures under natural conditionsfl
2) a greater metabolic rate among fish in winter, 3) the
existence of "adaptation zonesn, or flattened portions of the
curve relating metabolic rate to temperature, for fish that
are acclimated to each of the experimental temperatures, as
compared with the corresponding curve obtained from short
applications of different temperatures.

Let us now consider, as far as is possible at present, to
what extent these phenomena actually occur. In order to
answer the first question one should compare the level of
metabolism of a number of specimens of one species, or even of
one population, living under different temperature conditions.
Among data familiar to me, those of Sumner come closest to
meeting these conditions. Sumner and Lanham (1942) studied
the rate of oxygen consumption of the fish Grenichtys baile
(Gilb, ), which inhabits a hot spring (37°), Contrary tci the

.
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Fi,g a 17 [page 43]

The influence of temperature acclimation on
metabolic rate and number of respiratory movements
of goldfish, from Freeman Qs (1950) dataQ

Abscissa--time in hours after the fish had
been carried from water at a high temperature
(27°) to water at 12®. C3rdinate--02 consumption
in mg/kg/min (1); consumption of oxygen by brain
tissue, in the same unit (2)e number of respira-
tory movements per minute (^ j a
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Fig. 18 [page 463

Relation between metabolic rate of the Ameri-
can Salvelinus fontinalis and temperature , from
Graham s 4)datao^ese data were obtained
from fish that had been acclimated beforehand to
each of the temperatures at which oxygen consump-
tion was measured. Axes as in Fig. 2.
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original expectation of the authors, fish of the population
which lives in a hot spring in Nevada (U.S.A.), at a tempera-
ture of 37'a showed the same rate of oxygen consumption after
being placed in a reservoir containing water of 21°, as did
fish of the same species which had always lived in that reser-
voir. Although the authors encountered some difficulties with
regard to methods, they performed a great numbe:, of experi-
ments 9 and acarefa.l study of them leads to the conviction
that the conclusion to which they came is well enough founded,
even though it 6ontrad3..cts the results of laboratory experi-
ments. However, it must be said that the fish from the popu-
lations inhabiting the hot and the cold bodies of water
differed some^^.rha ti.n meristic f eatures.

On the - ba sis of published data, it is difficult to say
anything definite regarding seasonal differences in the. meta-
bolit° rate of fish. Only isolated references to this subject
are .foun.d. in various papers. For ex,ample ,Ao 0. Tauson
mentions that wfish caught in the Kama River in early spring
when the river temperature is low (5-6*), if used in experi-
ments (at 15-161)o yi.eld. high values for the rate of oxygen
consumption in c ompari son with fish caught in summerM. It i s
difficult to know how well founded this statement may be.
Farthermore , it is clear that under natural conditions seasonal
differences in metabolic rate may be associated not only with
temperature but also with different conditions of feeding,
respiration, and so on.

( a e -_7 The work of G. N. Bogdanov and S. V. Streltsova
(1953) contains some very peculiar information concerning
seasonal differences in fish respiration. These authors
measured the rate of oxygen consumption of several species of
fish from Lake llmen, in summer and in- winter. The method
used in their research unfortunately was not stated but the
context makes it clear that the sealed vessel method was used..
In winter the fish were kept in ponds at a very low tempera-
ture (0.2') prior to the experiments. The peculiarity of the
data obtained consists in the fact that, judging by the figures
quoted, in winter there was very little change in metabolism
with change in temperature. It is easy to see that within the
range of 0' to 101 the temperature coefficient (C110) was 1.36
for pike, 1.46 for perch, 1.55 for roaah, and `.^..3for ruffe.
Gomparing measurements made in March and in July at 10°, we
see that in every case the metabolic rate was higher in July,
namely^ for bream 29.9 and 64.0 mg 0,, per kg of weight per
.hour respectively9 for zander, 3;i.$4and 77.34 for pike, 49.8
and and t'ox° perch, 47.4 and 93.4. Such a result is
unexpected in view of the datay given above, which indicate a
lowering of the level of metabolism with acclimation to high
temperatures. However, there is good reason to regard this
material with caution. For example , the tables contain the
results of measurements of the rate of oxygen consumption of

7 and others)fish of different sizes. In many cases (Table
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the metabolic rate increases as the weight of the fish 
increases, instead of decreasing, which is quite unexpected. 
The authors pay no attention to the peculiarity of their data, 
they consider it unnecessary to describe the conditions under 
which they were obtained, and they quote unbelievable values 
for respiration coefficients without any comment (page inp so 
that it is difficult to avoid thinking that unconsidered 
methodological errors may be involved. 

Of special interest for our purpose is the course of the 
curves describing the relation of metabolic rate to tempera-
ture for fish that had been acclimated beforehand to each of 
the temperatures studied. Freeman (1950) gives in graphical 
form the results of measurements of the rate of oxygen con-
sumption of goldfish at 4 acclimation temperatures (12', 20, 
27' and 37.8'). He plotted a curve representing the mean 
values of a few widely divergent observations. According to 
this curve the oxygen consumption was about 1.8 mg O. 
kilogram per minute at a temperature of 12'; it was 2.4 at 
20 9  3.5 at 27', and at 37.8°  it was only about 1.1. Our 
attention is drawn to the small difference in the metabolic 
rate at 12' and 20' and, particularly, to the exceptionally 
low metabolic rate of the fish kept at such a high temperature 
as 37.8°. In the latter case there can be no doubt that the 
metabolism of the few fish that survived such extreme con&o-
tions ERmp.,  46] was greatly lowered for other reasons besides 
the acclimation. Apparently no great significance should be 
attached to these data of Freemanys 9  for in the carefully 
conducted work of Fry and Hart (1948), who have great experi-
ence in the quantitative study of fish metabolism and the 
process of acclimation, altogether different results were 
obtained for the same species. In particular, it was not 
found that the metabolic rate at 35 was any les than at 
lower temperatures. The authors of this valuable study 
accepted the length of time necessary to attain stability in 
respect to lethal temperature as the period necessary to 
acquire complete [temperature] acclimation. At a temperature 
of 5° it required 20 days, but at 35' it required only 4 days. 

The authors draw special attention to the fact that their 
data, which were obtained following complete preliminary 
acclimation of the goldfish to each of the temperatures 
studied, agree beautifully with Kroghvs data that were used 
for the construction of the "normal curve", and also with the 
results of the metabolism measurements of goldfish made by 
Gaarder and hi  s colleagues (1922, fig. 11). 

In the same laboratory, and with the same high standard 
of laboratory technique, Graham (1949) carried out her 
research using fingerlings of the American char Salvelinus  
fontinalis. In this case, also, the fish used in the experi-
ments were kept for a long time (weeks) at the respective 
temperatures before making the measurements, so that full 



temperature acclimation would be obtained. The datd obtained
for standard metabolism are shown in Fig. 1$, whîch shows how
closely they follow the normal curve. In comparing these data
with the analogous data of Fry, obtained from goldfi6h,
important conclusions emerge o First of alla as Graham herself
s^:ates n ë,,here is no confirmation of the op- ni ^sx;. exp^°es^ed.
earlier by Fr°y9 that at moderate . temperatures the metaboi.:i.c
rate of acslc^^-,vna^.w fishes is more affected by temperature than
is the metabolism of warm-water fishes. Jkirther, neither for
the char nor the goldfish were there any indications of "flat-
tened (page AZI sectorsn of the cur°ve. Most important of all
is the fact that under conditions of comp^ete 6 empera•tur e
acclimation the normal. curve, which was or°ig-inally obtained
for relatively short applications of teir?.perature , is quite
su.. _table for describing the standard metabolism of both these -
specl _e,s: the wa.rmth-]Loving goldfish whose upper leihal. 'lim3.t
is 37?, and Ss.lv3.^:^.a?.w v^ ^^ h a. lethal l^.rrx^.t of 2,^`^. `l^^-,, i s not
easy to ^aercofi.^T^.e fRis fact with the evidence that there is a
decline in th^.3.3.,evel of inetabolism'of fish when acclimated to
h.igh temperatures and an increase when they are acclimated to
low temper°atureso As noticed earliex°, a necessary consequence
of this phenomenon would. have to be a more [gently] sloping
cur °ii-e r.°elatixrg rate of metabolism to temperature when there 3.s
a sustained application of the various temperatures. However,
th is was not confirmed by the experiments of Fry and Hart
(1948) and Graham (1949). Nevertheless, it is very hard to
abandosa. what seemed to be a- well-founded conclus-ion-Qthat a
rise in metabolic level occurred with acclim.atâ.on t o low
temperatures, and the reverse for high ones. We have here a
case of a plain contradiction in the stated results of care-
fully conducted experimental work.-

Aithough it is not 'at all clear how this contradiction
will be'resolved in the future) the data of this most recent
work ^.h^ow convincingly that, as a first approximation, the
""normal cux°ve" describes the relation of metabolic raté to
temperature sufficiently well not only when the change is
rapid, but also when there 3.s a sustained application of each
temperature studied. It is hard to overvalue this fact, which
greatly enhances the usefulness of the relationship expressed
by the normal curve and broadens the scope of its applicability.
In particular, it makes us more confident that under natu:r.°al
conditions the relation of fish metabolic rate to temperature,
can be expressed by the "normal curve" with sufficient
accuracyo The data of Winberg and Khartova (1953), obtained
by measuring the rate of oxygen consumption of carp fry and.
fi ngerlings caught out [df 'a pond] just prior to the experi-
ment, are of some interest in this connexion (all 'measurements
were made at the temperature of the water of ,the pond e the jar
being submerged into the pond water for the duration of the

^ exper°iment ). The data obtained, taking into consideration the
inevitable scatter in the results of individual measurements
made at different times on fish of differ°ent sizes, show that
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under natural conditions the relation of the metabolism of 
fish to temperature is close to that expected according to the 
"normal curve". 

Nevertheless, in spite of this it cannot be maintained 
that the average metabolic rate of fish under natural condi-
tions is always accurately expressed by the "normal curve". 
It is necessary to bear in mind that all the data mentioned 
above were obtained under laboratory conditions, when motion- 
less or slowly moving [page  b8] fish, were used. Data concern-
ing the relation between fish metabolism and temperature during 
"intensive motion" are given below (page 171). 

4. The relation of the  metabolic level of  fish to 

the temperature adaptation of  the species 

What has been stated hitherto concerns either the immedi-
ate influence of temperature upon the metabolic rate of fish, 
or the consequences of individual adaptation [acclimation] to 
different temperature conditions. We must consider separately 
the effect of temperature on the metabolism of fish from the 
point of view of their adaptation as a species, i.e. the con-
stitutional peculiarities which reflect the environmental 
conditions under which they were formed , during the process of 
evolution. Data which shed light on this question are still 
very scarce. We may recall the attempt by Schlieper (1950, 
1952) to show that in stenothermal cold-loving animals, fish 
in particular, the metabolic rate is more dependent on tempera-
ture than in eurythermal organisms. This author (1950) even 
considers it possible to affirm that the "relative thermo-
stability" of eurythermal species is so great that their meta-
bolic rates can be the same at temperatures which differ by 
10. However, these controversial statements are not 
sufficiently supported by convincing numerical data. In the 
1952 work, without stating the method of measurement or other 
necessary information, the data are given in the form of a 
graph of individual measurements of the rate o4* oxygen con-
sumption of§2312.121§.  2Êphalus  and Trutta iridea', made at only 
3 temperatures. In this work material is presented which, in 
the author's opinion, proves that the nature of the relation 
of metabolic rate to temperature is affected by the ionic 
composition of the environment, possibly by influencing the 
"degree of the hydration" of the tissues--a pet idea of 
Schlieper's. Schlieper's views cannot be accepted, both 
because they are crudely mechanistic and speculative in nature 

1Here and elsewhere the scientific names are those given 
by the original authors. 
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and because they are "confirmed"' only by primitive and care-
lessly descftbed experimental data, It is noteworthy that
Schlieper's ideas are only slightly reflected in a recent work
of his students (Floèrke, Keiz and Wangorsch, 1954). It can
easily be seen that the data they obtain (tables 7, 17, 180 24,
26) for the metabolic rate of various fishes (trout, chub,
gudgeon, roach) at different t' emperatu^a^k follow the normal
curve beautifully. There is no mention• either of depressed
sectors of the curves, or of the data of Schmeing-Engberding.

_U3 For an understanding of the nature of°-the
adaptation of species to different tempex°ature-s in their nor-
mal habitats, the investigations of Scholander and his
colleagues (1953) are of very great importance. This research
was carried out by workers in a laboratory that is specially
engaged in studying the metabolic rates of different members
of the aquatic fauna. Metabolic rates of various representa-
tives of the animal kingdom, fish among them 9 were studied in
the tropics (PanamA) and under arctic conditions (Alaska). In
all, 4 species of tropical fish and 7 species of arctic fish
were studied. It was established that the lower temperature
limit at which fish begin to die is very high for tropical
fishes--15-20®, The upper limits also differ radically.
Arctic fishes which inhabit water with temperatures close to
0° die at 10-20', whereas tropical fishes die only when
temperatures reach 35=40°. Thus the biokinetic temperature
ranges of tropical and arctic fishes scarcely overlap, and a
comparison of their metabolic rates at the same temperature 3.s
practiça.711y impossible. The metabolic rates of representatives
of both groups were studied at temperatures which embrace the
entire range of their respective biokinetic temperatures.
Values of temperature coefficientsa which were very close to
those anticipated from the normal curve, were calculated from
the data obtained. The authors emphàsize especially that no
characteristic differences were discovered between values of
the temperature coefficients for arctic and tropical fishes.
In other words, a conclusion stated in an earlier work by
Peiss and Field (1950), carried out in the same laboratory-,
was not éonfirmed. In Alaska the latter authors measured the
metabolic rate of brain and liver tissue of the arctic fish
Boreogadus saida at various temperatures, while in a Cali-
fornia laboratory the golden orfè (Idus melanotus) was used.
.It was found that the tissue respiration of t_é arctic fish
was distinguished by one peculiarity, namely that it did not
exhibit the usual increase of the temperature coefficient at
low temperatures. But the tissue respiration of the brain and
liver of the golden orfe corresponded very well va-1th the
normal curve. Peiss and Field ascribed ageneral significance
to this difference. They interpreted the constancy of the
temperature coefficients in the case of the arctic fish as an
adaptation enabling the fish to maintain a relatively high
metabolic level at low temperatures. It must be said that
although Scholander et al. dispute this conclusion of Peiss
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and. Field flin their own data a constancy of temperature
coefficients at low temperatures is exhibited-'by'thréé of the
four speciss of arctic fish that they studied. it appsâ.z.°s -
that the possibility of such al adaptation to lov+'r temperatures
must still be ^considered (Rao and . Hiil7.,ock fl' 1954).

C^a ^^07 The relation of the metabolic rate to tempera-
ture in ^e case of tropical species of fish folldws the
normal curve well, according to ScholanderQs data.

The most interesting result is a comparison of the meta-
bolic levels of tropical and arctic fish. The metabolic rate
of tropical fish, measured at a temperatgre close to that of
the water in their natural habitats ( 30'), was only 3-4 times
greater than the metabolic rate of arUtic fish measured at a
temperature of Om. Hence the authors conclude that arctic
species have a high metabolic level ( Fig. 19). In other words,
the study of the adaptation of species has yislded the same
result as did the study of the acclimation of individua.ls.

The reat bulk of published data on the metabolic rate of
fish has geen obtained ^x°om marine and freshwater species in
the temperate zone. Therefore, the generalization from the
available material on metabolic rate of different fish, given
below, refers to fish of temperate latitudes; these are the
fish from which the "normal curve" relating basal metabolism
to temperature was experimentall^r determined, and hence it is
to them, primarily, that it should be applied.

In summary, we may conclude that the general character of
the relation between basal metabolic rate and tempérâture;,fot
fish of different systematic pos3.tions, ages, and sizes, can be
expressed with sufficient accuracy for practical purposes by
the nnormal curve". This relationship was obtained empirically
and has been confirmed [^17 by a large amount of material.

Much less is known about the causes which determine the
j?recise character of the relationship between basal metabolic
rate a.nd temperi^Uure, for a particular species and in a partic-
ular set of environmental conditions. There are many reasons
to believe that, among the factors that influence metabolic
level, an important role is to be ascribed to temperature
adaptation. However, in view of discrepancies which still per-
sist in the experimental data concerning this problem, it is .
difficult to appraise the significance of this phenomenon under
natural conditionse Almost all the data at hand concerning the
relation 6f fish metabolic rate to temperature were obtainéd
from motionless or slowly moving fish. In order to form an
opinion about the metabolic rate of fish under natural condi-
tions it is especially important to know how temperature
influences the metabolism of fish during activityd For this
reason the clarification of this aspect of the problem is the
most important task of further research in this field..

,.
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Fig. 19 [page 50] 

The metabolic level of tropical and arctic 
fishes, according to measurements by Scholander 
et al. (1953). 

Abscissa--weight of the fish; ordinate-- 
oxygen consumption in ml per specimen per hour at 
the temperature indicated. The dotted line is 
the calculated metabolic level of tropical fish 
at a temperature of 0* (see the text, page 50). 
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or Chapter III. [^ 527

The Relation between Metabolic Rate of Fish and the

I

Degree of Saturation of the Water with Oxygen

1. The general chars.cter of the relation of

metabolism to oxygen conten-'k-1 of the water

Fish, as well as all other aquatic animals, under natural
conditions encounter various oxygen contents in the water--
from the not uncommon cases where dissolved oxygen is lacking
altogether, to situations where the water is supersaturated
with this gas, as frequently occurs as a result of the photo-
synthetic activity of aquatic plants. In order to be in a
position to judge to what extent this factor can influence the
results of the measurements of the rate of oxygen consumpt3.on,
it is necessary to know how the metabolic rate of fish is
related to the oxygen content of the environment.. Since the
time that Winterstein (190$) and Henze (1910) published their
data indicating that rate of oxygen consumption is independent
of partial pressure of oxygen in the environment, the question
for a long time remained unsettled, because while there was no
shortage of data supporting Herize t s and Winterstein. 4 s view
(Gaarder, 1918; Amberson et al. t 1924; Keys , 1930a), neither
was there any scarcity of data which contradicted them.

It is now quite clear that it is wrong to state the prob-
lem in the form of whether the metabolic rate does or does not
depend on partial pressure of oxygen in the environment.
Rather f it must first be made clear what range of oxygen con-
centrations) and what species, are involved in each case.
Without dwell2ng on every stage in its development, we will
describe the present state of knowledge in this field by
giving examples of recent research.

Lindroth (1941, 1942)t using an original method (page 12).
measured the rate of oxygen consumption of roach, salmon and
pike, and also that of the developing ova of salmon and pike,
at various dissolved oxygen contents. Lindrotli believes that
as long as the oxygen content of the water is sufficiently
high the rate of oxygen consumption will remain constant,
among all the fish he studied.. It becomes reduced if the
oxygen content in the environment drops below a certain [ a e
0 7 pcritical pogntO [kriticheskaa toNhka7. According to
Lrndroth, the lower the temperature, the lower is the oxygen

^ content at the critical point. Lindroth t s graphs show, for
example, that at 23® the critical oxygen content for roach is

r
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close to 45% saturation. In the case of salmon at 20' it is
close to 33dfo of saturationo At 7° the critical point for
roach is reduced to 10°foor llj' of saturation p and for salmon
at 9° it is close to 20%.

T. 1. Privolnev (1947) made many observations on the
oxygen consumption rate of various 'fi'shes at different
environmental oxygen contents and at different temperatures.
It is advisable to study the results of this important
research after we have obtained a definite idea of the nature
of the relation of fish metabolism to the partial pressure of
oxygen in the environment from the information in several
.^ ecent publication. am

The nature of the relation between metabolic rate of fish
and rate of o.Kygen consumption is especially well exemplified
by the excellent work of A. B. Lozinov (1950, 1952, 1953).
Th2o.s author studied the relation of the rate of oxygen con-
aarn.ption to the oxygen content of the environment, for fry and
f•^.ngerling sevriuga and osLutr, for perch fingerlings, and for
yearling perch and tench. He used a modified sealed-vessel
method in a form that would permit drawing samples _ of water to
detey°mine the oxygen content during the experiment. The
ox;rge,a content in the water was reduced by the respiration of
^°,?h.e fi :,h. Because of the ample size of the respirometer each
experim6n•^-s was continued for 12-14 hours. By this method many
observations were made, which are shown by means of curves
relating the rate of oxygen consumption to the oxygen content
in the water. Lozinov regards the curve shown in Fig. 20 as a
taypical one. Considering the curve from right to left, we
notice first the portion (indicated by the fine dotted line)
whâ.c}r a according to I.ozinov, corresponds to the increase in
,,,^-_Kygen consumption [page ^41 by the fish during the first
little while after they are placed in the respirometer. In
other words, the initial decline in the curve is not related
to the small reduction of the oxygen content at that time. We
shall see below that this rather important circumstance has
not been taken into consideration by a number of authors who
have used the sealed vessel method. Next, there is a hori-
zontal sector of the curve, which corresponds to those concen-
trations of dissolved oxygen at which the metabolic rate
remains at a constant level. Lozinov, following Privolnev,
calls this sector the "oxygen zone of adaptation." [kislorod-
naa zona adaptatsii7. After a: certain environmental oxygen
content is reached-the I*crit3.cal concentration" Ckritiches-
kaa kontsentratsila3»-the rate of oxygen consumption
decreases, and this continues until the threshold GporogovalaJ
concentration is reached. At this latter stage not only is
the metabolic rate sharply reduced, but the fish begin to -die.
It is a good idea to adopt the terminology employed by Ioxinov,
and used in the later works of Pr. ivolnev, i. e. to di fferenti-
ate strictly between the critical concentration and the
threshold cJoncentr.ation. Up to not so long ago the threshold
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Relation between the metabolic rate of
sevriuga fingerlings and the oxygen content of
the water at temperatures of 18® and 25°.

Abscissa--oxygen content of the water in
mg/1; ordinate--rate of oxygen consumption in
mg/kg/hour, (After Ieozinov, 1952).

auor

300

2 4 6

5
6

Fig. 21 [page 54]

Relation of the metabolic rate of various
freshwater fishes to the oxygen content of the
environment , from data of A. B. Lozinov (1950).

Ordinate--oxygen content of the water in
mg/1; abscissa--oxygen consumption in mg/kg/hour.
1- fry of sevriuga at 1$°; 2- fingerling sevriuga
at 1$°• 3- fingerling osé^tr at 1$°; 5- perch at
11°; g- tench at 11° (from a Dissertation, 1950).
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concentration had been called critical concentration (Frivol-
nev, 1947)., Unfortunately some authors have confused these 
terms very recently. For instance, the heading of table 4 in 
N. D. Nikiforov's work mentions "_critical oxygen tensions" 
whereas in the text the same values are designated as "thresh-
old" tensions. 

The relation of the critical oxygen content to_tempera-
ture is clearly evident in lozinov's data (Fig. 21). The 
higher the temperature, the greater is the oxygen content in 
the environment at the turning point. In other words, the 
higher the metabolic level, the greater is the oxygen content 
in the environment at the point where a reduction in oxygen 
consumption sets in. The metabolic level is of prime import-
ance for the position of the critical point, as shown by the 
data for various species in Fig. 21. 

Thanks to the fact that at higher temperatures metabolism 
proceeds at a faster rate, the critical oxygen content fpage  
51] (i.e 0  the point where the bend in the curve begins fgoing 
from right to left]) shifts to the right and the horizontal 
sector of the curve is reduced accordingly. Therefore, from 
data obtained at a high temperature, as Lozinov aptly remarks, 
eit is difficult to tell where the reduction of the respiration 
rate following the period of accelerated respiration of the 
young fish at the beginning of the experiment ends, and where 
the actual inhibition of respiration due to shortage of oxygen 
begins". Such conditions can easily lead to a wrong conclu-
sion, namely, that a slight reduction in the oxygen content in 
the environment reduces the metabolic rate. 

When studying the curves obtained by Lozinov, it is 
easily seen that in some cases the two turning points of the 
curve (the critical and threshold oxygen contents) and the 
sloping sector of the curve between them, are not sufficiently 
well indicated. Frequently, especially at low temperatures, 

• the critical point can be close to the lethal oxygen limit . 
(the  oxygen threshold). The apparent cause of this difference 
lies in the fact that in using Lozinovls method the fish, and 

• especially the small fish, were able to swim about in the 
rather large respirometer used. Hence, actually, it was not 
the basal or standard metabolism that was being measured, but 
a somewhat larger value, the metabolism when the fish were in 
motion (the active metabolism). It is quite possible, in the 
cases where the sloping sector of the curve between the criti-
cal and threshold concentrations is well developed, that the 
reduction in rate of oxygen consumption after the critical 
content has been reached occurs as a result of suppressing the 
activity of fish under these conditions. In fact, Lozinov 
remarks that the "inhibition of respiration is accompanied by 
oxygen-starvation of the young fish, which is reflected 
particularly in a rapid reduction of their mobility". It is 
only necessary to make a plausible assumption, namely that at 



low temperatures the mobility of the fish was less a in order
to understand all the peculiarities of the data obtairned by
Lozinov. We may note that many authors studying the relation
of metabolic rate to partial oxygen pressure in the environ.-
ment have used motionless fi'sh and the flowing water method
and. have obtainea curves with only one ..cley-€a.re.

The difference between. data obtained from motionless fish
and those from fish that are in active motion was demonstrated
by the important researches of R_r^;' (:9-.948) and Graham (1949).
By means of a special annular vesse.l, which rotates on bearings,
Fry brought about conditions under whi.c°h the fish (goldfish)
were r.ompelled to avim at a defjDJ_t,e spe,,edo By changing the
speed of the vesse:l. Rt°y was able to observe how the metabolic
rate changes in relation to the speed at which the fish is
moving e The se data of Fry Q s are treated in detail below
(Chapter 11). The same de vice enabled Graham (1949), in the
same laboratoryflto study C,p^e -"^, how me'rabo lic, rate depends
upon. the oxygen content in the water when af:ish. moves at its
maximum speed, Fingerlings of Salvelinus fontinalis were used
for the experiments, having an d=ire^ individual weight of
27 grams (Fig. 22, 23), Graham defined the minimal metabolic
rate for a 211¢.-»hour per:iod. as the standard, metabolism. In these
experiments, as is usual, the level. of standard metabolism
xnoreased. u::sinl.,ea^2c°za.ptedly with increase in temperature. In
contrast to this, the metabolism during the height of activity
increased only up to a certain maximum, which was attained at
a temperature of about 20Q , As the temperature cont•y.nued to
rise beyond. that point p the metabolic rate decreased again,
It is especially important that, according to these data, the
metabolic level depends upon temperature only i^.' the oxygen
conten•t;, in the environment i5 sufficiently high. If the oxygen
content in the water is below the critioal concentra'Gion, É;hen
this factor Coxygena is of decisive importance, and tempera-
ture then has only ave.ry slight effect on meta:bolle level.
In the range of ordinary temperatures (13w2 lf, 5'), when the
oxygen content is insufficient the metabolic rate is very
similar at all. temper. ature s, and depends only on the partial
oxygen pressure of the medium. These data show clearly that
C a &e 2L11 the position of the cri-?°>ica1. point is wholly deter-
mined by the height at which the horizontal sector of the
curve is located, i.e, by the level of metabolism when there
is adequate ambient oxygen; which 3,eve°l,, in turn, depends on
the temperature and on the degree of acti.v:l.ty of the i`ish.

This leads to important conclusions. First of all, it is
clear that. in describing the relation of any fish to oxygen
conditions, there is no sense in stating the position of the
critical point wi.thou.t referring to the metabolic level,
Whenever the position of the critical. point is indicated *it,
mustj be stated at what metabolic level it was determined.

The different positions of the critical points at
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Relation between the active metabolic rate of
the American Salvelinus fontinalis and the oxygen
content of the environment, at various tempera-
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Abscissa--partial pressure of 02 in mm Hg;
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(Graham, 1949).
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different metabolic levels does not, however, indicate a
different relation of the subjects to oxygen conditions. The
metabolic level need only be lowered, perhaps only as a result
of a decrease in activity, in order to reduce the critical
oxygen tension also. In keeping with this, as is clear from
Fig. 22 and 23s the segment of the sloping curve which lies
between the critical point for metabolism at maximum activity
and the critical point for basal metabolism, corresponds to
the oxygen zone over which only restricted activity is
possible; and this was actually established by Graham.

[p ^81 A valid comparison of the critical points for
different species can only be made when they are compared at
the same metabolic level. For any other cases, one must know
how the position of the critical poin•t is related to the meta-
bolic level for each subject under the conditions actually
prevailing.

How important it is to take this circumstance into
account can be seen from the data of Nikiforov (19539 table 1).
These data were obtained while studying the oxygen consumptiôn
raté of young salmon, and I have plotted them in Fig. 24. It
is clear from the figure that in this case too the close rela-
tionship between the respiration of the smallest fry and the
oxygen content of the water occurs simply because they have an
inherently high metabolic rate. There is no reason for saying,
as both Nikiforov and Privolnev seem inclined to do, that in
addition to their different metabolic rates^ young fish ofs
different sizes and ages also differ in respect to their res-
ponse to oxygen conditions. Of the same nature are Privolnevts
data obtained from young roach of various ages (fig. 3, page
75), which show very clearly the relation of the critical
point to the metabolic level. According to Nikiforov, among
some salmon fingerlings raised in a pond with water of low
oxygen content, ffthe critical oxygen tension was reduced and
the respiration rate was lowered". Actually it should not be
said that two effects were observed, but merely that there was
a reduction in the respiration rate which inevitably also
entails a reduction in the critical oxygen content. This can
be seen from Fig. 24.

The above concept of the relation of the position of the
critical point to the respiration rate provides a method by
which the results of different observations may be generalized.
For instance, G. N. Bogdanov and S. V.-Streltsova (1953)
measured the rate of oxygen consumption of bream, z•ander and
perch at various ambient oxygen contents. In interpreting
(page a] their data, the authors conclude that they have dis-
covered in their material differences in the nature of the
relation of metabolic rate to the oxygen content of the water.

^ Probably such differences do exist. However, if all the data
of Bogdanov and Streltsova are presented in a graphit is plain
tha^ there is no reason to assume that such differences were
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evident in this case. On the contrary,  Fig. 25 shows convinc-
ingly that under the conditions of their experiments bream, 
zander and perch exhibited similar if not identical relation-
ships to the ambient oxygen content, which fits nicely into 
the scheme described above. It is only this general result of 
the experiments conducted that deserves attention in this case, 
and not a comparison of the individual measurements, which are 
subject to considerable accidental fluctuation. 

According to these experiments the maximum possible rate 
of oxygen consumption is directly related to the oxygen content 
of the water. For these conditions and materials, the posi-
tion of the critical point in relation to metabolic rate can 
be determined approximately by the equation: 
x . 0.0227y 0.4.541 where: x is the critical oxygen conent in 
mg/1, y is the oxygen consumption rate in mg/1 per hourl... It 
is interesting to compare these data with the analogous 	.' 
material of Lozinov and Privolnev, shown in Fig. 21 and 24. 
In the two latter cases the critical points are attained at 
lower oxygen concentrations than in Bogdanov and Streltsovats 
report. For example, when the metabolic rate is 200 mg 

kg/hour, according to Bogdanov and Streltsova the critical 02/ 
point should be reached at an environmental 02  content of 
approximately 5 mg/1, while according to Fig. 21 it would be 
1.5 mg/1 02 , and according to Fig. 24, 3 mel 02. It is evi-
dent that these differences must result from the conditions 
under which the measurements were made and the peculiarities 
of the material. 

ÉpagA  60] Although the hypothesis just presented, that 
for an'ir -given material and environmental conditions the posi-
tion of the critical concentration of oxygen is determined by 
the metabolic rate, often agrees well with the experimental 
data (Fig. 21, 24, 25), nevertheless no general significance 
need be ascribed to it. Nhen metabolic levels have been 
shifted as a result of acclimation, there are parallel , 
changes in the ability to utilize low concentrations of 
oxygen; with the result that the critical concentration of 
oxygen, when metabolic level is low, becomes even lower than 
would be expected as a result of the decrease in the meta-
bolic level. The reverse situation is also possible, where a 
low metabolic level contributes to a decrease in ability to 
utilize low oxygen concentrations. - 

1[This appears to be a misprint in the text. It would 
seem more likely to be mekehr.--F.E.J.F.] et 
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ordinate--rate of oxygen consumption in mg/kg/hr
at 14.5°. 1- fish of an average weight of
0,17 g; 2- fish of 1025-206 g; 3- fish of
8srj-Z1o0 g0
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Relation of inetaboli,c rate of various fresh-
water fishes to the oxygen content in the water,
from data of Bogdanov and Streltsova (1953).

Abscissa--oxygen content of the water in
mg/i. Ordinate--oxygen consumption in mg/kg/hour.
1- zander at 3°; 2- bream at 20°; 3- zander at
20°; 4- perch at 20°.
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2, Some special aspects of the relation of fish

metabolism t,o the oxygen content of the water

The concepts already diseussed 9concerning the general
character of the relationship between metabolism and the
environmental otKygen content , do not exhaust this complex sub-
ject, but they permit us.to consider from a unified point of
viewthe results of particular researches which have been
interpreted in different ^rays. In this conneotion it will be
app^,°o ^^.ate to consider the basic point of view of ^^.^^olnevts
(19473work mentioned above, in which the sealed vessel method
was used. Here, as in the experiments of Lo ginov just des-
cazvibeda the oxygen content in the water was reduced by the
respiration of the fish used in-the experimen^^ p i.en through-
out the experiment the environmental oxygen content decreased
oontinuouslyb The results of Privolnevts mimerous measure-
ments 9 which he presents only in the form of numerical data,
di,Q^close such an unusual scatter of the points when they are
entered on a graph that they are not amenable to processing by
objective methods and can be used only for the most general
conclusions. The irregularity of Privolnev9 s material stems
from the fact that the measurements for each species were made
with fish of different weights and age s, while the weight of
the fish used in each experiment is not mentioned. For example,
table 21 contains data on the rate of oxygen consumption of
pike. In ,the text it is only stated. that pike "weighing from
0.08 to 0.45 g" were used in the experiment gfurther that fthe
respiration of some specimens was determined at a low oxygen
content, that of others at a higher oxygen content". On page
91p we read that "a determination of respiration was made for
an(?) ide, the weight of which varied from 0.31 to I kgn, .

In summara.zing his data Privolnev writes: "For the 12
species of freshwater fishes studied, the relation of respira-
tion to [611 the concentration of dissolved oxygen in the.
water is sini3.lâr for all, in its general featu.res. For all
the fish studied, the oxygen consumption i'luctuated, independ-
ently of the oxygen concentration in the environment ,, within
certain limits. A moderate degree of reduction of the oxygen
content of the water causes some reduction in rate of respira-
tion. A reduction of this amount is not lethal. A fish can
live for a long time at such--a level of metabolism, Further
reduction in the oxygen content of the environment causes a,
serious reduction in respiration rate followed by death of the
fish w:£thin a short time. The limits of the range of dissolved
oxygen which cause reduced respiration and death differ for
the different species of fishn"

Fia.rthermore, Privolnev believes .thato in contrast to the
respiration of ^adult^ fish, "in the early stages of the
larval. life a straight-l-ine relation between oxidation
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processes and the partial pressure of oxygen can be observed. 
Afterwards this relationship gradually disapPears. For most 
commercial fish this dependence of respiration upon the par-
tial oxygen pressure decreases over a long period of time--up 
to 8-10 months after hatching". It is not altogether clear 
what materials this conclusion is based on. For example, from 
fig. 3 on his page 75 it can be seen that only when they were 
10 to 15 days old did the fry of roach exhibit a direct rela-
tionship between respiration and environmental oxygen content. 
The next age-class (2-2.5 months) already exhibits a typical 
curve with a well-developed horizontal sector. 

It is interesting that in another place this author indi-
cates that stunted fingerlings (3 g) retained their "juvenile" 
type of relation of respiration to the 02-content. From this 
one can conclude that size rather than age is what is of basic 
importance (Privolnev e  1953). • 

A. G. Mints (1952), who used the same method as Privolnev, 
fully shares his opinion that the respiration of fry is 
"directly dependent" on the oxygen content in the environment. 
However, her data, shown in a graph, reveal not a straight line 
but an ordinary convex curve. 

In the light of the above it is plain that at the large 
rate of oxygen consumption characteristic of fry, the critical 
point must be shifted in the direction of higher oxygen con-
centrations, and the zone in which metabolism is independent 
of the partial pressure of oxygen is much narrowed. Under 
these conditions, when using the sealed-vessel method, the 
initial high level of oxygen consumption [due to excitement of 
the fish] can easily conceal the "zone of oxygen adaptation". 
This was not taken into consideration by Privolnev, who in his 
1947 paper was inclined to take the view that any [Rage 62] 
reduction of metabolic rate observed in an experiment is to be 
explained by the reduction of the environmental oxygen tension, 
no matter how small the reduction may be. It is quite 
probable that the abovementioned differences between the 
respiration of fry and "adult" fish boil down to a matter of 
differences in metabolic level. If so, then there is no need 
to assume, as Privolnev does, that in fry the regulation of 
metabolic level by the nervous system "has not yet been 
established". 

There are no grounds at all for regarding the constant 
respiration rate, which can be observed if the oxygen concen-
tration in the environment is sufficiently high, as resulting 
from [nervous] regulation. There is no doubt of the great 
importance of regulation phenomena, especially when conditions 
approach the critical point. However, the presence of an 
oxygen zone within which metabolic level is constant is not in 
itself eufficient tO warrant the association of this phenomenon 
of fish respiration (which is also found in tissue respiration 
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and the respiration of bacteria, etc.) with the existence of
nervous regulation of respiration.. It should be said that
even Fr•ivolnev does not always resort..to this concept when he
encounters a constant metabolic level, Thus flin regard to the
respiration of ova during the period. from fertilization to the
time when the blood circulation is establ,ished, we read that
"respiration takes place relatively independently of the
partial oxygen -pressure in the environment. There is no regu-
lation of the respiration paocesses.n

When studying data on respiration of the aterl.et,
Privolnev considers it possible to speak of soa graded [stupen-
chatoe J reduction of repiration when there is a reduction of
the oxygen concentration* (Privolnevts fig. 4). Because he
assumes that the very first reduction in the rate of oxygen
consumption is associated with the reduction in the oxygen
content in the environment, Privolnev i s compelled to postu-
late that already at such a high oxygen concentration as
7 mg/l 02 there occurs an "inhibition" of respiration in this
speci.es. If. following i,ozinov9 we take the view that the
original reduction is not associated with partial oxygen
pressure $ then from the se same data of Px°ivolnev 8 s we find
that the critical oxygen content is at a considerably lower
level , and is about 3.5 mg/1 for the sterlet.

L, I. Markova (1949), who used the same method, observed
that the peak of oxygen consumption in bream occurred dixri.ng
the first 15-30 minutes; after this the rate of respiration
decreased. Rfterwards, as she states: "as the experiment
with the bream was continued and the partial pressure of
oxygen was reduced to $0 mm Hg, the respiration rate of the
bream was reduced [only] very slightly. But if the oxygen is
reduced still more, the respiration rate of the bream again
decreases." Thus in this case too an initial lowering of the
metabolic rate was observed which the author quite erroneously
attributed ( PMeL I to an effect of the partial oxygen
pressure; then t^ere followed a zone of independence of metabo-
lism from [ control of] oxygen content and 9 f3.nally, below
$0 mm Hg oxygen pressure the true critical. point was located.
One must assume that Frivolnev (1947)s Markova and several
other investigators who have used the sealed-vessel method,
have in many cases accepted as the start of the reduction of
metabolic rate not the actual position of the critical point,
but a different and larger value of the environmental oxygen
content, which occurred in their experiments during the
initial reduction of the rate of oxygen consumption. The
difference between the value obtained in this way and the true
critical point should be larger for active and excitable fish,
and smaller for those less active and hard to stimulate.
Privolnev provides table 2 as a summary of the results of his
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^ research, There is no doubt that this table, although based
on a great deal of experience in the study of the metabolism
of freshwater fish, for the most part shows accurately only



the relative sensitivity of fish to an oxygen deficit in the
environmént 9 because the figures indicating the position of
critical boundaries of oxygen content cannot be.regarded as
sufficiently well established for the reasons mentioned above;
and for some fish at least they must be exaggerâtede

It must be remembered that the more exact data concerning
the position of the critical point of oxygen concéntrationfl
that can be obtained from mo-tionless fish using the flowing
water methods are of limited value for an understanding of the
metabolic rate of fish under natural -dond.itions , The meta-
boli.c rate when a.fi.sh is active is more closely dependent
upon the oxygen content of the en.vi.ronment. than is its basal
metabolism. In this sense Privolnev4s data 9 in which are
summarized, as it were, the results of a varying mobility and
excitability, and show a varying degree of dependence of
metabolism on the partial oxygen pressure in the environment,
may reflect fairly accurately relative differences in thé
ecological and physiological characteristics of different
freshwater fishes.

Short experiments cannot show how long fish can endure
such oxygen concentrations in the environment as inhibit res-
piration. T..., I, Privolnev supposes that "fish can endure
inhibition. of respiration or oxygen starvation for a long time,
even months1t. This conclusion is very important for such
problems of.pisciculture as the conditions for survival of fish
in a wintering pond, the shipping of fish 9 etc. However, in
interpreting hi s results Privolnev failed to differentiate
between the reduction in rate of oxygen consumption at the
beginning of the experiment and the reduction that occurs when
[pa^e ^A] the oxygen concentration in the environment drops
below the critical point; hence this conclusion can scarcely
be regarded as well founded. We consider it more accurate to.
imagine that fish can exist for a prolonged *period at a
reduced rate of oxygen consumption only if their metabolic
level is lowered as the result of acclimation to a low
environmental oxygen levela

Üri.til recently nothing was known about how and to what
extent acclimation to a reduceda or increased, oxygen content,
in water affects the metabolic level in fishes. For this
reason the results obtained by A. G. Mints (1952) in a special
study of this problem are of particular interest. In these
experiments she kept fingerlings of several freshwater species
(dace, perch, carp, tench, crucian carp) for a prolonged period
at a constantly high (120w130% 02 ) or a constantly low..
10% 02) environmental oxygen content. Measurements of the
rate of oxygen consumptâ.on 9 made under normal conditions s
showed that a few days after the beginning of the experiment
the metabolic rate of fish that had lived under a reduced
oxygen content began to decreases and. in the fish that lived
at a high oxygen content the metabolic rate had begun to rise;
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After 12-1$ days a new steady metabolic level had been estab-
lished. In the case of acclimation to a high environmental
oxygen content, the metabolic level of tench was 55% higheP
than their original [pagè §j] -metabolic level, per ch were up
by 39%9 ' carp_by 36%, cruc:ie.n -carp by 23.5%0 and dace by 11%.
Acclimation to a low environmental oxygen content was
accompanied by lowering of the metabolic level of dace by 33%,
of perch hy - 1°r%, tench by 15%, crucian carp by 12% and carp by
bf'. The author associates the smallness of the depression of
the metabolic level of crucian carp n tench and carp with 'the
ecological peculiarities of these fishq since so low an
environmental oxygen content is"almost usual" for ihem. A
similar experiment was performed in whic,h tench 2 years old
were used (weight 102-138 g) , :Ln which the shifts in metabo-
lism on acclimation to different oxygen conditions were less
strongly developed (+30% and -10%). The change in the thres-
hold concentration of oxygen on acclimation to different
oxygen conditions was also determ.ined.. The threshold concen-
tration at which asphyxiation occurs, in all the fish studied,
changed in strict proportion to the change in metabolic level.

Similar results were obtained by N. D. Nikiforov (1953)
when raising young salmon in tw® ponds. In one of the ponds
the "constant 02 content" was 5.5 mg/1 fl in the other it was
10.0d-12.5 mg/l. The rate of oxygen consumption, measured at a
high level of environmental oxygen content, was 206 mg/kg/hr
for the fish reared in the first pond (average of 9 measure-
ments), whereas for the second pond it was 361 mg 02/kg/hour.
It is too bad that the conditions and results of this inter-
esting experiment were described with extreme carelessness.
The experimental conditions are not stated, not even the
temperature at which measurements were made(;), nor that at
which the fish had been reared. It is not at all clear how a
"constant 02 content" could be achieved, or to what extent the
other conditions in the experimental ponds were similar.
Judging by the Itweight of the young fish" quoted in [his]
table 2, the rate of growth of the fish was practically the
same in both ponds, which is hard to imagine in view of such
different levels of metabolism. Furthermore, if it can be
assumed that the laboratory measurements were carried out at a
temperature not less than 14.5'. then in comparing them with
the data from the same work shown in [our] Fig. 24, one is
inclined to wonder at the extremely low metabolic rate of the
fish in the first group, which is even lower than that of
fish of greater weight raised in an aquarium.

Nevertheless, it cannot be denied that Nik3.forov Q s data
in general correspond very well with the results obtained by
Mints, who showed that the acclimation of fish to different
environmental oxygen contents is accompanied by corresponding
changes in the level of inetabolism, which in some cases can
be rather large.



If the necessary expansion of the zone of oxygen adapta-
tion cannot be achieved by lowering the metabolic level-when
there is a decrease in oxygen content under natural conditions,
[2age 661 fish have another means at their disposal for res-
ponding to the exigencies of the env:Lronments namely, loco-
motory reactions, I t, i s very important that under natural
conditions fish often have a chance to avoid actively unfavour«-
abl.e oxygen le'-trels by moving into parts of the env;.tronment,
which contain more dissolved oxygen. In study-z ng the distribu-
tion and movement of fish in relation to oxygen distribution,
Privolnev (l94$ ) arrived at rather interesting and si.gnificant
conclusions fl after summarizing the observations by
N. A. Mosevich on fish deaths from suffocation in the Ob River,
the observations of G. D. Dalkeith on Lake Chana, and other
data. He points out quite rightly that the time when the dead
fish appear should not be regarded as the star t of the oxygen
famine; rathex°, it starts at the time when inhibition of res-
pirat:a on begins. Privolnev emphasizes that fish begin to leave.
a body of water in which serious oxygen deficiency is develop-
3ng while there is st3..ll. a fair amount of oxygen in the water.
This makes it possible to predict the beh.avi our of d:ifferent
species of fish when a decrease of oxygen concentration sets
in. For example , according to Privolnev ver y large concentra-
tions of coregonid fishes should be expected when oxygen has
decreased to 5 mg/l,

Of interest in this connection are some recently published
experimental data which throw light on the reaction of fish to
water with reduced oxygen content (Jones, 1952), For the
experimental study of this problem an apparatus was used which
makes it possible to create in a vessel two sharply separated
zones of different dissolved oxygen contents. At a temperature
of 13' the experimental fish--sticklebacks (Gasterosteus
aculeatus)m-readily swam into the water of law-Uj_r^ontent, but
owing to the difficulties of respiration that quickly set-, in.
they became restless and returned again to the section of the
vessel with high oxygen content, where they snon calmed down,
At a low temperature W) dyspnoea set in more slowly, and the
entire reaction required a longer time (5-6 min). The oppo-
site was observed at 200. Here dyspnoea set in so quickly
that the fish usually failed-to enter completely into the zone
of low oxygen content. Experiments with minnows and young
trout yielded the same results. These data indicate that,
especially at a high temperature, reducing the dissolved
oxygen content in water evokes locomotory reactions in fish,
which under natural conditions act to concentrate them in
places where the oxygen content is compatible with that to
which they are acclimatedo

In loe;om.otory reactions of this type there is a regu-
latory role of the nervous system, which ensures an active
selection of conditions that best meet the fishvs oxygen
req2a.irement s o

^ ^ ^
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CpM^,e 67 ] It has been shown by experimental work that,
when oxygen concentration in the water is reduced, the meta-
bolic rate of a fish remains at a steady level until the
oxygen content drops below a certain critical value below
which metabolic rate is limited by the oxygen content of the
environment and the mobility of the fish is suppressed. When,
with continued lowering of the oxygen concentration, a "thres-
hold value" insufficient to support metabolism has been
reached, the fish begin to die.

The higher the metabolic level, the sooner the cr3.tical
point is reached and the smaller thè range of partial pres-
sures of oxygen in the environment over which the metabolic
rate.remains constant. For this reason the size (age) of
fish, their activity, and the temperature, all influence the
nature of the relation between metabolism and environmental
partial oxygen pressure.

Two factors are of great importance in understanding the'
influence of dissolved oxygen on the metabolic rate of fish
under natural conditions: a change in their metabolic rate
when they become acclimated to different oxygen conditions,
and the locomotory responses by means of whïch fish can
"select" conditions in keeping with their "zone of oxygen
a"limation".
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Chapter IV. [paze 68] 

The Influence of Certain Factors on the Metabolic Rate . 

 of Fish, and Diurnal Fluctuations in Metabolism 

1. gignificance of the ambtft21111.E9n 

ion concentration 

Màny other factors can influence the metabolic rate of 
fish besides temperature and partial pressure of oxygen, and 
concerning them comparatively little is known. The amount of 
carbon dioxide dissolved in water can scarcely be of any 
significance under ordinary conditions. It is known (Ivlev et 
al., 1938) that only at quite a considerable carbon dioxide 
content does the latter begin to have a depressing effect on 
fish. Fry 7 s (1947) straIghtforward data, obtained while 
studying threshold concentrations of oxygen for goldfish under 
different partial pressures of carbon dioxide, are of interest 
in this respect. It was shown that at average temperatures ' 
the threshold oxygen concentration rises rapidly only if the 
partial pressure of carbon dioxide reaches very high values 
(120-160 mm Hg). At low temperatures a rise in the threshold 
oxygen concentration occurs at a somewhat lower partial 
pressure of carbon dioxide. It is known that threshold con-
centrations are elosely related to the metabolic level. 
Therefore there is no doubt that from these data one can also 
draw conclusions regarding the nature of the influence, of 
carbon dioxide on metabolic rate. 

The pH of the environment is of greater significance. 
Until recently reference has often been made to the work of 
Pereira (1924) in which an effect of pH upon fish respiration 
seemed to be indicated. However the primitive method used, 
and the careless presentation of the data, make it impossible 
to attach any importance to his data. The work of Powers 
(1923) also, who believed that oxygen consumption by herring 
(Clu ea allasi) attained its highest rate at an optimal pH 
of 7,66-7.7e,  is quite unconvincing. 

