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Preface

The present report, based on a dissertation presented at
Kiel University in January, 1979, has been written

a) in order to allow for the presentation, under one
cover, of the large amount of tabular data used
to derive certain relationships pertaining to
fish growth,

b) in order to allow for colleagues to comment on
some new concepts in fish growth prior to their
regular publication in much shortened version.

Critique and comment would therefore be appreciated. This
refers especially to data which could be used as a test

case for the validity of the concepts presented here.
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Abstract

In von Bertalanffy's theory, growth is defined as the net
result of two processes with opposite tendencies, one syn-
thesizing native protein (anabolism), the other degrading
the protein (catabolism).

Both food and oxygen supply are needed for anabolism, and
this investigation presents evidence suggesting that, in
fishes, it is primarily oxygen, rather than food supply,
which limits anabolism and growth performance. This is due
chiefly to the fact that the respiratory area of fishes
(the gills) do not grow, with increasing size, as fast as
body welght, and to the fact that fish can store only very
small amounts of oxygen.

It is demonstrated that, as a rule, fishes able to reach a
large size (e.g. tuna) tend to have gills growing in pro-
portion to a power of weight close to unity, while small
fishes (e.g. guppy) have gills growing in proportion to a
power of weight close to 2/3. The von Bertalanffy growth
formula (VBGF), whose derivation rests on the assumption
of the universal validity of the "2/3 rule'", is therefore
considered to be a special case of a generalized formula
("generalized VBGF") which is derived here, and whose pro-
perties and applications are discussed.

Various properties of the VBGF's parameters are discussed

in detail, particularly the relationship between the values
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of K and estimates of mean environmental temperature, where
a clear, regular pattern could be demonstrated, which is
closely allied to Krogh's normal curve (of metabolism
against temperature). Also, a close relationship between
K and the asymptotic size of a large number of stocks is
demonstrated, which further emphasizes the uniformity of
growth patterns in fishes and which can be used to estimate
growth parameters in certain stocks and assess the inter-
relationships between various species, particularly through
the use of a newly developed "auximetric grid".

Potential applications for these theoretical considerations
are discussed, particularly as the demonstrated uniformity
of fish growth patterns and the established relationships
allow for the estimation, in the field, of the growth
parameters of tropical and other little-investigated fish

stocks.
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Kurzfassung

Vorliegende Arbeit ist ein Versuch, die Faktoren zu identi-
fizieren, die das Wachstum von Fischen bestimmen. Dabei
wird nach Regeln gesucht, mit deren Hilfe die Wachstums-
parameter von wenig untersuchten, vornehmlich tropischen
Bestdnden bestimmt werden kdnnen.

Die Daten, die fir diese Untersuchung verwendet wurden stam-
men im Wesentlichen aus einer friheren Verdffentlichung
dieses Autors, in der die Wachstumsparameter von liber 500
Fischarten und iiber 1 500 Einzelbestidnden zusammengestellt
wurden. Dabeli wurden Parameterwerte in etwa 1 000 F&dllen
neu berechnet.

Von Bertalanffy's Wachstumstheorie postuliert u.a., daB
organisches Wachstum als das Nettoergebnis zweier entgegen-
gesetzter Prozesse begriffen werden kann, wobei der eine
aufbauender Art (Anabolismus) und der andere abbauender Art
ist (Katabolismus). Es wird gezeigt, daB neuere bioche-
mische Untersuchungen diesen Teil der Theorie voll besti-
tigen.

Andererseits wird gezeigt, daB die Annahme einer Allgemein-
gliltigkeit der "2/3 Regel'" des Metabolismus, zumindest was
die Fische betrifft, nicht aufrechterhalten werden kann.
Diese Regel, die besagt, daB aer 02 Verbrauch von Fischen
proportional zur 2/3 Potenz ihres Gewichtes steigt, wenn

die Fische wachsen, scheint nur bei sehr kleinen Fischen
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(e.g. bel den Guppys) zuzutreffen. Erwihnte Potenz steigt
andererseits auf etwa 0.80 bei den Fischen mittlerer GrdéBe,
und auf 0.90 und mehr bei den Thunen und andefen groBBen
Fischen.

Daher scheint es angebracht, die "von Bertalanffy Wachs-
tumsformel', die auf der '"2/3 Regel" basiert, als einen
Spezialfall einer "allgemeinen von Bertalanffy Wachstums-
formel" zu betrachten, deren Intergration und Eigenschaften
detailliert behandelt werden.

Ein Problem vieler vergleichender Wachstumsuntersuchungen
ist die Frage nach der Vergleichbarkeit der Ldngen- oder
Gewichtswachstumskurven von Fischen verschiedener Arten und
Bestdnde.