More consistent data were obtained from qeaeroides  
(Tetraodon) maculatus, which is a convenient -subject for the 
study of respiration (Hall, 1931). The anatomical peculiari-
ties of this species make it possible [Rue 69] to collect the 
water that passes through the gills by means of tubes inserted 
into the gill apertures. Under these somewhat artificial con-
ditions it was found that when the pH was reduced from 8.5 to 
6.5 the oxygen consumption rate was also greatly reduced. 
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Viebe and his co-workers (1933) examined the rate of
oxygen ^,-onsumption of Huro floridiana over a range of pH
values. A considerable number of measurements were carefully
made by the flowing water method. Following the accelerated
rate of oxygen consumption during the first few hours, the
oxygen consumption rate of m6ti onless fish became stâbilized
at exactly the same level at all the pH 4 s studied (6.5s 7.59
8a:19 9.4, 9.6, 9.7). in a subsequent work by the same author
(1934) it was found for 14 species of fish that the threshold
oxygen concentration is practically 3.ndependent of pH until
extreme values are reached, aftër which it rises rapidly. The
pH range so defined is different for different fish. These
data may be regarded as indirect but important evidence
supporting the proposition that within the limits of pH that
are normal for each species, the metabolic rate of fish 3.s
practically independent of pH.

What has been said refers to the effect, on metabolic
rate, of the pH of the environment in which the fish were
kept at the time the measurements were made. This kind of
immediate effect of pH, such as can be detected in brief
experiments, must be distinguished from the influence of a
prolonged application of this factor. Unfortunately, this
circumstance has not been taken into consideration by the
authors who have studied this problem. However, Leiner (1937)
observes that a reduction in metabolic rate at low pH values
is most likely the outcome of some injury or damage.
F. C. SVi renko (1937) discovered that if the pH is shifted
towards the acid side beyond normal limits, the initial rise
in the oxygen consumption rate g which apparently occurs as a
result of exciting the fish, is followed by a marked reduc-
tion. Unfortunately the numerous measurements by this author,
which were made under very many variations and combinations of
ambient conditions, yielded such motley results as to defy any
attempts at generalization. Lindroth's (194.2) material also
shows a reduced metabolic rate of pike at pH 5.6--5.9. Of
special interest is the work of T. V. Novikova (1939), who
made a special study, in Skadovsky's laboratory, of the meta-
bolic rate of fish at various pHts during a prolonged experi-
ment (7 days). Only average data, from 24 measurements each,
are given for each pH value. From the average of the data
obtained over the course of the experiment .for 2 perch finger-
lings, the oxygen consumption rate at pH 5.5 was 18% lower
than at pH 7.4. [page 707 Carp fingerlings (2 specimens)
under the same conditions showed a somewhat larger mean reduc-
tion in metabolic rate (by 33% and 22%). It is pointed out
that *on.the third day of holding the fish in acidified water
(at pH 5.5) an increase in consumption of 02 was observed".
Though food was available, nduring the experiment (7 days) the
fish lost weight perceptiblyw. The frequency of respiratory
movements was increased at reduced pH values. This presents a
clear picture of the depressed physiological condition of the
fish, which naturally was accompanied by a lowered metabolic



rate. It is noteworthy that under such extreme conditions the 
reduction in the metabolic rate was relatively slight. 

On the whole it must be concluded that the nature of the 
influence of pH on the metabolic rate of fish still needs 
clarification. The fragmentary data at hand do not contradict 
the opinion that within the limits of pH that are normal for 
the species, I.e 0  within the "zone of adaptation" to environ-
mental pH, the metabolic rate of fish remains at practically a 
uniform level. This is in contrast to the frequency of respir-
atory movements and other indications that reflect the physio-
logical mechanisms thanks to which it is possible to supply 
the organism with oxygen in an amount sufficient to satisfy 
the requirements of metabolism under environmental conditions 
that vary within the limits of what is "normal". We may con-
clude that the relatively small différences in pH which can 
arise when measuring the metabolic rate of fish do not e  as a 
rule e  affect the oxygen consumption rate. 

2. The influence of the salinity of the environment  

It is well known that among fishes there are wholly 
marine species and wholly freshwater species, and also species 
that during their life cycle move from the sea into a river or 
the reverse. Therefore, when considering the possible rela-
tionship between metabolic rate and salinity it is advisable 
to differentiate very clearly between different aspects of 
this problem. Firstly, we should find out whether the meta-
bolic rate of fish which have salt water as their normal habi-
tat differs from the metabolic rate of freshwater fish. If 
there is a difference, its direction and its extent must be 
established. A definite answer to this question will be given 
below, following the presentation of measurements of metabolism 
of marine and freshwater fishes (page 164). 

Secondly, we should know whether the metabolic rate of 
each of these kinds of fish changes in relation to increase or 
decrease in salinity of the environment. If it changes, in 
which [nut 71] direction does the change take place and to 
what degree? In this connection we must be ready for a 
different answer for different species of fish e  or different 
stages of individual development, depending on the nature of 
their adaptation to the environment. Since in the last 
analysis we are trying to ascertain what the metabolic rate of 
the fish is under natural conditions, we must regard as of 
minor interest experiments in which a species is subjected to 
the action of solutions whose salinity exceeds the natural 
range of variation of this factor. 

There is little factual material available to assist in 
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finding an answer to the above question. Furthermore the
authors who have been interested in clearing ^ip the problem of
the relation between fish metabol:ic, rate and salinity of the
environment have p as a rule ,undere st imated the complexity of
the problemo Therefore it is often. very difficu..It to make use
of the resu.l^^,s of -t,heir experiments, for conclusions of any
k°I.ndQ Only in -recent works, for example that of E. A. Veselov
(1949)9 is consideration given to the fact that one must dis-
ting^.^.ish between those changes in metabolism that occur
Immediately after a fish ha^-:^ been placed into an environment
of different salinity (the primary acclimation [pe.r°viehnaa.â
adaptatsi:r°aa in Veselov4s terminology) and the subsequent
changes that accompany acclimation to the. new conditions
(Veselov Q s secondary (vtorichnaial acclimation). . I regard the
terms suggested by Veselov as not entirely suitable; for it is
not clear that we should talk about, acclimation in the initial
phase. There is noquest:ion of the value of his suggestion
that it is necessary to distinguish primary changes in metabo-
lism from those that arise over a much longer period of time
in association with the acolz.matfi on to new conditions. It has
been shown repeatedly that the initial changes in metabolic
rate, which. occur after placing fish in an environment of
different salinity, will disappear and the metab6l3c rate will
approach normal. Such data are found in the work of Keys
(1931) on the marine fish Fundulus ^vipinnis, whose meta-
bolfi crate decreased when it was pl.acec^. in fr esh water. How-
ever, in the specimens that survived iga.. fresh water, the nor-
mal metabolic rate was soon restored.. Another author, who
used the related Fundulus heteroc°litus, discovered that their
rate of oxygen consumption in Ringer8s solution and in fresh
water were the same (MaS.oeuf, 193°^d )s 7^einefi9, (1.938)s on the
basis of experiments with sea-horsesa maintains that the great
rise in. the metabolic rate which first .follows, a rise or fall
in the osmotic pressure in the environment persists for only a
short time, and. afterward the normal metabolic rate is
remestablishedo Veselov reports similar data for crucian
carp. It is characteristic that at . a salinity of. 7d8A'.,,jpa e
`^^ 7 which is harmless to crucian carp, their metabolic ra^be
returns to normal. after a brief rise; whereas if the salinity
amounts to 15. 6%', ,, at which point tY30-40f of crucian carp die"
in summer 9 the metabolic rate remains at a low level for a
long time. The results obtained by A. L. Br. S-ukhatova ( 1939)
in Skadovskyps laboratory are very interesting. It was in
her investigations that the point was first raised of the
necessity of studying the influence of salinity on metabolism
of fish in prolonged experiments. According to Brl'ukhatovafs
data (table $ and others D it can be seen that the metabolic
rate of carp which were kept for a long time in water with a
high salinity (9-13%) showed no noticeable departhure from
"normall^ after the initial reduction. As in the expdriments
of Keya>, even at alimit•ing level of salinity ( 9-13%)v a
which most of the fish could not survive for any leng^t,h ^f
time, the metabolic rate of the surviving specimens did not
differ from the normal rate.



In the light of these results, the short term experiments
of various authors who have described examples of change in
rate of oxygen consumption when fish were placed in an envi-
ronment of different salinity (Raffy, 1930; Halsband, 1953;
Markova, 1949) are of no particular inter. est , the more so as
they involve comparatively small shifts in the metabolic level,
whose reality was not always proven. Apparently Schlieper
(1936) is the only one who has attempted to discuss theoreti-
cally the probable ways in which salinity can influence metabo-
lism. According to SchlieperPs "hydration theorÿ", salinity
affects the metabolic level. of fish and other aquatic animals
through changes in the degree of hydration of their tissues.as
affected by osmotic forces. Although there is some basis for
the assertion that an increased water content in the tissues
is associated with increased metabolism, nevertheless to apply
the crudely mechanistic notions of. Schlieper to the metabolism
of an entire organism under conditions which are normal for
it, is to disagree with all the known facts, as Veselov (1949)
has pointed out. The attempts at experimental confirmation of
this theory which have been made by Schlieper and his students
(Halsband, 1953) are very weak methodically, and the precise
meaning of the data obtained in their experiments is quite
unclear. For example, in Halsbandts experiments with trout an
increase in the rate of oxygen consumption under the influence
of saline solution was observed only at 15°, whereas at 5° and
10° a reduction in metabolic rate occurred.

In this case, as in all the other examples known to me
where changes in metabolism under the influence of changes in
environmental salinity were obtained experimentally, there is
no analysis of the immediate causes of the effect observed.
The effect might result from a rise in the level of tissue
respiration CpaZe U J and of resting metabolism, or from an
increase in excitement or movement of the fish.

The shortness of the majority of the experiments con-
ducted, and the paucity and arbitrary selection of material
for study, make it impossible to ascertain,whether the meta-
bolic level of fish of a given species differs when it is
fully acclimated to different salinities; nor can we know what
is the reaction, in this respect, of different species of
fish, or of different stages of the development of the same
fish.

The only conclusion that one can arrive at on the basis
of the material on hand is that considerable changes can take
place in the metabolic rate of fish as a result of sudden
transfer to an environment with a different salinity.
However the metabolic rate returns to normal, in many cases
at least, as a result of subsequent acclimation to the new
conditions.
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3. Diurnal fluctuations in the metabolism of fishes

A number of authors have shown that the metabolic rate of
fish varies regularly with time throughout the 24-houx° day9
and that these differences can be quite considerable. Thus
the results of measurements of respiration can also depend on
what time of day they are made. However some authors, on the
basis of thel^.^ own experiments, deny the existence of diurnal
differences in the metabolic rate in fish. It is interesting
that Wells in his 1935 paper concurs with this opinion, wher,°e-
as from the results of his own measurements published in the
same article it is possible to prove conclusively the import-
ance of diurnal fluctuations in metabolic rate (Fig. 14).

In reviews and text books it is usually stated that.
Clausen (1933, 1936) established the existence of diurnal
fluctuations in the metabolic rate of fish. This statement
needs qualification. It is true that in a paper dealing
specially with this problem Clausen gives the results of
successive hourly measurements of. the oxygen consumption rate
of fish made throughout the 24-hour day. He used the flowing
water method, with the respiration chamber darkened by a dark
cloth. The fish were placed in the respiration chamber 12
hours prior to the measurements. Three of the 8 species of
river fish that were tested showed no consistent differences
in metabolic rate over a 24-hour periodo For the others there
were,in the author.° 4 s opinion., regular diurnal fluctuations
the nature of which differed from species to species. Experi-
mental data are furnished for only two speoies 9 and these only
in graphical form. The graphs show very great divergences
between the results of adjacent measurements 9 which makes it
difficult to demonstrate the reality of diurnal trends. It
must be said [ a e Z43 that, of the two examples given, only
the first, referring to largemouth bass (Huro salmoides,
weighing 40-50 g), indicates the existence of regular diurnal
differences in metabolic rate sufficiently convincingly. The
largemouth bass used in ClausenQs experiments showed two
maxima in the rate of oxygen oonsum tion a namelysin the
morning (approximately at 6 o g olook ) and in the evening (at
21 otiolook^, The maximum oxygen consumption rate was about
twice as high as the minimum. Among the irregular fluctua-
tions of the metabolic rate on the second graph it is very
difficult to distinguish diurnal differences with any oonfs.-
denoe. It seems that in this species (Ameiurus melas,
weighing 35-60 g) a diurnal trend was suggested only by a
slightly lower metabolic rate during the day. It is improbable
that diurnal fluctuations were manifested any more clearly in
the metabolism of the fish for which experimental data are not
furnished by the author.

Therefore in citing Clausen 4 s data for largemouth bass it
is incorrect to ascribe general significance to them, as is
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usually done in reviews, or to regard them as a representative
example of the diurnal fluctuation in metabolism of fish in
general. We saw that in Clausen's material they are ratheic,
the exception than the rule. In summarizing his observations,
Clausen writes that di.ur.°nal, fluctuations in rate of oxygen
consumption are apparent only in fish which inhabit sections
of the river where the current is slow and which have a rela-
tively low metabolic rate. Fish in the upper reaches of
rivers, where the current is swifter, have a higher metabolic
rate but they exhibit no diurnal differences.

Oya and Kimata (193$) demonstrated the existence of well
developed diurnal fluctuations in the metabolic rate of carp
of 10-20 g. According to these Japanese authors Y data the
minimum rate of oxygen consumption in carp occurs at night.
In the morning the metabolic rate rises rapidly and reaches a
narrow peak at 14 o Pclock, at which time the metabolic rate
exceeds the minimum by 1a5-2 times. The flowing water method
was used and a dark cloth was wrapped around the respirometer.
Apparently the fish were kept in darkness during the whole
experiment. It is not clear whether other disturbances
(vibrations, etc.) were eliminated, which under ordinary
laboratory conditions also have a diurnal rhythm.

Another author has published the results of hourly
measurements of the rate of oxygen consumption of two differ-
ent species of fish (Ictalurus lacustris punctatus and
Schilbeodes nocturnusj which however were restrict-ed . to the
hours of daylight H3.gginbotham, 1947; Eco'l. 28,462 ). The
metabolic rate increased rapidly in the evening, especially
with the second species. The author relates this to an
increase in activity. Some very large G a eZ57 differences
between the metabolic rates, and other peculiarities of these
data, make it possible to agree with the author that his data
are not sufficient to warrant definite bonclusions regarding
the nature of the diurnal fluctuations in fish metabolic rate.
Diurnal differences in the oxygen consumption rate of finger-
ling Salvelinus fontinalis' measured at 5®, are shown by
Graham (1949). According to her data the lowest metabolic
rate in this species occurs during the night.

Soviet authors have given a great deal of attention to
diurnal fluctuations in the metabolic rate of fisho They
fully appreciate the need to reckon with this phenomenon when
studying the many ecological and physiological characteristics
of fish9 which are of importance both practically and theo-
retically (0'lifan, 1940, 1940a; Pol^.âkov,, 1940),

In a work devoted to a study of the "diurnal rhythm of
respiration in fish larvae", V. I. Olifan quotes several of
her numerous series of diurnal observations of the rate of
oxygen consumption of larvae of sevriuga, whitefish, pike and
wild carp of different ages. 0lifanTs conclusions are very'
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unusual; they differ radically from what, is known about this
phenomenon from the data of other authors, and also from what
would be expected from existing knowledge of fish metabolism.
Olifan believes that she has -;hown that the metabolic rate of
fish larvae, over the 24-hour da.y a exhibit sharp rhythm ô c
fl.uctuati.ons-a so that Oduri.ng the morning and evening hours
respiration rises sharpl,y, whereas during the night and during
the day .it, as sharply declines"o Howe;ver, in describing the
data for the individual species she indicates that sevriuga
larvae more than 20 days old "also show a third maximum of
respiration at the beginning of the day", in osUtr larvae a
maximum occurs Oat 12-14 o tclock. also"; in pike 25 days old "'a
third peak in respiration occurs at the beginning of the day";
and in whitefish larvae it occurs Oaiso at, the beginning of
the day (l3=14 o1clock)4ae It is indicated that "very young
carp larvae ,in contrast to those of sturgeons and pike, also
have a third peak in respiration", In keeping with these
beliefs, in presenting her data graphically Olifan joins the
empirically obtained points with curves of various forms,
having many peaks, so that often the total number of maxima
and minima on the curves is equal to or very close to the num-
ber of empirically obtained points. Neither is Olifan
embarrassed by certain peculiar features of her data, for
example the fact that the curves showing the diurnal mrhyt.11"mO
for carp larvae indicate that, the larvae do not respire at a.l.l,
during some hours of the day; 0lifan B s data have not been
confirmed by anyone, but her conclusions have been repeatedly
quoted by- other authors. This has compelled me to give some
attention to them, although it is quite clear that to a large
extent they are the result of the authorQs uncritical attitude
(page 267 in using quantitative methods, insufficient standard-
ization of conditions, and other similar causes. Hence there
is no reason to agree with Olifan when she says that her data
should be taken into consideration when calculating the water
supply for ponds used in fish culture. Olifan is of the
opinion that the diurnal Rrhythm of respiration" of fish
larvae is not related to variation in degree of the activity
of the young fish. Fu.rthex°more, in her opinion, light is "the
factor of the external environment which controls the phenome-
non of the diurnal cycle of metabolismt8. It is not clear how9
under the influence of light, the maxima of the metabolic rate
arise at different hours of the 24--hour day if q as Olifan
bel.ieves Q the diurnal "rhythmicity" of metabolism has nothing
to do with behaviour. E. G. Svirenko (1948)2 who studied
respiration in young stur geons, could not discover the sharp
diurnal differences in the metabolic rate which were described
by Oliian for the same species.

Yu. D. Poliakov (1940). who made a thorough study of the
diurnal course of respiration of f:ish a used young tench
weighing 0.2-0,9 g in his experiments. A manometric differ-
ential respirometer equipped with an automatic recording
device9 constructed by the author, was used for measuring the
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rate of oxygen consumption. One valuable aspect of PoîiakovQs
work is the fact that the experiments were conducted under
three types of light conditionâ natural illumination, continu-
ous illumination and continuous darkness.

Using only part of the data he rabtained fl Poliakov trys to
show that under natural illumination )^ maxima and 4 minima in
the metabolic rate can be observed during the 24-hour day.
However he writes: "The nocturnal maximum is not uniform among
the different expei.,iments. It some-times occurs before mid-
night a sometimes later. At times the nocturnal maximum is
steep and prolonged..and at other times it is barely noticeable.
In two experiments it was double.39 Likewise in the daytime,
"absorption [pogloshcheniel proceeds î.rregularlylt. The morn--
ing and evening maxima, in this author ?s opinion, are those
most plainly indicated. However even here "in some individual
experiments the differences show up much more sharply, and it
appears that some maxima exceed the minimd, by 10 or even 20
times7. This last circumstance makes one pause. The fact is,
as is shown below (page 168), that even for the gr eate st
possible speed of movement the active metabolism of fish does
not exceed the resting metabolism to any such degree.

We consider it very likely that the radical fluctuations
in the oxygen consumption rate observed by Pol:Lakov are due,
to a considerable extent ,to his particular method of making
the measurements, Tn using manometric methods, the pressure
or the volume of air. [oxygen^] in the respirometer above the
water containing the fish is the property that is directly
measured. The pressure in the gaseous phase at each moment
depends not only [page Z77 upon the oxygen content of the
water containing the fish, but also upon the rate of equili-
bration of partial pressures of gases between the water and
the air in the respirometer. Under these conditions, if the
fish begin to move after a period of rest, the manometer
records not only the increased metabolic. rate during motion,
but also the sharply increased rate of equilibration of the
partial pressures as a result of the stirring of the water
when the fish are in motion. Because of this, when mano-
metric measurements are made, as in the experiments of
Poliakov and Olifan, sharp fluctuations in the readings do not
at all indicate similar sharp fluctuations in the rate of
oxygen consumption, because the water is not stirred during
periods when the fish are relatively quiet; they merely indi-
cate that periods of relative quiet follow periods of
actïvity. Pol:fakov points out that the evening and morning
maxima "correspond well with information on the behaviour and
feeding of these animals".

The series conducted in darkness, in his opinion, led to
lower mean values '?as a result of smoothing out the maxima".
However, this cannot be identified in the nanmerical datao For
example, according to the data from 7 exper3..ments (17 readings)
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presented in his table 3, the mean metabolic rate in the dark 
is 64 2  mm3  Oz  per gram per hour at 17'; but under natural 
light it is 65 0 9 9  according to the mean value from 42 readings 
(table 1). With continuous illumination th :Q. mean consumption 
rate, from 24 values (table 2) was 88.6 mm) 02, i.e. it was 
considerably higher than under natural illumination. 

All the abovementioned data indicate that in some cases 
it is possible to discover noticeable diurnal differences in 
metabolic rate by means of a sufficiently long series of 
laboratory observations. For our purposes it would be inter-
esting to know to what extent these data could also be 
applied to natural conditions. Some interest attaches to the 
observations of Yablonskan (1951) on the oxygen consumption 
rate of verkhovka (LeucamIu2 delineatus) kept in an enclosed 
part of a lake under conditions very similar to natural 
conditions. Measurements by the sealed vessel method were made 
in the morning (4-7 o'clock), during the day (11-13 o'clock), 
in the evening (17-19 o'clock) and at night (21-24 o'clock). 
In 6 experiments no diurnal differences in metabolic rate could 
be discovered. The somewhat greater metabolic rate during the 
day was evidently caused by the higher temperature of the 
water at that time. 

1■L N. Krivobok (1953) measured the respiration rate of 
young carp 4 times during the 24-hour day (morning, daytime, 
evening and night). From the average of 9 series of measure-
ments the mean temperature of the water during these periods 
was equal to 22.1', [Emft 78] 28.1', 27,8" and 23.1 0 . The 
oxygen consumption rates were 0.747, 1.020, 1.023 and 0.607 mg 
per gram per hour. On conversion to 20' this comes to 0.626, 
0.530, 0.543 and 0.467 mg per gram per hour. The greatest 
deviations from the mean do not exceed 15%. It is evident that 
in this case also there is no reason to speak of diurnal devia-
tions in metabolic rate that are of any significance. 

Similar results were obtained by G. G. Winberg and 
L. E. Khartova (1953), who measured the oxygen consumption 
rate of young carp by the same method (Fig. 26). This was 
done under conditions that were perhaps close to natUral con-
ditions. During the test the experimental jars were submerged 
in the water of the pond from which the young fish and the 
water for the experiment had been taken. All the measurements 
were carried out in parallel, under natural light and in dark-
ness. The results from 81 pairs of parallel measurements did 
not show any differences in the oxygen consumption rate either 
in daylight or in darknQss. Under illumination the metabolic 
rate was 0.636-10.027  mm  ,1  02/mg/hour at 20', in the dark it was 
0.618+0.024; i.e 0  the difference between the means was even 
smaller than its standard error (+0.036). Such a result can 
serve as convincing evidence of the fact that light has no 
direct effect upon the metabolic rate of carp,within the range 
of natural illumination. The work of E. A. Yablonskaià on the 
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influence of light upon the growth and feeding of fingerling
mirror carp agrees well with the above. G. S. Karzinkin
(1-952a page 209) states that "we could not confirm any change
in the volume of Coxygen7 consumption by carp under the influ-
ence of lightn. It seems that this applies to many other fish.
In passing, we will point out that the literature contains
only scattered references to metabolic rate of fish under
different lighting conditions. For example Pfft ter (1910)$ and
also Wells (1935), deny that light, of itself, has any effect
upon metabolic rate. Obviously this does not apply to cases
where the light , by stimulating [pa&e 791 the activity of the
fish, can increase its metabolic rate indirectly.

The data of Yablonskaia, Krivobok)and Winberg and
Khartova are as yet insufficient to settle the importance of
diurnal fluctuations of metabolism under natural conditions.
However^ they have shown that when metabolism is followed over
a 21+-hou.r day it is not certain that appreciable differences
in metabolic rate will be encountered. Attention should be
given to the fact that the sealed vessel method has been used
in recent works. Thus the fish were not kept uninterruptedly
in the respirometers, as is true when the flowing water method
is used, but were taken from natural conditions just prior to
each measurement. The unavoidable excitement associated with
this may have concealed any diurnal differences in metabolism
to some extent,

No matter what the proximate cause of diurnal fluctua-
tions in metabolic rate, in their origin and biological
significance they are associated with the diurnal rhythm of
the complex of various factors in the environment which deter-
mine the rhythm of activity and feeding.

The nature of the diurnal activity of fish was studied by
Spencer (1939) by means of an ttichthyometer", a device using
a mechanical recorder. He recorded movements of carp, gold-
fish and several other species, when. tether. ed by a thread..
The author maintains, without showing the results of the
recordings, that each species of fish has its own definite
type of activity, that some species are active during the, day,
others are active at night, that seasonal and age differences
exist in the types of activity and that large 3..ndividual
differences occur. Data have also been published by Hard
(1942) which indicate that the variation in diurnal activity
associated with the feeding periods is retained also in the
dark, in the case of salmon and trout. Especially interesting
are the results obtained in studying the diurnal activity of --
goldfish by means of an electrical recording of the disturb-
ances in the water caused by their movements (Spoor, 1.946).
The aquarium containing the fish was kept in a separate room,
which made it possible to isolate the fish effectively from
secondary disturbances and to control lighting and other con-
dit:ions. Continuous recording by machines located in the
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Fig. 26 [page 7$]

Metabolic rate of young carp during various
hours of the day.

1- measurements of June 14, 1951, average
weight of fish 306 mg; 2- June 16, weight 700 mg;
3- June 2$, weight 24.7 mg; 4- June 21 weight
51.6 mg; 5- July 20 s weight 2620 mg; I- average
data for all measurements. Abscissa--time of the
measurements. Ordinate®-oxygen consumption in
cubic mm/m.g/hour, adjusted to 20• (Winberg and
Khartova, 1953).
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adjoining room was maintained for a.considerable length of .
time (up to many months ) o It was found that different individ-
uals display different types of diurnal. â.ctivity, One can
differentiate between three main types of fish behaviour:
1) arh^-,^thmica 2) active during the daya 3) active at night.
It was shown that light affeots the type of activity and that
in constant light (also in constant. darkness, or with inter--
rupted illumination) the sequence of periods of activity and
of rest is retained for a long time. [page $0.1 Most import-
ant is the fact that the type of àctivi^y can change in an
individual in what seems to be a strictly constant environment.
It was also established that fish are very Emsitive to various
disturbances and react strongly to sounds and. even to the
presence of an observer in the room.

Each degree of activity has its own level of metabolic
rate (see Chapter lM), hence , all that -has been said about the
diurnal rhythm of activity can certainly also be applied to
changes in metabolic rate over the 24. hours. Consequently,
there is not and cannot.be one single type of diurnal pattern
of metabolism, common to all fishes. Different species and
even different individuals of a species can present an alto-
gether different picture of diurnal fluctuation in metabolic
rate. It seems that the diurnal differences in metabolism
which have developed as a response to the rhythm of environ-
mental conditions are to a certain extent f?_xed 9 but only in
the sense that the alternation of periods of higher and lower
metabolism can be retained under constant conditions for some
limited period of time. With change in the rhythm of diurnal
change of light and other stimuli, the type of diurnal fluc-
tuation in metabolism changes accordingly. There 3.s no basis
whatever for postulating the existence of "^°hythmic" fluctua-
tions in metabolic rate that arise independently of tenviron-
mental] conditions. The diurnal changes in rate of oxygen
consumption that are actually observed have their origin ►n
the daily rhythm of light --and dark and a complex of other
natural factors that act not directly, but through changes in
the pattern of the diurnal change in periods of rest and
activity. The diurnal fluctuations in metabolic rate that are
brought to light in a laboratory using the flowing water
method, when the fish remains for a long time in a. "motionless".
position and is artificially isolated from many stimuli, are
to some extent artificial. Under natural condit:icrns, when
there are large changes between periods of activity and rest9
diurnal differences in metabolism may be much better devel.oped.
On the other hand , under natural conditions the .f i sh are sub-
ject to the influence of many different factors, which can
greatly modify the diurnal fluctuations in metabolism even in
organisms in which an alternation of periods of greater and
lesser activity is inherent. There is no doubt that there are
fish without any definite pattern of diurnal activity, and for
them there is no reason at all to expect regular diurnal
differences in the metabolic rate.
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Thus the entire problem of diurnal fluctuations in the
metabolic rate of fish, from our point of viewfl is not an,
independent problem. It will be clarified in the course of a
study of the laws governing the behaviour of fish during the
daily cycle, and the relation of metabolic rate to the degree
of activity and speed of motion.

9+. The inflilence of periods'.of fasting and vaz^ious

oth'er'.jpz.,ior conditions y2on the znetabolic

rate of fish [pnge 811

The results of measurements of the rate of respiration of
fish de-pend, firstly, on the conditions of the medium in which
the fish are held during the experiment, that is, upon factors
that affect the fish directly during the time spent in the
respiration chamber (temperature, oxygen content 9 etc.)-;
secondly, they depend upon conditions that precede the experi-
ment, which determine to a considerable extent the physiologi-
cal condition of the fish during the time of the measuA ements4
and thirdly9 they depend upon the specific characteristics of
the material: its species, sex, stage of development, size fl
and so on.

It is the role of factors of the first group, mainly 9
that has been considered above. Now we must see to what
extent afish4s metabolic rate can depend, a.lso, upon its
physiological state during the time of the measurements 4 as ,
this is determined by conditions previous to the experimento
First among these conditions is nutrition. In comparing the
results of measurements of respiration , one rrrast know to what
extent feeding and periods of hunger prior to the experiment
can affect the fish4s metabolic rate.

It is not hard to find in the literature many individual
comments concerning the effect of food or starvation upon the
respiration rate of fish, but there are no specific systematic
investigations of this problem, except the thorough work of
Smith (1935) on a rather special species--the lungfish
Protopterus aethioPicus.

Very interesting data were obtained from this extremely
unu.sual, sub ject fl which was studied after it had been kept in
an aquarium for a considerable time. It was found that the
metabolic rate of Protopterus, which was measured by its rate
of oxygen consumption and production of carbon dioxide,
ammonia gas and urea, is reduced rapidly during the very first
days of starvation. As early as the seventh day of starvation
the metabolism has been reduced by 50%. After 300 days of
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starvation the metabolic rate was only 10-20% of the original. 
According to the calculations of the author e  the survival time 
under starvation is increased 4-6 times by reducing the meta-
bolic rate. Smith points out that this fish exhibits a steady 
metabolic level only when fed regularly. It is clear that all 
these peculiarities, which are not found at all in other fish 
that have been studied in this respect e  are a specific adapta-
tion that facilitates survival during the long periods of 
unfavourable conditions that are characteristic of the natural 
habitat of [page  82] lungfishes. Although the metabolism of 
the overwhelming majority of fishes reacts to starvation alto-
gether differently, the observations of Smith are interesting 
in that they demonstrate an extreme case of adaptation to 
special conditions. 

It has been pointed out repeatedly that starvation is 
accompanied by a reduction of the metabolic level of fish. 
Putter  (1909) published several series of observations on the 
oxygen consumption rate of varioUs marine fishes during pro-
longed periods of starvation. In one fish the oxygen consump-
tion rate during 40-50 days of starvation was reduced by 2-3 
times, whereas in other species e  for example Scar aena 
during the same period of starvation the rate of oxygen con-
sumption remained constant. In view of the considerable loss 
in weight (from 16.3 to 12.1 g) this even implies a rise in 
the metabolic rate. 

In the well known work of Lindstedt (1914) the influence 
of starvation upon the metabolism of tench is - specially dis-
cussed. One can see from the data of the tables on page 234 
of this work that during the first period of measurement 
(16.IV-8 0 V) the mean metabolic rate of tench e  when adjusted 
to 20e, was 84.8 ml 02/kg/hour, whereas during the second 
period e  after  1i-2 months of starvation (5-17.VI) e  it fell to 
66.0, i.e 0  it was lower by 29%. The same author points out 
that feeding trout increases their metabolic rate by 22-26%. 
Similar indications of a reduction in metabolic rate during 
starvation are encountered in the works of Raffy (1933), 
A. G. Mints (1953), E. G. Svirenko (1948) and others. Accord-
ing to Mints' data, prolonged starvation of young tench 
(0.6 ,-1.5 g) and crucian carp (4.2-5.7 g) reduces metabolism by 
27%, on an average. According to A. T. Pozhitkov (1939), , 
after a 24-hour period of starvation (the weight is not men-
tioned!) a crucian carp's metabolic rate is only 76% of the 
initial rate. After 20 days of starvation It is 67% of the 
initial rate and the loss in weight has been 4%. These data 
and similar material by other authors give an idea of the 
extent to which metabolic rate of fish can be reduced by 
starvation. These examples show that even in cases where a 
reduction of metabolic rate by starvation is noticeable, this 
reduction is comparatively slight during the first days of 
starvation. Many authors have described cases in which 
throughout many days of starvation it was not possible to 
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detect any reduction of the metabolic rate. In the classic
work of Ege and Krogh (1914) it was observed that the .respi:r^a-
tion of a starving goldfish remained at one and the sâme level
during the whole period of the observations, which lasted
about a month. T. IT. Novikova observes (1939) that in her
data, as in those of Pozhitkov, the respiration rate of the
fish remained constant during the period from the 2nd to the
7th day of starvation.

Cp^&e ^17 It was mentioned above that the authors who
have used the flowing water method have attempted to measure
the so-called basal metabolic rate, which they regarded as
the metabolic, level that is established after a prolrsnged
stay, often lasting many days, of the motion'1.ess fish in the
respirometer. In these cases it is stated repeatedly that
the metabolic rate of the fish used remained at the same
level throughout the experiment, regardless of starvation.
Wells (1935) in particular, who used the rather active fish
Girella nigricans, points out, that for 7 days after the las^t-,
feeding the metabolism remained at the same level. Smith and
Matthews (1948), experimenting with Bath3•rstoma p2., kept their
fish in a respirometer for up to 19 days and discovered that
in this species the metabolic rate remained constant even when
a loss in weight occurred from starvation. However, these
same authors point out that when Fundulus heteroclitus is kept
in a respirometer for many days the métabolism does not level
off, but falls gradually (Matthews and. Smith, 1947),

The fact that it is with the flowing water method, which
safeguards the immobility of the experimental fish, that
examples of a stable metabolic level during starvation have
been encountered, makes one think that the reduction in meta-
bolic rate during starvation which is observed using other
methods in which the fish can move freely (Lindstedt and
others ),is at least partially associated with more languid
movement on the part of fish that have been starved for a
long t ime .

Inasmuch as most of the data used later on were obtained
wd.th fish kept for relatively short periods in respirometers--
periods measured in hours rather than days--it is evident from
the material cited that the starvation of fish used in experi-
ments of such relatively short duration could not noticeably
affect their metabolic rate. For most fish the possible reduc-
tion during the experiment is entirely secondary in comparison
with the reduction in the metabolic rate during the first few
hours after they are placed in the respirometer. This latter
is to be regarded as a result of the "quieting down" of the
fi sh.

For all the scarcity of material. concerning the effect of
starvation on metabolic rate, it is possible to get some idea
of the influence of this factor. Concerning many other factoz s
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which can influence the physiologi.cal condition of fish, and
thereby also the metabolic rate g e^;tremel.y l^.ttle ^.s. known, _
In facta there are only isolated indications, that do not
suffice for any kind of generalization. For example there are
no recent data which would indicate to what extent respiration
of fish increases after feeding. The older data on thi8 ques-
tion, for example those of Lindstedt, [pme 8-41 were obtained

- under conditions which.do not exclude the poŝsibility of an
indirect influence of the feeding on the measurements due to
an inèrease in the activity of the fish, or by ot,her. means.
It is also quite uncertain how rate of respiration changes in
relation to the various stages of sexual maturity and repro-
ductiono Lindstedt (191d1.' has data indicating tha•, the meta-
bolic rate of motionless pike with mature [running ] eggs 'was
certainly no higher, poss3.bly^ a little lower, than normal.
However, it is quite possible that weakened specimens were
used in the experiment. On the other hand, T. I. Privolnev
(194$)'remarksa ItReseax°éh in our laboratory has shown that
the respiration rate rose whèn the gonads matured, in bream
(Veselov), mukbun (Kharchenko and Markova), and pelîad
(Kharchenko and Shï.rkova)," A. P. Shcherbakov found no differ-
ence in the.level of respiration among lampreys in stage IV of
maturity, having a distended abdomeno Maksudov maintains that
in Gambusia the respiration-rate declines after the birth of
the young9 but this is not sufficiently supported by his
material. Raffy (1930) describes the opposite situation for
another viviparous fish, Girardinus. In this case after the
birth of the progeny the rate of oxygen consumption per fish
remained the same as that of pregnant, females e in spite of a
loss in weight of 14%. It may be mentioned in passing that
according to available data the castration of fish is not
reflected in their oxygen consumpt3.on rate (Ermakov and
Medvedeva, 19349 Hasler, 1942). It was^ a? so noticed that the
bmall changes in rate of respiration which can be observed in
the later stages of the.metamorphosis of lampreys are not on
the same scale at all as the tremendous internal morphological
changes that occur at that time (Leach, 1946).

In studying the metabolic rate at different stages of the
sex<a.al and reproductive cycle, it is necessary to d.istinguish
possible changes in the basal metabolic level from those
differences in the oxygen consumption rate that may depend,
for example, upon the greater excitability or activity of the
fish during the pre-spawning or spawning periods. There are
no data available yet that would make it possible to study
this question from this point of view. Quite probably the
greater excitability and liveliness of a male Leb3.stes is the
reason for the great difference between the metaboli^; rates of

►^ males and females of this species, noticed by Raffy, who
points out that this difference is large enough that it cannot
be ascribed.entirely to the smaller size of the males. Wells
(1935a) discovered no difference in the respiration rate of
male and female Fundulus paryipinn3.sa



Many of the published materials and statements can be
used only with difficulty to determine the nature of the rela-
tionship between respiration and whatever other factor is
being examined. Often not enough attention [ a e8 1 is giver,
to the possible role of concomitant or subsidiary factors.
k`urther,-more, it is often forgotten that differences in meta-
bolic, rate can arise simply because of differences in size of
the subjects used in the experiments. This latter factor, the
dependence of metabolic rate upon size (weight) of the fish,
is of especially great importance. If this factor is disre-
garded, then it is impossible to obtain any reliable informa-
tion regarding the influence on metabolism of age, stage of
development, systematic position, or ecological adaptation to
conditions of the natural habitat characteristic of each
species. Therefore, before examining these important ques-
tions it is necessary to determine what the quantitative rela-
tionship is between the metabolic rate of fish and their size,
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Chapter V. [,p^ 861

Metabolic Rate and Total Body Size in Fish

lo The "surface lawl' in fish

As early as l877, in the first thorough study of fish
metabolic rates, Jolyet and Regnard called attention to the
fact that the rate of oxygen consumption of fish increases as
their size decreases. They included the overall size of the
fish among the most important factors determining metabolic
s°atem-ift which category they placed temperature 9 state' of '
nutrit°ion, size and activity besides species differenceso
Even earlier Quinquaud (18731 had written no less definitely
concerning the importance of size, as follows: "The relative
3.ntensity of respiration in fish decrèases as weight
increases." Quinquaud also believed that it was this factor,,
and not species individuality, which accounted for.° the differ--
enc^es he observed in the rate of oxygen consumption of various
fishes. In subsequent years many people have given attention
to the inverse relationship between fish metabolic rates and.
size, often discovering anew this long-familiar principle,
which in one way or another is exhibited by the most diverse
groups in the animal kingdom.

We must now investigate the quantitative nature of the
relation of metabolic rate to size in fish. At first this
question was dealt with in terms of a discussion of the
applicability of the-so-called "surface law" to f^.ish.
According to this law, the metabolic rate of animals of
different sizes is proportional to a conventional index of
their surface area, taken as the square of the. cube root of
the weight, :Le. the weight raised to the power.2/3 = 0.67.
The approximate absolute magnitude of the surface of the body
of the fish (P) is obtained, by multiplying the weight, raised
to the power 2/3, by some proportionality coefficient (A).
The numerical value of A is e ual to the surface of the body.
of the fish (of a given shapeq) having unit weight:

P A w2/3 .

When this method of calculation is used, the surface will be
in square decimeters-if the weight is in kg; if the. weight is
in grams, the surface will be in square centimeters.

C a e^Z] The magnitude of the proportionality coeffic-
ient has been determined by a number of authorso According to
Lindstedt (1914) it lies between the limits 1.0 to 13 for
various freshwater fishes, Rubner (1924) uses the figure 9 -ln
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his computations. For various sizes of peyllium cassicula, 
one of the sharks, the values 7-8 were found empirically 
(Buytendijk, 1910). In a special work Gray (1953) quotes 
determinations of the value A for 39 species of fish of very 
varied systematic position. According to his  data A varies 
within the limits 6.7 to 15.3 for different species, i.e. more 
than twice. This means that even in a case where metabolism 
was strictly proportional to the actual area of the surface of 
the body, it is possible to obtain values that differ by more 
than two times when comparing the metabolism of different ,,, 
species, if the conventional expression for the surface (w4/ , ) 
is used without taking into account differences in the propor-
tionality coefficient. Conversely, if the metabolism of two 
fish of different shapes has the same numerical value when 
expressed intermsée the conventional surface, or, more generally, 
to the weight raised to a certain power, their metabolic rates 
can differ importantly when computed per unit of actual sur-
face. 

This makes it plain that if metabolic rate is calculated 
on the basis of the conventional surface, we will obtain com-
parable values only in situations where it is possible to 
neglect differences,in shape, for example when comparing 
differences in size-1- within a single species. 

Zuntz (1901) believed that fish metabolism follows the 
surface law, on the basis of Knauthe/s data on the metabolic 
rate of carp. Lindstedt (1914) interprets the results of a 
study of the respiration of various freshwater fishes from the 
same point of view. Rubner tried to prove that the surface 
law is applicable also to fish, by using the results of calori-
metric measurements of metabolism of goldfish and stickle-
backs and by using calculations of the metabolism of tench 
after the fish had lost weight from starvation. However, 
Rubner points out specially that he does not believe it 
possible to ascribe any causal character to this relationship. 
Bourdien (1932), who quotes only ia few summary values, writes 
that in the three species of freS4water fish studied by him 
the metabolism is proportional to the surface.  Most  recently, 
Bertalanffy has maintained (1951) that the respiration of fish 
is proportional to surface. Bertalanffy quotes his own 
measurements of the oxygen consumption rate of Lebistes 
reticulatus of various sizes (weighing about 30-776,"55-mg), 
which in his opinion support this view. 

It is also not difficult to find in the literature state-
ments by authors who believe that the relationship between 

1 Eliterally "age differences of the sizes"--vozrastnye 
razlichin. razmerov. The possibility of effets  of age, 
independently of size, is discussed and rejected later (page 
144 of the Russian text)--hence it cannot be intended here.] 
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metabolism and size in fish cannot be expressed well by the
surface law. In order to test the applicability of this law
to [page $91 the metabolism of poikilothermic marine animals,
Montuori (190`'j, 1913) conducted a large number of measurements
on the rate of oxygen consumption of fish and various marine
invertebrates. His much-quoted data are actually not at all
suitable for any conclusions of a quantitative nature q as will
be shown below. Very variable results were obtained because
of his primitive technique and disregard of the physiological
conditions of the experiment. Fa.rthermore 9 Montuori failed to
avoid numerous errors in his calculations, with the result
that in many cases the oxygen absorption rates calculated on
the basis of a unit of weight , those calculated for the whole
fish fl and the actual fish weights, are not consistent among
themselves»»»as Zeuthen (1947) has pointed out. All Montuori's
data are shown in Fig. 27. As compared with comparable data
of other authors, an unusually great scatter of the points is
evident. There is a particularly large discrepancy in the
results of the measurements of the oxygen consumption made
with fish of certain species, for example the eel. The data
of other authors will be presented in. subsequent chapters
(Fig. 28-43).

[page $91 Special observations to test the applicability
of the surface law to fish were made on Lcyllium cassioula, a
small shark .(Buytendi j k, 1910). Five measurements of oxygen
consumption of sharks weighing from 14 to 260 g showed that in
this case the larger fish consumed relatively more oxygen per
unit of surface than the smaller fish, i.e. the metabolic rate
decreased more slowly than the relative surface increased, '
with growth in size. It is easily seen from the data of this
work that respiration was proportional to weight raised to the
power 0.9 (Fig. 43). Leiner (1937)9 from measurements made by
the manometric method, comes to the conclusion that the rate
of respiration of the sea-horse decreases as the size increases.
However, this decrease is not proportional to the relative
surface a

Terroine and Delpech (1931), regarding the evidence for
the applicability of the surface law to fish as unponvin.cing,
undertook investigations to clear up this question. However,
they used a very unusual method for "immobilizing" their fish,
namely, tying them to a board(!); apparently for this reason,
and perhaps others, they obtained completely unrepresentative
data for the rate of respiration of tench and eels of various
sizes. It is enough to say that tench weighing 2l$ and 225 g
consumed respectively 22.2 and 29.0 m 0• per hour, whereas
tench. that weighed considerably more ^37^ and 3$1 ) consumed
less oxygen during the same time (19.9 and l$.$ mgj. Even more
discordant are the valûes quoted by these authors for the
respiration of the eel. For example, eels weighing 162 to
1$00 g consumed 7.7 to ll.3 mg 02 per kg at 2Q® according to
their table 6. From the numerous and convincing data of the
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many authors quoted below (Fig. 36) there is no doubt that the
actual rate of metabolism for eels, as.. for other-fish of-the
same size, is at least 10 times higher, The scattered state
of published data on the respiration rate of f3.sh, and absence
of any criti cal summary, have made it possible for the measure-
ments of Terroine and Delpech to still be quoted up to quite
recent times; they have even been used to cast doubt on Raffyts
data, as was done by Zeuthen (1947). Actually no weight should
be attached to Terroine and IlelperhQs materia1., nor to their
conclusion that respiration in fish is independent of size.

All author. s, both those that have defended the view that
fish metabolism can be described by the surface law, and those
who dispute this, have used altogether inadequate material
Cpriemya on which to base their assertions. As a rule they
have used series of experimental data which refer to a narrow

.4e 907 range of sizes. Under these conditions, in order to
come t7 a reliable conclusion regarding the nature of the
relationship between respiration and size it is necessary for
the values for oxygen consumption rate to be obtained with
utmost accuracy, based upon a large number of ineasurements,-
and carried out meticulously under identical conditions. In
actuality, not only have these necessary conditions been disre-
garded, but in generaJ., no attention. has been given to the
inevitable accidental error in the measurement s, and no
attempts; have been made to appraise the reliability of the
conclusions drawn. Usually all that has been done is to calcu-
late the rate of oxygen consumption per unit of conventional
surface area of the fish, to study the data thugr^obtained, and
to appraise the similarities or differences quite arbitrarily.
This applies particularly to RubnexTs :1924 data, which can be
regarded as conforming to the surface law only by a great
stretch of the imagination.

In oxder to establish any quantitative relationship
between. phenomena it is necessary to use objective methods in
treating experimental data. Only in this way is it possible
to get rid of subjectivity and bias in appraising empirical
material. specifxcally, this 3.s the only way to determine the
nature of the relation between rate of metabolism of fish and
the total size of the body, or its we3.ght. The studies of the
abovemenbioned authors who endeavoured to solve this problem
by unsuitable or inadequate methods can be used, together with
many other works, as primary sources of material concerning
rate of metabolism of fish of different weights.

2. The method of summarizing quantitative data

on the rate of metabolism of fish

The relation of metabolism rate to weight in animals was
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Relation between total metabolism and size
in various marine fishes, from data by Montuori
(1907, 1913, 1913a).

Abscissa--weight of the fish in g; ordinate--
oxygen consumption in ml per hour, adjusted to
20° (logarithmic scales). 1- eel; 2- other fish,
from the data of 1913a; 3- from the data of 1913;
4- from the data of 1907 (see the text, page $$).
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first expressèd quantitatively for mammals and birds. A simi-
lar law has been proposed for crustaceans and insects also
(Tt^inberg, 1950, 1956). A suitable method for handling such
data has been developed, and fully tested in practice. It has
been found repeatedly that the relation of metabolism to size
can be expressed quite well by a parabolic equation. However,
up to the present no 'convinci.ng or generally accepted explana-
tion has, been offered for this fact. Therefore the parabolic
relation between total metabolism and weight has to be con
sai.dered. as an empirical method of summarizing and averaging
experimental data.

As is well known, the parabolic relationship of inetabo-
lism to weight may be written as:

Q^ _ Awk

r

where the symbols are as f ollows :

Q the rate of oxygen consumption C â e 917 or some
other quantitative index of inetab-o1.3smof the whole
organism, per unit of time (the total metabolism);

A a coefficient equal to the total metabolism of an
animal of unit weight-,

W the weight of the animal;

k a constant (a pure number) that indicates at what
speed and in which direction the metabolic rate
changes when weight increases.

In order to compare not the total metabolism, but the
rate of metabolism--that is, metabolism per unit weight--With
body weight, it is enough to divide both sides of the equation
by weight , i.e.: -

Q :. llwk-1
w

.

4

If k= 1, the (total] metabolism increases in proportion
to weight , but the metabolic rate remains constant (Q/w =M
and does not depend upon the weight of the animal. When total
metabolism increases more slowly than weight, and the meta-
bolic rate is inversely related to the total metabolism, k is
less than 1. The more k differs from unity, the more meta-
bolic rate deviates from strict proportionality to weight,.