Es wird gezeigt, daB die Steigung am Wendepunkt (der maxi-
male.Gewichtzuwachs pro Zeit) einer Gewichtswachstumskurve
mittelbar einen anschaulichen und aussagekrdftigen Index
fiir die Wachstumsleistung wvon Fischen liefert; Dieser
Index, P genannt, hat ndmlich fir jede Art, Gattung und/
oder Okologische Gruppe einen charakteristischen Werte-~
bereich, der, unter Vorgabe eines Schatzwertes flr das
Endgewicht, dazu benutzt werden kann, den Wachstumspara-
meter K zu schdtzen.

Dieses Verfahren, das besonders flir die Schatzung der Wachs-
tumsparameter tropischer Bestdnde geeignet erscheint, wird
besonders durch die Verwendung eines sogenannten "Auxime-
trischen Netzes" erleichtert, das als neues grafisches Ver-
fahren filr die vergleichende Untersuchung der Wachstums-

leistung von Fischen vorgestellt wird.
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Die Abhdngigkeit des Fischwachstums von der Sauerstoffver-—
sorgung wird diskutiert. Dabel erweist es sich, daB die

Kiemenoberfldche - die ja die HB8he des O —Aﬂgebots bestimmt -

2
in marinen Fischen eng mit dem Wachstumsindex P (s. oben)
korreliert.

Eine mdgliche limitierende Rolle der Kiemenoberfl&chen -

d.h. der O, Versorgung - wird auch in Zusammenhang mit dem

2
Individualwachstum von Fischen diskutiert. Dabel erweist

es sich, daB die mit diesem Wachstum einhergehende Abnahme
der Nahrungkonversion auf eine schlechter werdende OZ—Ver—

sorgung zuriickgefiihrt werden kann, die ihre Ursache in einer

wachstumsbedingten Abnahme der relativen Kiemenoberfliche

Kiemenoberflache
( KdSrpergewicht ) hat.

Die Beziehung zwischen der mittleren Umwelttemperatur und
den Wachstumsparametern von Fischen wurden untersucht. An-
hand eines Datenmaterials, das 300 Einzelbestdnde . umfalt
wird gezeigt, daB der Parameter K der von Bertalanffy Wachs-
tumsformel, der obenerwdhntem Katabolismus proportional ist,
sich im Temperaturbereich 5° bis 30° C so #ndert wie von

der Krogh'schen Standardkurve (des Metabolismus) beschrieben.

Eine biochemische Deutung fiir diesen Befund kann darin ge-
sehen werden, daB die Degradation von kOrpereigenem EiweifB
(Katabolismus, s. oben) in Abh#ngigkeit von der Temperatur
erfolgt, und daB dieses EiweiB, unter entsprechendem 02_

Verbrauch, laufend neusynthetisiert werden muB. Biochemische

Arbeiten, die diese Deutung stlitzen, werden diskutiert.

Die enge Beziehung zwischen dem Parameter K und dem Sauer-—



stoffverbrauch wurde auch bei den extrem niedrigen Tempera-
turen nachgewiesen, bei denen die sogenannte '"cold adaptation"
den Effekt hat, sowohl den OZ—Verbrauch als auch K zu er-
hohen. Dies wird, ebenfalls gestlitzt auf biochemische Ar-
beiten, als die Wirkung einer '"cold denaturation'" von Kdr-
pereiweiBl angesehen, d.h. auf die Tatsache zurilickgefiihrt,
daB sehr niedrige Temperaturen ({3 - 4° C) ebenso wie er-
hohte Temperaturen zu einer Erhdhung der Rate flihren, mit
der KOrpereiwelB abgebaut wird.
Die Beziehung zwischen K und der asymptotischen Linge (Loo)
in etwa 1 000 Bestdnden und gtwa 130 Arten wurde quantitativ
untersucht. Dabel erwelst es sich, daB Loo (und entsprechend
auch Woo’ das asymptotische Gewicht) sich in bestimmter
Weise dndert, wenn sich K dndert. Dabei gilt:

logK = a - 2/3 logL°o3.
Diese Gleichung gilt allerdings in dieser Form nur bei Ver-
wendung der speziellen VBGF (Loo3 kann hier auch durch W_
ersetzt werden).
Diese Beziehung kann - zusammen mit der zwischen K und der
Temperatur fesgestellten Beziehung - dazu beniitzt werden,
die Beziehung zwischen der mittleren Umwelttemperatur und
der asymptotischen Linge (bzw. dem asymptotischen Gewicht)
von Bestdnden gquantitativ zu fassen. Dabei wird die allge-
meine Erfahrung best&tigt, daB Warmwasserfische kleiner
bleiben als ihre Artgenossen aus k&dlteren Gewdssern, wobeil
wieder die Ausnahme gilt, daB unterhalb von 3 - 4° C, kil-

tere Temperaturen eine Erniedrigung der EndgrdBe zur Folge

haben.



xi

Andere Aspekte des Fischwachstums werden nur kurz gestreift,
so das Wachstum von Larven und von luftatmenden Fischen,

sowie die Rolle der Kiemen bei der Evolution der Fische.

Einige methodische Aspekte der vorliegenden Arbeit werden
in der Diskussion behandelt. Dabeil wird die Problematik
der Verwendung von Fremddaten, und insbesondere die m&g-
lichen Fehlerquellen und die Notwendigkeit der Standardi-
sierung dieser Daten diskutiert. Dabei wird die Ansicht
vertreten, daB die Nachteile einer Verwendung von Fremddaten
bei weitem durch die Vorteile dieser Arbeitsmethode wett-
gemacht werden.

Der Hauptvorteil der Methode, Fremddaten zu verwenden, wird
vor allem darin gesehen, daB durch sie Zusammenhadnge er-
kannt und belegt werden kdnnen, die ein einzelner Forscher,

der nur mit eigenen Daten arbeiten wiirde, nur sehr schwer

erkennen und belegen kdnnte.
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1. INTRODUCTION

The present dissertation is an attempt to interpret some
of the data on fish growth available in the literature.

Since the very onset of fishery biology as a science of
its own - near the end of the nineteenth cenfury - growth has
ranked among the most investigated aspectg of the biology of
fishes, and a vast body of empirical data has been gathered
(See bibliographies by Mohr, 1927, 1930 & 1934 for thebearlier
works). |

Most of the data, however, pertain to fishes of temperate
waters. Tfopical fishes have received relati&ely little
attentioﬁ, one of the results being that our understanding
of many aspeéts of the bopulation dynamics of tropical fish
stocks is, in many cases, too limited to allow for rational‘
stock management (Pauly, 1978@). An attempt has been made,
therefore, to give special emphasis to tropical fishes wher-
ever the data appeared sufficient, and to 6oncentréte 6n
those aspects of growth which tropical and.temperate fisﬁes
commonly share, such as to be able to apply to tropical
fishes those general rules obtained from data pertaining to
témperate fishes.

The main source of data for the present work is the
”Compilatioﬁ‘of Fish Length Growth Parameters" (Pauly,‘1978a)
which was completed for the purposes mentioned above. This

compilation'gives values for the parameters of the



von Bertalanffy Growth Formula (VBGF) pertaining to more

than 1500 different fish stocks, distributed in more than

500 different species, 300 genera and 100 families. About 2/3
of the growth parameter estimates included are original

values that were estimated from "raw" growth data available

in the literature, using various methods outlined in an
introductory section of this compilation.

The data included pertain mainly to marine temperate
fishes, although growth parameters for about 120 tropical
species have been included. The data included in this com-
pilation were used méinly to answer the question: How do
fish grow? 1In the course of this compilatory work, however,
a second queétion gradually emerged, which may be simply put
as: Why do fish grow as they do? This question clearly
could not be answered by piling up more and more growth
parameters, but rather by shifting over to an investigation
of some theoretical aspects of fish growth.

The present dissertation may be thus viewed as an attempt
to check the validity of some theories of fish growth by
‘'means of the empirical data available, and to formulate some
basic rules which should apply to a vast number of fishes
and may be later incorporated into a comprehensive theory
of fish growth.

In order to formulate these basic rules, it became
necessary, however, to make some simplifying assumptions .
.concerning the biology and ecology of fishes. Thus, for
example, it was not possible to investigate here the effect

of reproduction, migrations or seasonal variations of



environmental temperature on growth. This may limit the
overall applicability of the views presented here. The
general course of any venture of this kind is, however, to
start off with simplifying assumptions, formulate whatever
general rules seem to apply, then to incorporate real-life
complexity. The validity of the general rules presented
here will thus be determined, among other things, by their
suitability to future refinements and incorporation of more

complex interrelationships.



2. SETTING THE STAGE

2.1. Historical Notes on Growth Studies in Fishes

Aristotle (384-322 B.C.) is reported to be the first
scientist to have commented on the growth of fish, reporting
in his Historia Animalium that the fishermen of ancient
Greece knew how to distinguish three size (age) groups of
tuna, which were called auxids, pelamyds and "fullgrown
tuna." The fishermen also observed that the scarcity of
pelamyds one year created a failure of the fishery in the
next, making this the first ever account in fish population
dynamics. (Account taken from Bell, 1962, but see also
D'Arcy Thompson, 1910).

M. Malpighi (1628-1694) presented viewé on respiration
in living organisms which in retrospect would seem to make
him the first naturalist to have conceived ideas of what

may be called an evolutionary and physiological understanding

of fish growth.
Nordenskiold (1946, p. 162) writes:

. 'Upon this [...] Malpighi now bases a
universal theory of respiration applicable
to all living creatures - which, for all
its conjectural ideas represent a shrewd
guess as to the uniformity of life-phenomena
in all organisms. He believes that the more
perfect the living beings are, the smaller
their respiratory organs are: man and the
higher animals do with a pair of lungs of
comparatively small size, whereas fishes
have numerous closely ramified gills, and
the trachaeae of insects spread throughout

the entire body.



and:

With regard to the significance of respiration
for living beings, he [Malpighi] believes that
it consists in promoting the mobility and
""fermentation'" of the alimental juices.