The "'surface lawtt represents a special case of the... para-
boli.c relationship. It is satisfied only when k= 0.67. In
order to establish whether there are any grounds for
believing that fish metabolism is proportional to surface one
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• must determine, by objective statistical methods, whether this 
exponent actually equals 0.67 or differs from this value only 
by an amount that lies within the range of experimental error. 
The exponent in the parabolic equation can be estimated with a 
small degree of error only if the weights of the experimental 
fish differ greatly. In order to decide whether empirical 
data are described by a parabolic relationship one must use 
the logarithmic form, i.e.: 

log Q . log A + k log w 

This form of the equation is important because the loga-
rithm of the total metabolism and the logarithm of weight are 
linearly related. If logarithm of weight is plotted on the 
abscissa and logarithm of the rate of oxygen consumption on 
the ordinate, then the empirically obtained points will be 
located along a straight line if the relation between size 
and metabolism can actually be represented by a parabola. 

When the empirical points on the logarithmic graph are in 
a straight line, thereby proving that the experimental data 
can be described by a parabolic relationship, the statistical 
processing of the material is reduced to a consideration of 
the linear correlation between log w and log Q and finding 
[page 92] the parameters of the straight line: 

log Q = k log w + a, 

where a . log A. This straight line can be regarded as the 
linear regression of y on x (y . log (2, X = log w). From this 
point of view, the value of the exponent of weight (k) is the 
coefficient of regression of y on x. 

The simplest method of drawing a straight line--by eye-- 
and a graphical determination of k and a can, with practice, 
often lead to a satisfactory result. The method of computing 
the parameters of the equation by least squares is time-
consuming but fully objective. Most valuable is the fact 
that, by this method, it is also possible to determine the 
statistical error, so that the constants and the reliability 
of the differences disclosed by the experiment can be judged. 
The mean square error fstandard error] of the exponent (k) is: 

o-  
o- 	y 

k 	et'  

1-r2  

where r is the correlation coefficient measuring the closeness 
of the relation of y to x; in our case, between the logarithm 
of the rate of oxygen consumption and the logarithm of the 
weight of the fish. 

I have collected all the available results of measure.- 
ments of fish metabolic rates in order to establish from the 
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totality of the material on hand, rather than from individuà.l
pieces of data chosen arbitrarily how metabolic rates of fish
are related to their size (weight;.

In collecting and working over the material I have always
been guided by the following rules. First of all, I have ,
endeavoured to make use of all available data, i.e. data on
fish metabolic rate, which are accompanied by }nformation on
the weight of the fish used in the experiments , I have cona-
sulted all the research work known to me, published prior to
1954, even if it contains the results of only one measurement,
and regardless of the purpose for which it had been done by
the author. I departed from this principle only in respect to
several works which were definitely unsatisfactory methodologi-
cally, containing material which was altogether unreliable and
could not be used. This applies to the work of Montuori
(1907, 1913) already mentioned, of Terroine and Delpech (1931)t
and of some other authors (Baldwin, 1923; Pereira $ 1924;
Spffr ck , 1932; Kharchenko , 1940; Ma.rk©va, 1949).

The attempt to make use of all published results of
measurements of fish metabolic rates must, of course, [ a e 9^,7
not be interpreted in the sense that in what follows eve`ry
measurement of the huge number performed by different authors
will be mentioned. This would not only be superfluous but
also impossible, if only for the reason that many authors
publish only average data obtained from a large number of
measurements, although other authors quote the results of
individual measurements. In some cases different specimens of
fish are used for each measurement; in others, the same speci-
men is used for successive measurements, etc. All this makes
it impossible to include values taken directly from the text,
tables or figures of the authors in our'summary tables. At
times it became necessary to resort to averaging the data. o:C
several parallel measurements,.or to use;mean values of day
and night observations, and so forth. 0nly`data obtained
under uniform conditions from sub j ects of about the same
weight were averaged. If a study contained material on the
rate of metabolism of fish of different species and of differ-
ent weights, values for the rate of respiration of each weight
group of each species have been included in the tables. In
cases where the metabolic rate was measured for the purpose of

lUnfortunately many authors who;for one reason or another,
have measured rate of oxygen consumption have not published-
the weights of their experimental animals. This very annoying
circumstance greatly restricts the possibiliti- es of using the
results of many papers which seem to contain data.that would
be of great interest had we been informed of the weight of the
fish. Without this information a metabolic rate loses most of
its value.



experimentally studying the effect of some [external.7.factor,
only the data for the control experiment are included in the
tables.

When the original works contained measurements made at
different temperatures, the data obtained at 20° or at the
temperature closest to 20° have been included :in the table.
If the mean temperature of the-experiments is not. wtated, but
only the range of variation in temperature, the arithmetic
mean of the extreme temperatures has been accepted as the
average temperature of the measurements. For example, if the
temperature ranged from 19 to 21.5° during the measurements,
the [average] temperature 3..s taken as 20.25°.

All the values entered in the table.were adjusted to a
temperature of 20° by means of ..Table l(page 33)9 which is
based on the "normal curve'¢ relationship between metabolism
and temperature. Furthermore, the data of all authQrs---
originally expressed in the most varied units of ineasurementH-•
have been reduced to one form (millilitres of 02 per gram of
weight per hour at 20°).

It, is quite clear that the reliability of the values
obtained varies greatly. The result of a single measurement,
which may not always have been made by a good method, can much
more easily deviate from the true value of the rate of
respiration of a particular fish than can average data based
on numerous careful measurements carried.out using reliable
methods. This would seem to require assigning different
"weights* to different values during statistical processing.
However, apart from the inevitable element Cpage 97 of
arbitrariness in estimating a weight for each separate_piece
of data, other considerations have restrained me from using
this method. One must not lose sight of the possibility of
systematic error which cannot be eliminated by making a large
number of measurements. Furthermore, no increase in quantity
of measurements can remove the effect of possible.differ.ences
in metabolism that depend upon local peculiarities of the
material, the conditions under which it was kept prior to the
experiment, and so on. For this reason, in order to shed
light on the range of the fluctuations in the metabolic rate
of the various species, even single measurements made with
different material are of value. Their use makes it possible
to include data obtained by mariy authors at different seasons,
by different methods, at different geographical localities,
and so forth. This consideration impelled me to use all the
data included in the tables on an equal basis during statisti-
cal processing. This was done in spite Of the possibil.ity
that some of the tables very likely contain figures,thâ.t
deviate greatly from the true value s, and even [me chanical or
typographical] errors.

With the method which was adopted for collecting and

..^

K.
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processing the material the possibility of any kind of con-
scious bias in selection is excluded, becausé when the tables
were being compiled it was not known what would be the results
of the computations made from the material collected in this
blindfold fashiono Furthermore, the statistical processing,
which could be begun only after the compilation of all the
tables, yielded some results that I had never expected.

All the data gathered are presented in Tables 3-16. The
tables are constructed uniformly and contain the following
columns :

1) reference number;

2) the name of the fish in the same form as given by the
authors;

3) the surname of the author, and the year in which the
work from which the data were taken was published;

4) the method used in making the determinations;

5) the number of determinations from which average
values entered in the columns to follow were obtained;

6) the average temperature at which the measurements
were made;

7) the average value of the rate of metabolism expressed
in the units used by the authors;

$) the average live weight of the fish used in the
experiments, in gramsg

9) the rate of metabolism in ml a per gram of live
weight per hour, adjusted to 28" by the method of
calculation described above (page 33).

in column 4, the most important measuring methods are
indicated by the following symbols:

I the sealed vessel method;

II the gas recirculation method;

III the flowing water method;

Ni manometric methods.

Other methods which do not fit into this classification
are explained in the remarks. In column 5 the letter C
designates the cases where the value quoted for the metabolic
rate is not, in a strict sense , the arithmetic mean of several



measurements, but represents one of the values in, a regular
series of values obtained, for examplefl when measuring at
different [page 2^3 temperatures, dif.ferent 0 pressures p etc.
It is evident that in these cases the values ^or metabolism,
which are thus supported by adjacent data., are of considerably
greater reliability than the results of indizridual measure--
ment s .

The graphs (Fig, 28-43) are based on the values entered
in the last two columns of the tables. In. order to establish
connection between tables and graphs it -vrill be remembered
that logarithms of the weights shown in column $ are plotted
on the abscissa of the graphs, and :Logarithms of the number of
millilitres Of 02 used per hour at 20' by 1 fish of the indi-
cated weight is plotted on the ordinate. Thus in order to
obtain the ordinate for one of the points one must take the
logarithm of the product of the metabolic rate (column 9) and
the weight of the fish (column $). If necessary, one can
easily locate the data from which was obtained each of the 3$9
values used for the rate of oxygen consumption of the various
freshwater and saltwater fishes.

With rare exceptions (carp), the results of the measure-
ments of the respiration of any one species are usually few,
and they pertain to an inSufficiently broad range of sizes.
This precludes our using them as a rel :3rdbl.e enough basis for
finding the quantitative relationship between metabolism and
size. For this reason it is necessary to group the data for
various species and to obtain the relation of metabolism to
size for fish of different species but-belonging to the same
family, order, or larger systematic group. In keeping with
the radical differences in their ecological conditions, it
seems advisable to consider separately the metabolism of
marine and freshwater f3..shes, which as a rule have been studied
in different laboratories.

It is remarkable that in all cases the empirical material,
when arranged in this way and plotted on a logarithmic grid,
produces points that lie along a straight line (Fig. 28-43).
This proves that the use of the parabolic equation to express
the quantitative relation of total metabolism to body weight
is fully justified for fish, as for other animals, '

3. The m®tabolic level ofgol.dfish

The goldfish (Carassius aur. atus ) is a common sub j ect for
laboratory work on fish physiology. Many authors, for a
variety of reasons, have measured the rate of oxygen consump-
tion of goldfish of different sizes (Table 3, Fig. 2$).
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Relation between total metabolism and body
weight in goldfish; from data of various authors
(Table 3).

Abscissa--weight of the fish in grams;
ordinate--the oxygen consumption of one fish in
ml per hour, adjusted to 20°. Logarithmic scales
are used. The solid straight line corresponds to
equation (503.1) and indicates the average level
of metabolism of goldfisho The broken line is
based on equation (70305), and shows the average
level of metabolism for all fish. For the other
marks see page 96 of the text, and Table 3.
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[p.2&e 961 In spite of the fact that data for only one
speciés arehs own on Fig. 28, the points have considerable
sk,s.tter. The vertical distance between the extreme values [at
any given fish weight ] is as much as 0.5. Since the logarithm
of the oxygen consumption rate is plotted on the ordinate,
this means t..hat the lar est values are about 3 times the
smallest (log 3 - 0.4771, It is obvious that the reasons for
divergence among the results of different measurements can be
numerous and diverse. Among them may be included possible
differences in the metabo^.^^.sm of different races of the
spec^.es n differences in physiological condition of the. experi-
mental subje ct s, errors in measurements or in calculations,
and many others. Of course, the causes of the disagreement
between data of differ en^t°^ authors remain unknown in most cases.

All the same , let us take a look at some of the character-
isti.c s of the figures representing goldfish respiration. It..
is noteworthy that the measurements of metabolic rate of gold-.
fish published by Rubner ( 1924 ) , which were obtained by di redt
calorimetry, after appropriate conversion ( see page 9) yield
values which are very close to the average metabolic rate .. of
goldfish found by measuring rate of respiration ( Fig. 2$,
point No. 1V ).

Of particular interest are the results obtained by Fry
4nd Hart ( 1948 ) and. Spoor ( 1946 ) . The se Canadi.an authors , who
worked in the same laboratory, were ' end.eawouT°ing to measure
the basal metabolism, i,. e. the rate of oxygen consumption
during complete rest. Fry accepted the minimum oxygen con-
sumption rate observed during a 24-hour day as the value for
basal metabolism. [e 981 Spoor, who was studying the
influence of degree activity up'on metabolism, had a chance
to obtain this value from the results of many measurement's of
the rate of oxygen consumption at varying degrees of activity
(Fig. ^,^.5). It can readily be seen in Fig. 28 that points 7
and ^6, from the data of these authors, are situated consider-
ably below the straight line representing the average meta-
bolic level for goldfish as computed from all the points. Tt
is true that a few of the measurements of goldfish respiration
yield values even less than the "basal metabolism" indicated
by the Canadian authors 4 data. However, this applies only to
3 individual measurements by Bounhiol (1905) and it is unlikely
that any importance should be attached to them. The very
numerous but (it would. seem) methodologically less than perfect
measurements of Baudin ( 19319 1932) show an exceptionally high
level of metabolism for goldfish; this level (points 1-Ji- )
being about itimes as high as the lowest values of Bounhiol
or the "basal metabolismIt of Fry and Hart, and Spoor.

Like other similar examples, the measurements of gold.fish
metabolism show how cautious one must be in using measurements
of respiration for the quantitative characteri.zatl.on of the
metabol-Lc rate of any species. For this purpose it is not



advisable to limit oneself--though this has often been done--
to any single series of ineasurements, however extensive it may
be. Rather, all the available material should be studied. In
the case of goldfish, regardless of the considerable scatter
of the points, the correlation coefficient between log Q and
log w is high (r = 0.94$), indicating a rather close relation-
ship between these quantities. The regression equation found
by least squares is:

y 0.81x-0.759

whence: Q - 0.174 w0,$1

From this we can find, for a goldfish of any given weight, the
expected value of the metabolic rate corresponding to the
average for all the measurements. As examples, we will deter-
mine to what extent the values of basal metabolism obtained by
Fry and Hart for a fish weighing 3.$ g, and by Spoor for a
fish weighing 32 g, deviate from the average.

In the former instance the expected total metabolism for
a fish weighing 3.$ g, according to equation (5.3.1)t is:

Q 0 a 174 x 3.$0. 81 = 0.174.x:2.95 ^ 0.513

Hence the rate of metabolism is:

(Q^) -- 0.135 [ml 02/g/hour at 200]

[p,ag.e 997 In a similar way we obtain the following for
the secon example:

^= 0.090 ml 02/g/hour at 200

The observed level of basal metabolism in the first example
was 0.085 ml 02/g/hour at 20°, and in the second it was 0.054
(Table 3, Nos. 7 and 16), i.e. the basal metabolism was
respectively 63% and 60% of the expected average metabolic
rate. The close correspondence of the last two values, calcu-
lated from the data of different authors and from fish of
different weights, appears to indicate that oldfish metabolic
rates given by equation (5,3.1) are about 60^ higher than the
basal metabolism.

In what follows we shall see that the value obtained for
the exponent (k = 0.81) must b e regarded as a very probable
one, when compared with data for other species. Nevertheless,
within the limits of the total data for goldfish, it cannot be
considered as proven that the estimated value of k is actually

W

(5.3.1)

0

.A
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close to the true value, because of the small number of points 
(n 22). In spite of the relatively large correlation 
coefficient, the standard error of k is large (Oit  . 0.060, or 
7.5% of k). Using the usual criterion for testing the 
reliability of differences, the deviation of the observed 
value of k from the true value can be -b3(T7 	i0.18. 

This example shows that the value k can be computed with 
an adequate degree of accuracy  only if there is available a 
considerable body of primary data representing a wide range of 
weights. Therefore, in spite of the large number of measure-
ments made of the rate of oxygen consumption, it is not yet 
possible to obtain values of A and k for each species of fish 
individually. This does not apply to carp, for which data are 
available over a wide range of weights. 

Anticipating some remarks to follow, we may point out 
that it is possible, by using all the available data, to 
obtain an equation that represents the average level of 
metabolism for all the fish that have been studied. On Fig. 
28, and on all subsequent graphs, this average level of 
metabolism for all fish is shown by a broken straight line. 
The position of the points on Fig. 28 shows plainly that gold-
fish have a lower metabolic rate than the average for all 
fish %  which is quite natural for an aquarium fish. 

4, ne metabolic level_onpan  [Eau 100] 

To illustrate the relation between metabolic rate and 
weight within a single species, the measurements of respira-
tion in carp are very important. With this species it is 
possible to compare the respiration of fish that differ 
widely in weight, from a few milligrams up to several kilo-
grams (Table 4, Fig. 29). 

In spite of the different methods and conditions of 
measurement used by different authors, and a very wide range 
in weight, all the points on the logarithmic graph are 
located along a straight line, with very little scatter. In 
keeping with this, the correlation coefficient is very high 
(r . 0.997), so that it is possible to compute k with a 
considerable degree of reliability. For carp: 

k 	0.85±0.012; 	Q = 0.343 w° ° 85 	(5.4.1) 

Ep.g igt  121] It is very interesting to observe the con-
trast between the greatly scattered distribution of the gold-
fish data, shown earlier, and the unexpectedly good alignment 
of the figures describing the metabolism of carp, in spite of 
the fact that both cases involve measurements made by many 



authors, in different countries, at different temperatures, by
different methods, etc. It is difficult to say whether this
is an indication of a more heterogeneous ttracial?9'composition
of the goldfish used in the experiments, or the result of
greater differences in the conditions for growth and develop-
ment of an aquarium-reared fish in comparison with the pond-
reared carp.

G. G. Winberg and L. E. Khar-cova (1953) made a special
study of the rate of oxygen consumption of young carp f rom the
moment of hatching until they had attained an age of 42 days.
From 129 separate observations (Fig. 30) the value of k was
computed, which in this case equalled 0.98. In other words,
it was found that in spite of the considerable range of
weights studied (from 2.0 mg to 3.$ g), the rate of metabo-
lism changed only slightly with weight; it remained almost cion-
stant over the entire range studied. It is hard. to say what
caused so unexpected and completely unprecedented a resultl.
We can only point out that in endeavouring to describe the
metabolism of young carp under conditions close to the natural,
Winberg and Khartova used fry that had been captured from the
pond immediately prior to their experiments, and during the
time of the experiments the jars were submerged in the water
of the pondo Thus all the measurements were made with
material that had been growing under natural conditions, and
at a temperature and lighting that were very close to natura'l.

As a result of the unexpected results of the measurements
just described, made in 1951, a series of aquarium tedts wit^^
young of Arnur wild carp was performed during the next season.
It was found that among these fish, which were reared in an
aquarium, the rate of metabolism of fry exhibited an extremely
sharp inverse relationship to size. The value of k was very
small. Such a radical difference between results of aquarium
experiments and observations on metabolism of fry grown under
natural conditions is very instructive, even apart from its
cause. This example leads to a conclusion of considerable
theoretical importance. It is evident that in one and the
same species the magnitude of ' the relation of metabolism to
weight can depend largely on the conditions under which growth
takes place. Therefore, in intraspecies comparisons at least,
the weight exponent (k) can differ significantly under differA
ent growing conditions.

Epage l7 We might expect from general considerations
that under conditions of poor growth metabolic rate should
decrease especially rapidly with increase in weight. The most

lIn the report written concerning these experiments,
attention was called to these unexpected results, but this sec-
tion was deleted by the editors of t'Doklady AN SSSRr.

0

4



to

.

i

0 ^ _...
f00 0 0^

•, /

...^.../

____.•al _
o -f
O

.o .^^..._.,
41 fo

Fig. 29 [page 1001

Relation between total metabolisr2i and body
weight in carp, from data of various authors
( Table 4). Axes as in Fig. 280

The solid straight line e drawn to
equation (5-4.1) , shows the average
level of carp; the broken line, as in lK.ig, 2'70 28,
31-39" and 41-4J+, 3.s based on the sqiut•b:k.on (7-3-5)
and shows the average level of metaboll.sm for all
fisho 1- pond carp; 2- young wild c.ax°p$:I:'roin
lrrivobok ts data; 3- Ivlev t a data qbtai ned using
fish in poor condition.
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favourable conditions,. it would seem, should produce the
reverse effect. Under optimal growth conditions the slovrest
reduction in the metabolic rate with increasing size should be
expected, i.e. high values of k, approaching unity.

Nt:vertheless nit would be premature to say that it, has
been proven that Winberg and Khartova 4 s result s are typical of
natural conditions. It may be that the al.m.ost complete inde-
pendence of metabolic rate and weight in these young fish
represents, in part possibly, an effect of errors in method
that were not taken into account. For example, it can be
assumed that the respiration of the smallest fish did not
increase when they were placed in the respiration vesselp
while in young fish of larger size this phenomenon could be
much more in evidence o EpaZe 105 3 Possibly this could, explain
the fact that the respiration rate of the smallest fish,
according to Winberg and Khartovaas data, does not differ from
the rate expected from equation (5,4.1) based on the data in,
Table 4, whereas the respiration of the larger fingerlings was
considerably greater than expected, so that the net result was
that respiration appeared to be i.ndependent, of body size in
these small fish. However that may be9 it is worth while to
emphasize once again that the changes in metabolic rate which
accompany growth and development of fish are complex in
nature. They depend on many factors, which are not as simply
and definitely related to size and stage of development, as is
sometimes supposed.

The results of tr.4 measurements of the rate of oxygen
consumption of verkhovka are also shown in Fig. 30 (b measure-
ments on f i sh of 20-1i.0 mg s 36 on fis h of 1.40-960 mg 1. It is
very interesting that the data do not show any differences
from the respiration rate of young carp of corresponding
weight.

The data under discussion concerning the metabolism of
goldfish and carp are of interest ^n the sense that they
pertain to age differences in size w-ithin each of these two
species. In both cases the aggregate of all data on hand
points to a decrease in respiration rate with increase in
weight q however it is a considerably slower decrease than
would be expected from the surface law (k P 0.67).

1 72
(see p. IX)Cof the translation for a discussion of this

expression.]
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Chapter VI. Eap.....gt 106] 

Metabolic Rate and Total Body Size in Fish (continued) 

1. The metabolic level amon various 

freshwater fishes 

A large number of measurements of the oxygen consumption 
rate over a wide range of weights has accumulated in the 
literature with respect to sturgeons. However, here as in 
subsequent cases, it is material in which within-species age 
differences of size are mixed with differences between species 
(Table 5, Fig. 31). 

Figure 31 shows that here too the data plotted on the 
logarithmic graph are well described by a straight line; and 
what is especially important, the measurements include a very 
wide range of weights (6 orders of magnitude). The greatest 
weight (10.4 kg) is 450,000 times the smallest weight (23 mg). 

In keeping with the small scatter of the points, the 
coefficient of correlation is equal to 0.997 and k can be 
determined with great accuracy. For sturgeons: 

k 	0.81+0.010; 	Q=  0 . 391 w0.81 	(6.1.1) 

It is noteworthy that in the present example there is 
excellent agreement with the general law of change in metabo-
lism with size, both for differences within a single age-group-- 
for example, young oetr and sevriuga--and also for the 
metabolism of grown-up sturgeons of different species and 
sizes. 

Thus any species differences in metabolic rate are con-
cealed by the differences between the metabolic rates of fish 
of different sizes. Furthermore, the level of metabolism 
characteristic of each of these species is not rigidly fixedp 
rather it depends to a considerable extent upon associated 
conditions, which further complicates the task of determining 
species differences in level of metabolism. 

The data for salmonoid fishes are collected in Table 6 
and in Fig. 32. Here the points on the graph are much more 
scattered, possibly because of the great mobility and excita-
bility of these [page 107] fish, which makes it more difficult 
to obtain data on resting metabolism. Nevertheless the 
correlation coefficient is still high (r m 0.976). 
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Relation between total metabolism and body
weight of young carp and verkhovka, from data of
Winberg and Khartova (1953). The general con-
struction of the graph is as in Fig. 2$,

1 and 2- young carp; 3 and 4,- young verkhov-
ka. 1 and 3- measurements made in daylight;
2 and 4- measurements made in the darko The
straight line shows the average metabolic level
for young carp (see the text , page 104). This
graph is on a larger scale than Fig. 27, 2$, 31-39
and 4l-4lFo [The absci$sa is in milligrams and
the ordinate in mlx10'j/fish/hour, at 20•.j
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Relation between total metabolism and body
weight in sturgeons, from data of various authors
(Table 6). Axes as in Fig. 2$.

The solid straight line is based on equation
(6a1,2); the broken line indicates the average
level of metabolism for all fish (equation 7.5.5).
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Fig. 32 [page 112)

Relation between total metabolism and body
weight in salmonoid fishes, from data of various
authors (Table 6). Axes as in Fig. 28.

The solid straight line corresponds to equa-
tion (6.1.2); the broken line is the average
metabolic level for all fish.
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k 0.76±0.0329 Q 0.498, w0.76 (6.1.2)

As for the sturgeons, this equation is based upon data that
refer to the metabolism of t*adult-14 (vzroslye a fish of various
sizes and also young fish in differént, stages of growth
[u malkov raznykh vozrastnykh stadil7o

Among the various materials on salmonoid fishes, one fig-
ure is of particular interest (No. 3, Table 6) because it was
obtained from specially careful measurements of the "basal
metabolism't, i.e. of the minimum rate of metabolism observed
during 24 hours of observation. For fish of the corresponding
weight (23.25 g) we obtain from equ.at:i.on (6.1.2) an expected
figure for metabolic rate of 0.239. The expe.rimentally- deter-
mined figure for the basal metabolism of Sal:veliniis fontinalis
is 0.140 a or 5$.6j [page 1127 of the expected. It is 3.nter6st-
ing that, in agrèement witr-what was found for a s ecies with
a different level of metabolism (goldfish, page 9$^, the basal
metabolism in'this case also was about 60f of what was expected
from the average of the results of measurements on the metabo-
ls,sni of these fishes (see also page l$4).

Ver y interesting also are the data of V. S. and I. V. lvle:v
(1952 )p who measured the metabolic rate of young salmôn:(Sa o
salar) of different sizes and weights (0.57 to 40.1 g).
t e basis of 36 measurements they found that here too the
relation of metabolic rate to weight can be expressed by a
parabolic equation. The exponent of weight, determined graphi-
cally, was 0.$l.

[ ape 11^,7 The value of a corrèsponding to these data is
equal to about 0.40 ml 02 per i per hour at l$-20®. Thus,
according to this material^-which was not used in obtaining
the eqtxation (6,'1.2)--the value of Q for salmon fingerlings 3.s

equal-to 0i,)+OWO•^l. This is very 'close to the equation
obtained above, characterizing the metabolism of all salmonoid
fishes (6.1.2). The difference of 0.05 between the exponents
of the independent variable is within the limits of random
error 9 since:

±0.03

a

On the other hand, according to T. I. P.rivolnev4s data

(1953, table 1). for the same species, which pertain to a
rather small range of weights, a greater dependence of'metabo-
lism on body size is cibserved, corresponding approximately to.
k m 0.67. These latter data apply to fish grown in ponds. It
is quite possible that in this case the reduction in the meta-
bolic rate is related not only to increase in size but that it
also reflects the process of adaptation to pond conditions #
which was accompanied by lowering of the metabolic rate
(page 65).



Th.e material on all the freshwater cypriniform fishes fl
except the goldfish and carp studied above, is collected into
Tables 7 and $ and shown in Fig. 33 and 34. Here we encounter
a large [Rage 1141 number of different fish species, and a
smaller range of sizes for which data on metabolic rate are
available. Accordingly it is impossible to estimate suffic-
iently accurately the values of'a and k for separate speries.'
Nevertheless, in view of the fact that the available measurep
ments for respiration of tench seem to indicate a lower
metabolic rate in this species, they were calculated and. are
depicted separately. For tench we get:

k 0. "l9t0.05i., Q 0.230 w0.79 (6.1.3)

Cpa&e 1221 For all the freshwater cyprinid fish with the
exception of goldfish, carp and tench:

k 0.80.t0.044; Q 0.336 wo.80 (6.1.4)

For the other freshwater fishes, we will limit.ourselves
to a,graphical presentation of the available data, which are
not sufficient tb calculate reliable values of a. and k, How-
ever, Fig. 35-38 show convincingly that among lamprpys, *éels,
perch and other freshwater perciform fishes, and pike, neither
the average metabolic level nor the numerical relationship
between metabolism and weight differ appreciably from the
average metabolic level for all fish, which is shown in these
figures by a broken straight line. We might notice just one
thing, that from the available data (Fig. 36) the eel has a
metabolic rate somewhat lower than average (about 70-75% of
the mean for all fish). It is not impossible [page LUI that
this is a result of difficulties encountered in measuring
metabolism in this fish.

The data on the respiration of lampreys (Fig. 35) and
pike (Fig. 3$) agree well with the average for all fish; In
the same way, among the freshwater perciform fishes (Fig. 37)
only measurements made on the North American representatives
of this order (Table 11, Nos. 15, 16, 19, 20) deviate appreci-
ably from average metabolism.

The small viviparous aquarium fishes belonging to the
order Gyprinodontiformes comprise a separate group. It is*
very interesting to determine a mean metabolic level charac-
teristic of this group; for its representatives, after reaching
maturity, do not exceed the l*- to 2-month-old young of many
freshwater fishes in size. The measurements (Fig. 39) all
agree in showing that the metabolic rate of these small fish
is somewhat lower than the mean rate for other fish of corres-
ponding sizes. It is significant that this applies not only
to the mature fish but also to the young. According to data.
on hand, k = 0.71±0.042, indicating a greater change in

.0
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Relation between total metabolism ana body
weight of tench (Table 7). Axes as in Fig. 2$.

The solid straight line is based on equation
(6-1-3); the broken line shows the mean level of
metabolism for all fish (equation 7-3.5).
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Fig. 34 [page 1141

Relation between total metabolism and body
weight of freshwater cypriniform fishes, from
data of various authors (Table 8). Axes as in
Fig. 28,

The solid straight line is from equation
(6.1,4); the broken line shows the average
metabolic level for all fish (equation 70305)0
1- freshwater cyprinid fishes; 2® other fresh-
water cypriniform fishes; 3- crucian carp. The
data for roach (Table 9. Hoso 36-44) are not
shown.
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Fig. 35 (page 114 )  

Relation between total metabolism and body 
weight in lampreys, from data in Table 9. Axes 
as in Fig. 28. 

The broken line is the average metabolic 
level for all fish (equation 7.3.5) 0  
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Fig. 36 [page 122] 

Relation between total metabolism and body 
weight in the eel, from data of various authors 
(Table 10). Axes as in Fig. 28. 

The broken line is the average metabolic 
level for all fish (equation 7.3.5). 
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xnetabolism with size than in the examples. collected above.
However ^ the large size of the . stâxidard e•r^°b.r will . not permit'
us to regard this differencé.-as strictly proven. It is
interestin that the metâbol^.ç . levèl of the viviparous fishes
(a = 0.192 ^ is only slightly belôw.that expected.for fish
Egenerally ] at a corre sponding ,weight , and the rate for the
goldfish is even lower.

In this instance it is not clear whether the lowered
metabolic level in these fish can be linked'with the fact that
they are kept .in aquaria, seeing that I. Kh. Maksudov (1940 F
1948 ) o who made a special study of the relation L a'e 12

at
affin^.s hrô^ki,between respiration and sizé inaGambusia

used material that was captured in nure. Howver, prior to
the experiments he kept his fish for several days without Pood.
This is quite a long time for such active fish at temperatures
of 20-32® . Furthermore, it is. hârd to know how well cond3,tions
along the Caucasian coast meet the requirements of this spèc-r
ies, which has just recently been acclimatized in that local.,
ityp

Maksudov (1940)t after completing a considerable number
of measurements (74) of the rate of oxygen consùmption and
release of ammonia gas by Gambusia of 6 weight groups (0.23-
1.37 g) expressed the relation ofmetabolism to weight by
means of a hyperbola. The oxygen consumption (R), according
to this author, is related to.the weight of the fish as
follows;

R _
1

0.921+ + 0.009W

where g Ris oxygen consumption in mg 02 per hour .per unit
weight ( in centigrams )

w is weight of the fish in centigrams.

The release of ammonia gas (tI) is related to weight in
the follow-Ing manner by Maksudov:

U = 1.
13 . 45 -- 0.18'w

where ô U is the ammonia.released, in mg NH3 per hour per
unit of weight (in centigr. ams ).

Maksadov is not at all. disposed to argue that an hypèr-
bola is the most suitable form..of expression for his- data;
rathe;r, he also furnishes computations which show that the
qtient obtained by dividing the _amount of oxygen absorbed by
v03, in his opinion, is constant (0.024-0.029). If actually,
as he assumes, the total respiration of Gambuaiâ changes in



proportion to the conventional estimate of surface (w2/3),
then there exists a parabolic rather than a hyperbolic rela-
tion between w and R. for which:

-
constant

w0.67

[Pa 1261 However, because the weight range (0.23-
1.37 971-7 so limited, the extreme quantities differing only
by a factor of 6, there is not much use in discussing which
formula best expresses the results obtained. Therefore there
is no reason to refrain from applying to these data a1.so, the
parabolic type of equation which has been justified in so rnâny
cases. Taking into consideration the number of measurements
in each of the weight groups, we obtain k p 0.63 from
Maksudov4s mater.yal. Therefore metabolism is unusually depend-
ent on size, even more than would be expected from the surface
law. The data contained in the second work of the same author
(1948) lead to the same value of k. Of the 25 values in Table
13, 10 were taken from the works of Maksudov. This has led to
a value of k for the entire group of viviparous fish that is
lower than most:

k = 0.71±0,.042

For all the Cyprinodontiformes that were studied:

Q = 0.192w0.71 (6.1.5)

The materials concerning respiration of different groups
of freshwater fishes exhibit a number of differences, whose
significance will be discussed l'ater. However, it is already
apparent that these differences are not so great that it wbuld
be useless, employing the entire material of Tables 3-13, to
obtain an equation that reflects the average metabolic level-
in its relation to weight for all freshwater fishes. The data
used concerning respiration of freshwater fishes, including
those for goldfish and carp, comprise [page 1271 266 pairs of
values. Many of these represent means of numerous measurements.

For all freshwater fishes:

k = 0. $1t0. 014; Q= 0.297 w0-81 (6.1..6)

As a confirmation of expression (6.1.6), which generalizes
a large number of measurements by various authors, the results
of the important study by V. S. Ivlev, publishéd just recently,
are of exceptional importance (1954). Tvlev measured the rate.
of oxygen consumption of freshwater fishes belonging to 22
species, at 18-20°. In addition to a number of cypriniform
fishes, these included the brook lamprey, sterlet, eel,
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Fig. 37 [page 1233

Relation between total metabolism and body
weight in perciform fishes (Table 11), Axes as
in Fig. 2$0

The broken line is the average metabolic
level for all fish. 1- perch; 2- other fresh-
water Percidae; 3- sculpin.
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Fig. 3$ (page 1247

Relation between total metabolism and body
weight in pike (Table 12). Axes as in Fig. 2$0

The broken line is the average metabolic
level for all fish (equation 7.3-5).
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Relation between total metabolism and body
weight of freshwater Cyprinodontiformes (Table
13). Axes as in Fig. 2$.

The solid straight line is based on equation
(6.1,5); the broken line is the average metabolic
level for all fish (equation 7a3.5). 1- Gambusia;
2- Girardinus; 3- guppy.
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Relation between the total metabolism and
body weight in various freshwater fishes, from
V. S. Ivlev (1954).

Abscissa--body weight in grams; ordinate--
the oxygen consumption in mg per hour at 1$-20•.
1- eel; 2- stone loach; 3- lamprey (see text,
page 127).
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ninespine stickleback, salmon ( 36 measurements, page 112),
trout , pike and perch. Of special value is . the fact that
Ivlev's measurements embrace a wide range of,wei hts of the
fish used. in his experiments (from 0.2 to 3487 g^.

From his data Ivlev came to the conclusion that therela-
tion of metabolism of fish to body weight follows C pâ e ,12$3 a
parabolic relationship nicely. On the logarithmic'g â.ph on
which the results of all his $2 méasurements are shown (Fig,
40), a majority of points are situated close to the straight
line. Only the 3 measurements of lamprey respiration, 3. of
the 4 measurements of respiration for stone loach,,and 1 of
the 2 measurements for the eel deviate towards a• lower meta-
bolic rate.

Fittirig a straight line graphically by eye , Ivlev finds
the dquation of the parabola which describ es his data. In the
form adopted by us it is:

Q 0.39 w0.$1

It is noteworthy that Ivlev quite independently, from his
own measurements, has arrived at the.same exponent of weight
as we had obtained for all freshwater fishes (6.1.6). 'Wh.en
independent data coincide it speaks well for their reliâbility,

7the proportionality coefficients (a) differ somewhat.
However, here too the difference is small. When drawing his
6traight.line V. S. Ivlev failed to consider the divergent
points for lamprey, stone loach and eel. Itcan be seen.frôm
the figure that if all points were to be considered, as I'did
without fail in obtaining the parameters of equations by
least squares, then the quantk-^y a would be closer to 0.3..
T-heréfore Ivlevts data can serve as a solid confirmation of
the fact that equation (6.1.6) is an accurate description of
the relation between the mean value of the metabolism and body
weight in freshwater fishes.

2. The metabolic level of marine fishes

The available data on respiration of marine fish are less
numerous and somewhat different from those for freshwater fish.

Here we do not find any material that can be used to
demonstrate the nature of the relation between im.etabolism and
size within a single species. It is also difficult , in view
of the great variety of marine fi she s, to group the re sult s of
méasurements according to their systematic classification, as
was done for freshwater fishes. It is convenient to consider
first the extensive material gathered by Jolyet and Regnard
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(1877) and, especially, by Bounhiol (1905). The latter con-
tinued the research of Jolyet and Regnard, working at the same 
place (Concarneau, on the English Channel) and using the same 
methods. All the values obtained by these authors are com-
piled in Table 14 and depicted in Fig. 41. In spite of the 
method of these authors, which did not exclude the possibility 
that the fish could move, so that there could be great differ-
ences in rate of [Qage 122] oxygen consumption between slow-
moving and active fish, tae scatter of the points is slight 
and the correlation coefficient between y and x is quite high 
(r 0.968). According to these authors' data, obtained for 
fish of the most varied systematic position, 

k 	0.87+0.32; 	Q = 0.266w°987 	(6.2.1) 

The slightly higher magnitude of k may be related to the 
use of a gas recirculation respiration apparatus, in which the 
fish were able to move about. This could have increased the 
metabolism of the larger fish relatively [to the smaller ones]. 

The data of other authors, pertaining to a varied assort-
ment of marine teleosts, obtained by different methods and at 
different geographical points (Table 15, Fig. 42), naturally 
exhibit great divergences. But here too the correlation 
coefficient is fairly high (r 0.882). According to these 
data: 

k = 0.8%0.072; 	Q =  0.224.w00 	(6.2.2) 

The scanty data on respiration of elasmobranchs, in view of 
their radically different systematic position, have been 
grouped separately (Table 16, Fig. 43). The graph shows 
plainly that in this case too the distribution of the points 
is well described by the straight line based on the mean data 
for all fishes. Of the 10 values that were used for construct-
ing the figure, 5 were taken from the work of Buytendijk 
(1910), who measured the oxygen consumption of the sharks 
3liumcassicula  and S. canicula at various sizes, in an 

endeavour to determine Uhe relation between respiration and 
size in fish. Although his measurements are insufficient to 
obtain reliable values of a and k, it is interesting that the 
value k computed from his data is 0.80. 

Epag,e  la] The above material does not include any 
measurements of respiration of fry or fingerlings of marine 
fishes. Hence the results of Zeuthen are of some interest in 
this respect, though unfortunately they are presented only in 
the form of a graph (Zeuthen, 1947, fig. 32, 40). These 
measurements pertain to the young of various saltwater fishes 
belonging to Clupeini, Pleuronectidae, Syngnathidae and others. 
Reading the coordinates for all the 25 points from ZeutherOs 
figure 40, adjusting the values so obtained to 20° 0  and 	- 
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-Relation between total metabolism and body
weight in various marine fishes, according to
Jolyet and Regnard (1$77) and Bounhiol (1905)
(Table 14). Axes as in Fig. 2$.

The solid straight line is based on equation
(6.2.1). The broken line describes the mean
metabolic level for all fish (equation 7.3.5)0
1 and 3- data of Bounhiol; 2- data of Jolyet and
.egnard.
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Fig. 1+2 [page 1347

Relation between total metabolism and body
weight in various marine fi shes , from data by
various authors (Table 15)o Axes as in Fi^o 280

The -solid straight line is based, on eq,,.::-^r,Iejn
(6.2.2 ) ; the broken line is the, F:vera<;e
level for all fish (equation 7.3.5).
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treating them in the usual way, we obtain:

k 0.7110.067; Q 0.32$w0. 7l (6.2..3)

In this case there is a considerable change in :respiration
[rate] with weight. However because of the great scatter of
the points (r= 0.907) and their small number , the error in k
is las°ge. There is very little likelihood that the differ-
ence from the mean value of k, 0,8, is real. The level-of
respiration is high in these data. This may be due to the
fact that Zeuthen measured freshly caught material.

The work of Scholande:r.(1953 ) contains important, material
on the relation of respiration to size for 7 species of tropi-
cal, primarily marine, fishes (Fig. 19)*

[ a e 1367 From these data, which.are presented.oniy in
the form of a chart, it can be seen that k is close to 0.$5,
as the author himself points out. The value of a at 30A 2s
approximately 0.36. If the adjustment we have used is applied,
then at 20° a m 0.160. Hence, according to Scholander4s data

0.160w0^8.,)

ScholanderQs measurements are interesting because, in
contrast to most other data, they pertain to tropical fish.
It is pertinent that he obtained for them the lowest known
value for at 0.160. This nicely confirms Scholander Q s belief
in a lower metabolic rate among tropical fishes (page 50)..

From the entire material for marine fishes, which includes
123 values, we obtain:

k ° 0.79±0.014; Q 0.32lw0el9 (6.2.4)

3, Oomparison of the metabol:ic levels of fishes

of different systematicpositions

[page 117-7

After comparing metabolic levels of fish of different
taxonomie groups and species, let us define the meaning of the
term "level of inetabolism't Euroven obmenal, which must not be
confused with rate of metabolism lintensivnost obmena7. At
any constant level of metabolism for a given subject, the
metabolic rate can -vary, in relation to temperature or body
size, l0-fold 9 20-fold or more. Only if the other conditions
are the same is it possible to estimate the level of metabol:ism



from the metabolic rate. Since the total metabolism. [obshchil
obmen] and the metabolic rate are connected through the weight
of the body of the fish, i.e. they conform to an.established
law, the metabolic level characteristic of a species or a
group of species can be stated only by mea-ris of an expression
which relates metabolism to size. The parabolic equation
given above can be used for this purpose. When this method of
summarizing data is used, the metabolic level is characterized
by two parameters--the expc^nent of we:^gh^, (k), and the pro-
portionality coefficient (a), ^ For example, it, was found for
carp above th^t Q= 0.;^1^;^'w^) • a.^ , whereas for salmono^.d fishes
Q m 0.1+.98w^^•7^. This means that a carp weighing I g at 20'
consumes 0. 343 m-t 0-,, per hour, but a salmonoid fish of the
same weigh"^, consumes 0.498 ml 0,,, that 2s, at a weight of 1 g
salmonoid fish have a consâ.deratly greater metabolic rate than
carp. However, if we compare the rate of oxygen consumption
of fish weighing 1 kg, we will arrive at a different conclu-
si on. If the weight is 1 kg 10i g; a carp will use
0,30 x J03 x0 .85 ;,-- 0.343 x 102 • 5 5= 0.343 ar 355 - 122 ml 0
per. hour at 201. But a salmonoid fish, by a similar calcu^a-
tion, will consume only 97 m7. 02, '. e. less than a car p of the
same weight.

Therefore, in order to be able to compare the metabolic
levels of different fishes it is not enough to have at oneQs
disposal only metabolic rate measurements made at one particu-
lar weighta We must also know how the metabolism of each
species is related to weight. In order to compare the meta-
bolic levels of different fishes easily, the rates of respira-
tion of. fish wei ghing J_ g and 1 kg were computed by means of
the appropriate equations and are presented in Table 17.
These two weights. cover the range that is most common in
actuai, measurements of respiration.

Among the species considered in Table 17, at a weight of
1 g the hi hest metabolic rate is exhibited by salmonoid
fishes Q13^^ of the average for the table), then follow the
sturgeons (109%) and, in third place the carp. Carp come
first (138% of the mean) at a weight 1 kg, then follow the
sturgeons and lastly the salmonoids.

Cpa^e U8] At first sight such a result seems strange,
and contradictory to usual conceptions. However, it was
obtained from a large amount of material, using a strictly
objective method. I cannot see how to avoid a conclusion
which flows from the actual data now available. It is
possible that the relatively smaller decrease in the metabolic
rate of carp with increase in weight , and hence the relatively
greater metabolic rate of, the large fish ais associated with
the ability of carp to grow rapidly.

However, at this stage of our knowledge too much import-
ance should not be attached to the differences which have been
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Fig. 43 [page 1361

Relation between total metabolism and body
weight in elasmobranchs (Table 16). Axes as in
Fig. 2$.

The broken straight line indicates the
average metabolic level for all fish (equation
7.3.5^.
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Fig. 44 [page 1361

Relation between total metabolism and body
weight in young marine fishes, from the measure-
ments of Zeuthen (1947). Axes as in Fig. 28.

The solid straight line is based on equa-
tion (602,3); the dotted line represents the
average metabolic level for all fish (703•5).
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observed. There is more involved than just the fact that 
observed differences among values of k and of a cannot always 
be regarded as reliable. In the statistical sense, k has been 
estimated for carp and sturgeons with considerable reliability. 
The differences between the values are real from this  point of  
view. However we cannot limit ourselves to these formal con-
siderations; rather we must try to consider, from physiologi-
cal and biological points of view, the measurements which 
provide the initial material for ail the computations.

•  A biological interpretation of measurements of fish meta-
bolic rate is complicated by the fact that, with a few excepeî. 
tions, the values obtained from an experiment represent not 
only the basal metabolism but to some extent also the movements 
and excitement of fish put into the respirometer. The relative 
importance of such additions to the basal metabolism can vary 
in different cases, depending on very many circumstances. To 
account for the experimental result shown in Table 17, it 
would suffice to postulate that circumstances were such that 
for carp the relative importance of movement tpaL.e.. 140] was 
greater for the larger fish, whereas in salmonoid and acipen-
serid fishes it was greater for the smaller fish. In that 
event, basal metabolism and the relation between metabolism 
and size might actually be the same in all three groups.  I do 
not, of course, in any way insist on such an explanation, and 

11, 	bring up these considerations only to show that statistical processing of available data is not sufficient to demonstrate 
the reality of physiological laws. The true significance of 
the peculiarities of the material, and of the suggested rela- 
tionships brought to light by these methods, must be further 
illuminated by special physiological investigations. 

Regardless of how the problem of the differences in 
respiration between fish of different systematic positions will 
be resolved, the existing material is enough to support one 
conclusion right now: namely that, in general, the metabolic 
levels of fish of the most varied' kinds are very similar. 
Indeed Table 18, which includes the extreme values of a for 
different fishes, shows that they do not differ from the mean 
by more than ±40%. In view of prevailing ideas about large 
differences in metabolism between different fishes, these 
limits must be regarded as unexpectedly small, especially if 
we remember that they may be partly caused by such a circum-
stance as a lesser excitability or mobility of some fish than 
others, ddring the experiments. 

It is especially interesting that metabolic level is very 
similar in animals as remote in the scale of life as the 
various tèleosts, the elasmobranchs (Fig. 42) and the cyclo- 
stomes  (Fig. 35). 

Ail  that has been said about the similarity of the meta-
bolic levels of different fish and fishlike creatures refers.to 
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data which mainly represent the resting metabolism, Therefore
it would be altogether wrong to apply the conclusions above to
the average metabolic level under natural conditions, For it
can scarcely be doubted that the active metabolism, in contrast
to the resting metabolism, exhibits characteristic and rather
large differences between different fishes.
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Chapter VII. C24age jA11

The General Relationship between Metabolism

and Body Weight of Fish

l. Comparisons within species and between species

of the relation between metabolism

and body weight of fish

The relationship of metabolism to body size, or weight,
turns up when making comparisons both within species and
between species. It is impossible to say in advance whether
the relation of metabolism to weight in these two situations
will be quantitatively ali ke , or different. For a solution' of
this problem we must turn to the-actual data on hand.

It was shown by the material on respiration of carp (page
103) that within a species the degree of the dependence of'
metabolism on size, and hence also the value of the exponent
of weight (k), can differ substantially depending on the con-
ditions under which development takes place. Indeed, in
particular cases, especially when the measurements cover a
relatively small range of weights, the domputations lead to
different values of k within the same species. Thus,
G. G. Winberg and L. E. Khartova (1953) found k= 0..9$ for
young.carp; according to S. Kh..MaksudovQS (1940) data, ..
k- 0.63 for Gam^$ Bertalanffy (1951) accepts k- 0.67 for
Lebistes; according to the measurements by Buytendijk (1910),
Z= 0,90 for respiration among sharks ; from the data of,
T. I. Privolnev (1953t table Ut for young salmon k =.0.67.
However, we repeat: in all these cases relatively small
weight ranges are involved, and as a result many circumstances
associated with the measurements can greatly affect the size
of k.

. The methodologically very meticulous work of Keys (19311
occupies a special position. The published results of 39 .
measurements of the rate of oxygen consumption of a small
marine fish, Fundulus Pvi innis, show that in this case the
metabolic rate deéreased shâ.rply- as the-weight increased. The
reduction was so drastic that in spite of the small range of
weights studied (1.2-11.2 g•), it is easy to see that in this
case k is equal to 0.4 approximately.. It is interesting that
the data of Wells (1935, fig. 16)* which refer to the same
species, also indicate [pa^^ 1^7 a change of metabolism with
size that is much larger ^han usual. In this case, however,
fish which lived in aquaria for two years are concerned;,and



toward the end of the experiment they died of disease. Keys
obtained his material from a small body of water which was
filled with water from the sea. It is possible that here too
conditions for growth were u.nfavotirable 9 hence it is s•til1. too
early to be certain that such an unusually large change in
metabolic rate with size is a characteristic of the species in
question.

Only for carp can an intra-species comparison be made of
respiration over a wide range of weights, and k p•r°oved to be
0.85±0.012. The data of V. S. and I. V. Ivlev (1952), which
span two orders of magnitude, are also of interesto According
to these authors, k: 0,$1 for y®ung salmon. We recall that
for goldfish also k = 0.81, as computed from the data of many
authors.

It is very important to bear in mind that the data on
acipenserid and salmonid fish, discussed above 9 include th.e
results of measurements of the metabolism of fingerlings and
fry; furthermore the data for. the fry and fingerling sevriuga
(Table 5 , Nos. 3-$, 25-30 9 33-35) and ostgtr (Table 5,,Nos. 1-2,
9-12), conform to the relationship common to all acipenserid
fishes, namely k - 0.$l.