Two concepts upon which Malpighi speculated will be here
of importance in dealing with fish growth:

1) The concept that the size of the respiratory organs
is related to the degree of '"perfection'" of an
animal, and

2) The concept that the respiratory organs (here,
the gills) are essential for the assimilation

("fermentation'") of ingested food.

These two ideas, it will be shown in the course of this
work, are indeed key cohcepts for the understanding of fish
growth processes.

The pioneers of age reading in fishes were Leeuwenhoek
(1632-1723) who aged carps by means of their scales, and
Hederstrom (1959, original 1759) who was first to report on
rings in fish bones (vertebrae).

After a lag phase lasting more than a century, aging
techniques were rediscovered by Hoffbauer (1898) working
on scales, by Reibisch (1899), who initiated the use of
otoliths, and by Heincke (1905), who worked with various
other bones. The method of aging fishes bf analyzing length
' frequencies was pioneered by Petersen (1892) and Fulton
(1904).

The beginning of the century saw in many European and

North American waters the first signs of what was later to .



be called overfishing and questions pertaining to the growth
of fish became one of the primary concerns of the emerging
science of fishery biology (See Graham, 1943).

In the decade which followed, aging techniques became
more accurate and refined, and methods for the back-calcula-
tion of fish length as well as for the validation of aging
techniques were developed (See review by Suvorov, 1959).

As a result, a vast body of reliable empirical size-at-age
data could be accumulated which pertained to most commer-
cially relevant species of the marine and fresh waters of
Europe and North America. Several attempts were made during
this period to develop mathematical formulae which would
describe fish growth, both in terms of length and weight,
could be incorporated in yield models, and which would allow
for inter- and intraspecific comparisons of the growth of
different stocks, as well as be easy to fit to any set of
growth data. |

All properties listed are significant to the field of
fishery science, and most of the growth formulae that were
proposed failed to display this whole set of properties.
High order polynoms, for example, which describe fish growth
well enough for stock assessment purposes, have failed to
become established in fishery science, possibly because they
neither give insight into growth processes nor allow for
inter-stock comparisons. Other growth curves, proposed by
Gompertz (1825),Robertson (1923), Pearl § Reed (1923),
Ricﬁards (1959), or recently by Kriliger (1964) have the dis-

advantage of being quite difficult to handle and to fit to



a set of size-at-age data, not to mention the fact that all
of these curves have been derived on the basis of purely
empirical’considerations, or of biological reasoning that

is apparently erroneous (See Beverton § Holt, 1957, pp. 97-99,
and von Bertalanffy, 1951, pp. 298-303 for extensive discus-
sions of some of these formulae).

The first, and hitherto only formula which fulfills all
criteria listed above was developed by Ludwig von Bertalanffy
in a series of papers starting in 1934. The formula was
fully discussed in the 2nd Edition (1951) of his book,
Theoretische Biologie, Band II, which will serve throughout
the present work as the key to the theory developed by
von Bertalanffy.

The major idea involved in this theory is that growth
in animals is conceived as the result of two different pro-

cesses with opposite tendencies, or

n m

- kw

= Hw 1)

Q-IQ-
=

where %% is the rate of growth, w is the animal's weight,

while H and k are coefficients of anabolism and catabolism
respectively. This differential equation can be integrated
in two different manners:
a) By setting the value of n and m at 2/3 and 1
respectively. This leads to what will be called
here the special VBGF (it is called '"special' because

it represents a special case of the generalized VBGF;

see below).



b) By allowing the value of n and m to take a wide range
of values. This leads to what will be here called

the generalized VBGF.

Beverton § Holt (1957), by reformulating the special VBGF
and incorporating it into their yield model, demonstrated its
wide applicability and attempted to interpret some of the
VBGF's parameters biologically. Ford (1933) and Walford
(1946), working independently, proposed a method of estimating
the parameters of the special VBGF ("Ford-Walford Plot"; see
Ricker, 1958), superior to the one proposed by von Bertalanffy
himself (von Bertalanffy, 1934) which required an independent
estimate of asymptotic size.

Since these achievements, the special VBGF has completely
dominated the field, and the estimation of its parameters has
become a routine procedure applied to fish stocks all over
the world (See Pauly, 1978a).

The first version of the generalized VBGF apparently
goes back to Richards (1959). He,’however, introduced his
generalized version of the VBGF as a purely empirical formula,
sétting no theoretical limits as to the possible values of
the exponents relating anabolism and catabolism to weight.

A version of the generalized VBGF meant to better express
the metabolic considerations underlying the derivation of
the special VBGF was proposed by Taylor (1962).

The presént study may be consideréd an attempt to demon-
strate that the generalized VBGF does all the things which
von Bertalanffy expected from the speéial version of his

formula. In the course of this exercise, however, some ideas



pertaining to fish growth will belpresented which go well
beyond a mere generalization of the VBGF. Indeed, the goal
here is to demonstrate that the generalized VBGF best describes
fish growth because it is an expression of the very biological

interactions which make fish grow as they do.

2.2. A Working Definition of Growth and of "Growth Data"

Leaving aside malignant growth, growth iﬁ fish may be
simply defined as the change over time of the body mass of
a fish, being the net result of two processes with opposite
tendencies, one increasing body mass (anabolism), the other
decreasing body mass (catabolism) (See Equation 1). Note that
the definition implies that growth may be negative (when
.anabolismn<catab01;sm). Negative growth will alwdfgﬂggiﬁﬁK
tioned here as such, the tacit implication beiqg that growtﬁ~
has a positive sign. L |

Growth, as defined here, relates weight (acfua}ly, ma§§)
and time. Growth data are, therefore, such data whigﬁﬂx"’elate,
directly or indirectly, to weight and time such that the
growth process may be reconstructed from them. The results
of tagging studies in Table I may serve as a first example of
growth data in‘differential form. Growth data are also
weight-at-age data, or more generall&, size-at-age data,
expressing the size of a given fish or the mean size of the
fishes of a given stock at a certain age (integral form).
Table II gives an example of such data. It should be noted
that, according to the definition, data on 1ehgth~at-age are
not growth data in the strict sense, as growﬁh is a process

involving body mass. On the other hand, wherever a linear
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TABLE I

Tagging-Recapture Data on Istiophorus platypterus
as an Example of Growth Data. Selected and adapted
from Mather et al. [1974, Table 1-4].

Length at Length at Time at
Tagging (cm) Recapture (cm) Large (months)  cm/Month
200 230 11.4 2.6
150 188 5.5 7.3
210 214 - 1.6 2.5
200 218 4.4 4.1
200 206 2.0 3.0
222 224 2.3 1.0
214 234 13.9 1.4
220 224 3.2 1.2
180 218 11.5 3.3
210 220 4.8 2.1
200 214 4.0 3.5
222 228 4.0 1.5
Note: The method of Gulland and Holt [1959] gives for
these data: L_ = 238 and K = 1.20.
TABLE II
Size-at-Age of Thunnus thynnus, Based
on Data of Sella [1929]
Age (y) 'Length (cm) Age (y) Length (cm)
1 64 8 : 182
2 82 9 195
3 98 10 ' 206
4 118 11 216
5 136 12 227
6 153 13 239
7 169 14 254
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dimension remains in a reasonably constant relationship with
body mass, it is quite obvious that length-at-age data, or
in general, data involving change in leng£h may also be used,
the 1imitation being kept in mind, however, that growth in
length is only an indirect expression of the underlying in-
crease in body mass. In the present work, the word "size"
will be ﬁsed-wﬁerever weight or length may be.used inter-
changeably to express the basic growth process.

On the other hand, problems of éllometrict"grbwth,",where
changes in body proportibns are related to chénges in overall
size, are of concern here only insofar as the allometric
"growth" of certain orgéns (e.g., of the gills) affects
'grthh as defined aBove.

Finaliy, data pertaining to the maximum size reached by
fishes in a given environment are considefed as growth data

because this maximum size (L ) can be assumed to

max’ Wmax
represent the size at which the process expressed in -

Equation 1 comes to an end, with

Hw' - kw'™ = 0 , . cenn2)

this consideration also applying to the largest size ever
recorded for a given fish species, from any environment,

).

any time (Lever’ Wever

2.3%. Some Basic Assumptions, Conventions and Limitations

The folloWing assumptions are made throughout the present
work (éxcept when relaxations are expressly mentioned):
1) Body mass 1s expressed in terms of body weight, énd a

constant‘density edual to unity is assumed throughdut.‘



2)

3)

4)
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All weights are expressed in gram (g) and always refer

to round (ungutted) weight.

‘Length is expressed in centimetérs (cm) and always és
total length (LT) except in tuna and other large
Scombroids where fork length (LF) is ﬁsed. Further,
wéight is assumed to be proportional to the cube of
length wherever not otherwise mentioned. Carlander
(1968) has demonstrated that values of the length
exponent widely differing from 3 (say, < 2.5 and > 3.5)
are generally erroneous, and/or based on too limited
a size range. The proportionality constant used for
length weight conversion, called condition factor
(c.f.) is here

g, = w100

Co L )
13

.3)

and isbalways based on LT, cm and g round weight.

Time is here always expressed in years. This also

applies to all growth or other rates.

The considerations exposed here apply to fish which
derive the overwhelming part of the oxygen they need
through the use of gills. Fishes known to derive
most or efen a large proportion of their oxygen from
cutaneous respiration (e.g., AnguiZZa spp.) or from
auxilliary organs suited to breathing air (e.g.,
Clarias spp.) are expressly excluded from the general
considerations presented here. (Questions pertaining

to air-breathing fishes are briefly mentioned in

Chapter 10, p. 129-130).
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5) Except for Chapter 9, which concerns itself with some
questions pertaining to the growth of fish larvae,

only fish after metamorphosis are here considered.