Similarly the metabolism of fry and fingerling inconnu,
(Table 6, Nos. 17-20) and salmon (Table 6, Nos. 22-29)are.
rather well. described, by the general equation for salmonoid.
fishes, with k := 0.76.

Furthermore, although the material on the respiration of
each of the more common species of freshwater fish (tench,
roach, eel, perch, pike) are insufficient for computation of
reliable values of k for each species separately, they never-
theless,show very convincingly (Fig. 33»3$)„that the total
metabolism of each of these species closely follows the general
rule for all freshwater f.ishes, that metabolism increases in
proportion to weight to the power 0.$;

T11e relationship between the total metabolism and the
weight of a fish, obtained experxmentally9 can be interpreted
in either of two ways. It could be postulated that a weight
exponent close to or equal to 0.8 is typical of all fish, and
indicates the general relation between metabolism and size.
In that case the individual instances where metabolism changes
more than this with size, or less, would be ascribed to second-
ary causes, or to the conditions under which measurements were
made. Thé other interpretation is that in different subjects
metabolism varies with size to different degrees, which is
manifested experimentally in the different values obta^3.ned for
k. At present it is impossible to say which of the two points
of view is closer to the truth. We must be satisfied -wrl.th the
statement that, from the data available, in making comparisons

J ] is in generalwithin species the total metabolism [page L4
proportional to the weight raised to a power close.to 0.8.

,



Is In order to judge the nature of the relation of inetabo-
1ism to size or body weight in comparisons between species ait
would be necessary to compare the rate of metabolism of
representatives of species differing in size but not in stage
of development. For this the data presented in Table 1$ for
convenient inspection and comparison do not â uffice n for they
concern fish of different species and at different stages of
developme^.t.

Neve.ra,heless 9in spite of the mixed material, it has
seemed possible to establish the existence of a dofinite rela-
tionship--sometimes a very close one--between body weight and
metabolism for each of the groups studied. ^.rther, this
quantitative relationship seems basically very similar to that
encountered. in the within-species comparisons studied above.
This shows convincingly that the quantitative aspects of the
relation between metabolism and weight is expressed in a simi-
lar way wi•i,hin. species and between species. An analysis of
separate series leads to the same cQnclusiono For example e
the data on acipenserid fishes (Fig. 31), which aré especially
valuable because they were obtained for a very broad range of
weights and show a close approximation of the points [to the
line ]9 to a considerable ex•tent represent the respiration of
adult fish of the various species (sterlet, e.tsftr9 sevriuga
and ship). The same applies also to the material on the res-
piration of salmonoid fishes (trout,, salmon, smel•t9 .whitefish,
muksun $ inconnu and others-). In the same manner also the
material for marine fishes (F°ig, 40-4.1) could almost all be
used to show the nature of the relation between metabolism and
weight on an interspecific basis.

In all these cases the values of k found for individual
groups differ somewhat from one another. However, the ma.gn.1.-
tude of the associated errors shows that the probability of
any real difference is small even between the extreme values
of k. There is still less reason to put faith in the devia-
tions of individual values of k.from the mean value for all
fish obtained from the entire materialo This very important
circumstance shows clearly that one must not pay attention to
small differences in the parameters of equations derived from
empirical data.

In keeping with the material at hand, it can be taken as
a first approximation that, in making comparisons between
species, the total metabolism of adult fish of different sizes
is proportional to their weight raised to a power of approxi-
mately 0.8. This is the same result as was obtained when we
exam•i ned the relation of metabolism of fish of different sizes
within a single species,

^ Therefore, in comparisons both within species and. between
spe cies , total metabolism is usually CL^A] proportional
to weight raised to the power OA8, approxima-tely,.and the ra°te_
of metabolism is accordingly proportional to weight ^°aised^ ,^
power -Op 2.
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2. The metabolic rate of fish of different aRe:

From the fact 9 established above, that the relation of
metabolic rate to body weight is much the same for comparisons
Athin species and between species, there follow some import-
ant basic conclusions.

It is known that among higher vertebrates also the rela-
tion of metabolic rate to body size and weight is sinnilar in
the two cases. However, homoiothermy and early cessation of
growth, and long life at a definitive size, constitute peculiar
conditions which make a comparison with fish difficult.

Therefore it is our intention to use for comparisons data
on poikilothermic aquatic animals. From a general biological
point of view it is rather interesting that the material on
the metabolic rate of Crustacea also indicates a great simi-
larity or even identity of the metabolism-size relationshi
within and between species (Winberg, 1950). Zeuthen (194°^l3
came to the same conclusion, on the basis of a large.number of
measurements of metabolic rates of various invertebrates and
some data on the respiration of fishes.

This is an important conclusion. It.means that the meta-
bolic rate of a fish in the course of its individual develop-
ment changes, in general, only to the degree which corresponds
to its increase in size and weight. In other words, age [as
such] has no influence on metaboli:c rate. Actually, after
studying the available material on fish metabolic rate from
this point of view, all of whose details cannot be mentioned
here, we could not discover any data which either directly or
indirectly indicated an effect of age on m.etabol-ism. Of
course, it is not necessary to consider the many statements
made by authors who have, quite without evidence, ascribed the
changes in metabolism that accompany growth to the influence
of age, or those who have simply been ignorant of the need to
differentiate between the roles of these two factors
(Streltsova, 19513 Gordienko, 1953). For example, in the
Gonclusions of 0. L. Gordienkots work we read: The oxygen
consumption of fingerling beluga changes with age'*. This, of
course, is true , but only in the sense that it is a statement
of fact. For the size of the fish also changes with age.
Hence if metabolic rate changes only to the extent that is
required by its change in size.,. there is no (. 7 reason
to speak of a relationship between metabolic rate and age.

It is evident that when studying the influence of age on
metabolic rate we at the same time also touch upon the rela-
tion of the metabolic rate to_ stag.e of development fetap
razvitiâa7, especially in considering the initial period of
postembryonic development. In recent years much attention has
been given in Soviet i.chthyological literature to the stages
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[or stanzas] in the development of fish. The problem has been 
dealt with primarily by morphological methods. Nonetheless 
one often encounters the facile opinion, expressed in dogmatic 
romp that the various stages should also differ in respect to 
"raten or "intensity" of metabolism [nskorost"  iii  "intensiv-
nost" obmena], but without defining what exactly is meant by 
these terms. The attempts that have been made to identify 
physiological changes occurring when the organism passes from 
one stage to another mainly concern the later stages of embry-
onic development or the early periods of postembryonic life, 
i.e. stages of development which are not considered here. 
I. P. Shamardina (1954) showed conclusively that the metabolic 
rate rises during the fishts embryonic development and attains 
its maximum at the change-over to the postembryonic period, in 
which growth of the alevin is accompanied by a decrease in 
metabolic rate. 

Jo 

Similarly Yu. I. Cheprakova (1954) showed that the meta-
bolic rate of goldfish fry attains its maximum at the time of 
the transition to active feeding and decreases rapidly after-
wards. In trying to obtain confirmation of the opinion of 
T.  Llïasnetsov, that  "the  development of a fish does not take 
place gradually, but proceeds by leaps", Cheprakova maintains 
that within each of the stages of the early period of develop-
ment the amount of oxygen consumed by a larva remains almost 

Al, 

	

	constant. However, she "failed to establish any clear rela- 
tionship between the oxygen consumption per milligram of wet 

• 	 weight and stage of developmentn. 

V. I. Olifan (1945, 1945a) says that she has succeeded in 
discovering "critical periods" and a "periodicity of develop-
ment" during the early stages of the postembryonic development 
of sevriuga and the Baikal omul, Unfortunately, on studying 
Olifants material it is easily seen that no importance can be 
attached to it, For instance, in her table 2, which shows 
"respiratory changes in relation to age for fry of Baikal 
omuln the weight of the individuals is not indicated. After 
computing the weight of these we find, to our amazement, that 
when measuring the respiration of fry 12 days old, individuals 
weighing 8 mg were used, whereas on the next day the average 
weight of the fry used was 7.2 mg. A day later they weighed 
only 4.9 mg(!). At the age of 16 days the average weight was 
[Rpm. 

 
146) 6,9;  at 17 days, 6.6; and at 19 days, 6.4 mg. Then, 

unexpectedly, on the 22nd day we encounter fry which weighed 
169 and 65 mg, and in the last experiment on the 32nd day the 
weight was 30.5 mg. Moreover her table 2 appears to contain 
typographical errors, for example in column 2, lines 4, 5 and 
18 from the top, It is perfectly clear that with such material, 
not mentioning the other very doubtful aspects of Olifants 
technique, it is impossible to decide how metabolic rate 

111b 	changes as the fry of Baikal omul develop. Similar remarks can also be made concerning Olifants (1945a) material on the 
metabolic rate of young sevriuga. On different dates data for 
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different series are cited, which differ in respect to [experi-
mental] condit3.ons;,or averages from an unequal number of
observations from different series are cited. This naturally
leads to irregularity in the results of the measurementso
From the data of her table ls it is possible to compute the
wet weight of the larvae and the corresponding rates of growth
(Ov). The curve which shows the relation of C. to age differs
in respect to the position of its maxima and minima from the
curve shown by Olifan in her figure 29 where the CV values are
computed on a dry weight basis. All this and other considera-
tions make it impossible to regard the "periodicityt" of develop-
ment suggested by Olifan as convinc:Lng, the more so as the
boundaries of stages IV and V given in the text do not at all
agree with those depicted in her figure 1. Nor do the posi-
tions of the periods of increased oxygen consumption shown in
figure 1 agree with the text on page 59.

Questions of great general biological importance and
interest have been raised in Olifan8s papers. It is quite
possible that many of the statements she makes will be con-
firmed and extended by subsequent research. However, on the
basis of the material at hand it is impossible to decide which
of the described fluctuations and differences in metabolic
rate and in growth indices really reflect true changes in
metabolism when passing from one stage to another, and which
are caused simply by fluctuations and differences in the
experimental conditions, random deviations of individual
measurements, and other secondary causes.

Only when material becomes available which admits of no
doubts will it be possible to decide whether there are actual
quantitative differences in metabolism at the different stages
of development. Such material is still lacking,.so in what
follows we must consider the question in a more general form
and try to establish whether the metabolic rate of fish is
determined by the total size of the body or by the_i.r age.

An answer to this question can be obtained by measuring
the metabolic rate of fish of the same age but different sizes,
and of fish of different ages but the same size..

[page 11i.7] In spite of the early stage of our knowledge
of this question, it is possible to cite instances which show
that fish of the same age but of different sizes actually have
different metabolic rates. For example, in the work of
T. I. Privolnev (1947, tables 10-13) we find the results of
measurements of oxygen consumption rate of carp of the same
age but belonging to different size gr.oups. These measure-
ments are included in our Table 4, Nos, 26-2$, They agree
perfectly with the results expected from formula (5.4-1).

A
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No.
(Table 1^)

26

.27

28

In the Conclusions of his 1953 paper, dealing with the
young of Baltic salmon, the same author wx°ites: "The physio-
logical indices change greatly in relation to size among
fingerlings of the same age."

It would be easy to select a number of examples from
Tàbles 3-16 to show that respiration of small species of fish
(verkhovka9 Fùndulus, and others) does not differ from the
respiration of fingerlings of larger species of fish of
similar size, but much younger in age. The results of our
measurements of the oxygen consumption rate of young carp are
presented in Fig. 30. Among these data there are also points
for determinations of the rate of oxygen consumption by young
and adult verkhovka (I,eucaspius delineatus) carried out at the
same timeo Figure 30 shows 'that the adult verkhovka have the
same metabolic rate as young carp of the same weight.

On the whole, the conclusion that âge does not have any
detectable influence upon the rate of oxygen consumption by
fish seems to be supported by the aggregate of all available
data. Of course this does not necessarily mean that no age
differences in metabolism will be found in future. The data
at hand mainly concern fish that are at rest or are swimming
slowly. It is not impossible that age differences in metabo-
lism will come to light in the course of studies of the
quantitative aspects of the metabolism of actively moving fish.

If fish of one age but different sizes do in fact 4iffer
to the same extent in metabolic rate as do fish of the same
sizes but different in age, [ Pa.. .. 1^.8] we must conclude that
the differences in rate of grow=tli have no noticeable effect
upon metabolic level. Ouçh a conclusion contradicts the
hypothesis that when growth is slow--as a result of insuffic-
ient food for example--the metabolic level should be lower
than that of more rapidly growing fish of the same size and
weight, but younger in age;- as was observed by us during the
aquarium experiment with young carp.

Weight
of fish
in g

39

12.5

2.5

Rate of metabolism

Expected

0n19$

0.2,3h,

0.298

Actual

0.198

0.254

0.2$0



It is possible that the retarded rates of growth of
fishes which mature early, such as Fundulus or the viviparous
fish [such as Gambusia or guppies] page 123), is associated
with their exceptiorially rapid decrease in metabolic rate with
size. However, as has been pointed out p it is not certain
that the data at hand are typical of the growth of these
species under conditions that are normal, for themo Furthermore,
our data for verkhovka (Fig. 30), taken under natural condi-
tions, did not show any rapid decrease in metabolic rate with
size.

At the moment it is hard to understand how the present
contradiction will be resolved ° betéween the data that compel,
one to admit that age practically does not affect metabolic
rate, and the common idea--which is supported by some facts--
that when growth is retarded metabolic rate is 1.ower. It is
possible that , within Onormal" limits of variation in growth
rate, the metabolic rate depends mainly on size, but under
conditions that greatly inhibit growth the metabolic level too
3,s lowered. Only by carefully conducted investigations will
it be possible to fully delineate the relationships among
metabolic level, growth..rate, age, and size, which are closely
related to one another during the normal development of a fish.

Regardless of how this problem will be resolved in the
future, it is clear that, in studying it, it is necessary
above all to take into consideration the normal relationship
of metabolism to size and weight of the fish.

3. The "basic equation" relatin&_metaboli°m

and the body weight of fish

The similarity of the relationship between metabolism and
weight, as compared within species and between speciesa and
the relatively insignificant differences between the metabolic
l.e,^el.s of different fishes, makes it possible, after combining
all the material, to get an equation that describes the rela-
tion of mean metabolic rate to body weight for all freshwater
and marine fishes. For all of the 369 pairs of values (Tables
3-16) we get:

k = 0.7$10.0096; and Q - 0.316w0•78 (7.3.1)

Cpage 1 ^] ^Iowever, there are important reasons to
suppose tŸYiat -bhe value km 0,,81f found for freshwater fish. niff,
closer to the true mean for all fish than is the one obtained.
from all the data 0.7$). It must be taken into consideration
that the values included in the tables for freshwater fish are
for the most part averages of many measurements. Therefore9

t
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t much more weight should be attached to them than to the
material on the metabolism of marine fish -whi.ch consists
mainly of individual measurements. FuT°thermore fl'the data by
Zeuthen on the metabolism of the young of marine fish fl which
consist exclusively of single measurements of the rate.of
oxygen consumption of very tiny fish, have exerted great
influence upon the magnitude of the value k calculated for all
.fish. Perhaps it would be more correct to average these data
[and use' them as a single point], in which event their relative
weight would be 25 times less and thus they would not have so
large an effect -on the result of the calculation. Exclud3ng
Zeut.hen Ts data, we get from all the remaining 364. values for
marine water and freshwater fish:

k = 0..$1510.0105;

t

,

-0

and Q = 0.2$5w0•$1 (7.3.2)

Since Zeuthents data occupy an extreme position they
greatly affect the result of the computation. This example
shows how little'.importance should be attached to small differ-
ences in k and a. Moreover, in this instance the difference
is not even statistically significant, since the difference
between the values of k(0.03 ) is- less than 3 times its mean
square error (0.'014). Therefore there is every reason to
assume that the relation between the mean value of total
metabolism and weight, for all fish, can be expressed as a
first approximation by the following simple equation:

Q = 0.^w0•a (7.3.3)

Besides Ivlevts work mentioned above (page 127), which
pertains to freshwater fishes, the literature contains another
attempt to construct a curve to describe the relationship
between metabolic rate and weight by generalizing some of the
available data (Zeuthen, 1947). Zeuthen 4 s curve is based on
his own measurements of the respiration of young fish '(page
134) and a few data from the literature. Zeuthen makes use of
data obtained at different temperatures (11•-20°) without any
adjustment. Among others, he also used the entirely
unrepresentative and erroneous data of Terro-ine and Delpech
(page $9).

The metabolic rates of fish of various weights read from
Zeuthen $ s curve , and those computed by equation (7-3-3)9 are
compared below:

Gpage ^Jol

Weight of fish in grams 0.01 0.1 1 10 100 1000

46 Metabolic rate, from Zeuthen 0.97 0.51 0.24 0.11 0.075 0.050
Metabolic rate, frrsm-":.

dq,iaatio'n (7-3.3) 0.75 0.47 0.30 0.19 0.120 0.075
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In its right-hand part Zeuthents curve comprises data 
which for the most part were obtained at temperatures consider-
ably lower than 20 0 . Bearing this in mind, as well as the 
fact that his curve was drawn by hand using few points, agree-
ment between the readings on his curve and our data must be 
regarded as unexpectedly good. This is an additional argument 
in favour of the fact that equation (7.3.3) sufficiently accu-
rately represents the relationship, common to all fish, 
between mean metabolic level and body weight. 

Thus until more accurate data become available we have 
every reason to accept this equation as a basis for making 
provisional calculations of expected values of fish metabolism 
at any given weight. If: 

= 0.301 0 8  

we obtain thence for the metabolic rate: 

(7. 3.4) 
w 

or in logarithmic form: 

log Q = 0.8 log w 0.523 

log( 	. -0.2 log w -0.523 

(7.3. 5) 

(7.3.6) 

In future we shall use this expression repeatedly in com-
puting the expected values of metabolism for a given body 
weight. Therefore it is reasonable to call equation (7.3.3) 
the "basic equation", purely for convenience, of course. For 
the same reason we will call the values of metabolic rate 
obtained from the basic equation the "routine metabolism", 
because we wish to emphasize that it is a matter of the average 
results of measurements of metabolism by diverse methods, 
which differ from the true values of the resting metabolism to 
a degree that probably differs for different experimental 
materials. 

For general orientation it is convenient to note that, 
according to the basic equation, when weight increases 10 
times the metabolic rate is reduced by 21%. In order to 
reduce the metabolic rate 10 times the weight must increase 
100,000 times, for example, from 10 mg to 1 kg. 

[Ea&e_151...] The interrelations discovered between metabo-
lism and weight, represented in the form of parabolic equa-
tions, indicate only the relation of the mean values of 
metabolism to the weight of the fish, and do not exclude the 
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possibility of considerable deviations in metabolic rate among
individual experimental subjects. The results of each separate
measurement will deviatè more or less from the expected mean.
The principal value of the relationships discovered is that we
have, for the first time, a fully objective criterion for
evaluation of the level of respiration of different subjects.
It now becomes possible to decide whether any experimentally
found value should be regarded as a high, or a 1ow9 rate of
metabolism. Apprai^al of the influence of various factors on
metabolism is also made easier. Further, it becomes possible
to characterize quantitatively the specific peculiarities of
the metabolism of different species or different stages of
development.

Let us now see what the likelihood is of the deviation of
an individual observation from the expected mean. In order to
answer this question we shall calculate the mean square error
(Ey) of the straight [l3.ne ]:

log Q°- 0.7$ (log w) - 0.500

obtained from equation (7.3.1).:

Z y= 6y "Vfl - r2 = 1. 00$ 1-0. 9742 w 0. 22$

As is well known, one can estimate that at a high level of
probability (0.997), all the individual values of y (log Q)
deviate from the value estimated from the equation by not more
than ±31Y ;m 0.6$4. Transforming the scale from log Q to Q,
we find that individual values of Q can differ from the
anticipated value by not more than 4.$3 times in either direc-
tion. This determines only the extreme limits of maximum
deviations, which can occur only very rarely. For the normal
distribution 50% of all the deviations do not go beyond the
limits of ±0.675 Ey = ±0.154. Transforming from log Q to Q,
we find that in 50% of the cases the individual values for
total metabolism of fish will differ from the value found by
the equation by no more than 1.43 times in either direction,
ip e. they will deviate within the range of +43% t o-2$ f from
the value obtained from the basic equation. We see that the
relationship discovered between total metabolism and the
weight of the fish, when properly understood, does not exclude
the possibility of considerable deviations in individual cases,
that may result from peculiarities of the species or other
causes.

Similar computations for the equations applying to
individual species or groups of fish show that in cases where
the scatter of the points is small and the correlation
coefficient is large the values found by experiment should lie
much closer to the expected mean. For exampley for
acipenserid fishes:
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E y 1.4261/1-0-9972 = 0.110

[page j-L2 1 In this case 50% of the results of ineasu^e-^
ments will differ from the expected values of Q by not more
than l,^ times q.i.. e. they wil:t, lie within the range of +20% to
-1Yj°fo deviation from the computed value,, Even the extreme
lima.ts of the deviations of the results of measurements
(±3Z y= 0e33) can d3ffer--in this case--from the com.puted
value by only 2 times in both directi onso

Ey for, the other series are given in Table 18. Using
them9 it is easy to obtain from appropriate statistic;al,
tables the probability of any deviation from the computed
value in each case.

However, all. that has been said will be applicable to new-
measurements only if new data follow the same distribution as
those from which the relations described were deduced. If
methods of measurement or other conditions are changed, then
the distribution of the new data could be altogether different.
In particular 9 it i s clear that the dispersion of the values
used •r. eflects, to a considerable extent, inaccuracies and
possibly even errors made by various authors in making the:I.r
measurements, Hence th.er. eis no doubt that material which
represented only real differences in metabolism characteristic
of different species would lie much closer to the average
values. In other words, the possible differences In-t.,he
intensi-tay of metabolism of different species should show very
much less deviation from the mean values than is suggested by
the mean square error.s of the equations mentioned aboveo

The results of statistical processing of experimental
data must be used with discretion. Statist:ical. methods are
absolutely necessary when one has to deal with a large number
of values that show considerable dispersion. I-Iowever, when
statist:I.cal methods are used without fully understanding their
poss,ibi.lities and the limits of their rational application,
they invariably 1.ead to a purely formai description of the
external aspect of a phenomenona

If it is continually borne in mind that all. the expres-
sions obtained above, and equation (7o3o3) in pa.rticular,
provide only an approximation to the expected mean values for
fish metabolism, as far as they can be determined on the basis
of material available, they can be used successfully to study
the quantitative aspects of that metabol:I.sm, It becomes
possible to eliminate the influence of differences in size
upon metabolism when comparing the metabolic rates of different
materials s and to appraise values obtained in an experiment by
comparing them with an expected mean value.

In order to facilitate such tentative computations, and.
also to show more clearly the degree of dependence of

,
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It metabolism on wei.gh.t, I have prepared Table 19; [a,ae I 7 in
which are gathered to ether values for total metabolism Q^ and
a^,se^ -me^:abo:i^.c rate computed from the basic equati..on

(s) ,w

^y° using the basic equation, or Table 19, along with
Table 1, it is easy to get the expected values for the total
metabolism and the metabolic rate of a fish of any weight at
any temperature from 5° to 30°, I must emphasize again that
values estimated in this way are useful because they help to

r evaluate and to compare expertmental data, and not because -

►

F

they can replace the latter.

However, in some cases, for example when solving problems
concerning the calculation of a water supply for, or the
aeration of tanks containing; live market fish:or young fish,
it is enough to know approximate mean values for,rate of -
oxygen consumption. Sizch approx3.mate'values can be obtained
with much greater confidence from the basic equation or f' rom
Table 19 than from the results of a few, frequently irery-
casual, measurements--such as are often used for these
purposes in practice.

4, A comparative evaluation of the level

of metabolism of fishes

Now that the level of metabolism characteristic of fish
can be regarded as established to a first approximation, it
becomes possible to compare fish metabolic rates with those of
other representatives of the animal [page kingdom, on the
basis of generalized average data rather than from individual
values that are frequently unreliable. We will limit ourselves.
to a comparison with crustaceans and with warm-blooded
vertebrates.

On the basis of comprehensive data--his own and those in
the literature--G. G. Winberg (105Q) found that for crusta-
ceans^

Q ÿ 0 0105w0• 8l at 150; or Q 0.165w0• 81 at 20°

However, in the same work it is pointed out that measurements
of metabolic rate made with freshly-caught material lead to
somewhat higher values. In these cases a- 0.15 at 15°, which
corresponds to 0.236 ml 02 per gram per hour at 201.

Since the exponent in the relation of metabolism to
weight is practically the same in fish and crustaceans9 we can
estimate the ratio of the mean metabolic levels of these two
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groups from the ratio of the proportionality coefficients (a).
For fish, a = 0.316; for crustaceans, a- 0.165,' or perhaps
more accurately, 0.236. Observe the relatively small differ%
ence in the metabolic levels of.fish and crustaceans; that for
fish being somewhat the higher. However, as has been empha-
sized repeatedly, we do not know by how much the values,for.
routine metabolism exceed the actual value of the basal metabo-
lism. It will be recalled that in the results, given above,
of 3 special determinations of basal metabolism., two of them
carried out with goldfish and one with a salmonoid fish.
(pp• 99-107), it was found that basal metabolism comprised
about 60% of the routine metabolism obtained from equation
(7.3.3). If, for lack of other data, 60% of 0.316 3.s taken,
we will find that on the average a. = 0.25 for the basal
metabolism of fish. This value puts the metabolic rate of
fish and crustaceans still more nearly on the same level. We
have cited this somewhat artificial example mainly to indicate
a direction for further research on this.-problem. For the
time being it 3.s better to stick to the statement that,
judging from available measurements, in view of their almost
equal exponents in the relation between metabolism and size,
the average level of metabolism of fish is 35-90% higher than
the average for crustaceans.

From a large amount of material amassed by many authors,
it has been shown that the relation of the basal metabolism of
various warm-blooded vertebrates to body weight is well
expressed by the equation:

M = 70wp.74

where: M is the total metabolism in Calories per day, and w
is body weight in kilograms.

^page 12j] For an animal with a body weight of 1 kg,
M=,70 Cal/day. This corresponds to a consumption of 5$3 ml
02 per hour.

According to the basic equation the routine metabolism of
a fish weighing 1 kg is equivalent to an oxygen consumption of
75.3 ml per hour at 20°. Consequently when comparing the
basal metabolism of a mammal weighing 1 kg with the routine
metabolism of a fish of the same weight, it will be seen that
the metabolic rate of the fish is 7.74 times lower.

The question arises whether this difference can be
ascribed entirely to the difference in the temperature (20°
and 37°) at which metabolism takes place in the two cases. We
cannot supply a completely unequivocal answer to this question;
however, there is this consideration. In order for metabolism
to differ by 7.74 times, with a difference in temperature of
17°, it is necessary that the Ql should average 3.3 over the
interval concerned. The value of Q10 would be larger still if

h
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it were possible to make a comparison of the basal metabolism
of warm-blooded animals,not with the "routine" metabolism of
the fish, but with their "basal" metabolism, In most cases
values of Q a at high temperatures are considerably smaller
çthan the a^ovel, usually around 2. Hence we may conclude that
the high metabolic rate of warm-blooded animals cannot be
explained solely by their high body temperature, It would
seem that9 along with their ability to maintain a body tempera-
ture close to 37®a the high level of metabolism of warm-blooded
animals is brought about also by other meanso

The questions raised regarding the level of metabolism
characteristic of representatives of large taxonomic cate-
gories are of primary importance from a general biological
point of view. It is evident that the answers will influence
basic ideas regarding the nature of the changes in metabolism
during 9volution, and about common physiological traits that
are peculiar to the representatives of various large subdivi-
sions of the animal kingdom.

A discussion of these questions far exceeds the scope of
this book, They should have separate treatment9 in the same
way as the question of what factors determine the relàtion of
metabolism to size must be studied separately. For either
prob],em9 the solution will require, firstly, drawing upon data
characterizing the quantitative aspect of metabolism not only
of fishs but also of other divisions of the animal kingdom,
and, secondly, including in the discussion not only the data. ,
concerning resting metabolism or values close to it, but also
material concerning active metabolism. We regard the latter
as very important. Without serious consideration of th^'e^ner-
getics of actively moving animals, and the accumul4tion of
sufficient authentic quarititative data of this sort, it will
be practically impossible to explain how metabolic rate has
changed during the course of evolution or to understand fully.
the significance, nature and causes of the relation of metabo-
lism to body size in animals.

[page a6 ] I might add that it will not be easy, for the
purposes outlined above, to make use of the extensive material
on metabolic rate of various kinds of poikilothermic animals
available at present, primarily because of their utter lack of
orderly arrangement.

The generalization of data at hand 9 the search for the
best methods of expressing the quantitative aspect of inetabo-
.lism, and decisions on what problems should be given priority
in research in the various large subdivisions of the animal
kingdom, are the next important tasks for comparative physi-
ology, As I see it, by helping to reach these objectives for
fish, I have assisted in clarifying some quantitative princi-
pies of great importance to general biology; these have now
been brought out into the open, even though they are still
imperfectly understood.
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Chapter VIII. [page 1571 

The Level of Metabolism of Fish of Different 

Ecological Groups 

1. E2.212gigally-determined differences  in 

the metabolism of fish 

Before considering ecologically-determined differences in 
fish metabolism it is necessary to say something about the 
difficulties encountered along the way, which have often led 
to insufficiently proved and even inaccurate conclusions. The 
following considerat±me are of importance. 

In the first place, very often when processing and evalu-
ating data, not enough consideration is given to the well-known 
fact that great fluctuations occur in measurements of meta-
bolic rate even in duplicate experiments, carried out under 
what seem to be identical conditions. 

Secondly, often not enough attention is paid to the 
importance of the weight of the animals used in the experiments, 
in spite of the fact that the general nature of the influence 
of body size on metabolic rate is well known. 

Thirdly, it is not always kept in mind that differences 
in metabolic rate may be a result of a greater liveliness and 
excitability of some fish, as compared with others. Therefore 
the results of measurements carried out by the usual methods 
can be very close to the resting metabolism for some fish, 
with some slight bias toward active met,abolism, while for 
others they can greatly exceed the resting metabolism. Such 
differences might easily be ascribed to different ecological 
conditions. 

In the fourth place and finally (and this is most import-
ant, even when all the experimental conditions and methods of.: 
handling the material have been observed,which are necessary 
in studies of a quantitative nature) prevailing methods for 
the study of fish metabolism make it possible to know only the 
metabolism of relatively motionless fish--whereas ecological 
differences should primarily be concerned with active metabo-
lism. From this the conclusion follows that, since active 
metabolism of fish has as yet been barely touched on by 
research, the elucidation of ecologically ipme.  DS] deter-
mined differences in metabolism remains almost entirely a task 
for the future. 
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It •Nbveftheless this question is often di.scussed, and
frequently the opinion is voiced, in special articles and text-
books of a general nature, that there are large ecologically-
caused differences in metabolism between: fisheso Many authors,
if not all, apply this even to resting metabolism. Therefore
it is advisable to discuss this question using a few specific
examples. This will at least make it possible to appreciate
the basis for the frequent assertions about the great differ. -
ences in metabolism between different fisheso

Lack of attention to the importance of body size, which
invariably affects metabolic rate, greatly reduces the value
of the data of many works. For example, D. N. Taliev (1947),
in some cleverly designed investigations $ gives the results of
measurements of metabolic rate of a number of species of
Baikal sculpins at low temperatures. These data would have
been of much greater value had the author alsQ mentioned the
weight of the experimenfi,al. fish. However, the weight of the
fish is not stated, and all the author 4 s conclusions based
upon a comparison of the metabolic rates of different fish
remain completely unconvincing because it is not clear whsther
the differences he found may not be associated simply with
differences in size of the fish of different species, rather
than with their habitat and mode of life, as the author
believes. This undervaluation of the importance of size
(weight) of fish does not always appear in as extreme a form
as that of authors who discuss differences in metabolic rate
but fail to state the weight of the fish used in their experi-
ments (Taliev, 1947; Tauson, 1949; Markova, 1949). Sometimes
the weight of the fish used in the experiments is stated, but
is not used in the evaluation of the data, for example in the
work of M. T. Ivanova (1939); who , in addition 9 gave no con-
siderati,on to the possibility of random variation in the
results of her measurements, and ascribed all the differences
between her various experiments on metabolic rate to the
effects of different modes of life and local environmental
conditi:ons. Ivanova believes that fish living in stagnant
water have a lower metabolic rate than river fish. However,
though this view is true to a certain extent 9i.t does not
follow from her material. The only conclusion that might be
reached after a careful analysis 'of her data is that 9Judging
by only one or two measurements, the respiration rates of
crucian carp, tench, loach and spiny loach were lower than
those of the other species studied. If the different weights
of the fish used in the experiments âre'.taken into considera-
tion then p contrary to Ivanova Q s belief, it is impossible to
discover any consistent differences in the metabolic rate on
the basis of her data.

T'. I. Privolnev (1951)s in his pamphlet on the biotech-
nice of shipping live fish, furnishes a table of the "respira-
tion rates of fishes", which also contains information [P.E.L&e
^J91 on the amount of water required for the normal respira-
tion of these fish, computed from the metabolic rates. The



table contains data for 13. species and gives weights for only
3 of them. It is interesting that for the ide two values are
given: the first for 14ide more than 4. years o1.d4t and the
second for "ide weighing 100-135 g't. The pike are divided into
two groups: "large piketP and frsmall pike". For the other 7
species mentioned it is not clear to what weight or size the
data in. the table refer. For this reason it is impossible to
judge whether the figures for metabolism contained in the table
reflect species characteristics or merely differences in the
size at •whâ.ch fish of the various species are commonly trans-
ported. For lack of indication of the weight of the fish, it
is impossible to compare these data with other material. How-
ever, if the eel be excluded--for which species the lowest
value is quoted--the differences among all. the other figures
are small--from 50 to 135 mg 02/kg/hour at 10°. This, accord-
ing to the same table, corresponds almost to the difference
between the metabolic rates of fingerling carp of 22-35 g and
yearling carp of 320-325 g. For the former, the rate of oxygen
consumption at 10® is 1.20 mg 02/kg/hour, and for the latter it
is 65 mg. We may notice in passing that if we compute the
mean metabolic rate for carp of these sizes by equation
(5.4.1 )2 reduce it to 10° and express it in mg 02/kg, we.
obtain the figure 111 for a weight of 28.5 g and 77 for a
weight of 320 g. These are very close to the val•ues cited ix.z
Pr ivolne vts table.

I take this opportuni ty to remark that,inasmuch as
species differences in metabolism are overshadowed by the
differences in metabolism of different sise groups, any figure
which. expresses the metabolic rate of fish must always be
accompanied by an indication of the weight of the fish, and of
course the temperature, to which it refers.

Unfortunately these absolutely essential conditions are.
often ignored in textbooks and articles of a general nature.
For example, G. Kh. Saposhnikova (1950) asserts that ftrout
at 10° consume 100 cm' of Axygen per day per kg of weight, and
at 15° they consume 220 cmj't (Zhizn9 Presnykh Vod SSSR, vol. 3,
page 731). These values are completely absurd. From what has
been said above it can easily be seen that even the largest
trout have a metabolic rate many times larger. Un,Portunately,
such examples are not isolated cases.

In order to understand how those often completely
erroneous views concerning the metabolic rate of different
fish become established, that are given in fisheries litera-
ture, we cite the following example. It is stated in many
textbooks that the metabolic rate of trout is considerably
greater than that of car, p, resting metabolism being meant.
The view that trout have an especially high resting metabolism
is not in the least supported by the factual material on the
metabolism of salmonoid fi shes , including çpa,&e 16Cï_J trout,
collected in Table 6 and in Fig. 32. I,indstedt f s (.L914)

It
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.IV measurements are the source of the wrong impression concerinAng
trout metabolism. The work of LindstedÛ, one of the first
de-^ailed works on fish metabolzsm., was published in a very
widely read German fishery magazine q and so became very
generally kn.owno Uri,dsted'c Q s data 9unlike much other material
on fish metabos,ism4, have found their way into all the summar-
ies, and are canstantly quoted. This auth.oa° o'btained. high
values for the respiration of rai.nbow trau.ta so he -wrote that
the rate of respiration in trout is higher than in otrx.er
fisheso However, let us see under what conditions, his measure--
men.ts were made, Lindstedt used the circulating gas method,
In a roomy respirometer of 52,7 litresQ capacity the fish
could move about actively during the en-f-,-sre er;.periment. In
describfi ng hi s material, L;i,ndstedt remarks that, one of the
trout continually chased the others n with the result that a
large fraction of the fish died before the end of the experi-
ment. On page 219 we read: "'I'luririg the first experiment this..
Qmali.cious 9 trout . Q. injured a smaller fish so badly that
i t died on the second day after the experiment. During the
second experiment the largest fish, raged so furiously that on
the second day after the experiment it became too weak to be
used for a repre.sentative experiment.^ The author himself
draws attention to thé exceptional-1.y high data of one of the
experiments and believes that they are due to the fact that
y%du.ring the experiment a large trout chased after the other
fish with unceasing zeal". It is no wonder that under such
conditions a high o--rygen consumption rate was obtained.. In
all, 9 three successive measurements were made using the same
material. All four fish were involved in the first measure-
ment, three in the second, and in the third the two surviving
.cish, Since Lindstedtss data have been includ.ed in sumrr,.ar y
'rablesq they have been cited along with other values, without:
any indication of the conditions under which they had been
obta.ined, and have been accepted in the same way as corres-
ponding data for tench, carp and other slower and less excit-
able fish which would have a metabolism close to their resting
metabolism even in Lindstedt t s apparatus. With regard to
pike, Lindstedt makes a point of mentioning tha-t, they remained
9gideali.y quiet't in the r. espirometer,

Though this is an extreme, almost anecdotal, example,
nevertheless in many other cases too the differences between
data compared and used as a basis for conclusions could have
had a similar origin. For up to the present no adequate
attention has been given to the need to di ffer entiate sl;rictly
between resting metabolism and active metabo7.ism9 to the
possibility of random fluctuations in the results of measure-
ments, and to the effect of the different weights of the sub-
jects used in experiments.

For this reason it is not necessary to attach importance
to many statements, by various authors flif they are expressed
[pa e1611 in. such a form as, for example: It has been.
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0 established by our experiments that the respiration rate of
young os9tr is considerably'lower than that of sevriugai4
(Olïfan, 1940). Possibly this is true. However, although she
is considering the quantitative aspect of inetabolism, Olifan
presents no quantitative data. Hence it is not clea-r what 3.s
really meant, to what degree the difference is expressed, or
how the reality of the observed difference was established,
and so on.

There is still another difficulty not mentioned. above,
which cannot be eliminated even if all the conditions listed
are observed. Under the influence of individual acclimation
to conditions of the environment the level of metabolism can
change, as happens in the even^k^. of acclimation to temperature
(page 1^0 ) or to the oxygen content in the environment (page
64). As a result, differences in metabolism between two
subjects that result from their being kept in different
environments prior to the experiment, can easily be misinter-
preted as a manifestation of a species difference.

The recently published results of a small-scale investi-
gation by G. L. Shkorbatov, L. P. Azanovich and
G. V. Losovska3a (1954) are particularly pertinent in this
connection. These authors, seizing a convenient opportunity

^ to obtain under natural conditions young of wild carp and pond
carp, some of both types of which had been reared in running
water and still water respectively, measured the oxygen con-
sumption rate of these fish, and obtained measurements within
the following ranges for each group of fish used in the experî-

. ment (mg 02/g/hour at 20°)0

Fish that had lived

Wild carp

Pond carp

in still water

0.135 - 0.1$9

0.154 0.1$2*

in running wat er

0.217 - 0.316*

0.259 - 0.274

The weight of the fish of each of the 4 groups used in
the experiment varied within the same limits (4-16 g), so that
in this respect the results of the measurements are fully com-
parable. In this case there is an exceptionally clear demon-
stration of the-relation of level of metabolism to the condi-

410:
tions under which the fish had developed, whereas there i s no
difference in the metabolic level between wild carp and pond
carp which had grown up under the same conditions. Under the
different conditions the metabolism changed either to the same

.
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d.egree, or very similarly, in the two forms. However, the
authors rightly point out that lakes and rivers are the normal
environment for wild carp, and ponds for pond carp. Therefore
wild carp and pond carp taken from their normal habitats
(marked by * in the schedule above) differed with respect to
the level of metabolism. This could easily be ascribed to
constitutionally fixed peculiarities of the metabolism of
these forms.

[ a e1621 It is interesting that the figures obtained
by Shko^tov e t al. correspond perfectly to the routine
metabolism expécte for fish of that weight. According to the
fundamental equation the routine metabolic rate should be
close to 0.20. This is somewhat greater than the values
obtained for fish from quiet water and less than the metabo-
lism of fish from flowing water.

A subsequent work of Shkorbatovts '( 1954a) contains 3.nter-
esting data on the metabolic rate of young whitefish raised in
a carp pond where the surface temperature of the water rose to
29°, and also in a reservoir where the water "remained at a
temperature not greater than 17°". The fingerlings raised in
the pond, weighing 11-12 g, had a metabolic rate which when
measured at 20° was equal to 0.203 ml 02/g/hour. This is
slightly above the routine metabolism expected from the funda-
m,2^ntal equation (0,18). Carp fingerlings raised in the same
pond (weighing $-l4 g) had a metabolic rate 26% lower than
that of the whitefish.(0,151 ml 02/g/hour at 20°). The whïtew
fish fingerlings raised in the reservoir, of about the same
weight, had a metabolic rate of 0.273 ml 0/g/hour at 20°,
i. e, higher by 345or than that of the fingerKngs that had
developed in the pond. It seems that in this case the
difference was caused by the different temperatures in the
pond and in the reservoir, as well as by differences in
oxygen, and various other conditions.

A different result was obtained by the same author for
the sterlet. Part of the fish were kept for two months at
8-100' with an oxygen content of 10-12 mg/l, and the rest at
15-181 and 4-$ mg/l. The corresponding oxygen consumptions
were 0.231 and 0.^12 ml 02/g/hour at 17° (the number of
measurements and the weig ts of the fish were not indicated).
In this case the conditions of temperature and oxygen under
which the fish wer.were raised had an unexpectedly slight effect
upon the metabolic rate.

A lowering of the metabolic rate in the case of fish
raised in ponds was also described by T. I. Privolnev for
young Baltic salmon. In this case, for fish of the same
weight (5 g), the oxygen consumption rate of fish raised in
ponds was 75 f

;
of that of those taken from the Salatsa River.

In stating that metabolism is lower for fish in quiet
watero we still have no reason to ascribe this to the direct
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action of the current upon metabolism, since conditions in 
quiet and running waters differ in many ways. This circum-
stance is often underestimated. For instance, it is not 
uncommon to read in reviews and textbooks that Washbourn 
demonstrated an effect of current on the metabolic rate of 
fish. Actually this author measured the rate of oxygen con-
sumption of narcotized trout fingerlings, of which one group 
had been reared for 80 days in a tank with swiftly circulating 
water, while the other group was kept in a tank with slowly 
circulating water, In the second case somewhat Epae 
smaller values were obtained (respectively, 0.116 474..5 and 
0.91±7,m1 02/g/hour at 10°), The average weights of the fish 
of the two groups (6.7 and 5,8 g) indicate that in the "slow,. 
circulation" tank growth was slower. It is likely that oxygen 
conditions also differed. Therefore it is quite possible that 
it is this factor, and not the direct influence of rate of the 
flow of the water, that caused the differences in the respira-
tion of these fish (Washbourn, 19 36). 

V. B. Adrianov (1937), in discussing the results of his • 
measurements of the oxygen consumption rate of perch, roach, 
crucian carp and carp, also believes that his data indicate a 
lower metabolic rate in fish which inhabit quiet water. How-
ever, if this work is carefully perused it becomes clear that 
the data obtained are altogether inadequate to support this 
conclusion,even though it May be true. The respiration of 
the roach and perch was measured on the second day after the 
fish had been caught; that of crucian carp was measured after 
they had  ben  kept in an aquarium for 15-20 days; and that of 
carp was measured in winter after they had been kept under 
artificial conditions for a long time. 7,1rthermore, the 
weight of the perch and roach was 15-20 g t  while that of the 
carp was 113 g, It is evident that under such conditions it 
is impossible to explain the observed differences in metabolic 
rate simply by differences in ecology of the fish used in the 
experiments. These cases deserve attention because examples 
of inadequately proven conclusions regarding the metabolic 
rate of fish are frequent, especially when physiological data 
are quoted in the course of descriptions of the biological 
peculiarities of different economically-dmportant species. 
Such conclusions, repeated endlessly in summaries and text. 
books, soon begin to be regarded as well,established principles. 

Differences in metabolism can be regarded as well estab-
lished only if they are obtained from a sufficiently large 
number of measurements carried out under identical conditions, 
and either on animals of the same size or with the effect of 
size taken into consideration, This latter)  however, can only 
be done now that the relation of metabolism to size has 
received a quantitative formulation. And even in cases where 
differences in metabolism have been established by objective 
methods, it must be stated to what extent they depend upon the 
conditions under which the material used in the experiments 
was reared. 

• 
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w
2. The metabolic rate of fish that

differ ecologically

0

The question of the influence of ecological conditions on
fish metabolism has two aspects. Firstly, it c;arj concern
changes in the metabolic level resulting from individual
acclimation [e l7 .to various conditions of the environ-2.a
ment. Seoondly, git can be a matter of species adaptation, i.e.
constitutionally fixed differences in metabolism which reflect
the different eni, ir onmental conditions to which different
speci es of fish have become adapted. The influence of individ-
ual acclimation to various environmental factors on metabolism
was discussed earlier (pp. 40, 157, etc.). There mention was
also made of the possible results of species adaptation to
temperature, which according to some data involves a lowered
level of metabolism in tropical fishes. We must now enquire
to what extent species adaptation to different environmental
conditions is developed in respect to metabolic level among
fisheso

The largest ecological differences among aquatic animals
are associated with life in salt water as compared with fresh
water. It is natural that repeated attempts have been made to
compare the metabolic rates of marine and freshwater animals,
and marine and freshwater fishes in particular. Different
authors have expressed different opinions concerning this
matter, all of them equally ill--founded. The present trend is
to believe that freshwater animals have the higher metabolic
rateo Oontrary opinions have also been expressed (Bounhiol,
1905).

On the basis of our material we will now try to find out
whether there i s sufficient reason to believe that the meta-
bolic level of marine and freshwater fishes differs. E ua- -
tions which express the mean metabolic level of marine ^p. 136)
and freshwater (P. 127) fishes have been cited above. We may
recall that from the entire material we obtained:

for marine fish, Q ^ 0.321 w0p79

for freshwater fish, ^- 0,297 w0•81

It is hardly necessary to prove once again that there is
not the slightest reason to ascribe any significance to the
small differences between the parameters of these two equa-
tions, which summarize the results of much work done by many
authors, working independently at different times and in
differerar c;ountri es.

The question of the relative metabolic rates of marine
and. freshwater fishes, which has excited a vast amount of
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discussion, can be regarded as solved. The average level of
metabolism is the same in marine and freshwater f.ish..

It is interesting that the same conclusion was fi.nall-i:
reached regarding the metabolism of freshwater and marine
crustaceans (Winberg, 1950).

The identity of the average level of metabolism in marine
and freshwater fishes does not at all exclude the possibility
that there exist, within each. of these two groups, even quite
large ecologically-determined differences in level, of metabo-
lism in different spec;ies.

IpMe 1657 Because of inadequate data we are not able to
make any statement about the metabolic level of species of
marine fish that differ ecologically. The material On the
metabolism of freshwater fish contains more along this line.
The boundaries of the possible differences between the routine
metabolism of species adapted to different environmental condi-
tions have to a considerable degree already been presented
above, in discussing the material on a taxonomic basis. The
average routine metabolism of groups having a different eco"log:i-
cal, profile, such as the salmonid and cyprinid fishes, was
very similar. It is probably even more significant that when
there are sufficient data to estimate the average level of
routine metabolism of individual species, no great differences
have been discovered. The metabolic levels of such diverse
species--in the ecological sense--as carp, perch, pike,
crucian carp, and others (Fig. 7-12) are very si m.i lar, to say
the least.

Consequently, the values for routine metabolism, if they
do differ as between fish of different ecological groups, do
so to only a slight degree. In connection with this, bearing
in mind all that was said above (page 157) about the need to
observe a number of conditions strictly when comparing levels
of metabolism, it is not easy to find convincing examples tha'r.,
demonstrate ecologically-determined differences in metabolism
of different species of fish. For this purpose it is possible
to compare only the data obtained by one author, from fully
comparable mat erial, In the work of A. G. Mâ,nt s(1952 ) we find
the results of the measurements of the oxygen. consumption rate
of fingerlings of crucian carp, carp, perch and dace of about
the same weight (9-11 g). The average of 5 experiments pro-
vides us with the following values for the metabolism of these
species: 0.17, 0.25, 0.23 and 0.36 mg 02/g/hour at 16.5Q.
Judging by these figures the metabolism of the crucian carp
fingerlings is half that of the dace, while carp and pert,h
occupy an intermediate position. We may observe that Mints 4
data couldntt agree better with the figures for routine me^^-^abo-
lzsm expected from.the basic equation--because the latter
coincide with the values for fingerl3 ng carp and perch, which
according to the experiments occupy an intermediate position.
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♦ Authors who have used the flowing. water method have 'some
interesting statements regarding ecologically-determined
differences in metabolism„ Clausen (1936) found that if the $
species of fish he examined are arranged..in order of decreasing
metaboli,.c .rate, a series is obtained which coincides almost.
perfectly with the order in which they appear in the river from
the headwaters down to the mouth. This means that the fish
inhabiting swiftly flowing waters have the higher metabolic
rate. In this case differences in metabolism; obtained from a
considerable nuyiber of separate measurements, are quite
strongly developed (the extreme values are in the ratio of
1:3). They cannot be associated with the relativel y slight

ght of the experi.meni.e.l fishdifferences [paZe 1661 in the wei
(for Clausen?s average data see Table 8, No. 33-35), 49, 50;
and Table 1e1, No. 14-16). It might seem tha-i, these data can
be regarded as an acceptable indication that there are ecologi-
cally--determ:ined differenqes in routine metabolism of fish.
However doubts arise, firstly, because of the wide range of
the differences discovered by Clausen, and secondly, because
of the very low values he quotes, the highest of which only
just approximate to those expected from the basic equation for
fish of that weight. We must wait for confirmation of these
data, which were obtained from species of fish whose respira-
tion, as far as I know, has never been studied by anyone else.