6) Lxcept for Chapter 6, in which questions pertaining
to the phenomena of '"cold adaptation' are discussed,
the temperature range implied in all discussion on

temperature refers to the range 5° to 30°C.

7) The following code is used for correlation coefficients
(r,R): no asterisk: mnot significant
one asterisk: significant (a=0.05)

two asterisks: highly significént (a=0.01)
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3. A BIOLOGICAL MODEL OF FISH GROWTH
AND ITS MATHEMATICAL FORMULATION

3.1. Von Bertalanffy's Concept of Fish Growth

In order to set the proper basis for the generalization
of the VBGF, it would seem appropriate to present von Ber-
talanfiy's concept of growth as applied to fishes. At first,
an attempt will be made to break down von Bertalanffy's line
of argument into a series of discrete, basic statements whose
validity may then be assessed separately. Most statements

are based on Chapter 7, Part 4 of von Bertalanffy (1951).

Statement 1. Growth is the net result of two continuous pro-
cesses with opposite tendencies, one building
up body substances (anabolism), the other
breaking down body substances (catabolism).
(See LEquation 1).

Statement 2. Growth ceases when catabolism is equal to
anabolism. (See Equation 2).

Catabolism occurs in all living cells of a

[ #5]

Statement
fish and is therefore directly proportional
to the mass of the fish's body, hence also
to its weight.

Statement 4. In fishes, anabolism is proportional to
respiratory rate. (See von Bertalanffy, 1951,
Table 19, p. 280).

Statement 5. In fishes, respiratory rate is proportional to
a surface. (von Bertalanffy, 1951, Table 19,
p. 280).
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The logical consequence of statements 4 § 5 is that in
fishes, anabolism is proportional to a surface. This state-
ment, however, was apparently never formulated in any of

von Bertalanffy's papers.

Statement 6. Growth is therefore limited by a surface.
Statement 7. The surface which limits growth increases in
proportion to a linear dimension squared
(isometric growth).
Stafement 8. The fact that the respiratory rate of the
| guppy Lebistes reticulatus increases with the
2/3 power of its weight or in proportion to
thé square of its length is a proof of the
correctness of the whole line of argument
(Statements 1 through 7).
Statement 9. Deviations from the "2/3 rule" of metabolism
do occur, but not in fishes (von Bertalanffy,
1951, Chapter 6, Part 2).
Statement 10. The constant k in the negative term of
* Equation 1 may be considered to express the
"Abnutzungsquote' (wear and.tear quota) of
Rubner (1911); that is the fraction of the
body mass which degrades per unit time. The
constant k, however, may be identified, in
general, with any "growth inhibiting, mass

proportional factor'" (von Bertalanffy, 1938).

Von Bertalanffy's theory of growth, as appliéd to'fishes,
is here summarized in the form of a graphic modelw(Fig. 1);

which is based mainly on Chapters 6 and 7 in von Bertalanffy



- 16 -

(1951). The model is described in the following paragraphs.
The fish feeds, and its food (here represented by pro-

tein) is assimilated, that 'is, broken down into amino acids,

in whic£ form it joins the "Amino-acid-Pool'" in the fish

body. Part of the amino acids of the Amino-acid-Pool are

"burned" (see Excretion I of Fig. 1) and the chemically

bound energy so obtained is used for the synthesis of

native protein, the ‘building material being drawn from the

Amino-acid-Pool. Simultaneously, with this process of syn-

thesis there is a continuous degradation of the body's native

proteins. (See discussion of K, p.l115 ff),

lozcontent.
of water
e Je] & | = [

f ) i
\ | A A
protein - protein

synthesis degradation

environmental temperature

energy
metabolism

various

activities: .
breathing, (™| food |- | amino-acid | ¥
foraging, pool ‘
osmotic
work,etc.
\— biotic environment

Fig. 1 Simplified model of fish growth, based
mainly on V. Bertalanffy (1951).

On the other hand, the rate of synthesis of body sub-
stances (hence, also the replacement of degraded substances)
is limited both by the rate of replenishment of the Amino-,

acid-Pool (to which the degradation process itself partly
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contributes) and by the amount of oxygen available for the
oxidation of the substances from the Amino-acid-Pool. A
good oxygen supply will allow for the synthesis of a maximum
amount of body substance from the Amino-acid-Pool; a bad
oxygen supply will allow for only a limited rate of synthesis
and a part of the Amino-acid-Pool spills over and '"<is
excreted by the gills and kidney as incompletely oxidized
nitrogenous compound' (latter point quoted from Webb, 1978,
who cites the works of Forester § Goldstein, 1969, Savitz,
1969 and 1971, Olson & Fromm, 1971, and Niimi § Beamish,
1974) (Excretion II in Fig. 1).

A part of the available oxygen and protein is used for
the formation of gonadal products which from a certain size
on leave the body periodically.