It must be remembered that a low metabolic rate is
characteristic of tench, according to the data of several
authors (page 113). It appears that the same applies to
crucian carp (Table $, Fig. 34). Perhaps it can be regarded
as established, or at least very likely, that typical limno-
philic fish have a routine metabolic rate lower than average,
•inr•hereas typical rheophiles have a Yngher one. Fiowever , it is
hard to say how widely this rule can be applied, how la."ge a
circle of species it embraces, or to what extent the level o^.^
metabolism differs in extreme and typical cases; and further-
more, what are the relative roles of individual acclimation
and species adaptation. It seems to me that the level of
metabolism of rheophilic fish could scarcely be more than
1.5-2 times that of limnophilic fish.

In general it must be admitted that there are as yet very
few reliable data from which it is possible to estimate
differences in the level of metabolism of fish of different
ecological groups.

From the fact that levels of routine metabolism of species
which differ ecologically are often similar or even identical,
we should by no means conclude that under natural conditions
there are no ecologically-determined differences in the
metabolism of different fish. On the contrary we have every
reason to believe that they can be strongly developed, but not
in respect to resting metabolism, which mainly determines the
magnitude of the routine metabolism--di_nstead, in respect to
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active metabolism. Ecological differences concern first and
foremost the moving, active fish; they determine his mode of
life and degree of activity, To a much larger extent than can
the resting metabolism, the active metabolism reflects the
multiformity and specificity of different kinds of adaptation--
to prolonged or brief periods of movement, to movement at a
constant or at a changing speed, at diffèrent efficiencies,
and so on. The study of ecologically-determined differences
in metabolic rate will be put on a sound foundation only after
systematic research on active metabolism has been pursued.
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Chapter II. [Rut, 167] 

The Level of Active Metabolism of Fish 

1 , Introduction 

Little is known about the active metabolism of fishes. 
Research into it has encountered many difficulties so that, in 
the main, the task still lies in the future. Methodological 
difficulties can be overcom if the necessary-  attention is 
given to this problem. For this reason a study of active 
metabolism of fish should be regarded right now as a top-
priority objective in the ecological physiology of fish. We 
might even say that there is no need for additional accumula-
tion of data on the metabolic rate of fish under conditions of 
weak activity or nearly resting, because not one of the basic 
problems of theoretical or practical interest, for which fish 
respiration is measured, can be solved in that manner. 

The study of the metabolism of fish is of practical 
interest in that it is one of the possible ways of determining 
the food ration. Furthermore, quantitative data on fish 
metabolism are needed to solve a number of questions concern-
ing fish behaviour, the biotechnics of raising fish in ponds 
and reservoirs, wintering fish [in ponds], shipping live fish, 
etc. In ail  these situations one must have information, not 
on the resting metabolism, but values which reflect the metabo-
lism of fish at that degree of activity that is characteristic 
for the prevailing conditions.  Ail  this is well known. Less 
attention has been given to the fact that not one problem in 
the ecology and physiology of fish that is associated directly 
or indirectly with metabolic rate can be solved successfully 
without knowledge of the active metabolism. For example, the 
significance of temperature under natural conditions, and 
also when fish are being raised artificially, is primarily 
determined by the influence of temperature upon the active 
metabolism, which is regulated by different laws than the 
relation of resting metabolism to temperature (page 171). It 
wus shown in Chapter IV that it is impossible to understand 
the relation of respiration to partial oxygen pressure, if the 
difference between the resting and fp_AgA.  168] the active level 
of metabolism is not taken into consideratidà (page 56). It 
is especially important that the problem of the limiting 
oxygen concentration in water, which because of its practical 
significance has given rise t. a large, but highly contra- 
dictory, body of literature, cannot be moved out of its impasse 
until the degree of the activity of the fish and the level of 
active metabolism are taken into consideration in determining 
the critical oxygen content. 
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Tn exactly the same way any attempts to establish a
relationship between the level of metabolism and such morpho-
physiological peculiarities of fish as, for example, the
quantity and quality of their hemoglobin, hematological
indicators, the structure and functional properties of the
respiratory apparatus, etc., cannot be successful if they are
based only upon knowledge of values of the resting or the
routine metabolism.

In these cases, as well as when studying ecologically
caused differences in fish metabolism, we come across mani-
festations of species adaptations which were developed by the
fish while in an active state , and which therefore only
indirectly and to a much less degree can, in some cases, also
affect the level of the resting metabolism. In this connec-
tion some observations of Gray (1947, 1954) are extremely
apropos, which show that the rel^Ltive area of the gills
parallels the degree of the activity of the fish. In an active
fish, Brevoortia tyrannus, the gill area per gram of weight is
10 times greater than that of a slow-moving fish (0..^sanu^^ ta.u),
and when computed per square centimeter of body surfa,cé it is
15 times greater. It is evident that this is primarily
associated not with the difference of the resting metabolisms
of the two species, but rather with their different levels of
maximum active metabolism.

Finally, the actual magnitude of the resting metabolism
can only be established with certainty if it-is possible to
know the metabolism at different degrees of activity, and from
these to discover the minimum value that corresponds to leas^t^^
activity.

All these considerations convince us that data desc;ribing
the metabolism of actively-moving fish are of great interest,

2. The metabolic rate of actively swimming fish

Let us now review what is known at present regarding the
quantitative aspect of the active metabolism of fish. There is
no need to stress the opinion of many authors, that an-active
fish has a higher level of metabolism, or to confirm this wel:^,-
known fact by illustrations. Such illustrations, which could
easily be furnished, would not supply the answer to the funda-
mental question, namely, how much does metabolic level [pa^Ey
1697 rise in relation to degree of activity? An answer to
this question can be expected only from special investigations.

The work of V. P. Pentegov, Yu. N. Mentov and
E. F. Kurnaev (192$) is of exceptional interest in relation to
the energy expenditures of keta or chum salmon during their
spawning migrationp when ascending the Amur River. A special

0
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expedition along the whole length of the spawning migration of
the keta up the Amur River (1200 km) took samples of the fish
and subjected them to a detailed chemical analysis. Further,
the speed at which the fish moved and the speed of the current
of the river were also established in certain sectors. Energy
expenditures were calculated on the basis of weight loss and
the results of chemical analysOs. For the whole distancè, on
the average, they amounted to 2$390 cal. per kg of weight per
day for females, and 25$10 cal for males. The average weight
of all the fish collected at the various stages of migration
was 5033 g for males and 3955 g.for females.

Water temperatures of the Amur River are -also given in
this work. During the entire period of sampling the tempera-
ture of the water was close to 12°. Let us accept the mean
data for salmonoid fishes as the basal metabolism for keta.
Then from equation (6.1.2), after a transformation to 12°
usiiig -Table 1, we find that for males of the abovementioned
weight the metabolic rate is.0.02$3 ml 02 per gram per hour
and for females it is 0.0297. The abovementioned values of
energy loss can be easily translated into the form to which we
are accustomed;.for males it 3.s 0.215 ml 02/g/hour, and for
females it is 0.236. Therefore, the ratio of the active
metabolism during migration to the routine metabolism found
from formula (6.1.2), is 7.6 for males and 7.9 for females.
The true value of the resting metabolism is likely somewhat
less than the routine metabolism computed from the average
data for salmonoid fishes. Therefore, the true ratios must
be correspondingly higher.

Thus in this case the active metabolism of fish weighing
4-5 kg, when moving for a long time at an average speed of
114.6 km per day, or 1.33 meters per second, exceeds -the
routine metabolism by 7-$ times at least. It 3.s of interest
that Lindroth (1942)2 on the basis of hi s experience in
studying the metabolism of fish, believes that during active
movement the metabolism of fish is increased 7 times. How-
ever, he does not support this with any data.

Substantial material on the active metabolism of fish is
contained in the works of some North American authors, mostly
Canadians (Spoor, 1946; Fry, 1947; Fry and Hart, 1948;
Graham, 1949; Gibson and Fry, 1954).

Spoor, who studied : the changes in the activity of fish
over 24 hours by means of a special device (page 79)9 also
considered rate of oxygen consumption in his most recent
series of exper. iments, along with automatic recording [page
L70] of the fishts activity. The fish were kept for a con-
siderable length of time (weeks) in a well-isolated chamber
which had circulating water. In order to avoid excitement,
which affects the activity of the fish, the pipes that carried
off the water from the chamber were long (10 feet), and
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together with the wires from the device that registered the 
disturbance of the water [caused by the fish] they led into an 
adjoining room. These conditions made ît possible to establish 
what metabolic rate corresponds to periods of different degrees 
of activity. A large part of the measurements depicted in Fig. 
45 refer to a goldfish which weighed 32 g. Spoor drew by eye 
the straight line which indicates the general trend of all the 
59 points. 

fpam :L71] The intersection of the line with the ordinate 
axis  makes it possible to determine the basal metabolism. 
This quantity corresponds to practically complete lack of 
motion of the fish, when the sensitive recording device did 
not disclose any turbulence in the water. This quantity is 
regarded by Spoor, with some justification, as the true value 
of the resting metabolism (page 96). He suggests that his 
method be adopted for determining the resting metabolism of 
fish. This author pays less attention to the values that were 
obtained when the fish was very active. It can be seen from 
Fig. 45_that during maximum activity the metabolic rate was 
about 4.5 times the resting rate. 

Pry and his co-workers in the Ontario Fisheries Research 
Laboratory (Canada), where many valuable experiments concern-
ing the ecological physiology of fish have been carried out, 
developed in their experimental work a definite system of 
relationships, which were presented in a general article in 
1947. Here and in a subsequent publication (Fry and Hart, 
1948) we find a very interesting consideration of the relation 
between metabolism and activity in fish. From extensive 
experience in studying the acclimation of fish to different 
temperatures, and research on fish respiration done [Rare 172] 
at the above Laboratory, Fry considers it necessary, when 
studying the effect of different factors in metabolism, not to 
be limited to "standard" or resting metabolism, but also to 
study metabolism at the maximum level of activity. Further-
more, he points out that in all euch studies it is necessary 
to reckon with the prior experience of the organism, i.e. to 
consider the effects of acclimation on the action of each of 
the factors considered. He is of the opinion the in order to 
study the position of the optimum of any activity1  of the 
organism, considered as a physiological property of the 
species, it is first of all necessary to acclimate the organism 
to each level of the factor that is examined. As an illustra-
tion we show (Fig. 46) the shift in optimum temperature for 
maximum speed of movement of goldfish, in relation to tempera-
ture of acclimation. 

1Fry uses the English word "activity" in a sense that can 
be most closely translated by the common term "function" 
Efunktsin]. 



r

0

0 f8

0,16

Q A

Qv

0,10

008

006

7

^. .
Q04

0 ?0 40 (0 Fi0 100

Fig. 45 [page 1701

Relation between the metabolic rate of a
goldfish and its degree of activityo

Abscissa--number of marks made by the
recording device per minute; ordinate--oxygen
consumption in ml/min at 23-25°. The weight of
the fish used in the experiment was 32 g^Spoor,
1946).
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Relation between the maximum possible met-
abolism and temperature, among swimming gold-
fish acclimated to different temperatures.

The upper solid curve refers to fish that
were acclimated beforehand to each experimental
temperature (Fry, 1947).
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Fig. 47 [page 1727

Relation of resting metabolism and active
metabolism to temperature, in goldfish.

Abscissa--temperature; ordinate--the rate
of consumption of 0 2 in ml/kg/houro 1- active
metabolism; 2- resting metabolism ( Fry and Hart,
194$).
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M The speed with which the fish moved was studied by means
of a special device whose principal component was an annular
vessel rotating on bearings, with outside walls of glass
[actually., transparent plastic]. The fish, sw-imming against
the current and orienting themselves with respeFvt to a source
of light, were compelled to swim at a speed that could be
regulated easily by the speed of, rotation of the vessel. The
same device (page 1"7 was also employed for the simultaneous
measurement of active metabolism (Fry.and Hart, 194$). In that
event the vessel. was covered with a circular lid. The lowest
level of metabolism in the diurnal cycle was accepted. as the
resting metabolism. The latter was obtained by hourly measure-
ments in the closed vessel, equipped with pipes to supply and.
drain off the water.

By this method the very interesting data shown in Fig. 47
were obtained from goldfish acclimated beforehand to each of
the temperatures examined. It is noteworthy that at high
temperatures the active metabolism is related to temperature
in a different manner from resting metabolism. The very great
general importance of this fact for understanding the effect
of temperature under natural conditions is obvious.. At high
temperatures the two curves approach each other. However,
this does not happen in the case of all species; for example,
the similar data for the bullhead (A.meiurus nebulosus) do not
exhibit [page 1747 any such appro.ach of the two curves close
to lethal. temperatures (Fig. 48). It is especially interesting
that the difference between the active and the resting metabo-
lism of the goldfish is also,reflected in the curve showing
the relation of maximal speed of motion t^.^ terriperature.(Fig.
49). On this basis, which must be regarded as sufficiently
substantial, Fry concludes that not the active metabolism in
it self , but only the diff erenc e between the active and the
resting metabo'lism, comprises the energy basis for movement.
From this point of view the optimum temperature for movement
is situated in the zone where the difference between the active
and the standard levels of metabolism reaches a maximum.
F:i..nally, at a certain high temperature, the rates of active
and of resting metabolism come together. This means that it
isimpossibl.e to provide any greater metabolic rate than the
high level attained when the fish are at rest, i.e. active
movements are impossible. These interrelations are shown in
Fig. 50 in a slightly diagrammatic form. In addition, on the
same graph 3s shown the effect of still another factor,
reduced ambient oxygen, as based on experimental data. The
course of the curves shows that lowering the partial pre.ssu^'^e
of oxygen to 25 mm Hg is not enough to affect the resting
metabolism even at high temperatures. -. However this is enou.gh
to lower the level of the active metabolism and, obviously,.to
cause a corresponding reduction of the speed of motion at high
temperatures.

Finally, Fry (1947) draws attention to the. fact that one
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must distinguish between power [moshchnost ], -wh:icri in our
case is the difference between active and resting metabolism,
and ^erf.._ormance Eotdacha] or utilized power, which in our case
is the rate of movement. There is no necessary linear rela"
tionship or direct proportionality between them. Nage 176]
In fact, on the basis of the data in Fig. 46, 47, an, it
can be said that the swimming speed of goldfish is not propoy°-
ti.ona1 to the difference between the active and resting levels
of metabolism; instead, it [the maximum swimming speed]
increases more slowly--in proportion to the square root of
this difference (Fig. 51).

Fryts data show that at maximum speed of movement of
goldfish whose average weight was 3.$ g, the active metabolism
was not more than twice the resting metabolism. A much greater
difference was indicated in the experiments of Spoor. It is
possible that this is related to the fact that Spoor used much
larger goldfish. It should be remembered [page 1771 that,
according to a number of authors, the relative energy expendi-
tures for movement by aquatic animals grow smaller with
decrease in size (i,udwig, 192$; Zeuthen, 1947). However, in
the present instance this could scarcely be the only reason,
or even the main reason. It might also be significant that
Spoor's experiments involved short periods of great [page 17$]
activity, whereas Fryts involved continuous motion at constant
speed.

Another species, the cold-water oxygen-loving American
char, Salvelinus fontinalis, was investigated similarly using
the same methods (Graham, 1949). Fingerlings were used of
17-65 g weight, average 27 g. As in the previous example, the
fish had been fully acclimated to each temperature. The
difference between active metabolism and, resting metabolism
exhibited even greater variation with temperature t^ 179]
(Fig. 52). Here also the degree to which the active metabo-
lism exceeds the resting metabolism at different temperatures
corresponds nicely with the change in maximum speed of move-
ment at those temperatures (Fig. 53). In this work much
attention is allotted to the' relation between the maximum
possible speed of movemen.t and the degree of saturation of the
water with oxygen at different temperatures. ln.this oxygen-
loving species the active metabolism at high temperatures has
already decreased at 75% saturation (Fig. 54). At 50%
saturation the decrease in active metabolism is very pro-
nounced at all temperatures, and at 20-25° not only is no
activity possible, but death sets in as a result of asplryxia-
tion. Below 75% saturation the maximum possible speed of
movement of Salvelinus is reduced at all tempe-ratures. This
was not observed in the less oxyphilic goldfish, even at 25%
saturation.

'Figure 52 shows that the active metabolism of Salvelinus
in the zone of optimal temperatures is more than 4 times
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Fig. 4$ (page 1731

Relation of the active metabolism (upper
curve) and resting metabolism to temperature, in
the bullhead (Ameiurus nebulosus)o

Abscissa--temperature; ordinate--rate of
oxyden consumption (Fry, 191^7).



w

A

0.

MO

to

20

16 °J :'4 28 32 ,16 40

94

70

50

30

Fig. 49 [page 1741

Relation between maximum possible speed of
continuous motion and temperature (1), and the
difference between the active and resting metabo-
lism (2 ) , in goldfish.

Abscissa--temperature; ordinate--on the
left, the consumption of 02 in ml/kg/hour, and
on the right, swimming speed in feet per minute
(Fry, 1947).
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A. Relation between the maximum possible
rate of active metabolism and temperature at
various ambient oxygen contentso 1--at a p02 of
4.0 mm Hg; 2--at a p0z of 25 mm Hg.

s. Difference between the active and rest-
ing levels of metabolism under the same condi-
tionso

Abscissa--temperature• ordinate--oxygen
consumption in ml/kg/hour (Fry, 1947).
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The relationship between "power" (the differ-
ence between the maximum active metabolism and
the resting metabolism) and "performance" (rate
of movement) in goldfisho

Abscissa--speed of motion in feét per min-
ute; ordinate--the square root of the difference
between the two metabolic rates (Fry, 1947).
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Fig. 52 [page 1773

Maximum intensity of the active metabolism
(1) and of resting metabolism (2) of the American
Salvelinus fontinalis at various temperatures (A),
an the if erence etween them (C).

Abscissa--temperature; ordinate--rate of
oxygen consumption in ml/kg/hour (Graham, 191+9).
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The maximum possible speed of motion of Sal-
velinus fontinalis at various temperatures (AT7 
and the difference between the active and the 
resting metabolism (64. 

Abscissa--temperature; ordinate--A: rate of 
movement in feet per minute; 6: consumption of 
09  in ml/kg/hour. 1- from Rogers 2  data; 2- from 
tHe measurements of Graham (1949). 
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higher than the resting metabolism. .We should bear-in mind
that this applies to fish larger than the goldfish in,sed :hl sFryt s
experiments, and to a faster speed of movement (about 160
ft/min, not 100 as in Fryts experiments).

3. Energy expenditures of fish in motion

[Rage 1807

We shall try to make use of the data given above to get
at least a preliminary idea of the size of the figures which
describe the expenditure of energy by various fish when they
are moving.

For chum salmon we obtain appropriate values directly
from the data above by reducing them by 1/$. By this method
we come very close to the differenc.e between the active and
the resting metabolism. For Salvelinus fontinalis and gold-
fish w.e can derive this difference, and t 1de'spéed at which
fish move at optimal temperatures, from Fig. 49, 52 and 53.
Thus we obtain the values presented in the last two columns
of Table 20.

The computations shown in Table 20 are of interest as the
first examples of empirical figures that make it possible-to
estimate energy expenditures of fish at maximum speed. It is
hardly possible to discuss the significance of the differences
between the various values. Perhaps it is more practical to
observe that the energy expenditures per unit weight and per
kilometer of movement were generally about the'same for fish
of different sizes. Bearing in mind that the calorific
equivalent of 1 g of live weight of fish, in round figures, is
close to 1000 cal, we may illustrate the result in a graphie
manner by stating that at the expense of reducing their weight
by 1°fo^, fish of different sizes can swim 20 to 40 km under
optimal conditions. Considering that the fat stores are the
first to be expended, the actual loss in weight by fish that
move but do not feed will be somewhat less.

All the data considered so far, bearing on the active
metabolism of fish, were obtained without using any theoreti-
cal Z^a.^ ^e. 1$17 concepts regarding the nature of the relation-
ship bëtw'een metabolism and movement. An altogether different
approach to this question is found in the works of
V. V. Shulelkin and his students. Shulelkin develops a theory
of fish movement on the basis of which it is possible to
estimate the energy used by a fish of a certain size when

^ moving at a certain speed :.(the useful work ), and also. to
estimate the maximum speed-_which, according to Shulei.kints
concepts, can be attained by fish of different sizes.
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L. A. Kovalevskafa (1952J, mad.e an, attempt to. apply
Shuleikin 4s theory to experiméntal data. The.metabol:i.c ra-Gé
of fish moving at various spe"eds was measured by. mean.^ of a
device of special cc^nstruct.iorti, The ^fish. were placed in a
ring-shaped respiration chamber. The- wateroin the chamber was
set in circulation by a screw propeller, Kovalevska•-Ta com-
puted the "total expenditure of energy14 from measurements of
oxygen consumption of fish that were forced to sw3m against
the current. The ratio of the "useful energys" . computed on the
basis of Shulelkin4s theory 9to the '?total energy4a found
experimentally, Kovalevska^± â calls the coefficient of useful^
activi'r^y [ko^;ffitsient poleznovo dea..stva7.

The horse mackerel (Trachurus tr'achurus ): was usec -zn the
experiments. Measurements.weré made v,ri-éh-f"F.sh of different •:
sizes (length from 9 to 22 cm, weight from 7.5 to 72, g^. _The.'
speed of the current varied from 0 to 1.2 m/sec. It is a
matter for regret that Koval.evskaiâ carr. ied -out the -mea-si4re-
ments of respiration and interpre.ted them without taking
advantage of the experience of earlier investigators, and; •-.
without regard. for the usual conditions ,for physiological,
experiments. Preshly-caught fish were placed in- .a respiromEtér
without the necessary period , of -acclima-tïon.to the conditions.-..
of the test. Furthermore , the test was very short , lasting
only 10-15 minutes. Therefore, it is no wonder that fo.r te''
z: esting metabol^..sm., i. e. when the current speed. was 0, .^.a^^^
were obtained that are not in any way r epresentative ,'ftr the,
extremes differed as much as 22-fo•ld? Quite formal als,o, are

-.her equations of the type 0^ = kvY2, relating metabol^.c . rate,
per gram of body weight (02 with.the. sspe.ed at which -the 'fi.sh
move (v). It is obvious that with such -a relat ionship ; when
v= 0, 02 w 0, i.e. the resting metabolism is zero,. Further-
more, even the values of k which Kovalevska-la ob-6a:?.ned• from
her own data, for fish of different sizes, do not make sense,
biologically. According to these values, when v= 1 the 'fish
should consume the following numbers of millilitres. of 02. per
hour per gram of ^eight : at a length of 9-10 énI.° 10"^ R^: at .
13-15 cm: 6.6x10; and at 1"r-18. cm: 1.4x10-3 .. In the firs t
place, these values are ridiculouply. small; and in the serorzd.
place f it is impossible to imagine.that metabol:i c. rate ^^hoïild.
increase sharply with increase. in size. Further.more, a care-
ful analysis of Kovalevska^.raf s experimental data shows that
there is no reason to accept [page 18,21 her statement that
they can be described sâtisfactorily by a paraboïic equ^.tipn.;
this is especially clear if -the -obvioûsly erroneous data..for
v = 0 are disregarded.

Kovalevska^.â also quite wrongly accepts as a measure of
full power Cpo:P.nai^a moshchnost I not the di:f'ference ..betweén the
active and the resting metabolismt a.s sh.ould . be done, but the..
total metabolism. The inevitable result of.this method of
calculation ia an increase in the t'coef'fic:Lent of., useful .
activitygg with increase in speed [of motio-70, at least for
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small rates of movement. A "coefficient of useful activity"
calculated in this way actually has no meaning whatever.

Those considerations make it impossible to accept any of
Kovalevskalats conclusions. It is as diffiCuit to say how real
are the results of her measurements of the oxygen consumption
rate of fish at different rates of movement, the more so as
there is not even any mention of the temperatures to which -the
data apply. In two instances very high values were obtained
for fish of small weight (7.5 and 10.5 g), and in two instances
very low values were obtained for large fish (51 and. °"^2g).
Seven other experiments with fish of various weights (from U+
to 64 g) produced very consistent values for the metabolic
rate, which increase approximately in proportion to the speed
of movement. Judging by these data the relation between
oxygen consumption and speed can be expressed, very closely,
as follows:

Speed, m/sec 0.5 0.75 1.0

02 consumption, g/hour 1.0 1.35 1.7

0

I

i

We should scarcely go wrong if we conclude that the rate
of resting metabolism in this case,. on the average, lies-in
the range of 0.15-0.3 ml02/g/hour. Zn that event the active
metabolism will be 2.3-5.6 times the resting metabolism when
the speed is 0.5 m/sec; and if the speed is 1.0 m/sec, it is
4.7-10 times. It would require 0.194-0.215 cal per gram of,
body weight to travel a distance of-1 km at a speed of 1 m/sec,
which is close to the data of other authors (Table 20).

Regardless of the fact that Kovalevska^.â t s attempt at
experimental confirmation of S'hulelkints theories concerning
the movement of fish cannot be accepted without question,
there is no doubt at all that they represent an exceptionally
promising line of research. The construction of an apparatus
which can be used to measure active metabolism at known speeds
is of great importance in 3.tself. Further development of the
theory of fish movement, corresponding observations in nature,
and experiments conducted under Csuitably controlled] physio-
logical conditions, will make it possible to establish the
relation between speed of movement and energy expenditures by
fish of various sizes. The study of this relati.onshi p and the
forms which it takes under different conditions can be
regarded at the present time [page L821 as the central task in
the study of the quantitative aspect of fish metabolism.

Supplement to Chapter IX. When this book was already in
press an exceptionally important study was published by Jôb
(1955), carried out in a Canadian laboratory under the direc-
tion of Fry. The rate of oxygen consumption of Salvelinus
fontinalis as related to temperature (5°, 10° , 15 a.Bxd 20 )
and to partial oxygen pressure was studied in detail with a
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la.r.ge amount of material and using the unexceptionable flow•_'^ng-
wate:c method. The influence of each of the factors studied
was determined using fish--fully acclimated beforehand--of
various sizes (from 4 to 1000 g in weight); their effects on
the basal metabolism (the lowest metabolism during 24. hours )
and on the active metabolism (the metabolism at the maximum
possible swimming speed) were both studied. It is unfo.r•tunate
that it is not possible to give due attention at this time to
the important data in Job4s thorough work, which would provide
important confirmation of many previous conc`l.usions. For
example, it is convincingly demonstrated that at all tempera-
tures the dependence of basal and active metabolism on. the 02
content is determined by the metabolic rate, which operates in
the same way in fish of all sizes. Job obtained a curve for
the relation of metabolism to temperature that is less steep
than the one obtained by Graham (see Fig. 18), who used the
same species in the same laboratory. However, the deviation
from the normal curve of Krogh is not nearly as great as the
author believes, basing his opinion on a normal curve which i s
drawn quite erroneously as a semllogarithmic graph in his
figure 4.

Job establishes the relationship of metabolism to size by
testing his material by methods that agree fully with those.
adopted by us, hence his results can be presented most briefly
in the form of the k values which he computed by least squares,
and a values computéd by us from table 1 of Job's work.

5

a

°

k a

10°

k a

15°

k a

20°

k

Basal 0.047 0.856 0.099 0.849 0.138 0.847 0.213 0.802metabolism

Active 0.186 0. 942 0.346 o.862 0,406 0.851 0.841 0.750metabolism

It is noteworthy that different values of k were obtained
at different temperatures, and that at 20° its value agrees
fully with our data (equation 6.1.2). [.Pa&qj^A] Job also
makes a special study of the relation of routine metabolism to
s3.ze. It can be seen from his data that basal metabolism com-
prises 50-60% -of the routine metabolism. From 'c,his, ^using
equation (6.1.2), a= 0.361; and according to Job the basal
metabolism at 20°, expressed in the same units, is 0,213,,i.e.
^9°f^ of the routine metabolism (see page 107). It is easy fio
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compute the basal and the active metabolisml from the figures
quoted above, and also the ratio of these two, for each of the
temperatures and for various sizes of fish. It turns out that
the ratio of basal to active metabolism depends only slightly,
or not at all, upon the size of the fish.

lCThe text reads "resting metabolism't--obmen pokoia; but,
the nekt sentence shows that this must be a slip.]



Chapter X. [,page 3.^]

The Use of Food for Growth by Fish

1. Introduction

The interests of practical fishery work have directed the
attention of scientists to the elucidation of the laws
governing the utilization of foods, and of the supplies of
food available in a body of water, for the production of fish.
The study of the food requirements and. the utilization of food
by the growing fish is a task for the physiologist. The well-
known respiration method, widely used in physiology, zootech-
nical work and medicine, is one of the main methods for deter-
mining food requirements--one which is well formulated and has
been repeatedly tested. Pütter and other authors have tested
this method as a means of determining the food requirements of
fish. In recent years F. V. Krogius and E. M. Krokhin (194$)
have computed the food requirements of three-spined stickle-
backs and young sockeye salmon in this manner.

This simple and physiologically satisfactory method makes
possible rather accurate computations of energy requirements.
Of course, this is possible only if the values used in the
computations accurately represent the respiration, In order
to apply the respiration method it is necessary to know the
magnitude of respiration under natural conditions or, in
general, under the conditions for which the food requirements
are to be calculated.

This is a difficult task and one which, generally speaking,
has not yet been solved. It is clear that the average metabo-
lism of fish under natural conditions is higher than the
resting metabolism and lower than the maximum active me-t,abo-
lism. Therefore, for sluggish fish the average metabolism
under natural conditions is only slightly higher than the
resting metabolism, and is close to the routine metabolism
calculated from the basic equation. For very active fish the
average metabolic rate under natural conditions probably con-
siderably exceeds the resting metabolism and the routine
metabolism. Hence, it was difficult to decide in advance how
suitable our data.on routine metabolism might be for computing
the food requirements of fish under natural condi.tions. How-
ever, materials considered later (Chapters XI, XII) [page 1$61
show that the computed values of routine metâboli,sm can be
very useful for estimating fish food requirementa. A compari-
son of the expected values for total metabolism with the rate
of growth and the food rations of.,fish, ôbtained by quite
different methods, made it possible to come close to the
average metabolic rate of fish under'natural conditions (Chap-
ter XI).

,
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By means of the respiration method,it is possible to
obtain only the total food requirements and to characterize
only the quantitative aspect of feed:Lng. Howevera the values
obtained in this manner are also necessary for an understand-
ing of the qualitative aspects of the processes of metabolism
and feed.inga The actual significance of any particular
qualitative component can only be established if it is
possible to learn what part of the general food requirement is.
supplied by th3..s component. This applies also to any specific
peculiarity of metabol.ism, an appraisal of which is impossible
without knowing the quantitative parameters that cha.racterize
the .various aspects of fish metabolisma "To-dayva writes
G. S. Karzinkin 9 nwhen our country is faced with the task of
creating bodies of water for rearing the young of our most
valuable food fishes 9 when thousands of, hectares of land not
used in agriculture are being converted to fisheries, when we
have entered on a path leading to the reorganization of [the
lif ein ] our bodies of water and controlling the food supply
and the abundance of the fish in them fl the question of the
quantitative aspect of feeding has acquired a special signifi -
cance^ (1952, page 1$4)o The Soviet scientists whose work
concerns the biological foundations of the fishing industry
are fully aware of this. In various biological and fishery
institutes of the Union work is being carried out aimed at
determining the food requirements of fish, finding to what
extent food is used for growth, and solving other similar
problems. Already much material has been gathered on feeding
ratios and daily rations of fish, etc a Howe ver 9 no method yet
exists for the study of these questions that has been accepted
by all investigators, Often different terms are suggested in
order to describe one and the same phenomenon, the same. pars.-
meters are differently named by different authors 8 and so on,
Furthermore some.authors, in their endeavou^, to procure
material immediately usé.ful to fish culture, believe it is
possible to curtail their, descriptions and make a more or less
arbitrary interpretation of experimentally obtained data,
without attempting to study them in the light of the principles
that have been established in general physiology and zoologi-
cal technique... It must be said that the results of such
purely empirical work are often of very limited value; for it
is not clear to what extent the values found for daily rations
or other factors can be applied under other conditions or
tpMe 1$77 to other groups of f ish. Practical questions cannot
be answered by the accumulation of indivi.dual bits of informa-
tion about feeding ratios, daily rations and othe:.^ quantita-
tive parameters of fish metaboll.sm, considered separatelya
That is possible only by a planned study of the general princi-
ples of fish metabolism and the nature of their applicability
to individual species under different conditions.

When studying the effectiveness of the utilization of
food by fish, quantitative indices of the metabolism of
growing organisms are involved. It is evident that under these
conditions the metabolic rate 9 as well as other quantitative
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indices of particular-aspects of the metabolism of each fish
species, will change more or less, in relation to the stage of
development attained. The question of the nature and rate of
these changes arises. It is especially important to know how
the relationships between the separate aspects of fish metabo-
lism change during development, since these relationships
reflect the fundamental direction of the process better than
do the changes in each of the indices by itself.

It is well known that the growth of a fish is relatively
rapid in the initial stages, and falls off as it grows larger.
The metabolic rate changes in a similar way; it too is
especially high during the initial stages and it too is
inversely related to size. Hence it is clear that in growing
fish the rate of food consumption should change even more
rapidly with size, for the food meets the requirements both
for growth and for metabolism. On the other hand, since both
the growth rate and the daily ration [food intake per unit
weight7 decrease as size and weight increase, the relation
between growth and ration, which indicates to what extent food
is used for growth, must change less with size; and this is
actually observed. Thus when studying the process as a whole,
we find it necessary to describe quantitatively at least four
different but interlocking aspects: 1) rate of growth,
2) rate of food intake (daily ration), 3) metabolic rate,
which reflects the rate of catabolic Gdissim3.latornye l pro-
cesses or the so-called energy metabolism, and finally 4) the
relation between the growth rate and the rate of food i.ntake,
or the extent to which food is used to promote growth. The
first three factors are expressed quantitatively in terms of a
unit of time, i.e. they are rates, whereas the last factor is
a pure number [without dimensions]. When studying changes in
these values they must be considered in relation not to age
but to size (weight) of the fish, since metabolism and the
growth rate of fish are basically functions of size and not of
age.

[page 1$$7 Each of the aspects of the development and
metabolism of fish mentioned can be expressed, and has actually
been expressed, by different authors in different ways and by.
different terms. Therefore, before we look into the relation-
ship between the growth rate, food ration, metabolic rate and
the utilization of food for growth, it.must be established what
meaning is to be attached to each of these terms and what
forms of expression for each of them are most suitable for our
purposes,
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2. Computation methods for  the rate of increase in 

mmlet and the food intake of fish 

When studying the processes of metabolism and the use of 
food for promoting growth we are concerned prImarily with 
growth in weight, not linear growth, so everything that follows 
concerns weight. During the initial stage of the post-
embryonic development of 4sh, during the first days and weeks 
of growth, the growth ratel. decreases only very slightly from 

' day to day. For this reason the general picture of growth is 
close to growth at a constant rate, i.e. the curve of growth 
in weight is a line concave upward, the separate sectors 
[nchastki] of which can be expressed well enough by an expo-
nential relationship between weight and age. Therefore, the 
exponential relationship of weight to age, of which the com-
pound interest formula of weight increase is one form, must be 
the basis for computations of the average growth rate of young 
fish during the period of their initial growth. Having made 
the inexact but unavoidable assumption that during the initial 
growth of young fish growth proceeds at a constant rate between 
successive observations, we get: 

wn = wO
ekn 

where: 

k and K are constants, abstract figures that characterize 
the rate of growth; 

n is the duration of the period under study, in days; 

w0  is initial weight; 

w is weight at the time of observation. 

• 	 . 

Obviously: 
1 

K = w0  

log wh - log w, 

By means of this formula it is easy to compute values for 
the growth constants, but for our purpose [Reee 1891it is more 
convenient and simpler to state the growth rate In the form of 

1Here and in all that follows the term growth rate is to 
be understood in the sense of relative growth rate, i.e. increase 
in weight during a unit of time divided by the initial weight. 



th.e dail.y increase in weight expressed as a percentage of the
initial weight (C). For one day, when n= 1:

( WZ011

^ ^ ( log wn,-log w0, )
0

'WO

At a constant growth rate the average daily increase in weight
(CM) during the period of observation equals the percentage
increase on any of the days, i,e.s

CM C =
Wl

^ 1 ; 100
0

WBy substituting the observed value of ,^l it we get:
0

O (1og wn-log w0) ^

Mr
[,oïl 1.100 (10.2.1)

aometimes this formula is expressed as:

M(/rW-
CM ^ w - 1 .100

0
(10.2.2 )

which is less convenient for computations.

Computation of the average daily [percentage] gain in.
weight is very simple, It consists of the following: the
difference of the logarithms of the final and initial.weights
is obtained and divided by the number of days elapsed. Then
the antilogarithm of the quotient is found, 1 is subtracted,
and the figure obtained is multiplied by 100.

The question arises, to what extent is the compound
interest equation applicable in cases vwhere--and these occur
in practice--the growth rate does not remain strictly constant
during the period of observation. Obviously in such situations
this method provides only an approximate value for the average
daily growth in weight. The practical use of this method of
calculation has shown that a satisfactory approximation to the
true values can be obtained for the initial period of the
growth of young fish. From daily data on the average weigh,
of young carp in the 'br ood ponds of some Belorussian fish
farms we had an opportunity to compare the results of a direct
computation of the true value of daily increase in weight,
calculated from each day4s dataq with an approximate computa-
tion of the same statistic from the initial and final weight 9
using formula (10.2.1) (Table 21),

a
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[page 1903 In our material the daily gain in weight
differed great y between individual days. For instance, in
1951 the extreme values for daily weight gains were 1.0% and
$5.$j'on the Volma fish farm. Regardless of this, as shôwn by
T'able 21, computation by the formula resL7.lted. in values that
were very close to the true ones in every case.

We have been compelled to dwell on what might seem to be
generally understood methods of computing the average daily
gain in weight because in recent works many authors have used
wrong methods of computing the relative rate of increase in
weight of young fish, thereby obtaining results which greatly
distort the true picture of the phenomenon (Kriv'obok, 1953;
T'arkovskala, 1953; I,etichevsky, 1953; Konstantinov, 1953.; and
others). These authors consider it possible to use-the differ-
ence between the initial and final weight for computing the
average daily values of weight increase,.dividing this differ-
ence by the number of days elapsed, and to express the
quotient obtained as a percentage of the weight of the young
fish at the start of the period studied. Obviously the
quantity determined in this way (call it c), which these
authors erroneously accept as the average weight increase for
the period studied, is equal to:

wn ' w0
c n 1.00, (10.2.3)

(wo

where b

w0 and wn are the weight of a young fish at the beginning

and end of the period of observations;

i

n is duration of the period [page 191] in days.

By means of the following simple reasoning it is easy to show
the unsuitability of this method.

Let us assume that the growth of the young fish proceeds
at a constant rate during the observation period so that
throughout the entire period the daily increase in weight is
40%. In this event , beginning with an initial weight of
1.54 mg, a day later the weight of a young fish will equal
2..156 mg; when_2 days old it will be 3.01$ mg; at 4 days,
5.915 mg; at 6 days, 11.59 mg; at $ days 22.72 mg; at 10 days
44.53; and so on. This example shows that if the computation
method of formula (10.2.3) is used, the average daily increase
in weight" computed from the observations made after two days
is 4$%, from observations made with a 4-day interval it is
70.7%, for a 6-day interval it is 114.2%, for $ days, 163.5%;
and for 10 days, 279%. In other words for an actually
constant daily rate of gain in weight (40f ), formula (10.2-3)
gives entirely différent values that depend on the frequency
of the observations. It is clear that this is an unsuitable



metriod, for it can give an entirely distorted impression of the
actual growth rate of young fish during the initial period of
development. The deviations from the true value when this
wrong method is used are the greater, the greater is the growth
rate. Therefore, they are especially large during the initial
growth period.

In Table 22 the figures obtained by.the authors mentioned,
using formula (10.2.3) (they call them average daily gains in
weight), are compared with the values of this statistic com-
puted from the same data by means of formula (10.2.1). The
table shows how greatly these values differ, especially for
the rapid growth during the early period of life. Let us
remember that the results of computations with formula (10.2.3)
diverge the more from the true values, the faster
the growth is and the greater the time between observations.
Considering that neither the growth rate nor frequency of
observations remain constant, they cannot present a true..
picture of the relative change in the rate of growth. Espec-
ially striking are those absurdly high "average daily weight
gains" during the initial growth_ period which create an al•t;o-
gether wrong impression of the possible rate of increase in
weight of young fish during the early stages of development,
and arise solely from using a wrong method of computation.
For example, 0. I. Tarkovskaiâ believes that the average
increase in weight of young vobla during the initial growth
period is 235%; whereas actually, according to her data) this
figure should be close to 5$j. This latter rate, of course,
corresponds much better to the actual potential for feeding
and metabolism at this stage of development. ,

During later periods of growth, when the weight of fish
is fairly large and growth rate is slow, [page 1921 it may be
assumed that the absolute value of the daily increase in
weight remains constant over short periods of time without.
serious error. This is equal to the difference between the
initial and final weight, divided by the duration of the

period in days ^wnw0 ^. In this case, for an approximation
n

to the true values of average daily weight gain it 3.s neces-
sary that the value for daily gain in weight found in this -ws.y
be compared not with the initial weight but with the average
weight for the period, i.e. wnw0^. Hence:

2

2(^+rn-w0)
CM ^ 100 (l0.2.1)

n(wn + w0)

The above methods of computation are used later (Chapter
XI) to obtain the average daily increase in dry weight, or in
total calorific content, during the growth of fish.
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[page 291] Many authors have studied the growth of young

fish, of many species. On the basis of the material available,
of which examples will be furnished (page 212), it can be seen
that during the initial period of growth the daily increase in
weight 3.s often 30-4Oj and even more. As development proceeds
and size increases, growth rate inevitably declines rapidly,
and in most fish by the end of the first year and during the
second year it has sunk to far smaller values, of the order of
1-2f'per day, or fràctions of a percent. In order to have a
clear picture of how high the initial growth rates of young
fish are, and the impossibility of maintaining such rates for
any length of time, it is sufficient to calculate that with an
initial weight of 2 mg and a daily growth of 30f, the tremen-
dous weight of 500 metric tons would be attained in 100 days.
The following consideration is no less suggestive: in order
to double a fishts weight within 100 days, a steady rate of
growth of 0.7% per day is sufficient.

In young fish the expected decline in growth rate as size
increases is greatly masked by the very strong influence of
temperature, nutrition, and other environmental conditions
upon growth rate. As a result, even in series of observations
made over prolonged periods, the growth rate of young fish
often fluctuates greatly. In such cases the expected decrease
in the growth rate with increase in size can be traced only in
average data gathered uninterruptedly over rather long periods.

The size of the food ration can also be calculateâ. in
various ways. Ordinarily the wet weight of the food organisms
is used for computing rations, relating it to the wet weight
of the fish. For our purposes the size of the ration obtained
by comparing the dry weight of fish and food is more conveni-
ent; for when such an expression is used the rations can be
compared with the gain in dry weight and also, to a certain
extent, with the expenditure of energy in metabolism. This
will be dealt with later (page 207).

It is plain that growth rates and rations can be com-
pared only if both values are expressed in the same units.
However, that of itself 3.s not enough. It is also necessary
to take care that the computation method used for both values,
which is always arbitrary to a certain extent, be the same if
possible. Much of what was said above regarding computation
of mean values for rate of growth can also be applied to the
computation of the average ration, if the ration is determined
only at the beginning and end of the period studied.

When rations are compared with the weight gains, the
ratio between them will differ less from the true value [Ra e
19,1 than do the two component values. However, this is true

^ only if both indices are computed in a similar manner. Of all
the possible ways to express growth rate, for our purposes it
3.s most convenient to use the average daily increase in weight;



for this value can be compared directly with the average daily
ration, which is also expressed in percentà.ge of the body
weight. This is especiâ.lly -important when it is in terms of
percentage of dry weight or of the total calorific content of
the body of the fish. . ..

3. Indices of the degree of utilization

of food for growth

Two contrasting me^hods can be employed to express the
utilization of food for growth quantitatively. In both cases
the starting point is the same s figures for weight increase
obtained by one means or another for a particular period of
time, and the corresponding figures for the food consumed by
the fish. In the first method, the fraction of the food con-
sumed corresponding to a unit of growth in weight is found by
dividing the former value by the latter, i. e. figures are
obtained which characterize the utilization of food for growth,
which are proper fractions and can be expressed as a p. ercent-
age of the quantity of food consumed. If the wei.ght incrréase.,
and the food consumed are expressed in wet weight, the iltili'-
zation coefficient of wet matter for grQwth is obtained; and
similarly for dry weights. When the weight increase and the
amount of food consumed are expressed as the weight of nitro-
gen contained in each, the utilization-coefficient for
nitrogen is obtained; and when these values are expréssed in
o.alories, the utilization coefficient for energy is obtained.

In the second method.t we determine how much food is
required per unit increase in weight, i.e. figures are
obtained which are reciprocals.of the coefficients of utili-
zation for growth. The ratio of the wet weight of the-food
consumed to the gain in weight, also expressed as wet weight
(the so-called food coefficient [kormovoi koeffitsient]), is
most widely employed. This indëx,.the easiest to get in a
technical sense, indicates veryplainly what amount of food
each unit of weight corresponds to. Food coeff3.cients arè
used to advantage in fi.,sh culture in many casés, especially.
when the fish are fed artificially. However, when applied to
an analysis of the laws of growth, the food coefficient is of
little use, since its values depend greatly upon the relative
amount of dry substance and moisture in the food and in the
body of fish; and these, as 3.s well known., can vdry within
wide limits. Often the ratio of the dry. weight of the food to
growth in terms of dry weight is also called.the food coeffic-
3.ent, [page L9J] on a dry weight bâ.sis., G; S. Karzinkin, who
used zootechnical terminology, suggests that this.ratio should
be called the "coefficient of the productive act3.on.. of food"
[koeffitsient produktivnovo deistvi â pishchi 7.. IT. S. Ivlev
simply calls the ratio of the energy of consumed food to the
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energy of weight increase the "trophic coefficient". In a 
wider sense the latter term is used as a synonym of the food 
coefficient. 

When studying empirically obtained data it is important 
to remember that the values of the utilization coefficients 
for growth obtained from dry weight, from wet weight, from 
nitrogen content and from calorific content e  together with 
their reciprocals (the trophic cbefficients) will agree better 
with each other the less is the difference in chemical compo-
sition between the food and the fish that use the food. In an 
ideal case, when the composition of the body of fish and of 
food is the same, the indices calculated by any of the methods 
mentioned are all the same. 

Of all the possible ways of expressing the relation 
between growth and food consumption, the one of most interest 
for our purposes is the energy utilization coefficient, the 
magnitude of which is close to that of the coefficient of 
utilization of dry substance when, as often happens, the 
calorific content of the dry substance of the fish and of its 
food organisms are similar. Therefore it is quite possible to 
assume, as G. S. Karzinkin does, that "dry matter represents 
the consumption of nutrients satisfactorily" (page 268)--though 
this is true only as a first approximation, and not always. 

Because the relation between the processes of growth and 
metabolism has for a long time attracted the attention of 
investigators, it is now possible to have some idea of the 
degree of utilization of matter and energy for growth. At the 
beginning of this century Tangle and his co-workers established 
that in the embryonic development of a very diverse assortment 
of animals, including one fish (fowl, silkworm, Fundulus 
heteroclitus and frog) the coefficient of energy utilization ' 
i=5-gé---E7-0.6, or 60%. This means that toward the end of 
embryonic development the embryo contains 60% of the initial 
energy of the ovum (Brody, 1945). Seeing that this applies to 
a chick as well as to a silkworm, the weight of which at 
hatching is 50,000 times less than that of a chick, it is 
evident that this fact establishes an important general 
characteristic of embryonic growth--namely that, for the most 
varied types of animals and growth rates, the utilization of 
the initial eupply of matter and of energy in the "food" of the 
embryo takes place at about the same efficiency. Of course, 
these data indicate only the approximate mean value of the 
coefficient of energy utilization during embryonic growth, 
which may take different values during successive periods of 
embryonic development. This has been demonstrated for Ejeme.„ 
1963 the chick, in whose case utilization of energy is more 
efficient toward the end of development than at the beginning, 
and approaches 67%. These figures are of interest for our 
purposes because they can be regarded as the maximum possible 
values of the use of energy for growth; for it must be assumed 



that the composition of the "food" of the embryo is close to
optimal. From available data, among young fish the efficiency
of the utilization of food energy during the initial stages of
growth can come close to this maximum (page 212).

Rubner pointed out the systematic relation between growth
and energy expenditures during the initial period of post-
embryonic development. He considered that during the early
stages of the postembryonic deve"lopment, of the most diverse
animals, every time the weight is doubled the same or close to
the same amount of energy is consumed--namely 3469. on the aver-
age, of the total energy expenditure during the period, per
unit of weight increase. In his well-known paper of 1924,
Rubner made an attempt to extend to fish the views which he
first developed with regard to mammals. By using published
data on the growth in weight of pike 2 to 9 years old he
computed the time required to double its weight. Rubner con-
sidered that the calorific content of the body of a pike is
889.2 calories per gram wet weight. He finds the value of,the
energy metabolism from the conventional size of the body sur-
face, assuming that at 160 fish expend 33.0$ Calories per day
per Csquarea dm of surface. To the value thus obtained Rubner
adds 26.6J for the specific dynamic action of the food. The
sum of the energy equivalent of weight gain, the "*energy
metabolism", and the specific dynamic action, is taken as the
total energy expenditure. Thus Rubner finds that during the
first doubling of the weight of pike (from 70 to 140 g) the
calorific equivalent of the gain in weight comprises 22.8% of
the total energy expenditures; during the time of the second
doubling of weight it i s 33.1%; during the third doubli.ng ,
27p2°fa9 during the fourth, 21. 6%; and during the fifth, 14.1%.
These values for coefficients of energy utilization are
regarded by Rubner as close to those obtained earlier by him
for the postembryonic growth of mammals. From this Rubner
concludes that the growth of poikilothermal organisms is based
upon the same processes as in the case of mammals. Further-
more, he points to the considerably more rapid early post-
embryonic growth of mammals. For instance, a guinea pig
weighing 70 g doubles its weight in 6 days , whereas a pike of
the same weight would, in his opinion, require 274 days to
double its weight. In order to grow at the same rate as a
guinea pig and not use more energy a pike would have to
increase its metabolic rate 45.6 times. Actually, according
to RubnerTs computations, the total metabolism of pike of the
weight indicated (0.47 Cal per day) is 43 times lower than
that of the guinea.pig (20.1$ Cal per day).

[page L927 These conclusions cannot be accepted fully
and unreservedly for in many ways they are based on indirect
and even far-fetched computations. It is known that Rubner's
basic data on postembryonic growth of mammals have been sub-
jected to justified criticism. More meticulous computations
have shown that there is no reason to believe that the energy



expenditures during a doubling of weight are exactly the same
for different species, as assumed by Rubner. Furthermore,

• when the question is studied somewhat more closely, it is
difficult to find any uniform computation method for different
animals which would be free from a lot of more or less arbi-
trary assumptions. At any rate the simplification of the
actual situation and levelling of the quantitative differences
between species in the Rubner structure cannot now be accepted
in their original form, let alone the mechanistic ideas
regarding the development of organisms on which they were
based. However, Rubner 4 s endeavour to demonstrate a regular
relationship between growth and metabolism is of definite
value. Although coefficients of energy utilization during
development cannot be regarded as the same for different
organisms, for they seem to differ in a characteristic way in
different species, neverthe'^.e-s-a, these differences are con-
fined within rather narrow limits. A systematic relationship
exists between growth rate and metabolism, though it, is not as
definite and simple as assumed by Rubnere Because of the
existence of such a relationsh3,p, coefficients of energy
utilization are incomparably more stable than metabolic rates
or, partivularly, growth rates, which for different species
and at different stages of development can differ 100-fold.

It is very important that the utilization coefficients,
and their reciprocals (the food coefficients), are related to
environmental conditions altogether differently from the

. relationship between rate of growth, rate of feeding (rations),
rate of metabolism and environmental conditions. For these
latter biological processes, the relation of their rates to
temperature does not differ in principle from the ?^elation. of
metabolic rate to temperature, although there is no complete
identity. For instance, although food requirements depend on
metabolic rate, the actual ration is related to temperature in
a different way than metabolism; because the raÉ:,7.on, especially
when approaching extremes of temperature, reflects not only the
food requirements but depends also upon the difference in
foraging activities of the fish at different temperatures, etc.

With regard to the influence of temperature on ut'i liza-
tion of food for growth, it not only differs from the relation
of metabolism to temperature, but it has an altogether differ-
ent basis. It has been well established that the utilization
of food for g.rowth, considered in its biochemical aspects,
[pMe 1987 does not depend at all on temperature within the
range of biokinetic temperatures--a matter which I reviewed
earlier (W3.nberg, 19379 pp. 41-44). For a freely-feeding
complete organism the matter is more complicated; but even

• here, it has repeatedly been shown that tai thin the range of
temperatures close to the optimum, the utilization of food for

^ growth is practically independent of temperature (Zvlev, 1938;
Bily 9 19389 Shpet , 1952; Karz3.nkin, 1952; and others ). After
considering this phenomenon G. S. Karzinkin ^n..rites ô "No
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direct effect of temperature upon [percentage] utilization of 
dry substance for growth was observed. Here it is a question 
of difference between stages of development at different 
temperatures, and tit appears that] the influence of tempera-
ture in this field does not follow Valdt.=.Hoffts rule" (page 
275). From what has been said above it is clear that neither 
stage of development nor  Van't-Hoff  have anything to do with 
the matter; because Van't-Hoffts rule, if it has some limited 
applicability to biological phenomena, is useful only in 
describing the relation of their speed to temperature; it 
cannot possibly describe the relationships between such 
phenomena as are involved in the indices of utilization of 
food for growth. 

Although in a biochemical sense the utilization of food 
for growth does not depend upon temperature over a wide range 
of the latter, for a freely feeding organism this range is 
greatly restricted, mostly because the greater the distance 
from optimum temperaturese the more the actual food consumption 
lags behind the food requirement.  This was beautifully demon-
strated for the carp by G.  I. Shpet (1952). As a result, 
degree of utilization for growth is maximal, and the food 
coefficients are minimal, within the range of optimal tempera-
tures. 

Shpet also shows that other factors (oxygen content) 
affect the value of the food coefficient in the same way, i.e. 
through the amount of food consumed. It seems that 
G. S. Karzinkin has the same thing in mind when he says that 
the food coefficient cannot be identified with the "productive 
action of the food" Es produktivnym delstviem pishchi]. This 
last term is apparently to be understood here in the sense of 
the physiological or biochemical utilization of food for 
growth, although in other contexts the same author gives it a 
different, wider, meaning. 

Thus the degree of utilization of food for growth by 
freely feeding fish--which is the result of the interaction of 
the rates of many interlocking processes--in its relation to 
temperature and other factors is subject, in the first place, 
to the law of the optimum. In contrast, the concept of a bio-
logical optimum cannot be applied directly to the values which 
describe the rates of the various aspects of metabolism. The 
maximum size which these values can attain--including the 
metabolic rate, the size of the ration, the rate of growth, 
and so on--Epage 199] as a rule lie aboye the biological 
optimum, and at times they approach the extreme limit of 
biokinetic temperatures. 



4. The coefficients of utilization

of food for growth

The important investigations of V. S. Ivlev (1939,
1939a, b, c fl 1946, etc.) in which he defines and distinguishes
between the concepts encounteréd in studying the utilization
of food energy for growth,are of particular interest. After
applying to fish and to other higher organisms, in an appropri-
ate way, modifications of the concepts used by authors who
worked with microbiological forms (Terroine,Tauson),Ivlev
suggested and used in his work on fish (Ivlev, 1939,
1939a, b, ct 1947) three different coefficients of utilization
of energyë those of the first, second and third orders. The
coefficient of the first order (Kl) is the relation of the
total c^3a.4^rgy i. of -,HG be o 6 do,'.t'o- the energy equivalent of
the gain in weight. The reciprocal ratio can be called a
Ittrophic coefficient" if we use the latter term in a broad
sense, as Ivlev does.

From his experimental work carried out, with several
freshwater invertebrates (Infusoria, an oligochaete, mollusks)
and young pike, Ivlev finds that about 30% of the total food
energy is used for growth during the initial period of develop-
ment for all the forms studied. He obtained rather interesting
data (Ivlev, 1939) when studying the use of food energy for
growth by fry of the sheatfish during the absorption of the
yolk-sac. With this embryonic type of feeding considerably
highèr values were found for the energy utilization coeffic-
ient--65.7% for the whole period of observation--which agrees
well with the data mentioned earlier on energy utilization
during embryonic development. It is interesting to note that,
according to Ivlevts account, the sheatfish fry were in a
state of undulatory• motion during the entire period of
observation. In spite of this, an energy utilization coeffic-
ient was obtained near the upper limiting value, which is in
agreement with statements in the literature (Ludwig, 1929;
Zeuthen, 1947) that aquatic animals of small size require only
a small part of their metabolic energy for movement.

There is no doubt concerning the advisability of using
Ivlevts energy utilization coefficient of the first order, or
values similar to it, as an easily obtainable index of energy
utilization. The basis of all indices of the type E-page ^001
of the first-order coefficient is the relationship between
gain in weight and total food consumed; for example, the
relation of the gain in wei ht, in terms of dry matter, to -
^he dry weight of the food ^the reciprocal value is the.
productive contribution of the food" [produktivnoe deistvie

^ pishchi7). The latter relationship can be called the coeffic-
ient of utilization of matter. -Wb.en the calorific value of
the dry food equals the calorific value of the gain in weight
then this index does not differ numerically from the
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coefficient of utilization of energy. Other indices of this
type, relating total amount of food to growth, are also in use.
For example, G. S. Karzinkin and his colleagues make much use
of the ratio of the nitrogen consumed in the food to the
nitrogen added in growi-,h during the same period of time.

The Ivlev energy utilization coefficient of the second
order is a more significant value, but obtaining it involves
meticulous physiol6gical studies in each separate case, which
restricts the opportunities for using it.

The energy utilization coefficient of the second order
(K2) is defined in ivlev t s works as the relationship of the
food energy to the "total transformed Lprev7•ashchennaîa ]•
energytT, i.e. to the difference between the total' energy of
the food and the energy discharged in faeces and.urine, which
difference is usually called IPphysiologically useful energyt'.
It is plain that only in rare cases, when conducting.special-
research on the nitrogen metabolism of fish, is there a chance
to obtain the basic information needed for computing the
coefficient of the second order. Furthermore, even if one has
data on the excretion of nitrogen in the urine, it is possible
to compute only approximately the magnitude of the physi6logi-
cally useful energy, since no fundamental research has:yet been
carried out on fish metabolism which would ind.icate.reasonably -
accurately the amount of energy to which 1 mg of urine nitro-
gen corresponds. '

The following examples of energy utilization coefficients
are found in the works of Ivlev (1939, 1939a). Fâr the entire
growing season of carp in the second year of life, K, = 31.3%
and K2 = 41.7%. . ,

For young pike after various periods of starvation:,
V. S. lvlev quotes the following energy utilization doqffic"
ients :

Days of starvation K1(%) K2(%)'

0 . 31.5 43.1
10 35.1 46,.$
20 3$.6 49.7
30 26.0 39.6

[page 201] In order to judge the extent of the utiliza-
tion for growt of that part of the physiologically useful
energy whtch remains after deducting what is required for
'rexternal and internal work", and which goes directly into
growth, V. S. Ivlev (1939) suggested an energy utilization
coefficient of the third order, and gave an example of the
computation of this value for fish. According to him the
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total amount of energy consumed as food ( Q) represents the sum
of the energy of the wei ht gain ( Q'), of the excretions (Q^),
of the internal work ( Q ^, of the externa7. work ( Q^.) and of
the . pr3 mary heat produc^ican p+ QR + Q,w + Qv +
Iv1ev postulates that,in addition to the energy 3noorpirat

^

into the body structure and that used for external and inter-
nal work, the physiologically useful energy (Q - Q. ) also
includes a "primary heat production" which cannot ^e utilized
by poikilothermic organis.ms; We will not dwell here on the
meaning of 4?primary heat", but will try to see how Iv.lev links
his concepts with experimental data. He determined the total
amount of food energy absorbed by a carp during the growing
season, by the nitrogen balanc^e method. In a pai9tici.a.lar case
it was equal to 1829 Cal. The energy of the gain in weight
was found by weighing and from determinations of the calorific
content of the body of the fish ( 573 Cal). The energy value
of the excreta was computed from the weight and calorific value
of the faeces and from the amount of nitrogen in the urine.
It was assumed that the urinary nitrogen was in the form of
urea (454 Cal). The "internal work" was determined from
respiration and the t1oxycaldrific coefficient" (150 Cal). To
establish the '*external work" it was assumed that the amoiznt
of energy expended by carp in movement was 20f'of the "inter-
nal work°t (30 Gal). Thus all the quantities were found which
make up the total amount of absorbed energy, according to
Ivlev's concept s, with the exception of the I*primary heat".
This last quantity was found by difference:
Q - (Qt a- QR + Qw + Qv) = Qt, and it turned. out to be very
considerable--622 Oal°, this amounts to 45% of the physiologi-
cally useful energy.

There is a fundamental objection to the determination of
"primary heat" from this difference. The entire energy which
corresponds to the amount of oxygen consumed was taken into
consi^eration when computing the "external [and internal]
work". The applicability of the first principle of thermo-
dynamics to living organisms has been firmly established by
classical 'bàlantza', experiments in physiology. Since this is
so, then for aerobic metabolism there is not and cannot be
any other source of energy but that which is released by the
oxidation of food. Therefore--as is well known--the physio-
logically useful energy must be fully accounted for by the sum
of the energy of weight increase and the energy represented by
respiration. In ideally precise balanced experiments and
computations [page 202] the difference which Ivlev accepts as

1 The authoris omission of I'internal4* here appears to be
a slip.--W.E.R. ]
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the value of the Rprimary heat" must be equal to ze.rol.

The question now arises, where does the difference come
from that Ivlev identifies as ePprimary heâtlr in balancing the
énergy budget for carp? When the observations on.the nitrogen
balance were being mades respiration was not measured. The
necessary values were taken from a previous work by Ivlëv *
(1938)o concerning which we noticed earlier (page 1.00) that in
measuring the metabolic rate of carp Ivlev had obtained
unusually low values because the measurements were made in
winter using greatly exhausted specimens. These particu"lar
data were accepted for computing the value of the "int^rnal
work", and as a result the latter has a very low value'. From
table 1 of Tvlevg s work a the average weight of a carp was
equal to 180 g during the growing seaation. In this event the
rate of consumption of 02 at 1$.5° (the average temperature of
the growing season) expected by equation (5-4-1) i s 19.1 ml 02
per hour, If the growing period lasts 2760 hours the oxygen
consumption of one fish during the entire season is 5207
litres; this corresponds to 260 Calo There is no doubt that
this, too, i4 a great underestimate, if only. because metabolic
rate does not increase linearly with temperature, and there-
fore the contribution of the periods of higher temperature
will be greater, relatively, than when the computation is made
from the Itaveraget' temperature. Furthermore, there is no
doubt that the metabolism of moving and feeding carp in a•
pond is considerably higher than the rate of oxygen consump-
tion of unfed fish in a respiremeter, In view of these con-
siderations the true values of Q^ and Q. must be considerably
higher than those in ivlev4-^ wor , and the difference
Q- (Q7 + QR + Q..^ + Qv) v Qt must be correspondingly smaller.
Furthermore, we must not forget that the [page 2031 total
amount of food consumed (Q) was computed from nitrogen metabo-
lism, on the basis of a calculation of the'content of the

lIn this connection we may note the inaccuracy of
V. S. IvlevQs remark that the "true energy productivity of
Terroine is not an index of anÿthing'g, since it invariably
comes out as unity. This is true only if the value Q. is
taken to be the entire respiration, as is done by Ivlev'but
not by Terroine, who by this symbol designates only part of
the respiratory metabolism--the «maintenance metabolism",
whose magnitude he determines by a special method.

2 Ivlev indicates that a metabolic rate of A-0 0.9 02/kg/hour
was used for the computation, and that an Itaver age" carp con-
sumed 42.5 g 0^ during the entire season. For the whole
season of 2760 'hours , this corresponds to a weight of 375 g
for the f•average carp", which is about twice as much as their
actual average weight during the growing period. This can be
seen from table 1 of Ivlev's work.

•
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intestines and analyses of food organisms, i.e. a large number 
of assumptions and approximations were required. The final 
result of these calculations can.easily diverge from the true 
[food] consumption by an amount large enough to explain the 
remainder of the difference under discussion, which as 
N. V. Puchkov (1954) aptly observed, represents "unaccounted 
expenditures". 

In another work Ivlev (1939b) computes the value of the 
"primary heat" in a similar way, for young pike reared under 
experimental conditions. In this case the corresponding 
difference for the various groups used comprised 39-48% of the 
physiologically useful energy. In this study the metabolic 
rate accepted by ivlev corresponds very well with the values 
expected for routine metabolism. The values for energy con-
sumption (Qw  ) calculated on this basis were about equal to 
the "primary heat" determined by difference. To balance the 
data of the experiment it is enough to make the--highly 
probable--assumption that the actual mean metabolic rate of 
the young pike, which were fed with fish fry, was twice as 
high as the values used in the computation, which latter are 
close to the resting metabolism. Of course, many other 
sources of errors could also be responsible for the dis-
crepancy observed. 

Ivlev (1939) also computed the elements of the energy 
balance sheet for sheatfish larvae which were growing at the 
expense of resorption of the yolk sac. It is very interesting 
that for this material the "primary heat" proved to be rela-
tively small and comprised only 10%,  of the physiologically 
useful energy. From my point of view this means that under 
the simpler conditions of embryonic nutrition the elements of 
the energy balance sheet could have been determined wlth 
smaller errors. 

Thus we cannot recommend using the energy coefficient 'ofl: 
the third order suggested by  V. S. Ivlev; nor is it possible 
to accept his further suggestions concerning methods of com-
puting values for "maintenance and productive" energy in fish, 
or his (1947) standard numbers of carp required for planting 
[in ponds], since these were worked out using the energy 
balance sheet for carp described above. These papers, while 
extremely interesting in their originality of thought and 
their general approach to the problem, require further 
improvement and correction. 

[page  204]  Actually, in his latest work in which the use 
of food for growth is studied in detail (Iviev and Ivleva, 
1948), a different terminology is proposed, the coefficient of 
the third order is somewhat modified, and an example of 
another approach to the experimental determination of this 
quantity is shown. This work was carried out not with fish, 
but with young cormorants. However, the terms and methods 
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suggested are of general significance and can be applied fully
to fish, consequently we must not overlook them..

The indices which were called coefficients of energy
utilization in ivlev4s previous works are now called the
"energy coefficients of growth" Cenergeticheskie koeffitsienty
ro sta J .

In addition they suggest "energy coefficients of work".
Cenergeticheskie koeffitsienty raboty7 of three orders; and,
using the term in a different sense than formerly, t4coeffic-
ients of energy utilization" [koeffitsienty i.spolzovani3'a
energii] of two orders. However, no examples of the computa-
tion of the latter two indices are givena and it is not
explained how this is to be done.

With regard to the '"energy coefficients of growth=', that
is, whâ,t were the energy utilization coefficients in the
original terminology used above, it can be said that this term,
although in some respects more suitable, has its own short-
comings. In the first place, it does not indicate that it
does not really concern growth, but rather the use of food for
growth. As explained above, the utilization of food for
growth can be expressed quantitatively not only by the relation
between the calorific contents of the weight increase and of
the food, but in many cases the dry weight or nitrogen content
can be used to advantage in computations. Therefore I consider
it advisable, retaining the basic form of the original term
"coefficient of utilization", to use it to describe the utili-
zation of food for growth which can be obtained either on the
basis of the relation between the calorific equivalents of
weight increase and food, or by using other units to measure
these quantities.

The relationship between the food consumed and increase
in weight of the young cormorants was studied by the Ivlevs
from a direct calculation of the food consumed. An attempt
was made to determine the magnitude of that part of the
"primary heat" which ^s associated with plastic metabolism
[plasticheskii obmen]. The latter value was obtained by
deducting the energy of weight increase and-the energy of
maintenance metabolism from the total amount of incorporated
[usvoennaial, or physiologically useful, energy. The size of
the maintenance metabbl.i sm •was det:ermined ..in separate ' eDepOx iméi^ in
which the young birds were given a limited amount of food,
sufficient only to maintain life and not sufficient for

1[The exact meaning of plasticheskii in this context
escapes me; perhaps 'tmuscularM would come close. In species
descriptions, plasticheskii is used in the general sense of
morphometric--as contrasted with meristic.--W.E.R.7
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growth. It is easy to see that this method of determining the
"primary heat" is based upon the hypothesis that the "ext,ernal
and internal work" in normally feeding and growing fledglings
does not differ from [page 20,57 the corresponding values for
young birds that receive-insufficient food. If however in
normally growing fledglings the nexternal and internal work"

,

3.s greater than in hungry ones, then there is no reason to
ascribe the indicated difference entirely to Itprimary heat".
Gonsequently, the datfficulties in determining the "maintenance
metabolism'* and the approximate nature of this quantity make
it impossible to assume that the "primary heat", and therefore
also the food-utilization coefficient of the third order, can
be-given a sufficiently definite quantitative expression.

In contrast to this, the coefficients of food utilization
of the first and second orders can be determined with the
requisite degree of accuracy and have very wide applicability.

The Ivlev coefficients of the first and second orders
and pa:rameters similar to them do not exhaust the possibili-
ties for quantitative expression of the utilization of energy
for growth. For example, G. S. Karzinkin makes use of the
percentage weight increase not only as compared to the total
amount of food, but also to the amount of food absorbed
[resorbirovannai'a7. In some situations this is fully advis-
able, especially when studying the use of dry substance or
nitrogen for growth. In an analogous manner it would also be
easy to obtain an energy utilization coefficient that would,
as it were, occupy an intermediate position between the Ivlev
coefficients of the first and second orders.

In the same way, too, Ivlev (1939) in one of his studies
on the utilization of fat and carbohydrates by cârp, cites the
"coefficients of utilization" of fat and carbohydrates,
obtained by a special method of computation; but they have an
altogether different meaning than the coefficients.of the
first and second orders which resemble them in name.

Thus, at present, various quantitative indices are used
for appraising the degree of utilization of matter and energy
in food for growth, which are often called by the.same or
similar names. To avoid possible misunderstandings, one must
differentiate strictly between at least three methods for com-
puting the relationship between growth and food r.equirements,
or three categories of indices of utilization of matter or
energy for growth. In the first case the indices are computed
from quantities that are proportional to the total amount of
food consumed--the Ivlev coefficients of the first order; in
the second case they are computed from the amount of food
absorbed (the total minus what is ejected in the faeces). In
the third case, which is applicable to the relationship

^ between energy of growth and of food, the value for growth is
compared with the physiologically useful energy .(the energy of
the food absorbed minus the energy lost in the urine )--the
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coefficient of energy utilization of the second order. We
should observe that only in the case of proteins does the
energy of food absorbed differ f rom the physiologically useful
energy,

[pa&e 2067 The.first form of the relationship between
growth and Food, i.e. values of the type of Ivlevps utiliza-
tion coefficients of the first order, suffices for our pur-
poses. In practice, there are very few situations where it is
possible to learn the calorific value of the weight increase
and of the food. In addition, therefore, one must use the
relationship between the dry weights of the growth and of the
food (the coefficient of utilization of food for gr. owth ),
which, to a first approximation, describes the energy rela-
tionship sufficiently well in most, cases.

A

•
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ft Chapter XI. (page 2077

Growth Rate and Metabolic Rate of Fish

.

1. The interrelation of growth ratet food rations

and metabolic rate (the balance.d eqjL^Kton )

► .
Thanks to the fact that growth rate g food rations and

metabolic rate are strictly and definitely inter-^.̂ °elated, it
is poss3.ble, if one knows two of these values, to compute the
third. The rate of food.consumpt3.on must meet the needs of
growth and metabolism, i.e. when expressed in equivalent units
it [food] must vary proportionally to the sum of the two last-
named values. In computations it is most accurate to express
all three indices in energy unit s, as is customary in
physiology'.

The sum of energy expenditures for respiration and growth
does not equal the total energy of the food, 'but only the
so-called physiologically useful part of it, i.e. the differ-
ence between total energy and energy given off in excrement
and urine (Tomme, 1949). Rations are computed from the total
amount of food. Therefore, one must know how the total energy
of food is connected with expenditures for respiration and
growth.

The ratio of physiologically useful energy to total
energy can vary, depending on kind of food, species of fish,
stage of development and other conditions. However, we may
conclude from the studies of the assimi lability [usvoâ aemost l'_
of food by fish (G. S. Karzinkin, 1952) that these differences
are to bè located within relatively narrow limits in most
cases. Therefore, it is relatively easy to establish what
part of the total food energy, on the average, is ejected in
the excreta when fish feed upon natural foods. In table 31 of
Karzinkinfs book are gathered together data on digestibility
[perevari:mos^t7 of the proteins of different food organisms,
obtained by Mann, Yablonskaf-à and other authors for 10 differ-
ent species of fish. The values quoted in the table fluctuate
between 76.0 to 96.6%, and they show no clear relationships
with kind of food or with the species of fish that used it.
It seems that these differences reflect, to a very consider-
able extent, the inevitable random fluctuations in experi-
mental results. Karzïnkin, not considering this poss:i.bility,
is inclined to consider that all the differences, even the
small ones., [page 20$7 are associated with peculiarities of
the different spec3.es. Nevertheless, he writes that: "'On the
whole, comparative material concerning a number of fishes
makes it possible to conclude that digestibility of proteins
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is very much the same for a number of species. Such agreement
makes it possible to compute the content of digestible proteins
in a food supply from knowledge of their digestion by any
single species of fish. The error in applying such results to
other species of fish will be within the range i5-6%." On the
average for the 43 values in table 31, digestibility of
protein is equal to $$.4%.

The digestibility of food computed on the basis of dry
weight or calorific content can differ from its digestibility
with respect to nitrogen, but for most natural foods the
difference is small. According to E. A. Y'ablonskaia. t s data
for carp, quoted in table 27 of Karzinkin Q e book, the average
digestibility for. 18 species of food organisms (mollusks
weighed together with their shells are excepted) is as follows:
on a dry weight basis, 84.7%; on the basis of calorific
content, 84.0%q and on the basis of nitrogen, 90.0%. In this
case, as in many others, digestibility on a dry weight or
calorific basis is somewhat lower than with respect to nitro-
gen.

Judging by the aggregate of data on hand we will not be
far wrong in assuming that under natural conditions the
digestibility of natural foods averages 85%.

It is considerably more difficult to get an idea of what,
part of the total energy of the food is secreted in the urine:
Even in cases where the nitrogen content of the urine is known
this is not altogether clear. V. S. Ivlev (1939) assumes in
his computations that 'tin the carp, nitrogen is given off
primarily in the form of ureati'. N. V. Puchkov (19510 writes
that the final product of albuminous metabolism in bony fresh-
water fishes consists of "urea and ammonia; but ammonia
greatly predominates'-t (page 156). The more ammonia predomi-
nates over urea in fishurine, the less is the energy corres-
ponding to a unit of nitrogen secreted, as compared with the
amount inserted in the corresponding computation when urea is
the main product of protein metabolism.

If all the nitrogen of protein metabolism is given off in
the form of ammonia, then the physiologically useful energy
becomes equal to the digestible energy.

First of all we will see what the values would be if urea
were the main product of protein metabolism. It is well known
that in this,case the total energy of 1 g of protein is con-
sidered to be close to 5.7 Cal, and the physiologically useful
energy about 4.1 Cal. Thus the energy loss in the urine com-
prises 2$f of the total energy of the protein. When the entire
protein in the food is used up in energy metabolism, which
could occur only if there were no growth, the loss of energy
in urine will be a maximum. In food of ordinary composition
not more than [page 209] 50% of the total energy is in the

1

41L
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protein. In such case, if there is no growth at all, 14% of
the energy of the food absorbed will be lost in the urine. If
50%. of the protein is used for growth then the loss in urine
will amount to only 7f'. If only 50% of the nitrogen excreted
in the urine occurs in the form of ammonia, then the energy
loss observed should again be reduced to half, and we get 3.5%
of the energy of-the foodabsorbed, or 3% of the total energy
in the case of $5% assimilabilityQ Even this tentative and
approximate computation shows convincingly that the loss of
energy in the urine9 espécially in the case of growing fish,
cannot comprise a large part of the total food energy under
normal conditions.

On this basis it is accepted in all further computations
that total-'loss of food energy in excrements and urine $ when
the fish are.fed natural foods, comprises 20% of the total
food enèrgy, or in other words that the physiologically useful
energy comprises 80% of the total energy of the ration.

If the physiological food energy comprises $Of of the
total, it is evident that the second-order coefficient of
utilization of food can easily be obtained from the first-
order coefficient) because then K2 = 1.25 Kl. For example ,
if the first-order coefficient is 30f, then the second-order
coefficient will be 37.5%.

It is now easy to write a balanced equation which relates
metabolic rates growth rate and the rate of food intake (the
ration), which will make it possible to compute the third
value from any two known values--for example, to find the,size
of the ration from the metabolic rate and the growth rate. It
is clear that all three members of the equation must be
expressed in the same manner and referred to the same time
unit, for which, when studying the growth of young fish, it is
most natural to use the 24whour day. The basic balanced equa-
tion can be expressed in writing as fôllowsg

Energy of weight increase + energy of metabolism

= physiologically useful energy

= 0.$0(energy of the ration)

Or: Energy of the ration,

_ 1,25(energy of metabolism + energy of weight
increase)

For an ideal case it is easy to express rate of respira-
tion in the form of expenditure of dry substance for metabo-
lism. In fact, if the calor'ific equivalent of dry substance
is 5000 cal/g, then the consumption of 1 ml of oxygen, which
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is equivalent to the release of 5 cal of energy, means the 	- 
expenditure of 1 mg of dry body substance in metabolism. When 
applied to actual data, such a method of expressing the meta-
bolic rate can only be sanctioned for approximate computations 
of a general nature, seeing that it contains inaccuracies 
which become more serious the more the calorifin equivalent of 
the dry substance of the fishls body differs from 5000. How-
ever, since only in rare cases is it possible to have access 
to data expressed in energy units, the method just given-- 
computing the expenditures in metabolism in terms of dry 	, 
weight--can be [EÊ..g.e 210]  very useful, especially if one con-
stantly keeps in mind Uhe possible sources of error and knows 
the range of possible deviations from the true values. 

On this basis it is permissible to present the metabolic 
rate in the form of "expenditures for metabolism" expressed as 
a percentage of weight. If 1 ml of oxygen consumed corres-
ponds to the expenditure of,1 mg of dry weight, then from the 
size of the metabolic rate '44  expressed in the ordinary form 
(ml 02 per g of wet weight per hour), the expenditures for 
metabolism per day, as percentage of the dry weight, can be 
obtained from the formula: 

EXpenditure for metabolism per day (as percentage of 
weight) 

(consumption  of 02 as ml/g wet-weight/hour) x 240 
content of dry substance in % 

When it is possible to assume that the calorific eqUiva-
lent of the dry substance of the body of the fish and of its 
food are the same, the balanced equation takes the following 
form: 

Increase in dry weight,± expenditure of the dry substance 
for metabolism 

0.O (dry  substance of the ration) 

This expression is identical with the above relationship 
between energy equivalents only in the "ideal" situation when 
the calorific value of the dry substance of the food and of 
the fish are the same; in other situations it is only an 
approximate equation. Nevertheless, as shown below, its 
application to concrete data on the growth and the feeding of 
young fish has been very fruitful. 

In principle, the computation on the basis of calorific 
equivalents is more accurate. In practice, however, in the 
first place one seldom has the necessary values at one's 
disposal, and in the second place, even when the calorific 
equivalents are known they are usually not obtained by direct 
combustion in a calorimetric bomb, but indirectly from 
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computations that are o^^zn^,y made on the basis of dry weight
and n^.t^°ogen c^onten^t--computation^ which contain a numk.tie^° of
more or less arbitrary postulates. Sometimes in determining
calorific equivalents re0ourse is had. to various forms of
so-called wet combus°tion,D which also i s an indirect method and
can le ad. to large errors (see page 211). Therefore, although
in principle the computat;ion'using weight units for growth and
for the ration is considerably less ac.curate, nevertheless in
practice it is necessary to resort to it; and it is often
difficult to say which leads to ^he smaller e^wror: to use

f

•

accqrately determined figures for the dry weight, or calorific
equivalents that have been obtained by indirect methods
involving many approximations.

When calculating from dry weight , one is inevitably com-
pelled to ascribe, more or less arbitrarily, a definite
calorific value to I g of dry weight. The greatest errors
arise from the facts that Epa&e 2117 ÿirstly, the calorific
equivalent of the dry substance in many cases does not really
remain constant 9 but changes during development or with the
seasons, and secondly, the ca.lorific equivalent of the dry
substance of different species differs. Nevertheless, approxi-
mate computations on the basis of dry weight are permissible
because the da.loh^ific equivalent, of a dry-weight unit in many
cases varies far less than that of a wet-weight unit, which
depends on moisture content and differs in different species
and at different stages of development.

For the tentative computations to follow it.is taken that
the calorific equivalent of 1 gram of dry weight of the body
of the fish s and of its foods, is equal to 5000 gram-calories..
The following data give an idea of the externt of the possible
deviations from the true values. By means of direct calor-
imetry Rubner (1924) showed that the calorific equivalent of
the ash-free and fat-free organic substance of thé body of a
crucian carp is equal to 5347 cal. per gram of dry weight; for
bream it is 531.7 cal; for pike, 52$3 cal,' and. for tench,
5391 ca^., According to these data the mean calorific eq^iiva-
lent of fat-free substance is 5309 cal per.gram dry weight,
It is evident that the calorific equivalent.,of the (actual]
dry substance will tend to be below this vdluc `.by.` reason of
the ash content, and. will. tend to be higher by reason of the
fat content, Let us assume that the calorific equivalent of
1 gram of fat is 9500. If the calorific equivalent of 1 g of
the dry substance be indi.cated by q, the percentage of ash by
s, and the percentage of fat by f, then:

•
5300(100-s) ^, +^^.^..^^ . ^.. . 5300• - 53^ + % 42f

100 100

It is easy to compute by how much the calorific value
will be reduc ed when computed , not on the a sh-free 9 but on the
ordinary dry weight basis. The usual ash content in the body
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of a fish does not exceed 5%. If there is no fat at a119 the
calorific content of the dry weight will be 5035. From the
above considerations, it is impossible to understand why the
calorific equivalent of the dry substance of the fish8s body
has been assigned such low values as have at times been quoted
in the literature, when calorific values were determined by
inadequately tested.indirect methods. For example, in table
97 of the book by G. S. Karzinkin (1952) data are presented
concerning the calorific equivalent of the dry substance of
the body of roach, which at the beginning of summer are
assigned values close to 3750 cal/g dry weight. It is easy to
see that so low a calorific value corresponds to an ash content
of 29% even in the complete absence of fat. This percentage
exceeds the ash content of the bones of fish.

Obviously the calorific equivalent of dry substance
increases as fat content increases. For example, at an ash
content of 5%, and a fat content of 10% (which is a rather
large amount for a freshwater fish), the calorific equivalent
of the dry substance computed by the above formula will be
5450. According to Ivlev4 s(1939) data, during the second year
of growth C Pa^e

b.
2121 the calorific equivalent of the dry

weight of t he ody of carp increases from 4310 to 5573 cal/g
dry weight, i.e. it differs from 5000 by from -11^% to +12%.
It would seem that the difference in calorific value of the
dry weight of the body of carp, as between the start and the
end of the Cgrowing ] season, approaches the maximum possible;
this is the difference between yearlings much exhausted by
wintering-ove r and fat autumn two-year-olds. Differences in
the calorific equivalent of young fish during the initial
stages of growth are possible only within considerably
narrower limits. For example, it can be seen from Krivobok's
(1953) data that the calorific equivalent of young wild carp
fluctuated irregularly within the range 4500-5030 cal/g during
the period May 26 to August 14. Nevertheless, it must be
admitted that the results of computations based on the pro-
visional assumption of a constant dalorific equivalent for dry
weight of 5000 cal/g can deviate from the true figures by t,20f.

2. The relationship between growth and metabolism

of various species of fish, from data obtained

by the method of nitrogen balance

In recent years Soviet investigators, primarily
G. S. Karzinkin and his students, have carried out a series of
experiments in which they studied food rations during growth
of the young of a number of species of fish. During this
research the size of the ration was arrived at either by
direct computation of the food required, as,,is possible when



^ the young fish are raised in the laboratory, or by the indirect
method of the nitrogen balance, This method was first des-.
cribed in 1937 in a work by five authors (Mdlen, Karzinkin,
Ivlev, Lipin and Sheina ), based on the re sult sof some experi-
mental work done by V. S. Svlev and described by him in detail
in his.. 1939 paper, In subsequent years Karzinkin and. his
students have used the nitrogen-balance method extensively.
The nitrogen-balance method is of particular interest becaixse
the figures obtained. using it represent the metabolism of the
fish under natural conditions. Therefore a comparison of
these data, which are completely independent of the basic
equation, can serve as a check on the reality of the generali-
zations made and the possibility of estimating fish metabolism
from them under natural conditions, F.irthermore , by using the
abovementioned concepts and methods of computation, it 3.s
possible from such materials to trace how the interdependence
of the processes of growth and metabolism works out in differ-
ent fish and under different conditions. As a. result , this
will help to clarify to what extent the data on fish respira-
tion could be used to solve the question of food rations for
fish under natural conditions l, which is important for the
fish-rearing industry, and to develop reliable^ methods for

} determining these quantities.

Gpage aa] We will illustrate the method of computation
• by a concrete example , using data from the thorough and

meticulous work of M. N. Krivobok (1953)s who studied the
feeding and- growth of young wild carp in a hatchery of the
Volga delta, Krivobok applied the method of nitrogen balance,
and from the values obtained he computed the amount of .nitro4
gen consumed by the fish per day for each of the periods of
observation. It has been shown repeatedly that the nitrogen
content of the dry substance of various food organisms
deviates little from 10%. Therefore we consider it possible
to obtain the dry weight of the food consumed by multiplying
the wei ght of the nitrogen consumed by 10. For example,
during the period July 14-28t 4.0$5 mg of nitrogen per d.ay. are
required for one fish, according to KaHivrsbok 4s data. TYrere- ...
fore.9 during this period 40.$5 mg of food (dry weight) were
required per day. DurM.4this period the average dry weight
of a fish amounted to mg. Hence the daily ration,
expressed as percentage, is 8.2%. We may notice that dai.1y
rations have been computed by Krivobok and other colleagues
and students of G. S. Karzinkin in a more complex manner.
They take into consideration the species composition of the

= organisms consumed, their weight, and the relative nitrogen
content of each food componento In the work under considera-
tion the rations were obtained in this wayo Comparing them
with our data, it is easy to see that the differences are
small and random. In 5 instances our method of computation

^ yielded somewhat lower values, while in 3 instances they were
higher o The relative nitrogen content in each of the food
objebts can vary over a rather wide range. Therefore these
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more complex computations, which take into consideration the
composition of the food, the different nitrogen contents of
the different food ôrganisms, etc., result in only a ficti-
tious precision in many instances.

It is important to know what method is used to compute
the size of the daily increase in weight and the daily ration.
It was shown above (page 190) that Krivobok , as well as other
authors, have used an inaccurate.method of computing the
average daily increase in weight. He also used linear inter-
polation to 'compute the average daily food consumption for a
given period of observation; that is, the arithmetic mean of
the quantities consumed at the beginning and at the end of the
period, divided by the duration of the period in days, was
regarded as the average amount of food consumed. However, in
this case, in converting from absolute to relative values, the.
ration was expressed as a percentage of the average weight for
the period (the arithmetic mean of the initial and final
weight) and not as percentage of the initial wei ht (as was
done when computing the daily increase in weight^. Although
in the case of rapid growth it is impossible to obtain com-
pletely accurate values in this way, nevertheless the unavoid-
able difference from the true (page 21_ka value will be con- '.
siderably less than when the percentage is calculated from the
weight at the beginning of the period. However, it is most
important that when the mean percentage increase in weight for
the period is computed in the same wa;L, that is, in terms of
the initial weight rather fKan the mean weight, the ratio of
the average weight increase to the average ration wili^l -rôr
practical purposes not differ from the true value,, though the
Cabsolute7 difference between them will differ somewhat from
the true difference. For this reason we have considered it
permissible not to refer all quantities to the basis of the
initial values, which in any event are not always published,
but have taken care only to see to it that the percentage
growth in weight and the relative daily ration are computed in
the same way and are compared with the mean weight for the
period. Nevertheless, it should be borne in mind that Table 23
and those that follow show quantities for growth and for
rations which, strictly speaking, are only approximate average
growths and rations for the periods in question. However,
their deviation from the true figures can only be detected
during the periods of the most rapid growth.

The computation of the coefficient of utilization does
not require,explanation, since it is simply the quotient
obtained by dividing the daily weight increases by the daily
rations.

The balanced equation makes it possible to compute a
third quantity by means of two known quantities. From
Krivobokts data the rations and the weight increases are
known. Therefore from these data the "expenditures for metabo-
lism", 3..e, the mean metabolic rate of the fish used in the

V
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experiment, can be computed from the balanced equation. Let 
us remember that the special interest of values for metabolism 
computed in this way consists in the fact that they should 
represent the mean metabolic rate under natural conditions, 

215]  since Krivobokes material refeA to the growth of 
fish under natural conditions. 

"Expenditures for metabolism" have been computed from the 
balanced equation in the following way. In our example, for 
the period July 14-28 the ration was 8.2%, and the gain in 
weight was 0.96%. Hence the expenditures for metabolism were: 

0.8 x 8.2 - 0.96 . 5.6% 

Let us recall that if the calorific equivalent of dry sub-
stance is 5000 cal/g, then 1 ml 02 corresponds to the metabo-
lism of 1 mg of the dry substance. Therefore, at the 5.6% 
level of expenditure for metabolism, 1 g of dry substance 
requires 56 ml 02 per day. According to Krivobok, during the 
above period the bodies of these fish included 19.4% of dry 
substance. Hence we can calculate that for 1 g of wet weight 
of the fish, 56 x 0.194 . 10.9 ml 02  are required every day, 
or 0.45 ml 02  per hour. 

The expected values for metabolism (column 9, table 23) 
were computed, as usual, on the basis of the wet weight of the 
fish from the basic equation (7.3.3), and were reduced using 
Table 1 to the indicated mean temperature of the period of the 
observations. For example, for the period July 14-28 the 
expected value Of routine metabolism at an average fish weight 
of 2.566 g is 0.25 ml 0.,/g/hour at 20 9  and it is 0.37 at 
24.7'. Krivobokts  article  also contains results of measure-
ments he made on the rate of oxygen consumption, which are 
shown in the last column of Table 23. 

Let us now study Table 23, the first three and last 
columns of which contain Krivobokes data, the others being 
calculated by the methods stated. Table 23  shows, as would be 
expected, that the daily weight gains and rations, which were 
high at first, decrease rapidly, whereas the utilization of 
food for growth remains for a long time at almost the same 
high level as prevailed during the initial period. There is 
no doubt that the rapid reduction of the values for the daily 
growth, which begins on june 26, and is accompanied by 
decrease of the utilization coefficient, reflects a deteriora-
tion of feeding conditions, because carp of these sizes are 
capable of growing rapidly and maintaining high values of the 
coefficients of food utilization. 

The last three columns of the table are of greatest 
interest: they contain figures for metabolic rate computed 
from daily weight increases and rations using the balanced 
equation (column 8), expected values of routine metabolism 
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obtained from the basic equation (column 9), and measurements
of respiration made by Krivobok (column l0), Inspection of
the table reveals that the three series of values are
surprisingly close. Considering the many approximations and
possible sources of error, this result [page 2167 is of
exceptional :i.nterest, Of course the almost comp ete agreement
of the figures for metabolic rate obtained in three different
and independent ways can be accidental to some extent, Never-
theless, even if so close an agreement of the values computed
in different ways is not regarded as typical, it must be
admitted that even with the largest possible degree of error
the disagreement among these values could not become very
great. This leads to some important conclusions. Firstly,
the result of the computation can serve as a convincing
practical demonstration of the usefulness of the methods used
in our tentative comparisons of the magnitudes of inetabdlism,
growth. rate and food rations among growing fish. Further, we
must conclude that the metabolic rate of your.ig carp of these
sizes, under natural condit#.ons, is close to the routine
metabolism of fish (in general7, which would be possible only
if there is relatively small expenditure of energy for mqve,-,
ment.

Let us now take an example of quite.. a, different character
reftarl-hg to 4th--year [chetyrekhletnye--i.e. age 3-1-7 roach. of
Lake Glubokoe [Deep Lakel, whose nitrogen balance.has been
studied by G. S. Karzinkin (1952). The studies lasted.3
months, from the end of May to the end of August. Seven times
during this period the nitrogen balance of fish caught in the
lake was determined, as was the composition of. their food
(from the contents of the digestive tract q etc.). The results
of the study are presented in three tables in Karzi.nkin 4 s book
(tables 97-99). In detail, these tables contain values calcu-
lated by Karzinkin :indicating how many 'tCalories were eaten
during each periodfP, and the calorific content of the body of
the fish. This makes it possible to use as the basis for our
computations not the dry weights, as was done in the prev3.ous-
[page ^1Z] example, but rather to use the calorific equivalents
of weight gains and rations directly. Apart from that^ a.ll the
computations are completely analogous to those described above.
In this example, underlying all the data on the utilization of
food for growth there is the assumption that the average
weights of the fish caught at successive intervals represent
the growth of the fish in the lake. The weight of the fish
increased from 19.6 to 25.$ g during the period from May 26 to
August 26. With such slow growth, when the weight increases
for half-month periods are obtained from differences between
the weights of fish caught in the lake it was, of course,
impossible to avoid accidental and irregular fluctuations in
the computed growth rates; in fact, even negative values for
growth were obtained for one of the periods. Hence there is
no reason to expect consistency in the fluctuations of the
values from sample to sample; rather, they must be viewed as a
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whole for the entire period of observation. Notice [in Table
241 the small daily growth--0.54f on the average.. The mean
daily increase in wet weight is even less--only 0.24f'. The
increases calculated on the basis of.the calorific equivalents
are somewhat larger because the calorific equivalent of the
body of the fish increased from 3747 to 4315 cal per gram of
dry substance during the period of observation. We observe
also that the daily increases computed by Karzinkin on the
basis of nitrogen content have about the same values ae'those
which we have computed on the basis of calorific equivalents.
In spite of the fluctuations in the pKl values for successive
periods, which are plainly random, it is clear also that the
effectiveness of utilization of food for growth by roach in
Lake Glubôkoe is small.. Computed from the mean values for
daily growth and food intake, the coefficient of utilization
is 11.3%0

The metabolic rate is calculated by multiplying the per-'
centage expenditure for metabolism by the mean calorific con-
tent of the body of the fish for each period and dividing the
result by the mean wet weight of fish, then by 5 to change
from calories to ml 02, and by 24 to change from days to hours.
In this case the computed values of the metabolic rate
(average, 0.2$) are about 1.5 times the values for routine
metabolism expected from the basic equation (average, 0.1$).
No matter what this difference may be due to--unaccounted-f°ar
energy used in movement of the fish, or simply errors in the
experiments or computations--it must be regarded as a small
one, especially if we consider that when average growth is
small, many of the sources of the error in the nitrogen
balance method are greatly magnified.

Table 25 contains data for pond carp in their second year
of life, from the results of the first experiment in which the
nitrogen balance method was applied to fish (V. S. Ïvlev, 1939Y.
These data are also contained in tables 91 and 92 of
Karzinkin4s book. In this case, as in the previous one, it
was possible to make the computations on the basis of calor"*,
ific equivalents [page 2197 of the weight increase and of the
rationsa The rations were obtained from the nitrogen balance
(table 92 of Karzinkin). It was assumed that l mg of nitrogen
in the food is the equivalent of 50 cal of. energy, The values,in

weight increase were obtained in the manner explained
above, which is the same as the method used by Karzinkin. The
table shows plainly that in the case of carp, in contrast to
more slowly growing fish, both the rations and the degree of
utilizatiàn of food for growth remain very high even when the
body weight is quite largeo

The last two columns of the table show that the values
computed for the metabolism are approximately 2.5-3 times
higher than expected. So large a discrepancy cannot be a
result of inaccuracies in the computatifts. The data on hand
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for the nitrogen metabolism show that the assumption made,
that the physiologically useful energy comprises 80% of the
total energy, agrees with the actual"relationship of thesë
values fairly well. The daily weight increases are computed
directly from the increases for the separate periodsa and
cannot differ greatly from the true values, Neither can it be
supposed that the daily rations obtained from the nitrogen
metabolism data are greatly overestimated, since the actual
magnitude of the energy utilization coefficients cannot be
appreciably larger than the high values quoted in the table.
Therefore we must come to the conclusion that under natural
conditions the metabolism of actively feeding and rapidly
growing second-year carp is at least twice the expected level
of routine metabolism.

A similar conclusion is derived from the thorough work of
E. A. Yablonskala (1951) on the nitrogen balance of the
verkhovkaq Table 26 contains data obtained during the post-
spawning period, when the changes In weight depend only upon
growth. As was to be expected for mature verkhovka, not only
are the daily weight increments very small but the food utili-
zation coefficients are also. The last columns of the table
contain data on the metabolic rate. Notice first that, again.
in this example, the expected values for routine metabolism
agree exceptionally well with the results of measurements of
rate of oxygen consumption made by Yablonskaîa directly on the
material used in the experiments. However, the metabolic rate.
computed from the basic balanced equation was 2.0-2.8 times
the one measured. Here too, neither the various possible
variants of the method of computation9 nor their inevitable
errorss could lead to so great a divergence of the computed
values for metabolic rate from those expected and measured.
Such a difference could arise if the rate of nitrogen excre-,
tion were higher under laboratory conditions than under
natural conditions, or if the rate of uptake of oxygen under
the conditions of the measurements [page 2211 were lower than
the rate of oxygen consumption under natural conditionso For
the carp, evidence has already been adduced for the second
proposition. In the present example such direct evidence is
lacking, and there is no reason to assume 9 without further
study, that laboratory data on nitrogen metabolism always
accurately reflect the metabolic rate under natural conditions.
Bearing in mind other examples, and also the fact that under
natural conditions the metabolic rate must be somewhat higher
than the routine metabolism, it is logical to conclude. that
the difference observed results from this cause to a consider-
able extent. If this is really sot then the computations made
from the basic balanced equation indicate that the nitrogen-
balance method provides data that represent, accurately enough,
the quantitative side of the metabolism of fish living under
natural conditions. r
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3. The relationship of the processes of growth and

metabolism in fish, from direct compu-

tations of food consgMtion

In addition to material obtained by the nitrogen-balance
method9 we can also use data concerning the food ration of the
young of various fishes, obtained by direct computation of
food consumption. Data of this kind are contained in

} G. S. Karzinkin's book, concerning young inconnu9 sturgeon and
pike. Estimating a ration by direct computation of the food
consumed has , at first glance , all the advantages of a direct

, .^ 1 f happroach. ln pz acta.ce, many. da_4cu L , es o a t,ec n^ cal
nature l-s mit the possibilities of this method. It is for good
reasons that Karzinkin prefers the nitrogen-balance method.
In addition to the technical difficulties, the method of
direct computation of food consumption 3s applicable only to
fish that are being raised under the artificial conditions of
a laboratory experiment. Nevertheless, it 3.s interesting to
know what figures for metabolic rate will result from data
obtained by a method other than the nitrogen-balance method.