The sum of synthesis minus breakdown of bédy subétance
when positive, results in body growth which, among other
things, also increases gill size and therefore increases the
total amount of oxygen that can penetrate into the body per
unit time. The body weight, however, tends to increase

faster than gill size and the relative gill size

(=%éé§ ;iizht ) diminishes with increasing body size.
Thus, the oxygen supply per body weight unit steadily
diminishes as weight increases, resulting in a relatively
lower energy metabolism, hence rate of synthesis. The
amount of body substance degraded per unit time, however,
increases in direct proportionality to the body weight, and

the growing fish gradually reaches a point where the syn-

thesis of body substances is just sufficient to replace
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degraded substances. Thus, growth becomes nil (at asymptotic
size).

Webb (1978) indirectly confirms this point by stating
that the magnitude of nitrogenous loss increases with s<ze,
being lower in actively growing, small fishes. The same

concept may be expressed by computing growth conversion

food intake )
growth increment 7’

efficiency for fishes of different sizes (
such expefiments always showing a decreased conversion effi-
ciency wifh increasing size (Jones, 1976, Kinne, 1960,
Gerking, 1971, Menzel, 1960). This point.will be discussed
in greater'defgil in Chapter 8. '

This presentation of von Bertalanffy's conception of
fish growth could be concluded here if it were not necessary
to consider three of the most frequent misunderstandings of
von Bertalanffy's theory which, up to now; pfevented a

rational critique of von Bertalanffy's theory.

Misunderstanding'I. Ricker (1958) writes:

Von Bertalanffy has tried to provide ... [the
VBGF] with a theoretical physiological basis,
and he apparently considers it a generally
applicable growth law. However, one of the
fundamental assumptions he uses is that ana-
bolic processes in metabolism are proportional
to the area of an organism's effective absorp-
tive surfaces. This could seem reasonable if
food were always available in excess, so that
absorptive surface could actually be a factor
limiting growth; and in the guppy experiments
which are quoted in support of this relation-
ship, food was actually provided in excess.

In nature, fish are usually less fortunate;
this is shown by the small average volume of
food commonly found in their stomachs, and
also by the great variability of their observed.
growth rates, both when we compare individual
fish in the same environment and when we com-
pare populations from different (but physically
similar) waters. Thus it seems unlikely ‘that
available absorptive surface is commonly a
factor limiting the growth of wild fish.
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This statement by Ricker (1958, p. 196), which is to be
found even in the last edition (1975) of his book, makes a
strong case against gut surface as the limiting surface for
fish growth. Von Bertalanffy, however, wrote that, in fishes,
anabolism is proportional to respiratory rate, and that
respiratory rate is proportional to a surface.

The same misunderstanding is to be found in Beverton §&
Holt (1957, p. 32) who write:

Following general physiological concepts, von
Bertalanffy suggests that the rate of anabolism
could be assumed proportional to the resorption
rate of nutritive material and therefore pro-

portional to the magnitude of the resorptive
surface....

Misunderstanding II. Von Bertalanffy explicitly stated that

a surface limits anabolism and that therefore anabolism is
proportional to the second power of length. While it will
here be demonstrated that a physical surface does indeed
limit anabolism, it will also be demonstrated that this
surface is proportional to the second power of length in

onl& a few cases. The point here is that von Bertalanffy
limited the meaning of the word "surface'" (German: Ober-
flache) to its geometric property of increasing in proportion
to the 0.667th power of the volume of a body with constant
linear proportions, overlooking the fact that a '"surface"

can very well grow allometrically (e.g., the surface of the
brain cortex in primates, or the gill surface of most fishes).
Thus, the concept of a growth and metabolic type located
"between surface and weight proportionality" is a misnomer,

as we may still have, in this growth and metabolic type, a

surface proportionality.
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Misunderstanding III. This is due to the inconsistent use

of the terms "breakdown" and 'catabolism" in von Bertalanffy's
writingﬁ.

The complete breakdown of body substance (here: proﬁein)
involves a long series of single steps and a large number of
different enzymes. Thése many steps may, however, be simply
grouped into two main phases: .

Phase I (Pfe—oxydative phase). vThe reactions occufring
here have two features in common:

1) They are mildly exergonic (production of waste heat);

2) They-do not require oxygen.

Thus,‘proteins may lose their tertiary and quarternary
structure and be hydrolized down to their component amino-
acids without having to be coupled with any.energy~providing
exergonic reaction, and without any oxygen being used in the
process.

Phase II (Oxydative phase). The reactions occurringv
here have the following features in common:

1) They are strongly exergonic (production of ATP);

2) They require oxygen.

At the end of Phase II, the amino-acids are broken down into

H,O0, CO2 and NH3: and a large amount of ATP has been obtained

2 .
which may'then be used for synthesis of new proteins as well
as to meet the energy demand of various activities.