Tables 51 and $3-90 of KarzinkinTs book show the results
of experiments with inconnu. Of these data, we will use the
material that applies to the-young fish raised at the tempera-
ture closest to 20°, i,e. 1$.5-19° (Table 27). As usual,
during the earliest period of growth we observe large daily
weight increases and rather effective utilization of food for
growth (K, = 40-60). In spite of some fluctuation of the
individuai figures, the computed metabolic rates in this case
are in general very close to expected values for routine
metabolism.

Cp^j&e 2221 The results of a similar experiment with
young 6s9tr were used by Karzinkin for the various computa-
tions presented in his book in tables 45, 66, 67, 70, 75, $1
and $20 From this material our Table 2$ has been put together
in the usual way. The napproximatef' daily weight increments
of the young sturgeon used in the experiment are not very
great. The true daily increases for the first 4 growth
periods are 16.5, 15..1, 13.1 and $.9 respectively. We note
the reduction in the daily increases as growth proceeds, and
the low value for the increase during the last period of
observation. In spite '- of the reduction in growth rate, the
coefficients of energy ' utilizat:ion had not decreased up to
the end of the experiment; their continued high level is
apparently characteristic of [2a e 22^ ] this species, which
has a prolonged period -of growt and large definitive size.

^ As shown in the last two columns of the table, the metabolic
rate computed from the balanced equation 3.s 1.6-2.1 times the
expected values for routine metabolism during the first four
periods of observation. Only during the last period was the
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calculated figure for metabolism somewhat less than the
expected figure. It is difficult to say whether this reflects
a lowered metabolic rate during the last period of the exper:i.-
ment, of fish that. were being raised under artificial condi-
tions, or whether it is simply due to an error in determining
the daily ration for this period.

In his table 42 Karzinkin gives the food rations for young
pike, one part fed on daphnids, the other part on young ros.ch.'
The usual computations lead, in this case, to an unusual result
(Table 29). According to Karzinkin 8 s data, pike raised under
the conditions of the experiment described had very high food
rations though the.Lr growth rate was relatively slow; but the
expenditures for metabolism were unusually large, The percent-
age of expenditure for metabolism, computed from these data,
is 69%, Correspondingly, [page 224] the percentage utiliza-
tion of food is unusually low during the initial growth period,
a time when usually not less than 50% of the food is utilized
for growth. In this instance, however, whether the food was
Daphnia or fish fry, K, lies within the range 20-25%. This is
perplexing in s.tself*, such values of Kl could occur as a
result of insufficient food, but this explanation is precluded
by the very high rations, which are in keeping with the high
metabolic rate, 4 to 6 times the expected rate. In this case
there is no doubt that errors and inaccuracies have crept in
during the conduct of the experiment or in making the computa-
tions, especially during the first periods of observation, so
that food rations were computed that are much higher than the
true ones. Consequently the figures for metabolism of young
pike computed from these data cannot be regarded as reliable.
The comparisons made are of considerable interest-in another
way. They demonstrate a sort of byproduct of using the
balanced equation--the possibility of using it to judge the
reliability of quantitative data on metabolism obtained from
individual experiments.

Our comparison of the metabolic rates expected from the
average results of measurements of fish respiration, with
independent data on growth and food, has had very encouraging
results. In spite of many approximations and possible sources
of errors, the computed figures for metabolism.agree quite
well with the expected and possible values of the metabolic
rate in all cases.,except the obviously unreliablè data of the
last example concerning the growth of young pike. In no case
was the computed figure for metabolic rate sma:Ller than the
expected rate of routine metabolism. We recall that the com-
puted value was about 1.5 times the expected x°outine metabo-
lism in the case of the fourth-year roach from Lake Glubokoe;
for second-year carp that were feeding intensively and.growing
rapidly it was 2,5a3 times; for mature verkriovka., 2.0-2.$ times;

r
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and for young osdtr, 1.5-2 times. However for fingerling wild 
carp and inconnu the calculated values for metabolism were 
very close to the expected values for routine metabolism. It 
may be no accident that the calculated values for respiration 
were close to the routine metabolism in the two examples that 
pertain to the initial period of growth. Possibly when the 
oxygen consumption rate [page  225]  of fry of minimal sizes is 
measured by the usual methods, values are obtained that 
correspond more closely to the mean metabolic rate under 
natural conditions than in the case of larger fish. This 
might be associated, for example, with the fact that when fish 
larvae and small fry are transferred to respirometers in which 
they can move about freely, there is less disturbance of their 
normal behaviour. 

However, much remains to be explained, and the material 
at hand is not free from a number of contradictions. For 
example, in the case of young osêtr, the computed values were 
higher than the expected values even in the initial growth 
periods (Table 28). On the other hand, agreement of the com-
puted and expected values of metabolism, etc., is observed in 
carp not only in the earliest stages, but also in young of 
2.5-3 g (Table 23). 

Further research is necessary, which should not stop at 
the empirical accumulation of experimental data, but should be 
based on definite hypotheses concerning the association 
between the nutrition, growth and metabolism of fish. 

I believe that the attempt made here to survey the 
heterogeneous data on the metabolism of different fishes, 
using a uniform scheme of computation, and the discussion of 
the results obtained in the chapter to follow, will permit us 
to establish some general hypotheses concerning the relation-
ship between nutrition, growth and metabolism of fish, which 
must be tested by experiments designed in the light of those 
hypotheses. 



Chapter XII. -[pag-e 2261

The Dynamics of the Growth and Metabolism of Fish.

1o The s:ignificance of the metabol3.c rate in

determining food inta.ke of fish

In order to solve many problems of practical fish rearing
it is necessary to know the food rations of -various fishes at
each stage of their development, and the relation of these to
the environment. The accumulation of individual pieces of
information in this field, in the form of statements concerning
what ration is appropriate to some particular batch of fish
under particular condition--, can have practical utility only
to the extent that it facilitates the discovery of general
laws which make it possible to estimate the rations required
under different conditions, or by groups of fish not yet
studl.edo Therefore it is very important to make it possible
to distinguish between such relationships among the concrete
results of individual studies as suggest basic principles of
fish develerpmera.t, and the peculiarities of metabolism which
apply only to the experimental animals used or the particular
conditions prevailing. How nec,essary, tthis is can be seen from
the material gathered together in G', S. KarzinkinQs book, in
which are contained the results of many interesting and time-
consuming research projects, that have been used for very
varied discussions, interpretations and computations. But
inasmuch as Karzinkin has not suggested any ineansto general-
ize the material accumulated, to distingui^h the general.,from
the particular and the characteristic from the incidental, he
has failed to indicate how we should use-the material he pro-
vides in solving practical fi ah--cultural problems or in
obtaining general conclusions of theoretical importance.

The difficulties involved in generalizing diverse and
heterogeneous materials do not excuse us from taking the first
steps in this direction, steps which will facilitate further
searching and indicate to what extent individual.. investiga-
tions might be directed into channels which seem more profit-
able from the standpoint of both theory and practice.

On the basis of the examples studied above, using the
c oncy e p tual framework of which the balagzced equation is a
brief expression (page 210), we will make an attempt EpAge
2211 to study the general relationships of wide applicability
among growth rate, food intake, and metabolic rate, which will
make it possible to understand the specific peculiarities of
individual sub je ct sin future.

A

a.
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In an ideal case v when the calorific equivalent of the
body of a fish does not change with growth and. remains at 1000
calories per gram of wet weight, 1 mg of oxygen consumed is
equivalent to the expenditure of 5 mg of the wet mass of the
fish. Hence it is easy to indicate the metabolic rate in the
form of relative expenditures of substance or energy for
metabolism, expressed as percentages of the weight of the fish.
In this situation the moisture content in the body of the fish
and. its chemical composition are regarded as un;hangeable.
The magnitudes of the expenditures for metabolism, computed in
this way, are applicable equally to the dry weight and the wet,
and they also indicate the relative expenditure of energy, or
of nitrogen content , in tkb bddy 'of t1fé fish, etc. In reality, as
distinct. from the ideal situation, the expenditures for metabo-
lism which are computed on the basis of dry weight, wet weight,
calorific content, etc., will not agree completely; and they
will differ the more, the more the composition of the sub-
stances actually used in metabolism differs from the average
composition of the body of the fish. However, the relative
expenditures for metabolism change so greatly in the course of
growth that the general course of these changes can be indi-
cated well enough by the approximate assumptions just made.

It was pointed out above (page 224) that in a majority of
cases under natural conditions the mean metabolic rate of fish
is about twice as high as the level of routine metabolisan.
Though these data are not free from discrepanQ.ies, in computa-
tions of a general nature it is fairly accurate to assume that
by doubling the routine metabolic rate we come close to the
brué mean metabolic rate of fish under natural conditions..

It As important to remember, when studying the inter-
relations of the processes of growth, food consumed and metabo-
lism, that the values that enter into the balanced equat3.on.
are not only connected with each other by this equation, but
they must also meet another condition. The increase in weight
is not only always smaller than the ration, but it also has
the definite relationship to the expenditure for metabolism
which is indicated by the utilization coefficient. As ^
aiready--.tndioâ^ed':.(pagd:1:96^) ,..'è6effibients -of utilization of
the physiologically useful part of the food cannot exceed
60-70%, i. e. the expenditures for metabolism cannot be less
than 30»40% of the physiologically useful, part of the ration,
or 37.5-50% of the total ration. Consequently, if the daily
ration comprises 50% of the weight, then with maximum possible
utilization of food for growth (70%), the experiditure 'foy
metabolism will comprise not less than 50 x 37.5 = 18.75%.
The metabolic rate cannot increase without limit. There is
every reason to believe that for each size of fish there
exists a definite, [page 22$7 maximum possible, average
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metabolic ratelo For this reason a definite limit for the
possible ration, and consequently also for growth, must
correspond to any given degree of utilization of food for
growth. To illustrate this statement, let us assume for the
moment that the maximum possible.average metabolic rate is
twice the value of the routine metabolism, and compute on that
basis the maximum possible ration and increase in weight, for
fish of different weights at various coefficients of utiliza-
tion of the total food.

Having obtained the expenditures for metabolism from the
basic equation, and doubled them, we will base further compu-
tations upon the following relationships that arise directly
from the determination of the utilization coefficients and the
basic balanced equation. We assume, as before, that all
values refer to a 24-hour day and are expressed as a percent-
age of the weight or the energy content in the body of the,
fish, and that the abovementioned ideal conditions prevail.
For brevity we will use the following symbols:

Kl the coefficient of utilization of the total amount
of food,

K2 the coefficient of u1-,ilization of the physiologically
useful part of the food,

R ration (food intake),

P growth in weight Uprirost J,

T' expenditures for metabolism [traty].

The basic balanced equation takes the form:

0.$R = P+ T,

Kl
Px100

R

(12.1.1)

K PX100
1.25 K, (12.1.2)2)

2 ^ 0.$ R ^-

1The maximum possible average metabolic rate over a
prolonged period, which is under discussion here, should not
be confused with the maximum metabolic rate during times of
active movement.

s
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Hence for any given values of metabolism and utilization 
coefficients, it is easy to find the corresponding rations and 
weight increases, which are equal to  

- Tx100 	Tx100 R 
0.8(100 - K2 )  

(12.1.3) 

Thus, with a constant utilization coefficient, growth is 
directly proportional to the ration (12.1.2), which in turn 
varies in direct proportion to the metabolic rate (12.1.3 and 	 • 

12.1.4). Consequently, with a constant utilization coefficient 
growth and rations are directly proportional. 

[Rut 229] Table 30 contains the approximate maximum 
values of the metabolic rate of fish of various sizes, 
expressed as relative expenditures for metabolism'per 24-hour 
day, and the relative values of the corresponding rations and 
weight gains for 3 different coefficients of energy utiliza-
tion, computed from formulae (12.1.3) and (12.1.4). 

Let us again recall that the values for the rations in 
the table were obtained by postulating that the chemical compo-
sition  of the food and of the body of fish do not differ. If, 
as often happens, the calorific equivalent of the wet weight 
of the food is smaller than that of the wet weight of the fish, 
then rations computed on the wet weight basis will be 
correspondingly larger. For example, if the dry weight 
content of the food is half as large as that of the body of 
fish, then the rations when computed as wet weight will be 
twice as large as those shown in the table. 

In contrast to this, the relative gains in weight found 
for the ideal case can differ only slightly from the 
corresponding values obtained from actual wet weights, 
especially if we are considering growth over a short period of 
time, during which the moisture content in the fish's body 
cannot change much. 

Besides the relationships just formulated, Table 30 also 
illustrates a number of important relationships between growth 
rates, rations and gains in weight. For any given value of 
the metabolic rate (horizontal rows of Table 30), rations 
increase as the utilization coefficients increase, but not 
rapidly. When K‘, increases from 5% to 60% the ration 
increases only to 2.4 times its original level. In contrast 
to  this  the gain in weight depends radically [Rme 230] upon 
the degree of utilization of food for growth: when K2 
increases from 5% to 60%, it increases more than  2  imes. 
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In other words, rapid weight increases require not only a high
metabolic rate but also a high degree of utilization'ôf-food
for growth. Even with very high metabolic rates a relatively
small drop in the utilization coefficient leads to a:sha'rp
decline in the rate of increase in weight.

It is enough to know the metabolic rate and growth rate
characteristic of each body size in order to compute the daily
ration with sufficient accuracy for all practical purposes.
Of course p the result of the computation will reflect the
actual rate of food consumption accurately only if the values
for weight gain and metabolic rate, on which it is based, are
close to the true values,

In many cases the growth rate is accurately enough known.
The determination of average metabolic rate of fish under
natural conditions is more difficult. This calls for pains-
taking and difficult research, whose results will, at best,
make it possible to obtain only tentative figures for the
rations that correspond to the different metabolic rates at
the different growth rates.

When computing rations it is most convenient to express
the balanced equation in the form:

R = 1.25(F + T)

Although the general method of computation was explained
above, we will give a few examples. It can be seen from
Table 30 that at a fish weight of 100 mg, twice the routine
metabolism at 20° corresponds to an expenditure for metabolism
of 11.3% of the weight. Hence with a daily growth of 5%,
which is quite possible for fish of that weight, the ration
should be 1.25 (5 + 11-3) - 20.2% of the weight of the fi sh per
day. It should be borne in mind that the computation is based
on dry weights, and indicatés the relation between the wet
weight of food and of weight increase only if the moisture
content of the fish and of the food is the same. If the food
contains 85% moisture and the fish $0%, then in our example
the ration on a wet weight basis will be:

20
(20.2 ) 26.9%15

For fish weighing 100 g. an expenditure for metabolism of
2.9% of the weight per day corresponds to twice the routine
metabolism at 20°. Hence for a daily weight increase of. 1%,
the ration is 1.25 (l + 2.9%) - 4.9% of the weight of fish per
day, when computed on the dry weight of fish and food.

The basic balanced'equation can bé applied not.only*to
data relating to one day, but it can also be used [page 2311

1.

0
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in computing the mean rations for longer periods of time. In
this case special attention must be given to the method of
obtaining average weight and average metabolism for the period.
In situations where growth can be expressed by a straight line
during the pe•riod studied, the arithmetic mean of the initial
and final weight can be accepted as the average weight. In
situations where the growth cannot be expressed by a straight
line with. sufficient accuracy, the average weight must be
obtained by a different method, for example, by the simple
method of graphical integration. In the same way, if during
the period under study the temperature changes greâ.tly, you
cannot use the average temperature for the period in computing
metabolic rate, since metabolic rate does not increase
linearly with temperature. You must find for each temperature
the corresponding metabolic rate and get a weighted mean rate
from the values obtained. For example, if a fish weighing
100 g^was kept 5.days at.20°, 2 days at 1$°, 3 days at 23° and
then 10 days at 26°, the mean metabolism for the period is
computed as follows. According to the basic equation, a
metabolic rate of 0,115 ml 02/g/hour at 20° corresponds to a
weight of 120 g. By using Table 1 we obtain the metabolic
rate for the remaining temperatures and multiply the values
obtained by the number of days of the corresponding period.

20° 0,215 x 5 = 0l575
l$° 0-;096 x 2 _ 0.192 The weighted mean.
23° 040'131 x 3 = 0.393 rate is:
26° 0.189 x 10 = 1.$91

3.051
20 3.051 20

0.152

Therefore, in this example 0.152 ml 02 per gram per hour-should
be taken as the average routine metabolism for the 20-day
period; to which there corresponds., for 80% moisture content,
an expenditure for metabolism of 1. $2% of the dry weight per
day, obtained from formula

We will now see how the concepts developed above can be
applied in computing food rations and overall food coeffic-
ients for long periods of time and for fish under natural
conditions.

First of all we will transform the basic equation (7,5.3).
By multiplying the coefficient (0.3 ml 02/hour) by 5 we
express the general metabolism in calories per hour (a - 1.5
cal/hour); also, for a day (a = 36 cal/day), and for a month
(a - 10$0 cal/month). The last value is instructive in 3.tsel.f.
It indicates that at 20° 10$0 cal are spent for the require-
ments of the routine metabolism of a fish that weighs 1 g,
i.e. about as much as is contained in its body. Thus merely
to satisfy their energy metabolism requirements for a month at
20°, fish of these sizes must consume a quantity of food of
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high calorific content that somewhat exceeds their.:body weight.
If the calorific content of the food is less than that of the
fish, let us say half the latter, then the weight of the food
consumed must be doubled.

By continuing these obvious transformations of the basic
equation we find that taking a year as the unit of time, ,
a== 13140 cai. (at 2001. Only rarely could this last value be
used directly, because in.countries with a temperate climate
thermal. conditions change radically in the courseof a year,
and these must be considered when computing the food require-
ments of fish.

We will. use data from the very interesting and important
work of M. G. Dadik:^an (1955) to illustrate the computations
with concrete material. Dadikian, on the basis of careful
quantitative investigations of the feeding of the different
races of Lake Sevan trout, computed the yearly rations and
food coefficients for each age of each of the four races. In
this thorough work he presents the sizes of the age-groups and
the temperature conditions in Lake Sevan., This makes it
possible, using the concepts developed here, to compute the
expected size of the rations and the food coefficients, and to
compare them with the values of the same parameters obtained
by quite different and unrelated methods by Dadikîan.

From the information in the text, and from supplementary
data kindly provided by the author, it can be taken that the
average monthly temperatures in places the trout prefer
(bearing in mind their migrations) are close to those indi-
cated in Table 31.

[page La l The last row in the Table shows the coeffic-
ients obtained from Table 1; using them as divisors, the
computed values of metabolism can be reduced to the required
temperatures. The expenditures for metabolism for each month
separately could be obtained, but since it can be assumed that
the months are of the same length, it is reasonable to use the
shortest form of computation, which in this instance is fully
applicable. After adding all the coefficients and dividing
the sum by 12 we get their mean value, 3.37, which can be used
to transform expected values for metabolism to.the temperatures
that prevail in Lake Sevan. Hence for the actual conditions:

a u 13140 cal year - 3900 cal/year
3.37

Consequently, the basic equation takes the form below for the
Lake Sevan trout:

Q (cal/year) - 3900w0•$ . (12.1,1)

It
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If we take twice the value of the routine metaboli sm, then:

I

Q. ( cal/year ) -- 7800w0' 8 (3.2.1.2)

Nôw, using figures given in table 40 of the article by
Dadikfan for the mean weights and annual gains in weight of
different weight-groupa of trout that belong to the fast-
growing race--the gegarkun.i 9 and to the 4Adwarf "t race--the
bodzhak a-it is easy to compute the expected sizes of the
rations and food coefficients.

To i1.lustrate. th1.s we give a computation for age-group 4.+
of the gegarkuni. The mean weight of fish of thi s age is '
298 g. Hence from formula ( 12.1.1) we find that the expendi-
tures for metabolism for ayeal:° are 372,000 cal. According to
Dadik:fan Q s data the annual increase in weight is 124 g, which
for trout must be close to 124,000 cal. Hence the sum of the
expenditures for metabolism and weight increase amounts to
496,000 cal. We multiply this sum by 1.25, which amounts to
620,000 cal, in order to obtain the annual ration. By
dividing this last figure by the annual hreight increase,
expressed in calories, we find that the food coefficient on a
calorific basis amount8 to 5.00. In order to convert to a food
coefficient on a weight basis so as to compare them with the
values obtained by Dadikian, we must know the mean cal.prific
equivalent of the food organisms upon.which trout feed. Bear-
ing in mind that am.phipods comprise 86-96j'of the ration of
Sevan trout , we can take the mean calorific value of the food
of Sevan trout as 675 cal. In this case the values obtained
for the food coefficient must be - 3.ncreased by ^`!^ :9.,^.$.

times, From this: 5 x 1.. ^.$ = `^.1^.,, -„

[page 23^1 7 If, in the computation, twice the value of
the routine metabolism is used as a starting point, we obtain
from the same initial data and formula ( 12.1. . 2 ) that the
annual ration of an age 4+ gegarkuni amounts to 1,083,000 cal..
while the food coefficient on a r:al.orific basis is $,73, and
on a weight basis 3.s 14.7. Dadiks an obtains a food coeffic-
ient of 13.7 for this age-group.

For the other age-groups the computed food coefficients
and those observed by Dadikîan are shown in Table 32, Two
figures are shown for the computed values for annual.rations
and food coefficients, in columns 5 and 6. The first was
obtained by assuming that the mean metabolic rate of trout
under natural conditions is equal to the syroutinelt metabolism;
the second figure assumes that this rate is twice as high.

The first figures are minimal. They are obviously lower
than the true values, which latter most likely approach the
second figures. It i s a matter of interest that for the older
age-groups of the slow-growing race evèn the minimal -values of
the food coefficient are rather large.
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It is noteworthy that a computation made independently 
of the data on feeding has led to values for the food coeffic-
ient which in general are similar to those found by Dadikfàn 
(last column, table 32), and reflect the peculiarities of the 
two races very well. But there is also an important difference. 
Dadikiân gives much higher food coefficients for the older 
ages. 

The question arises, which come closer to the true food 
coefficients--the results from our tentative [2.bge 235] compu-
tations or the figures obtained by Dadiknn, based on a 
laborious and meticulous study of the feeding of trout in Lake 
Sevan, over a long period of time?  I  need only mention that 
he examined the contents of 3454 stomachs by quantitative 
methodsî There is reason to think that Dadiknn obtained 
overestimates of the food coefficients, especially for the , 
older age-groups. The fact is that, in spite of his large and 
useful body of material, in making his calculations he was 
compelled to make use of a number of more or less arbitrary 
assumptions, For example, he assumed that the number of times 
the alimentary tract was filled per day was the same for fish 
of all ages, which can scarcely be true. It is possible that 
it is partly a result of this assumption that according to his 
calculations the ratins per unit weight do not change with age, 
something which is extremely unlikely: for as the size of a 
fish increases, both its expenditures for metabolism and its 
relative growth rate decrease. 

An argument already published, favouring the view that 
Dadikiân arrived at extremely high food coefficients, is the 
fact that from his data he computed that the trout in Lake 
Sevan consume annually 7992 tons of amphipods, which is twice 
the annual production of amphipods in the lake as computed by 
A. K. Markosiân on the basis of his special study. 

On the whole, it cannot be denied that very encouraging 
results have come from the comparison of the food requirements 
of the Sevan trouts (calculated from the expected metabolic 
rate) with the data from Dadikiânts painstaking and protracted 
study of the food of these fish. These indicate that the 
method used is suitable, and point to the need for its further 
perfection and development. 

Similarly, using the basic equation to obtain expected 
values for metabolism, formula (11.1.1) to convert the metabo-
lic rate to the form of expenditures for metabolism per day, 
and Table 1 to make the necessary corrections for temperature, 
it is easy to compute approximate figures for the ration of 
fish of any weight, at whatever temperature is necessary. 
Naturally the computation will always represent the actual 
size of the ration the more accurately, the more accurately 
determined are the temperature to which the computation refers, 
the metabolic rate, the growth rate, and also the digestibility 
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of the food, which in some cases will differ from the figure
1.25 used in these tentative computations. Given accurate
information, for particular fish and particular conditions, on
the metabolic rate, digestibility of the food, calorific
content of the fish and the food, the moistu:.re content of the
fish, etco, it is possible E a eL161 to increase the accuracy
of the computations to any desired degreeo But the basis of
the computations, which has been illustrated. by these approxi-
mate example s, remains unchanged,

2. Types of dynamics of growth and

nutrition of fish

4

The interrelationships of the processes of growth and
metabolism of growing fish is to be pictured in the following
way. During the initial period of post-embryonic growth food
is used very effectively for growth; the coefficients of food
utilization have high values, for example 50-60% for KI. These
high values of the utilization coefficients are maintained for
some time at the same level, or else they decrease so slowly
that they can be considered as almost uniform over this period.
Of course, constancy of the coefficients of utilization is not
to be interpreted in the sense of absence Of ^,Tax°iations caused
by changes in feeding conditions, which can b e qui te large g
but only in the sense of a relative constancy under unchanging
conditions--for example, optimum conditions. To me it seems
that maintaining this steady and high level of the coefficient
of utilization of food for growth is the most characteristic
feature of the first period of growth of the young fish; the
other characteristics can be regarded as results of this
circumstance and of the decrease in metabolic rate with
increase in size. As explained above, with a constant, coeffic-
ient of utilization the maximum ration and growth change in
direct proportion to the metabolic rate, i. e. . veith increasing
size they fall off at the same rate as the metabolic rate
does.

S'tarting at some particular stage of development, a
décline in the effectiveness of the utilization of food. for
growth.ïs observed, so that the maximum value of the ration,
and consequently growth also, are reduced proportionally.
Now that the coefficients of utilization of food for growth
no longer remain constant, the reduction of the ration with
increase in size does not run paral!3.el to the reduction in
metabolic rate, as was true during the first peri.od. of growt,h,
but it becomes more rapid. The amount of daily growth, v+rhich
as shown above (page 229) depends greatly upon the coefficient
of food utilization, falls off éven more rapi d.ly, At. this time
there takes place a rather rapid transition from the initial
period of rapid growth to the next peri.od, in which growth of
the fish proceeds at a considerably slower paceo
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When growth rate is slow, size increases little during
any rather short period of time. Corre spondingly, the meta-
b6lic rate also 3.s only slightly reduced. Under these condi-
tions the metabolic rate can, without stretching matters,
[page 237] be regarded as constant, over short intervals. With
a constant metabolic rate, the direct relationship between
growth and food intake stands out pxom3.nently, und.e:r.• these
conditions the ration can be derived directly from the
balanced equation. Whereas during the first period of growth
50% or more of the food consumed was utilized for growth, now
that the daily growth is only 1-2dfo or a fraction of a percent
[of the body weight 7, a correspondingly small fraction of the
food is used for growth, and the size of the ration i s deter-
mined mainly by the metabolic rate.

The outline just presented, of, changes that accompany the
growth of a fish, has general significance and can be applied
equally to any species of fish. The question arises of to
what extent the observed phenomena differ between different
species of fish, within this scheme. It should be observed
that the indices which represent the rates of the processes of
growth, feeding, and metabolism, taken by themselves, cannot
indicate the individual peculiarities of each species. For
one thing, the rates of the vital processes are greatly
dependent upon temperature and other environmental conditions.
However, even if the growbh of fish is studied under conditions
that are optimal for each species, the magnitudes of the rates
of these processes, taken by themselves, still tell nothing
about individual peculiarities of the species. Any fish at
all, at some particular moment in its development, will have a
daily weight increase of 5%, let us say, or a metabolic rate
of 0.3 ml 02 per g of weight per hour, and so on. The
parameters of these processes can serve this purpose [indicate
species differences] only if we also know the age, size,
weight or other appropriate quantities which directly or
indirectly indicate to what stage of growth the given
parameter of a vital process applies to. Consequently, in
these cases we are actually studying the relation between the
rate of a given process and its total result as expressed in
some form or other at a certain stage of development. It
would seem that this should not require explanation. However,
the differences brought to light by experiment, between rates
of various processes, are quite often facilely ascribed to the
t4specificityt* of the subjects studied (Karzink3.n, 1952).

For example, G. S. Karzinkin compares the daily ration of
mature verkhovka with the daily ration of the marine scorpion-
fish, the zander, mature pike, and pike weighing 1026 g.
Though Karzinkin considered it unnecessary to mention the size
or weight of the scorpionfish or zander, we may assume that
mature specimens were involved. Stating that the daily ration
of verkhovka is considerably higher than that of the other
fish used, Karzinkin ascribes this directly to the plankton-

,

.
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Fig. 54 [page 179]

Difference between maximum active metabolism
and resting metabolism of the American char
[brook trout] at various temperatures and environ-
mental oxygen contents. The solid curves corres-
pond to the indicated magnitudes of percentage
oxygen saturation of the water; the dotted curves
show the oxygen content in mg/1.

Abscissa--temperature; ordinate--difference
between the oxygen consumption rates, in ml/kg/houi
(Graham 9 1949).
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eating habit of verkhovka, and writes that "the higher [food] Ile 	consumption of plankton eaters is particularly marked, in 
comparison with the feeding of mature predators" (page 228). 
This conclusion can scarcely be regarded as convincing, for it 
is derived by comparing the rations of verkhovka weighing about 
[page  238]  l.5 .g  with the rations of fish which weighed 
hundreds of grams, or even kilograms! As we discovered earlier 
(page 105, Table 8, page 219), the metabolic rate of the 
verkhovka does not differ much from corresponding figures for 
other fish of the same size. As for rations, for verkhovka 
these are, characteristically, not larger but smaller than the 
rations of the other fishes studied, i.e. fish of a similar 
weight (Table 26). In order to establish a possible relation-
ship between the ration and type of feeding (plankton-feeder 
or predator) one should at the least compare fish of the same 
weight. Furthermore, it must not be assumed that all plankton 
feeders, for example the ripus which attains a weight of 1 kg, 
or the blue bream which often is even heavier, have the same 
relative rations when mature as do verkhovka weighing 1.5 g. 
It is easy to see that this is simply impossible; for one 
would have to assume that the metabolic rate of such large 
fish is the same as the metabolic rate of the verkhovka. 
Actually, of course, it is several times less. Therefore 
there is no reason to assume that mature plankton feeders have 
higher rations than predacious fishes of the same weight. Of 

41, 	
course, in studying this question as a whole it might prove 
that rapid maturity, and the small size of mature specimens, 
is one of the ways in which plankton feeders are adapted to 
the conditions of their way of life, but that is a different 
matter. In that event, for plankton feeders whose adaptation 
to their environment has taken this direction, it will 
actually be possible to establish a characteristic type of 
development associated with the limited efficiency of the 
utilization of food by these fish. Obviously the efficiency 
of utilization of food by such small species will be less than 
in the case of large predators or large plankton feeders. 
Similar differences may be established between large predators 
and small predators, etc. One of the manifestations of adapta-
tion to feeding upon small organisms (plankton) may be such a 

• 	 type of growth, and such relationships between growth and 
metabolism, as will be adequate at low rations. For example, 
this might be achieved by an early decrease of rate of growth 
during development. 

believe that during the first period of growth of fish 
when, with high efficiency of utilization of food for growth, 
the size of the ration and consequent rate of increase in 
weight are mainly determined by the maximum possible metabolic 

; 

	

	rate, species differences in the processes of growth and 
metabolism are relatively weakly developed, just as during 

all, 	
this initial period there is little evidence of biological 
differences either--for example, in qualitative composition of 
the food or in mode of life. During the early stages of 



growth species differences take the form, primar,ilY, of how
long the capacity for a high level of food utilization for
growth can be maintained; or, more correctly, up to what [page
2391 size growth can continue at a high coefficient of utiliza-
t^,on. Among rapidly maturing fish with small definitive siz:e
the food utilization coefficients cannot remain at a riigh
level for any very long time. For such fish as verkhovka -the
daily weight increase and rations become very small at a size
which, in fish like pond carp or wild carp, the capacity for
rapid growth and high food utilizatio:n,coefficients are still
fully retained. In this connection it must be remembererJ that
the metabolic rate of the verkhovka is apparently close to.or
the same as that of carp of the same weight (Fig. 30).

Although it is difficult to attach special significance
to one of the aspects of the course of development charâctér-
ist3.c of a species, separating it from its historically
associated system of processes, it is nevertheless possible :t.é
consider the matter of what, prim.arily, is. associ-ated with the
decline in effectiveness of utilization- of faod for growth,--
a decline which occurs at a moment in development which is
different for different species. For any definite type of
adaptation to the environ.mvtt inherent in a species, or
specifimajl_^,y when there is a congenitally-determiried type of
feeding and behaviour that begins at a certain moment in its
development, then the morphological and physiological peculiar-
ities and the behaviour of the fish begin to limit the rate of
food intake (the ration )$ with the :inevitable result that the
utilization coefficients and growth become less. We might _
imagine that low rations become established as a result of
earlier differentiation, in the case of early-maturing fish of
small size, which excludes the possibility of growing rapidly,
since high rations have become unnec.essa.ry and impossible. In'
addition, we might postulate that in some species. of fish,
starting at a certain size, a relatively large part of the,
total metabolism 3.s spent in movement; this, however,-has,.yet
to be demonstrated.

In contrast to rapidly maturing fish, in carp and espeg-,
ially in sturgeon the capacity for growth with effective
utilization of food is long retained (Table 2$). With these
fish the ration and the growth rate remain at a relatively '
high level even when their weight and size are considerable,
which makes it possible for them to grow to a large size.

By means of the above examples I have tried only.to
emphasize that the food ration at different stages of develop-
ment, and for different species of fish, consti.tutes one of
the quantitative characteristics of the metabolism of a.
growing organism, which cannot be understood with.out knowing
the quantitative interrelations of the processes of growth
and metabolism. Species differences in respect to rations,
and other indices of the individual aspects of metabolism and

,
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growth, can be formulated accurately only if the type of
development inherent in the organism in question is taken into
consideration, when it is knàwn at what stage of its increase
in.size Cpa&e 24O1 the change takes place in the relationship
between the processes of utilization of food for growth and,
its expenditure for metabolismo

Only if these quantitative relationships between the
separate aspects of a growing organism are known, or when
there is at least a definite method for describing them, can..
we proceed further and study the problem of what ecological
features the inherent physiological type of development of a.
given species corresponds to. Otherwise, when an attempt is
made to compare directly such factors as the species composi-
tion or size of food organisms with the quantitative measure
of any aspect of metabolism (such as, for example, the daily
ration), the door will be opened wide to unreliable, arbitrary
and erroneous conclusionse

In comparing the results of two experiments in which
young pike were fed with Da hnia and roach fr.y, Karzinkin
comes to the conclusion that t e "influence of the-size of the
food organism on the magnitude of the food coefficient is
quite cléart* (page 243) o Actually, as can be seen from the
last lines of his tables 42 and 71, the whole effect observed
consists in the fact that when the pike used in the expe^iments .
were fed on Daahnia they ingested considerably less foa^d•..
during the final periods of the experiment and consequently
they grew at a slower pace. Under these conditions the.food
coefficient must inevitably be higher. In other words, it is
simply that, beginning at a certain size, the young pike can
no longer meet their food requirements by fe.eding on Daphnia.

In other words, the experiment reveals not the physiolog-
ical but the biological inferiority of Daphnia.as food for
young pike , in the sense that the larger pike fingerlings
cannot consume them in sufficient quantityo This is what
should be stressed, and not the. "effect on the magnitude of
the food coefficientsx*, i.e. the extent to which the food is
used for growth. The [percentage] utilization of Daphnia for
growth would not have differed substantially from the utTliza-
tion of young fish, if the Daphnia could have been consumed.by
the growing pike in sufficient quantity. Karzinkin of course
is well aware of this; in another place in his book he yvritesb
4fA very mobile, hence less accessible, food such as Dia^tomus,
if the inaccessibility factor is eliminated by increasing the
food offered, shows a percentage utilization of nitrogen for
growth which is even somewhat better than that obtained from
moth larvae" (page 259), This means that biological inequality

1Remember that for equal wet weight the calorific content
of DaRhnia is considerably less than that of young fish.



of foods, in contrast to physiological inequality, affects
the processes of growth and metabolism not by way of a differ-
ence in effectiveness of utilization for growth, but only by
way [page 2417 of differences in consumption. In the establish-
ment of these relationships in the process of adaptative
evolution, the biological inequality of foods and, in general,
the nature of the trophic and other ecological relationships
characteristic of a given species, are reflected in the type
of dynamics of growth and metabolism during development that
is peculiar to it. For examplee after a certain size is
reached, feeding on zooplankton can be associated with a slow
rate of gr. owth, and so ona

The examples considered show how necessary it is, when
conducting quantitative research on the food rations of fish,
and their utilization of food for growth, to go beyond the
purely empirical accumulation of individual items of informa-
tion obtained from different subjects by different methods;
and how necessary it is to have a system of concepts, even if
it be incomplete, which can provide a means of generaliaing
the motley and heterogeneous empirical mate-rial, and can to a
certain extent direct individual research projects and enhance
their effectiveness. The basic purpose of this attempt to
provide a general method of expressing quantitatively the
relationships between fish metabolic rates, food rations and
growth, is to meet this acute need.

The concepts that have been formulated regarding the.
metabolic rate and food requirements of fish, the gener.aliza-
tions made from actual material, the methods suggested for
the calculations, and the alternative objectives for research
that have been outlined, must all be defined and.suited to,
each separate subject of physiological, ecological and fish-

research. By indicating several means of establish-cultural
ing general quantitative laws of fish metabolism I have hoped,
to further the development of knowledge in the fields of
physiology and ecology of fish in a direction directly related
to the solution of a number of urgent practical problems of
fish culture and management in the USSR. .
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Table 1, [page 33] Table of factors (q) for adjusting values of inetab--
olism to 20° 9 on the basis of the "normal çurve'9.

r

..

T° q T° q

5 5,19 10 2.67
6 4.55 11 2,40
7 3.98 12 2.16
$ 3.48 13 1.94
9 3405 14 1.74

To

15 1e57

16 1.43
17 1 e31

18 1.20
19 1009

To

20 1.40
21 .0.920
22 0. $1+7
23 0.779
24 0.717

T° q

25 0.659
26 0.609
27 0.563
28 0,520
29 0.481
3*0 0.444

Table 2„ [page 64] Environmental oxygen content (mg/1) at which in-

YiibiUon of respiration begins9 and that at which déâ.th ensues, at
temperatures close to 0° (according to Privolnev, 1954).

Name of fish

Sterlet
Inconnu (n6lma)
Muksun
Pel.îad
Ladoga whitefish

Brook trbut
Rainbow trout
Ural ripus
Burbot
Bream

Zander
Perch
Ide
Roach
Pike

Pond carp
Tench
Orucian carp

Beginning
of inhibition of

respiration

7 - 7.5
6 -7
4 - 4.5
3.5 - 4.0

2.0 - 2r5

1,5 - 2.0
2.0 - 3.0
3' -4
2 -3
2 -3

Time
death sets in

3.5
4.0 - 4.5
1.5 - 2.0
1.0 - 1.5
1.6-5.;z

1.1 - 3.3
0,8 - 1.2
0.95
1.4 - 3.2
Oo4 - 0e5

0,5 - M
0,2 - 0,6
0,5
0,7
0.3 - 0.6

0.2 - 0,3
0,l - 0,2
0.1



No Author Name 

Fish 
weight, 

g. 

cH 
7:5 	o 

• o 
H ,e 	g-g in 
-P 	o -p 

o 
4 	N r   

Fi)  

02 con- 
sumed at T', 
accordingto 
the author 

02 conn 
sumed, 

ml/g/hr, 
at 20e  

1 	Carassius auratus 
2 
3 
4 
5 

14 

11 

41 

1? 

6 
7 
8 
9 

10 

11 
12 
13 
14 
15 

16 
17 
18 
18a 
19 
20 
21 
22 

n . 

4? 

Table 3. [page 97] Composite table of measurements of rate of oxygen consumption of goldfish. 

Baudin 1931 
tt 	it 

Baudin 1931a 
• ti 

Baudin 1932 

Ege & Krogh 1914 
Fry& Hart 1948 
Gardner 1926 
Hasler 1942 
Jolyet and 
Regnard 1877 

n 	ii 	1? 

Raffy 1931 
n 

Raffy 1933 
Raffy 1932 

Spoor 1946 
Tbryu 1928 
RUbner 1924 

Bounhiol 1905 

Putter 1909 

I 	C 	20 
I 	1 	10 
I 	C 	9 

6C1  12-18 
I 	4 	15 

I 	C 	20.1 

	

C 	20 
II 	C 	21 

	

III 35 	20 
II 	2 	12 

24 
19 
16.6 
20.8 
18.5 
18.5 
18.5 
16 

6.2 ml/fish/hr 
4.1 	" 	n  
4.0 	n n  
2.7-5.0 n 	n 
2.54 	n 	" 

1.83 ml/kg/min 
85 ml/kg/hr2  
80 " " 
0.190 mg/g/hr 

45.7 ml/kg/hr 

0.075 mi/g/hr3 
0.101 e e 

12.77 cal/kg/day 
20.63 	" " 
0.039 ml/g/hr 
0.036 n " 
0 041 n  
0:582 mg/fish/hr 

72 
100 
100 
32.5 
33 

9.3 
3.8 
51 
29 
36.4 

111,2 
 2,45 

1,57 
9.5 
4.95 

32 

3.9 
130 
e2.5 
39.5 
5.94 

0.086 
0,,109 
0.122 
0.150 
0.120 

0.110 
0.085 
0.074 
0.133 
0.098 

0.064 
0.170 
0.162 
0.195 
0.114 

0.054 
0.110 
0.143 
0.148 
0 9 045 
0.041 
0.046 
0.098 

11 

III 

T1 
11 
II 

4 
4 
1 
1 
1 

1 - 	12 	29.9 	n 	n 
9 	19 	0.151 mi/g/hr 
3 	19 	0.149 n  " 
4 	20 	0,195 " " 
2 	20 	0.114 n e  

1  Average for 6 series of observations. 
2  20 fish in the respirometer. Lowest 

metabolism observed during 24 hours. 

3  Basal metabolism (metabolism during 
minimum activity). 

4  Direct calàrimetry. 



Table 4, [page 101] Composite table of measurements of rate of oxygen consumption of carp.

Id
. 0

No, Name

1 Carp

in

15 Scaly car p
16 Mirror carp

17
18
?9
20
21 at n

22

23
24 ft

Author

Knauthe, from
Cronheim 1927

tr n

it It

n ^r

Knauthe 1$9$

It it

Khali1.1937
Oya & Ksmata 1938

Pi t9

Adrianov 1937
Strelts ova 1953

^ st
94 94

9^ aa

Ivlev 1954
94 41

tt ^t

Ivlev 1938
Stroganov 1949

Briukhatova 1939
N 9t

Novikova 1939

CH
o

.o
^o
z

T*

02 con-
sumed at 20°g
ac dording to
the author

02 con-

Fi.sh sumed,
Welght 4 ml/g/h:L s

9

II 0 20 2200 mi/kg/day 602

at 20©

0.092

I13- 3 17.41 2ie7 ca1/kg/ds.y 12,2 0,316
II 15 17.01 11,4 241 0,124
TI 22 17„5^- $.7 573 Oo091
IT 1 20.$1 734 1217 0Q062
II 3 1900 3134 mî/kg/ciay 793 0.170

II 2 20,6 3663 ^ 91 335 00145
IIT 10 11 0.0303 ml;'g%hoar 345 0Q072
III C 19 -0.090 ^1/f^kh/min2 20.9 0,2$1
TTI C 19 ^' Q< 070 ^` ^ 17 04 0.270
III C 19. 0. 04p' 1004 00283

I 7 19e5 0. 113 ml/g/hoar
T 5 10.5 85.0 ml/kg/ho'ar
T 9 9,.$ 150.0 mn/k g/howtir
1 4 9.5 53 .1 ml ,/kg/ hoù•r
T 4 8.25 39,6 tt n

IIT 1 19
III 1 19 .
III 1 19
III C 20

I & III C 14

T 9 19
T 9 19

III 2 17

113 Oo11$
25e6 0e216
24,'j' 0,2$9

331 0,152
320 00134

10,08 mg/fish%hr 39,8 0,194
370,5 2831 0.100
61101 3.$7 0.133
^- 43 mg/kg/ hoû.:-j 35 O.0303

- 90 m1/kg,/hot^.̂ 74 0,157-4

o, 24 m1/g/hour 9 0, 26!',
0019 ïï in 9 'oe207
0,255 mg/g/hr 17.5 Oo235



Table 4 (continued)

25
26
27
28
29

30

31
32
33
34
35
36

Mirror carp Mints 1952 I
Privolnev 1947 1

In 94 99 44 I

ag ea Schm.eing- ' III

Carp
a

Engberding 1953

Krivobok 1953 I

99 ^t ^

4i 4P

44 9t I

16.5 0.25 mg/g/hour

3 20 283 mg/kg/hour
2 20 363

19 20 400 ^ a

C 20 1.285 m1/.fishAr

7 20,6 0,110 mg/fish/da'
1 2109 0a492 if

^1 25a5 3.339
3 2501 36014
1 2400 11053
1 29e9. ljo81

1 3004 35091

1 From data of Table 4 at Q10 := 2e45,

2 Read from figures,
3 Measured in. wlnter9 -ussng fish ".in poor condition", page 656,

4 Measured ir3.twinter,

5 Kept in an aquarium.
6 Beyond the limits of the graph of Fige 29e

^
^
^a

0o2L{.r

39 0, 198
12a5 0,254
2,;5 00280
4e35 Oo295

000,032 0,94$6
0.0263 Oo465
Ool4-0 0.487
2,69 0,240
0, 560 00373
O,^rc^ 0,290
1,510 0,291

•



Table [pages 10$=lO9] Composite table oy m2asuremAn^s of rate of o:x^ygen oonsumpti^^n of ^^zpensero^d fishes.

. Id Q o . 02 02 con-,

^;; ÿw consumed at z° FisY^i s^:rr^ec^,

P ^ I ^ according to ^rezg^a.'^ s m.:.;glhy° 5
No, Name Author T° the alAxhor g a.'G 201

1

2
3
4

0sgi,:r ( f ry)
44 in

s e?.zâ is.zge.
^

5 Sevâiuge. (fry2)

6 -a

7
$
9

10

Sev.-i=^ga fingerlings

Os9tr U1,)
It ' W-

-il Os é-tr fingerlings
12 r^ ^a

13 ^5ev-rîuôa
ï.4 Sterlet
15 ffltâ

21 âter°let4
22 SeT-riuga5
23 Sevriuga^,
24 Sevriuga7
25 Sevriuga8

1 .. ,

Korzhuev 19,4^- Mi
n ^

n
It

Lozinov 195010 111

C 20
C 20
C 20
C 20
C 1$

^ ^ x a ' ,.ç, Jt
dry w 4o a^. a^^^V MM"/ Mg

rv2o 5°3
?7 9i

N 6

ti ^ 3^ 94

522 mg/kôt/^ o^.r

Il n III C
JM M III C
tg ,w III ;;

^ ^ III C
^ ^ III C

M

M

93 Y3 III

^ ^ III
,Strei.tsoff e. 1953

^s se

n

0l1fan 1945
v 0

Pri^o:! netT 1947

25 ^.vs:
1$ '4a2
25 7 2Pd
18 359
25 605

C 18 272 9a

C 25 526 ^
1 É 20 68.2
6 20.7 11'2
1 18 69 06

3 211 176 ^

4 '19 i3r ^ rd

C 21 0.7 m1,> ^^072r
C 21 0e3^5 " ^
C "L.0 -70 mg.:<kg/hr

Sv°^ xrenkn 1948 III. 0 20
3 2404

IIT 15 21.$
94 ^ III 19 22* 4

III 6 22.5

s

34a 9 mg,/kg/hour
2"Le3

v^ ^+170.8
14802

10^ I",CI

0,;^23 ` 0" 90^^-
0.467 0 . 412

0,023 0,900
0.433 0o^-50

0.225 0.418

0, o3`3

0.290

0235
6 50 0' 0^068

20r^ O,Og':^

5L0.3 ûo162_ ,.
$9 0

01o 033 0.644-
C,,, tO0 k

o34^

28P°'" 0.131

2;8 0013^
^7 00 0e7-19
6050- 0,I03
7520 0a0$ÿ

10400 0o0i9

410



I

Table 5 ( continued)

26
27
28
29
30

31
32

33
34
35
36
37

Sevriuga fry Svirenko 1948
qQ 4q 4t Yt

39 41 `i4 t9'

49 49 tt 1Y

47 it It S4

1 160 21,1 1037 mQfkgthoz r
I 64 21,7 1047 4fi at

I 51 22,1 1035
I C 20, 5 1040
I C 17 548

4? 98 tt 12 1 C 17

Hybrido os9tr I 2 2207
X sevriuga

.320
817

It t9 99 it I 3 23 s1 374

Sevriuga (Young) " It 1 2 23" 0 1110
^ ^r ar n 1 1 22 705

49

94

ts

et R

W n

IT tt If n I C 20 531 ^ ss

Sterlet Stroganov 1949 III 7 6.5 ,11,, ml/kg "'

0®045 0.6140
0063 0 ,63$
0,086 0e60$
0^-164 0^69o
0,65 0.`502

1075 0,293
4.95 00457

16,0 0.202
3e7? '0,605.

•10 oo418
`.6 z 00372
304 0., 078

1 Calculated assumzng $5% moisture.

2 Average for the age of 39-53 days,
3 Ebftremes of weight were 51 and 800; no relation of inetabo l ism to size could be de4-e.c':,ed.
4 Average data for sterlets No, 5-No, 89 measured at 1$'-25°, Large -r:irmber of meavuremerats.

^ 1 fish.

6 4 fish.

7 5 fish,

8 5 fish,
9 On Fig. 31 the data of No, 1 and No, 3 coincide9 as do 2 and L9 they are shown by two points,

10 In Tables 5, 7 and 119 i^ozinovts data are from his dissertation of 1950,



Table 6. [pages 110-11:! ] Composite table of measurements of rate of oVgen consumption of salmonoid fishes.

No,

1
2

Name

Trout
YY

3 Salvelinus fontinalis
4 Salmo salar9 age 36 days
5 91 a age 3 years

6
7

age 4 years
Rainbow trout

$ Plecoglossu:s altivelis

9
10

11
12
13
14
15
16

17$

19
20

Salmo fario
Saim.o fario^

Salmo farïo4.
Nea smelt
Ladoga whitaefish
Muksun

Stenodus leucichthys
nelma

Inconnu (fry)
eY YY
YY QY

YY YY

21 Rainbow trout
22 Salmon (young)
23 it "

Author

02 02 con

Pish sunedp
7n?'ei ght p 7til/g/hro

g at 20"

consumed at T*,
according to
the author

Gardner 1926 Ii
it if II

Graham 1qb9 III
Lindrot'hi 1942 I

I C

20
20
20
15
20

YY YY a C 20

van Dam 193$3- I °t 19
Oya and. III C 19

Kimatâ, 193$
Raffy 19331 1 7 20
Washbourn 1936 I 10 10

tY YY

S-e-reltsova 1953

Privolnev 194.$
YY YY

Privolnev 1947

Svirenkd 194$
YY YF.

YY 7$

11 it

Lindstedt 1911,
Privolnev 1953

to YY

196 ml/ kg/r,.oar
210
140 Y^ ^r

000J1^j, ml/n^s^3^hx
2e ^

4.0

23
960%
230 2

0,i 5

0,196
0.210
Oo11'rJ5
00420

16 0.1$0

25 0,160
107 Ya YY 900 0.119
-0,10 ?nï/ ^^sr!/mx2 IO.°1 0;600

0e354 ml/jh.ou_w 2,15 00354
116 ± 4,,5 m1/k&,^1^^ 00671 0®310

I 10 10 91 ± 7- S' n 0Q5 $3 C). 243
T 6 14o7 15705 7rL?; kg,/` ^oyar 3$03 0-O o254
?' 3 12.3 13203 94 `Y 210 0,277
i 2 10 32,2 mx kô,/ hour 1$92 0,06r
S 1 20 39.0 1710 09027
T C 10 -70 zY n 192 e 5 0,131

I C 9.75 1136 mg/kg/hour
I C 21, ,2 930 IY
I C 21.2 776
I C 21.2 629

II 3 14
I ? 15

YY 8Y

YY 9Y

211.6 mi/kg/ hr
4$0 mg,/kg/h^.̂°

I ? 15 305 YY YY

0,01 261$
0,97 0,785
1,72 0,4$$
2e51 0.396

202 0,3676
1e5 0i52i
5 0.336
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Table 6 (continued)

T

24 Salmon (young) Privolnev 19553 1 ? 15
25 vr ss ss if I ? 1 . 5
26 ss w ^s ss Â 12 1>
27 ^ ss Nikiforov 1953 1 3 ^ 4.5
2$ ss ss ^+ sr I 3 1=c .:

29 99 $9

30 Tru.tta iridea

n e1 1 3 140 5
Halsband 1953 III 2

1 A,;cording to Lindroth (1942).
2 24-hour mean g from Fig. 3.

3 Narootized9 slow c;urrent.

4 Naroot3zed9 swift current,

5 M:irASmum metabolism observed in a periode

6 Moved aotively, 2-4 fish used in the exper.iment,

,

250 mg/kg,/x±our 10 0.274
21 0 20 0, 230
400
:i50

520

il U 5 0 a 440
es ^s
sa ss

0017 0,8b5
2,5 0m600

252 n ^0,0 0®291
20 55 m? /fish/ . bar 14.3 0, 2$0



r • • 

No,  Nie  

0 

Jd 

- ,o e 5 k Author 

35 13 

4 

5 

6 
7 
8 

5.85 
7.0 

30.5 
292.5 
226 

187 
32.4 
32.7 
8.4 
8.1 

0.130 
0.116 
0,081 
0.064 
0.085 

0.066 
0.108 
0.132 
0.142 
0 0 208 

	

1.35 	0 0 200 

	

118.9 	0.110 

Table 7. [page 115] Composite table  of  measurements of rate of oxygen consumption of tench, 
■Gt 

°2 	 O..)  con- 

consumed at T', 	Fish 
according to 	weight, mi/g/hr, 
the authOr at 20  

Tinca  nigmiz 
2  P22E1r1LU tinca 

Tinoa Z21EILL 
Tench 

Hee & Bonnet 1925 
Jolyet and 

Regnard 1877 
Khalil 1937 
Raffy 1932 

99 	79  

II 	1 	14 

	

III 12 	11 
I 	1 	20. 
I 	1 	20 

6.32 m1/fish/hr .  

55.7 ml/kehour 
0.0193 ml/g/hr 
6.355 mi/fishihr 
3.490 " 

0.082 

	

222.5 	0.097 
190 	0.046 

0.155 

	

18.5 	0.189 

150 

11 

Tinca tinca 

Tench 
9 	Tinca tinca 

10 	Tench, 3-year-o1ds1  

Il 	e 	e 	1 
Tench, 2-year-olds2  

u 	Iv 	3 

Tench fingerlings2  
e 	n 	3 

16 	dt 

17 	Tench, 2-year-olds 

Ivanova 1939 

Lozinov  1950 
Bounhiol 1905 
Iindstedt 1914 

• 99 

99 

99 

74 

Mints 1952 
99 

1 	18 
1 	18 

18 
1 	18.5? 
7 	13.4 

5 	22.1 
5 	16.1 
4 	17.1 
3 	17.05 
1 	17.0 

5 	16.0 
5 	15.0 

0.155 mg/g/hour 
0.138 " 

96 mg/kg/hour 
0.0557 M3/g/hr 

46 ml/kg/hou 

78.5 " 
76.6 " 	" 
105.2 " " 
108.7 " 
159.0 " " 

0.20 mg/g/hour 
0.10 " 	" 

12 

15 

99 

99 

99 

49 

1 Not fed; lost weight. 
2 Not fed. 

3  Fed. 
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Table $o [pages 116-117]

No,

1
2
3
4
5

6
7
8
9

10

16

Name

ÇM, phox^.nus
Cobi.tis fossilis
Idus mels..notus
Rudd
Misizurnus fossilis

0
Composite table of measurements of rate of oxygen consumption of freshwater cyp-rini-

form fishes.

Cobitis taenia Z.
Nemachzlus barbatulus

9t 4t

Leucissus cephalus
tY 4t

It

Abramis brama
i7 ŸI

97 â 9

Gobio Eo bio

ZY

ez
tt

9P

if

18 Albz^..^-.aus al b urnue
19 Gobio ô  bir
20 Leucis cus idus

21
22
23

It

it

It

tl

el
It

24 Leueiseus leuciscus
baicalensis

25 Phoxinus laevis

Author

Jolyet & Regnard 1$77
t8 It

Khalil 1937
Szarca 1930
Ivanova 1939

fi {t

Il n

19 Il

It if

Privolnev 1947

il Pt

II t)

Il iT

4P 9t

Bounhiol 1905

•o

W^ T'

16
19.5

III 9 .ïW
III g 20
I 1 18

02

consumed at T°9 Fish
accordin.g to 7rreight ^
the author

•
02. con-

sumed,
m1/g/h-'" s
at 20*

1-w, o r,û /kgA^..^ 4.84 0.2-00
86,3 tz qq 15;8*3 0,086
00266 ml/g/h_̂° 276 o,o64
5.2 g/kg/day- 53 0.152
0,123 mg/g/hr 2$,5 0,103

I 2 18 c^,1-i1 12 4,2 0o11,4
I 1 lF's 0o2ÿ5 P' 12,2 0,197
I 1 18 0e275 ^ 4.4 .0n231
I 1 18 0,2$2 îî 3004 0o237
I 1 1$ 0.267 îî 12,9 00224

I 3 1$ 0,1$0 t' 16$ 0,151
I 1 1$ 00135 41 '2-02 o9 0,114
1 1 1$ 00196 UN 69,5 0,165
I 1 1$ 0,210 3$07 0,177
1 1 18 0.350 ^ 1,2 0.294

I 1 1$ 0.331 It 3.87 0, 27$
I 1 1$ -0.248-- t^ 7,60. 0, 20$
I 1 1^-• 0.282 ^ 2, 02 G, 237
I 1 1$ 0.281 39 63e8 0,236
I C 10 ---40 mg/kg/hour 6 50 0, 075

I C 15 -200
I C 15 -120
I C 15 ,.. 70
I C 17 ^-1$0

20 Oo220
11$ o,l$$
$15 0e110
120 o.236

IT 1 1$.5 0.140 ml/g/hr 4,$4 0,161

L
9



Table 8 (continued)

26 Leucaspius delineatus
27 CQbitis, iossilis
28 Leucis cus idus
29
30

31
32
33
34
35

6
37
38
39
40

41
42
43
b,4
45

46
47
48
49
50

ft in

Leuciscus leuciscus
Squalius oephalu,s
Luxilus cornutus

^
ar

Roach
Rutilus rutilus

^ w

94 Yi

Roach
^.

Rûtilus rutilus

Crucian carp

0

I C. 20 0,44 mg/g/h^ 1a52 0b308
II 5 19,3 73.$8 nJ/kg/kyr 23,2 OG0$0
I C 20 3 53 mg/kg/ho-u.r 15 0 6 247
I C 20 222 120 0.148.
I C 20 14.1 ^- -'^ 900 0 a 099

T 5 16.5 0.36 mg/g/Zox 9.95 00342
111 '2 15 1,12 ml/fi:sh/hr 14,4 0,122

111 41 18,0 13::t7.1 mg/kg/h'r° 14,5 0,1:i0
IzI 36 17.85 97i:6.1- " 20,1 0e083
TII 1 20 6,03 g/kg/day- 33 00176

I 7 19.5 0.187 ml/g/rr 16e5 00200
I 1 ^$ 0. 285 mg/g/hg° L75 0. 240
1 1-• 18 0.235 " 13,85 0.197
I 2 18 0.245 " 39.5 0,206
I 1 18 06130 " 127 0,109

I 1 16, 5 111 ml,'kg/lr 40 0.151
I 2 16.5 58.3 222 0.079-
I C 10 ^- 250 mgg/kgf h_.r^ 105 0 o E;.66J-
I C 15 -250 ft 190 0,2751
I 8 19.5 0.10i: ml/g/hy 60 0,109

I 1 18 0.133 m/b..° 502 0,112
TII 12 -16 0.19 mg. g..hx 4,45 00190

1 5 16.5 0,17' 7 00182
III 24 17.95 1$7-+7,7 mg/kg/b.r 19,25 0a157
III 36 17,3 73±1.9 49e9 0;090

Campostoma anomalum
Ameiurus melas

Yablônskal 1951
Calugareanu 1907
Kharchenko 1949

tt ot

Mints 1952
Halsband 1953
Clausen 1936

r^ ^t

Clausen 1930

Adrianov 1937
Ivanova 1939

^ w

4ï Pt

Streltsova 1953

Privolnev 1947

Adrianov 1937

Ivanova 1939
Veselov 1949
Mints 1952
Clausen 1936

SuMlement to Table 8

51 Gasterosteus ( from Putter 1909
-1 -GGa.sterosteiformes)

52 . Burbot (from Gadiformes) Streltsova 1953

I C 15.8 0.233 mg/fish/hr 0,716 00330

I 4 11.25 51e7 ml/kg/hr 213 0,121

1 Not used in computations because it is obviously too large a figure (Fig. 34).
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Table 9, [page lï$] Composite table of measurements of rate of oxjgen cons-Lunpt_on of lamps°eys,

No. Name Author

1 E.r-zon sucetta Clausen 1936
ollons

2 Iohthvomyzon fossor Leach 1946

4

5

Petromdyzon mar3.nusl

fft

ft

it

n

n a

III

I

I

.I

30

5

5

r

To

02 oon-

sum.ed at TO,
according to
the author

18.5 153 ± 7.l mg/kg/l=

1$ 0,107 ml/g/ hour

1$ 0,129 ^

5 22,.5 0.3$ ^a

I 5 22.5 0.23 -n

III 12 ? 6 0^ 0.1"? mg/ô^Ÿ?cs^^°6. I,am2et^°a fluviatilis Shchex°bako^p 193"1

1 Freshwater form.

2[Thzs fish9 of the sucker farrL-7y9 belongs in fiable $. W,E.R. ]

02 ror'-

Fish sumeâ q
-welght, ml/g/hirs

9

2508

at, 20"

0,123

3.78 0,12$

3 e $$ 0.154

3.44 0®30$

3.54 0,186

3^' 0.133

,
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Table 10o [page 1191 Composite table of measurements of rate of oxygen consumpti on of eei s(.-.ri fresh -vazer).

No, Name Author

1 Eel
2 Mur, anguilla

3 n V

4 Anguilla vulgaris
5 Eel un

6
^f9,

0

n

n

of

^

41

tt

9 Eel 9 (silver)
10 Eel 9

11
12
13
14

9e 9i

Eel o (silver)
99 8ê 9f

Anguilla vulgLris L,
15 Eel

16 It

17 AMilla vulgaris
1$ Eel
19 n

Gardner 1926
Jolyet and

Regnard 1$77
rr n

Rai?Y 1933
.Raffy 1933a

Cf-4
ô °

-w-€^ a••^

T'

II C 20

02 con-

sumed at T',,
accord3ng to
the author

56 mi/kg/hour

II 1 14 40.5 ml/kg/ ht
II 1 15.5 4$.0 94

I 4 13 0.0485 m1/g/h^.̂
I 2 17 0,161 ?L

n ^ I 2 17 0.097
n !1 I 4 13 0.066
^ +r I 3 17 0,0$8

z 6 17 0,091
^ ft I ? '17 0.082

^9 rs I ? 17
9r 9r I ? 17
9a vr I ? 17

Prechi^, 1951 IIi C 20
Streltsova 1953 I 6 12

,t YI I 61 14
Bounhiol 1905 II 3 18,5?
Precht 1951 III 6 20

III C 20

1 Two measurements have been excluded.

99

0.0fi9
0,069
0,0^ n

24.6

02 con-

- 63 ml/k&/ hr

Eish sumed,
weight 9 mi% g/hr

g at 20"

150 00056

51.2 0.070
112.5 0.075

40 0.094
0,231 0.210

33. 0,127.
37,6 0,12$
40 0.1_1.5
54 0.119
90 0,107

430 0.090
485 "n"9o

1191 0,058
223 0;060
195.5 .0.053

34.5 mg/kg/hr 1$1e5 0,042
0,0$75 mî/g/hr 21 . 0,100
6,48 m2/100/g/hr 120 0,065
6;0 230 00060



270 

2 
1 
5 

24 
36 

48 

3 

8 
1 

97 

7.45 
15.7 
11.09 
12.35 
11.5 

43.4 
10.4 
64.8 
46.75 
8.8 
2.9 

0.126 
0.183 
0.219 
0.185 
0.081 

0. 053 
0 -0 184 
0.130 
0.052 
0.064 
0.298 

• 
Table 11. [page 120] Composite table of measurements of rate of oxygen consumption of perch and other fresh- 

water percoid fishes. 

et-1 

't5 
00 _0  

No. Naine Author 

1 	Perca fluviatilis 
2 
3 
4 
5 

Geyer 1939 
Szarca 1930 

Adrianov 1937 
It at 

ITI 
3 	17.4 - 
2 	20 
2 	20 

19.5 
3 	19.5 

6 
7 	 n- 

8 	Perca fluviatilis  
--Tilngerlings) 

9 	Perca fluviatilis 
ags  

10 	Perca fluviatilis 

Ivanova 1939 
Streltsova 1953 . I 
Lozinov 1950 

Stroganov 1919 

3/ III 	C 	23 

2 
4 

18 
16.6 
24 

02 con- 

àumed at T', 
aCcording to 
the author 

7 0 5 g/kg/day 
3.96 g/kg/day 
3.58 	n.  
0.158 ml/g/hr 
0.189 " 

0.216 mg/g/hr 
88.0 mi/kg/hr 

360 mg/kg/hr  

09 coh- 

Fish 	sumed, 
weight, ml/g/hr, 

at 20e  

16 	0.277 
20.5 	0.115 

0.105 
15 	0.166 
26 	0.197 

69.5 	0.181 
201 	0.119 

9.45 	0.181 

19.85 	0,201 

0.191 I 	3 	14 	--110 mi  /kg/hr 40  

Etheostoma blennioides 
Pomoxis  annularis 

16 
17 
18 
19 
20 
21 	Cottus  .gobio 

Novikova 1939 
Novikova 1914 
Mints 1952 
Clausen 1936 

93 	 13 

Ivanova 1939 
Streltsova 1953 
Wiebe 1933 

Ivanova 1939 

	

16.75 	0.135 mg/g/hr 

	

15.6 	123.7 mi/kg/hr 

	

16.5 	0.23 mg/g/hr 

	

17.5 	210 ± 10.8 mg/kg/hr 

	

17.4 	91 ± 6.0 	n 

65 4. 2.3 	n 
0.195 mg/g/hr 
99.4 ml/kg/hr 
5,25 m1/100/g/hr 
6,02 	* 
0.355 mg/g/hr 

11 
12 
13 
14 
15 

Huro salmoides  
Acerina-cernua 

Huro floridiana  
« 

18.3 
18 
17 
20 
20 
18 
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Table 12, [page 121] Composite table of measurements of rate of ox,ygen consumption of pi.kee

e-4

No,

1 Pike

Name

2 Esox lucius

3

4

AuLhor

Gardner 1926

Lzndrôth 1942

Privolnev 1947

99 9t

Q 0 s

s

z T°

2 v oil-

ûumed at T°9
according ;,c
the author

C 20 96 ml/kg/hour

I C 15 1000 ml/fish/hr.-

I C 10 - 70 mg/kg/hr

I C 15 - 65 99

5 Esox lucius, 3-year-olds Lindsted; 1914 Ii 3 1$s0 $3,07 ?nl/'k.g/rr

6

7

40 99

W 99

2-year-olds

(spawning)

9! 0

11 99

8 Esox lucius ^ 11

II 2 1$,1 106,3

II 3 13.5 51a05

II 1 15,0 5907

w

n

9?

02 con-

Fish swmed q
wezgb.ts m1:1.,/g/r.r p

g at. 20°

130 0,096

N250 0,063

265 0,131

1$50 0,072

2$0 0,100

70.6 0,126

661 0.095

6$0 0.094



6 _1 0

02 con-

sumed at To-9
according to
the author

Table 13, [page 1257 Composite table of ineasurements of rate of oxygen consumpt:ion of cyprinodontiform fishes.

No.

1
2
3
4
5

Name

Girardinus gupPyi juv,
tt n juve

males
females

at 4t tt

6 Lebist.es reticulata

7 Gambusia holbrookii
$ males
9 virgi.n females

10 4P " pregnant females

'111..L.
12
13
14
15

16
17
1$
19
20

21
22
23
24
25

G. affinis holbrookii
n It

94 et

41 9t

n n

It

Lebïstes reticulatus females
.t r*
n males.
tt n

Author

Raffy 1930
it n

Smith and
Everett 1943

Stroganov 1939
n rr
:1 tt

9t 44

Maksudov 194$
K tt
w . tg

tt rr

it it

Maksudov 1940
tl ir

n n
n ^r
tt n

Il If

Bertalanffy 1951
n il
n
,r

Cf-1
Ô ° a

T'

22
22
22
22
22

M 35 25

I C 20
I C 20
I C 20
I C 20

I C 27,5
I C 27.5
I C 27.5
I C 27.5
I C 27.5

I 4 31
1 16 31
I 15 31
I 17 31
I 17 31

5 31
C 20
C 20
C 20
C 20

15 ,

q2 con-

Fish sum.ed,
weight. r,l/glllz

9. atr 20°

0.350 ml/g/hr 0.042 0,296'

0.399 z4 0.036 0.33$
0e661 0,062 0,559
0,25$ Il Jo^.01^ 0,21$
0.172 °Y 0,$6$ 0,145

00 58 mm^/g/hr 0,1 0.357

0,36 ml/g/hour
0e2$5
0e14 rr

tt0.20

0,259 mg/fish/hr
0,367 a
0.461

0,504
0.567

0.216
0.2$9
0-401

0.504
0.535

^
^
^r
9f

It

0.615 ^
20 mm3/f2sh/hr

-175 tr
, 6o n
- 95 Il

0,10 0,360
0,15 0,2$5
0.90 0,14

1.50 0020

Oa3O 0, .327
00 r50 00278
0.

7
0024p7

0,9 00212
Ie1. 0,195

0,23 0,2$5
0,,38 0,235
0,58 0,213
oa7O 0.199
0.99 0.167

1,37 0.13$
0,03 0,667
0,70 0,250
0,0$
0,1$

00750
00527



^" ' 1
Jmposit ^ of ^f of of 4`; ^ C ^ ^0"^ a .^sG^.^e ^^ [pages 130-1311 C ^ table o^ measu^:emen"^s o_ rate o_ o^gen ^ons^:^^ion of `^e,p ^o^^^u sai^',-

water fZshes 9from data of Jolyet and Regnard (1$77) and Boun:r-iol (19%5)o

NO.

l

2
3
4

Nam.e

Sparus aura taa5

hirundo
Muraena won&er [Gonge_r"]

5 E^La LoLpedo

6

9
10

il
12

13
14

15

?6
17

34 BB

PleEw:°onevtes soleal-
Pleuronectes m.aximuz2
So,Vlli"um catulus
Pipefish

SavlliorhLius stel ari s
It

§Mgnabhus acuc
9P 11

Conger n1ger

1e t►

18 Anguilla vulgaris319

20 Solea vulRaris

21
22
23
24

Barbus rhombus4

11 11

TQ

Author

Jolyet, and
Regnard 1877

14 9A

1Y 11

11 t7

Bounhiol 1905
RI It

1f 1t

-11 It

_n 1t

?^-,
Q

r-l,ç:: Q) s^

W .
^ e E) Ta

TT 1 15
II 1 13
IT 1 16
II 1 15

II 1 14
2I 1 11;,
I.I 1 15
il 1 15
I`1 1 1$

0 2 Con-

sumed. at, '11" 9
aecording to
the author

.4' 2 7II1/1{g4qow,9

0.08r,"15 mï/g/hr
0e078$ 91

O,.x.95
0,136
0.073

0^ oor^=^^
Fis h surn.ed ç

weight fl m°tfg/: ^- ^
g at, 20"

78a3 0,155

'0 0o-ry'.48Â5

5^ 5 6
m^C3o,` Vo108

35 00071

'21.0 0,0$5
.^85 0,12$
32É; 0a126
40 0,086
10,4 0Q10$

6$5 0,101
660 0,091

P'9 0,223

'ra6 0.157
160 000$4

0,09$ ^ 80 0,112
0.084 ^ 10$ 0,090
0.091 ^ 21 0,105
0,0$0 ^ 20 0,092
0,118 46 0p136

o4?1.9
0.091
0.13i+
0,102

62
145
50

70

♦,

.0,136
0e105
0.155
Os11$



0^1

Table 14 ( continued)

25
26
27
28
29

30
31
32
33
34

Solea vulgaris^
Soléa - vlilga ris ^
i'laèssa vulgaris. 11 R

Cantharus lLneazus

Merlangus pollaehius6
-^

1-kigla hirundo
Spanü.s auratiis

Gottus soorpius7
- ^

Yf 44

`ârac;hÿ..^us vipera

9P 84

Lahrus Lergrlta
w n

Blenrrii.us hp bo.1? s

Callion^ws lyra
ea ^e

Gasterosteus mari.nus8
An^a3lla vulgari^j

1 Solea ris

5 Pl, platessa

Bo°anhiol 1905
n r^

^
tt

2 Rhomlbas?

6 Pollachius

,

IT 1 l8, 5 0.153 m!',/g/hr 80 0 .14.3
II 1 1$a5 0.153 ^ 46 0,175
II 1 1$05 0.140 ^ 3'7 0n'161
II 1 1895 0.129 t4 28 0.14/9
II 1 18e5 0.179 94 ^0[ 0e206

II 1 18.5 0,11,70
II 1 18,5 ^J,198
II ? 18,5 0.116$
II I. 18.5 0,095
II 1. 1$.5 0s142

II 1 I8.5 0.192
II- 1 1$.5 0e1$0
II 1 1$,5 0.181
II 1 18.5 0e182
II 1 18,5 0.200

2I- ? 1$tr5 0.161
Iz 1 1$, 5 0,192
II 1 l$,5 0.179
II 1 18.5 0s1`79
II 1 18.5 0.235

II 1 1$.5 00245
U `^. 1$,5 0•205
Il .1 18e5 0.202
Ii 1 1$a5 00230
II ? 1$,5 0,210
ÎT ^ 1$p5 0,24$
II . 1 18e5 0.087

3 A. -an^lla

7 Myoxocephalus

^ 325 0,`i 95
se 155 Od22`l

$`S0 00193
350 0,109

a^ 78C3 ©0jh3

W 1203 0,221
w 2604 0,206
n 24 Oo20$
rre 152 0p209

^ 10j,e 0,2$0

3'd

91:
p
37

^

10e5 001$5
5; 00220
58 0,206
32 0,205

21-J.5 0,270

$ e 5 O ,282
16^5 0e236
_38.... 0o242

13 03 0o- 2b4

1505 0.241
5 oe285

21 0,100-

4 Rha rhombus
a

Spinaohia 5pinachia



Table 15, [pages i32°1337 Composite table of measurements of .rate of oxygen consumption of sait-wa•ter fish.

No,

2
3
4
5

6
7
8
9

Name

Order Perciformes
Girella _nigricans

_II -s;
Il Il

Heliastes chromis

10 S erre,n.us scriba

11 Lab2^us berFîlta

12
13
14
15

16
17
18
19
20

Sa rondelet-,
a4 aa

Tautzs,golabrus adspersus
^ ^.

Blennius „gL,,&orug3me

It R

w^bii7.6 Sjpo . . . . . . .

oG^ bius paganellus

21 Gotbus bubalis
22 ^ ar

Author

Keys 1930
4t Pi

v+ v^

Sinith 1942
Wells 193 5

Vernon 1895
Putter 1909

il â9

Vernon 180.5

o
zs •
.0 rG-{ t(2

W ^a^ Ta

ZII 12 1607
III 2 20.0
IÏI 2 1$,0

111 38 20
? 28 20

I C 16
I I. 22,4 '
Z C 23,4
1 C 23.7
1 C 16

Baudin 1931 I. - 2 18

Raffy 1933 ,14.
Raffy 1932 ï 4 14
Haugaard 1943 M C 20

M 3 21

Baudin 3-931 I 2 18
"I 3 18

Bs.udi..n. 1931a I e 18
Raffy^ 1933 g 3 ' 14
Putter 1909 I- 0 23,1

Baudin 1931 I 1 20
tt 4t

02 con-

sumed at T".,
according to

the auJc•h or

ccn^02
d is h sWSled ,

-weighf„ s mi/g/hr-,
g at 20°

0. 85 ml/g/hr 40 0,142
0,062 257 Coo62
0,0596 ^ 210 0,072
0,131 ^ '70,3 0,131
OQ196 ^ 5.6 0,196

133 m^Rn/hF-^ 10.h 0. ^-33
ÿ.. `7 ir.g/i:ish/hr lî , 2 0e205
0,$25 ^ 1,56 0®216
0,122 000$2 0b768

166 401. 0.-144

,13.•0 ra/fish/^. 125 0,0 ^(i
' hz- 45 min

0,186 r_"ïf /hr 20 0,323,
3,1^.1.2 mlish/hr 25075 0,230
^-o"5 mm3/g/min 50 0e099

2.0 w 43 0,1.1f?.

2!+e35 mi/fish 2 rr 98 0,124
11411 m1/fi sh 3 hr ^3 0.060
0,$ ml/iish/br 10 0®096
0,036 m1/g/hz 20 0,062
2.3 mg/iish/hr 10,5 0,11$'

1,63 ml%fish/h..r 15 0.109

-0, 9 ml/fish/h.- 15 0, 072



23 	Clinocottus analis 
24 22212gAtà mrzu 
25 	 n 

Keys 1930 
Raffy 1933 
Putter 1909 

0.085 ml/g/hr 
0.068 	" 
2.9 mg/fish/hr 

37 	0,085 
0.118 

16.3 	0.105 

111 
1 
1 

4 
20.0 
11,  
7'7 0 1 

fl 

1 	1 	1 6 	0.136 ml/g/hr 

1 	2 	18 	0.3 ml/g/hr 

M 	4 25 
M 	4 25 
1 	0 	22.2 

508 =3/g/fish/hr 
503 
0.44 mg/fish/hr 

Raffy 1933 

Raffy 1933 

Leiner 1937 
21 	21 

Putter 19Q9 

0.71 	0,194  

rn 	0.36 

	

2.85 	0.114 

	

3,1 	0.104 

	

1.75 	0.146 

st 	 n 
- n 

eb 

Table 15 (continued) 

Order Cyprinodontiformes 
26 	Fundulus pâtElpinnis, 
27 	44 

28 
29 
30  
31 
32 	Fundulus heteroclitus 

	

Keys 1930 	111 10 
Wells 1935 	'III 	0 

2? 	es 	III 	-C 
• n 111 -IC 
n M 	 III 	4 
st 	st - 	III 	4 

	

Matthews 1947 III 	C 

0 0 212 mm3/e/hr 
145 
250 
150 

0.208 ml/g/hr 
0,145  

21,1 —.3H0 =Y/fish/min  

	

5.92 	0.212 

	

6.34 	0.145 

	

2,2 	0.250 

	

4.8 	0.150 

	

0,68 	0,297 

	

1,52 	0,207 
13 03 	0,123 

20 0 0  
20 
20 
20 
16 
16 

Order Cypriniformes 
33 	Rhodeus amarus 

Order Gasterosteiformes 
Gasterosteus leiurus  

Order Syngnathiformes 
35 UI•E2211em brevirostris 
36 
37 



•

Nâ,me

Table 16, [page 1351 Composite table of measurements of rate of oxygen consu_mption of marine elasmobranch
fis hes .

Noo

1 Sc. ea^alY.xs

2 Seylliorhin,a.s stellaris

4 S c,ylliwn catulus

6 ScZllum cassicula

$
9

10

It

n

Aut hor

Jolyet and
Regnard 1$7r

Bounhiol 1905
49 It

Raffy 1932
W it

Buytendijk 1910

iP II

e^ n

44 99

To

0n con-
sumedsumed at T
according to
the author.

02 cenP

Fish sumed,
weight s ml%g/hrs

g at 20°

TT 1 15 54.5 mgi xg/hou..r 44D 000855

II I 1$.5 0.0$75 mg/g/hr 6$5 00101
II 1 18.5- 0,907$$ in 660 0,091
I 3 14 2.077 m't%fishlh..̂° 24 0,? 51
Î 3 14 1' 474 n 1$,95 0.135

T. 1 131 0.87 m:! /fis,h ;!hr 14 0,121
0,102I 1 13 1,26 24

i 1 13 4.9 150 0.063
I 1 13 $e16 215 0.073
I 1 13 9.63 260 0.072

1Temperature approximate, from data of preliminary experi'n.ents.



Table 17, [page 13$] Calculated expected metabolic rates of
various fishes at weights of 1 g and 1 kg,

02 consumption

Name of_iish

ml/g/hour at 20° % of the mean

,

1 g

Sturgeons

Sa]monoid fishes

Cyprinid fishes'

Carp

Tenoh

Mean.

0.391

0.498

0.336

0.343

0,230

1 kg

0.105

0,095

0,084

0.122

0.054

0,360 0.092 100 100

I g

109

1 kg

114

13$ 103

93 91

95 133

64 59

1 Excluding carp, goldfish and tench.



Y 4

Tab1e 31-8o [page 139] Composite table of parameters of the parabolic equations relating meta1oo`'w4.m and body,
-weight of various fs.shes 9compated by the method of least squares.

Equation .
No, Name of fish

5.3a1 Goldfish

-5®4.1 Oarp
60101 Ac°,pensérzd iishe^
6•102 Salmonid fishes
6.1 . .3 -Tench

6,104 Fr esh*at.er cyprinid fishesl
6 s,.^^s 5 Cypr:snoaont fishes -
6o1a6 All fréûhwater fishes

(Tables 3-136

602,1 Narine fishes (Table 14)"
6o2•2 9a rr (Table 15)
6. 20 ; Young marine iish 9 after

Zeuthen
6.2.4 AJJ.. mai°ine fishes (i_noluds.r^.g

Table 16)
`; ,3,I All fish
79302 All fish except (6.2.3)

n

4

9 loga a

22 0.49 0a58 0.948 0.151 °0Q759 0a174 0,81 ± 000610
35 1013 1.35 0.99°`I 0,087 -0. 0465 00343 0,85 ± 0,012
33 1 0L3 1.75 0,997 0,111 ®°i,:;0 c 0p391 0, ,82. ± 0. 010
30 0,9; 1.20 0,976 0. 20_^ °0_.303 0. 498 vo'c^6 ± 0,032
l 7 0,54 006$ 0,965 00l?;.1 -o po38 0,230 Oo 79 ± 0,051

50 0,63. 0.774 0..935 0.223 °004 °`3 ^:^a33c ^,8 0 ± 0.0'^
2-' 0,38 0.52 00963 Oo102 -007U' 0a192 0.71 i 0,042

266 M9 1s.1_9 0.969 so077 a0.'528 0,29°^ 00014

is

51 00,5 061 0^968 G.I^k °°Oo^^°â v,2^^6 0,8 '^ .11r 0, 03 2
37 0,6; ^,72 0e$82 0.3 O,-. 9iwaSW9 f^a22^ 0,8_^1 ^ 0,0^2
25 006;' 0.86 0,90°^ 0. 2d,2 ® ^.s ow84 vo328 OoI^. ± 0,067

123
.,

e 05 1 •30 0 o 969 Of o 2d. -'^9 °°^ ; '_^'" ^
o .^
°°^'

^^. 0e ^9 Î Oo 01s'-^o^>>i ^ ! ï

389 1 . 01 1023 0097-L 3 .22 8 °0a 500 0,3^.6 0,7â ± 00J96
364 +0e93 1.11 Oo971 0,222 -s=.54-;. 0e2$5 `^08^.. ± M105

Legend: n-=number of initial data according to Tables 3°16.
Q--mean square deviatsono
y = log Q; Q-total metabolism9 ml 026'.£ish/hr at 201.

x = log w; yJ Pwe_ght of 1 fish in g.

r-oorrelattion Woefficie.n t o

oa _ -Q at_Vr-14 Q^a^,^.

y y ler2.

1 Other than goldfish9 carp and tench.



r

Table 19, [page 153] Table of approxi•nato-values of t'h_e ro .t•i:^e metabolism of fis?^g caiculate^ from the

equation Q = 0.3 .w0,$

Weight
of

fish,
mg Q

Q
w cal

Weight
of

fish,

Weight
of

fish,
g Q w cal kg

1 0,0012 1.19 143 1 0,300 0.300 36

3 0,0029 0.96 11.5 3 0.723 0.24 29

10 0.007; 0,75 90 10 1,89 0,39 23

30 0,0182 0061 73 30 4.56 0.15 18

100 0,0475 0,47 56 100 11,94 0,12 14

300 0,1146 0,38 46 300 28,8 0.096 11,5

75

Q
w cal

00075 9.0

182 0,061 7.3

475 0,047 5.6

30 1146 0,038 4,6

100 3000 0,030 31)6

Q--consumption of 02 by 1 fish9 in ml per. hour at 20".

Q
-metabolic rate (ml 02%g/k^^ at 2J°

ca' -enzrpgy empend.iture in routine metabo=°ssmfl in, cal,/gy!day at 201.



Table 20, [page 1$0] Energy expenditures by fish in motion.

Name of fish

Chum salmon, males

Chum salmon, females

Salvelinus fontinalis

Goldfish

Salvelinus nama.ycushl

n n 1

Average
weight Speed

of of
fish, motion,

g m/sec

5033 1.33

Active metabolism
TO Resting metabolism

12

3955 1.33 12

27 0,8 15

3.$ 0.5 24

27.7 0.53 16

$2.$ 0.66 16

> S

Energy-expènditure
cal/g

per per Ign of
hour movement

1,075 0.225

lal$3 0.249

1,400 0,4$6

0.575 0.320

1,2 0,623

1.2 0,504

1 According to data in Fig. 2 and 6 of Gibson and Fry (1954).



Table 21. [page 1901 Average daily gain in weight of young fish in the
brood pônds of two Belorussian fish farms¢ estimated from daily observa-
tions and from computations by formula (10,2.1) using the initial and

final weight,

Name Year
of of

fish obser- Observation
farm vation period

days

15

15

Average
final
weight
of 1

specimen

mg

24.7

Average daily
gain in weight

Observed Computed

21 21

33.9 23 21

15 16.5 17 19

.n AP 15 24.7 17 20

It 1950 19 27.4 14 15

0

H 99 19 41.1 1$ 19

,. Slepiânka 1946 9 27.6 45 42

, It n 19 101.6 31 2$

Remarks The growth of young fish at the Volma Pond-fish
Far?n.is from data of the Belorussian division of VNIORKh,
that for the Slepîanka farm is from data of G. V. Gladky.
The observations in all cases were begun on the 3rd day after
hatching, and the initial weight of the fish was 1„5 mg.



mg days 

• 
WILD CARP 
(Krivobok e  1953) 

BREAM 
(Letichevsky e  1953) 

Table 22 [page 192] Average daily gain in weight of young fish of vari- 
ous species during their initial period of development 

- - - - - - 

Average daily 

Average 	increase in weight 
•  

weight 

	

Days from 	of a 	According 	From 
Species of fish, 	start of 	young 	to the 	formula 
and authors name 	observations 	fish 	author 	(10,2,1) 

VOBLA 
(Tarkovskaia e  1953) 

DOMESTIC CARP 
(Konstantinov e  1953) 

	

o 	 3.2 	144.3 	52.5 

	

5 	 263 	86.4 	37.5 

	

lo 	 10.0 	33.3 	17.5 

	

19 	 560.0 	3.1 	 4.7 

	

27 	 700.0 

	

o 	 3.0 	106.3 	30 

	

9 	 31.68 	33.27 	14 0 5 

	

20 	 137.11 	2.91 	2.6 

	

30 	 177.11 	7.52 	6,2 

	

40 	 310.34 

	

O 	 3.11 	235.2 	57.8 

	

6 	 47.0 	14.59 	10.7 
13 	 95.0 	6.17 	5 

	

24 	 159.5 	5.16 	5 

	

36 	 274.9 

	

O 	 2,08 	24,0 	15 

	

6 	 4 •9 	11,2 	7.5 

	

18 	 145 	7.0 	 5.5 

	

29 	 20.4 

1.* 



Ob" ^

[page 214]
Table 23 > Growt,h rate, food consumption and metabofi o rate of young wr_ld oarp 9 from data of Kl--> >.,-obok (1953 ):-

Periods of
observation

16,v-21,v

21,v-26,v

26,v-14.,v1.

y., yi-12,v1.

12ev-i-26,vi

26mvi-lia.,vii

14,•crii-2$,vii

2$,vii-14,viii

Mean Daily
weight weight Daily

of 1 fish gain ration
in grams in % in /
wet Mean (dry (dry
weight TO weight) weight)

0.0147 21,$

0.083 21.5

0.350 22,2

0.630 25,9

1,105 2$.7

1.985 28,1

2.566 24.7

2.$02 2407

31.4

28.3

13.7

5.03

7.06

54.1

4$.0

2$,$

15,6

13.9

2,42 11.5

0.96 8.2

0.72 6.5

ô ô

^ 4-21 Expend^.ture
.H N ,.> for
^ ;^ x metabolism

Metabo:Lirz rate as
ml 02/g wet wt,/hy

per day, as % Ca1cu-
0 (dry weight) lated Eqpected Measured

5$,0

Y s `

11.9

59.0 10,1

47.5 9.3

32.2 7.4

50.7 4,1

21.0 6,.$

11,$ 5.6

4.5

0,60 0,81

0.5%

0.54

0.49

0,31

0,54

0,k5

0,38

0.56

0.45

0.53

0.61

0.50

0.37

0.36

0,77

0,61

0.65

Oe63

0Q67

0,5$

0,3$

0,36



I

.
Méân-

weigiit
of 1 fish
in grams Mean

wet weight. TO

I

Expenditure
for

metabolism.

Table 24, [page 216] Growth rate, food consumptiôn and inetabolic rate of 4-year-old roach (from data of
G S Karzinkì 1

Period of
obs ervations

26,v-1Z,vi

J1,vi-26.v1

26,vi-ll,vii

ll,vii-26,vii

26..vii-l,viii

ll,vi1i°24, viii

Mean

Mean Mean
dazly

daily ^ Cdweight
gain 9 ration,
as % as %
(cal) (cal)

20a50 20.4 0.93

21.85 23.5 0.57

22a35 21,$ 0,46

23e05 20,0 1,49

24.50 20,2 0,60

25.55 20.5 0,0$

0.54

5.60

5.95

16,6

9.5

4.77

2,0

11 .3T

Me,abolic rate as
ml 02/g wet wt,/hr

per day, as % Calca.-
(ca]-;

3.51

4.07

4.43

1,1`7

3,01

3.36

t

lated

0,27

Expected

0,17

0.32 0.22

0.37 0,19

0,09 0.16

0030 0,18

0633 0;16

3.26 0.2$ 0,1$'

1 Computed from the mean values of the two previous columns.



,
0 "

Mean
zrdei gh.

of 1 fish
in grains Mean

wet weight To

Metabolic rate as
mi 0^,; `g wet w"t^ a/^hr

Table 25o [page 21$] G^°o^s^a^.h rate, food consumption and ^.netaboli Mrate of carp (from. data of .^;T1ev9 ï939^ .

Period of
4bser-vations

?4.4

56.0

96.5

171.0

2$0,J

363.0

407.5

Mean
daily Mean

weight -daily
gain. q ration,
as% ae%
(cal) (cal)

1$00 5.16

15.5

19.$

23. 6

22,6

5.61

l - T

1?.3

11.3

42

50

2.90 9.$ 30

5.69 12.3 46

2,t,.2 9.3 26

21,0 1.33 4.$ 20

18.3 0,90 1$

Mean daily
e^pendi tv^^°e

metabolism9
as %
(Ca1)

407

3.4

4,9

4. 2

5.0

2.5

3.0

" ^^^-a^..,_
r

1 ^.''^eG ÿxpecteld

0036 0,13 .

0,2$ 0,09

0,37

0,41

0.53

0.27 0.12

0a14 0.10.



,

0

Table 26, [page 220] Growth rate, food consumption and metabolic rate of_,Leu .ss;?^.nea^s ( fram data
of, E. A, Yablonskaia9 1951), ^

Period of
observations

24,vii-l,viii females

R males

Mean
weight

of 1 fish

Mean Meandaily
weight daily

gain ration 9
in grams as % as %
wet Mean (dry- (dry
weight T° weight.) weight"

1064 23 .0a69

1.45 23 0.56

l,viii-26,viii females 1,71 20 0,$0

^ males 1.46 20 0.51

26,viii-10,ix females 1,77 16 0.-17

males 1M 16 0,4$

14. ^

1560

10,9

9.9

5-07

5.$

eH

0 ô
Mean daily

J^°4H, expenditure
(D for

metabolism 9

Me-!-abolic rate as
ml 02, g we wt ,AY11-

+-I as 76 t, dry C alçub® s^
^ weight) lated Expected Measured

t;-,8 10,9

3.7 11.4

7.3 8.0

5.2 $.4

3.0 4.4

$.3 4.1

1 From the temperature of the measurements of 02 utilization,

2^he dry weight of the males for l.viii-26,viii was obtained
by interpolation between the weights for 4,vii and 10,i3c,

0,91 0.35

0.99 0.36

0.70 0.27

0.79 0,25

0.41 0.19

0.3$ 0.19



Table 27. [page 222] Gro^rdh ratea food consumption and metabolI c rate of yo^v^g ". t`,s•om, ez^^,:.^ o. -̂`
Karzi.nkinQ 1952)a

Mean
we:ight,
of 1 fish

Period of in grains Mea,n
obs ervation-- wet weight T©

5-20, iv 0.0247

29 . iv°9 0v 0.151

9.y-19a"' 0.456

18 0 5

Daily

weight
gaâ.:n.

"0 r

Daily

ration

e

Daï 1 `- Mets,bolrC rate As
e:,^-peri:lI ^7ur e

g YdHets wE"

for

1.11 io `,a alcj

^d.r.y we-Lgf^:t-6` `i DIced Expected

in I in %
(dry ( dry

weight ) wei ght ^

11.9

10.5 14.1

1900 9e8

25.7 ^.5m21 0.511-

23.4 60o2 4.6 0o29 0 8

24.5 400l2 !QIoü Qo68 0p32

1 Erroneously given as 52,6% in table $$ ,of Karzznkin.p s book-,

2 Erroneously given as 35o4% in the same table.



"a or

0

Table 2$Q [page 222] G:ro-wth rate9 food consumption and metabolic rate of young osgtr (from data or.
Karzinkin, 1952)..

Âgé
in 'dayti Mean

from the weight
activity of 1 fish

of in gram Mean
feeding wet weight TO

3-11

11-21

21m31

31-36

74°$1

0,101

0.378

1,216

2.335

17.0$

Daily
weight Daily
gain :x^ation
in % in %
(dry (dry

weight) weight)

16.0 13.5

17,6 12,1

19.fi 10é9

21,5 8.4

22.6 2q3

34.3

27,$

26,4

25,1

5.61+1

39.4

43.5

41.7

33.5

41,0

Daily
expenditure

for
metabolism

in %
('dry weight )

2,2

iletabo:t`eP, rate as
ral 02/g wet wt , /hr

C'ta1ru°
lated Expected

0,64

0,46

0051

0,61

0a33

ob29

0,2$

0.29

0,15 0.21

1 Erroneously given as 5,2 in table 45 of Karzinkin's bobk.



^ µ 2S' , ^ r: :^ " food ti ^ °o^ ÿ°`"'E^ of v^^_° ^2 a. - =;^^.c1.0.L^ ..t^age 22,31 t7wtA. zô`u^p £3T1:_"C1mT1JC l and c» j ^^' ti^ ^^y ï C"I.1`el ydata

^once`Ziiinô food Yc.̂ ,.iviL•:, are :i:r1_ci.i c2:i?"a°:ep see page 221';, of the te:^&bd ÿ-LLoû2 :tabc, of

Age

l.^ days Mean
from the we ^ght
activity of 1 fieh

of in grams Mean
fe•rdi:.°?ô wet weight T "

FED DAPHNiA

9
19
29
39
62
79

FED YOUNG FISH

0.0348
0,1369
0.438
10053
2.530
3.157

Daily
weigkit

ga°l;.z
n %
d^(dry

weibht)

18-25 23
n 1602
^ 110$

7 . $
rr 2é$

" 1.0

Daily
ration

Ln %
(dry

we.i.ght )

115,0 20,0

75.0 21,6

5$.7 20,1

31.3 2500
12.5 22.4

4.7 21.5

f or
metabol m

per dayg as %

i le •a ^01^ E^ t^at e as
O^,^g wet wv b ,'`oy'

cal'--u-

,,dry welaYE ) lc^ed Expected

69 2.71 0.59
43 08 2.57 0a 45

35.2 2.4 0e35
17.2 1* 1515 0.30
7,2 0.56 0025
2.8 0c,22 0,21a.

23 00136 18-25 19.8 99.3 19.9 59.6 3e56. 0.45
31 0.436 n 15. 2 40. 22 - - -

41 1.379 " 1008 40.4 26.7 21.5 1.50 0;28

1 Expected metabolism for 20°.

2 Clearly too low a figure.



f 

e 44.7 

28.2 

17.7 

14.8 

7.2 

4.5 

2.8 

1. 50 

0.95 

0.59 

0.38 

0.24 

0.15 

0.09 

71  • 

4.5 

2.8 

2.4 

1.15 

0.72 

0.45 

43 

27 

17 

10.8 

6.9 

4.4 

2.7 

37.6 

23.7 

14.9 

9.5 

6.0 

3.8 

2.4 

Table 30. [page 229] Compited values of daily weight increase and rations, fo-_ variou5 coeffietts of 
utilization of food for growth, by fish  of  various i.1123.e. 

Weight 
of fish 

in grains 
wet weight 

Provisional 
maximal 

expenditure 
for 

metabolis% 
as % of 
weight 

Daily rations as percentage 
of weight 

£2  60 	£2  20 	K, = 

K1 ' 48 	Ki . 16 	/11 ' 4  

Daily-  weight gains as percentage 
of weight 

K9  20 

 

K2 5  2 

E, , 16 	Ki  . 4 

£2  . 60 

48 

	

0.001 	28.6 	 89 0 5 

	

0.01 	 18.0 	 56.3 

3 0.1  

	

1.0 	 7.2 	22.5 

	

10 	 4.6 	14.4 

	

100 	 2.9 	 9.1 

	

1000 	 1 ..8 	 5.6 



Month

Table 310 [page 232] Average monthly temperatures at depths preferred by trout in Lake Sevan,

Temperature

I II III IV V

51 51 51 51

VII

15

VIII

15

Ix

15 14

Ti XII

10,5 6,56,5 12

Coefficient 5.19 5.19 5.19 5.19 4.26 2.16 1.57 1.57 1.57 1.74 2.54 4.26

1 For the winter months a temperature exceeding the one prevailing in the
lake has been taken deliberately. In this way we have attempted to take into
considération the increase in metabolic level that results from adaptation to
low temperatures, which must occur in Sevan trout, since they are active during
the winter.

j



2 [page MI Annual rations and food coefficients of the Sevan trouts 9 computed fro?^, t^.e
Wec`ted magnitude of their mztabolism and from the -values given by Dadiki'an in his quantitative

study of feeding (data from De.dikian9 1955).

Race of
. trout

it

Age

2+

-3+ 177

Mean
weight

Annual Computed

increase annual
in ration.,

weighi"^9 thousands

g g

84

4+ 29$ 124

5+ 41$ 117

6+

3+

561

110

1F+ 142

54- 171

211

16$

41

22

35

r4"

of calories

256-425

452-75$

Food coeffiaient

Computed
From

De,dikian

5.40-$,9g

5.71-L9o5$

620--10$3 7 é 40-11+.7

6ë5

1002

13.7

756-1368 9,56-17.3 2+".$

980-1751 8,64--15.4 24.0

261-500 9.4-18,1. 17.3

285-51+1 19.2-36.4 41-.5

342-639 16.4-27,0 44.7

411-764 14.7-24.1 41.1
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