Obviously, when writing that the "catabolism" of fishes .
is proportional to their body mass, von Bertalanffy meant

Phase I only. The "preoxydative' breakdown indeed cannot be

anything but proportional to body mass, that is, to the amount
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of body proteins that may be degraded and hydrolized into
their component amino-acids, and which thereby are indeed
removed from the body's pool of native proteins.

As soon as these proteins are hydrolized, they become
part of fhe ""amino-acid pool" (See Fig. 1) together with
amino-acids obtained from the resorption of food, and may
become part of what von Bertalanffy calls "Betriebstoffwechsel"
(energy metabolism). On the other hand, energy metabolism
is limited both by the supply of amino-acid to be oxydized
as well as by the oxygen supply, the latter being proportional
to a power of weight markedly smaller than unity. That is,
the second phase of catabolism cannot be weight proportional.

The division of catabolism into two distinct phases,
only the second of which requires oxygen, is made in mdst
physiology texts (See Scheer, 1969, p. 21, Schumacher, 1971,
p. 278, or Karlson, 1970, p. 129ff). This division, however,
was not made explicitly by von Bertalanffy for the derivation
of his theory of growth. This omission is probably the cause
for Misunderstanding III.

Ursin (1967, p. 2359) writes: |

Abparently, it was overlooked that although

catabolic processes are going on all over

the body, the necessary [!] oxygen supply

has to be introduced through some surface

or the other, mainly the gills. With our
basic assumption of isometric growth, this 3
means that catabolism is proportional to wz/ .
As discussed elsewhere, this is also known

to be untrue, so that the assumption of
isometric growth must be abandoned for the
occasion. In fact [...] the gills do not
grow isometrically with the body, because

new units are being added as the fish grows.
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This statement by Ursin (1967) expresses one of the key
concepts of his growth model (Ursin, 1967, 1978, Andersen
and Ursin, 1977, Sperber et al., 1977).

What is actually overlooked by Ursin (1967) is that the

firsf phase of the catabolic process, ﬁhere no oxygen 1is
needed (e.g., in the case of protein denaturation), is suf-
ficient to degrade native protein. It is therefore necessary
for the body to resynthesize these lost proteins if it is to
maintain a constant pool of native proteins,'and to synthesize
protein in excess of these losses if growth is to occur.
This is exactly what von Bertalanffy meant when restating
Piitter's basic equation. Thus, Equation i (p. 7 ) implies
that the rate of anabolism is the rate Qf synthesis of native
proteins, while the rate of catabolism is the rate at which
proteins ére denaturated and/or hydrolized. Thus, k fepre-
sents a '"'growth-inhibiting, mass-proportional factor" as
formulated by von Bertalanffy (1938).

A detailed discussion of the character and properties of

the growth inhibiting factor k is given in Chapter 9.

3.2. The Generalized von Bertalanffy'Growth
Formula: Integration and Properties

As mentioned in Chapter 2, there are basically two manners
in which Equation 1 may be integrated. One well known and
well documented manner consists of attributing fixed values

to the weight exponents. Thus, Equation 1

dw _ . n_ ., M o

-dT.E - HW kw . 00.01)
may be rewritten

‘ 2/3 '

dw = Hw = kw 0.0.4) v

dt
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when n and m are assumed to be equal to 2/3 and 1 respec-
tively. This, upon integration and assuming that weight is
proportional to the third power of length, results in

“K(t-t
W, = W (1-e ( °))3 | . \..5)

and for length growth,

-K(t-t)

Ly = L,(1-e ) )

where Wt and Lt are the size at age t, W, and L_ express
the asymptotic size, while K and t, are constants whose
properties will be discussed in Chapter 9..(See Bgverton

§ Holt, 1957, for the integration and Hoheqdorf, 1966, for
a discussibn of some properties of the special VBGF.)

Iﬁ the course of the present investigation, however, it
will be demonstrated that the definition n+2/3 applies very
rarely in fishes, for which reason n should be allowed to
take values # 2/3. Richards (1959) and Tavlor (1962) have
relaxed bofh definitions (n ¥ 2/3 and m % 1), but considered
cases pertaining to growth in lengthk only.

A generalized version of the VBGF pertaining to growth
in weight is présented here. The integration of the basic
equation (1) and some further points in the discussion of
the properties of the generalized VBGF have been kindly
formulated for this author by Cand. rer. nat. D. Reimers,
Kiel University, Department of Experimental Physics.

The rate of growth of a fish is described by

dw
dt
where Hes expresses the rate of build-up of body substance

= Hs - kw e 7)

(anabolism) and kew the rate of breakdown of body substance

(catabolism).
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The substances needed for anabolism have to enter into
the fish body across some surface, s, whose increase with
fish size may be described by

s = p-1? ....82)

where 1 refers to any linear dimension of the fish (e.g.,
body length); a is a power whose range of possible values
is discussed elsewhere, and p is proportionality constant.
Catabolism, on the other hand, may be considered to be
directly proportional to weight, while weight itself may be
related to any linear dimension of the fish, such as body

length, by
w = Q'lb ....8b)

where 1 is the fish length; q is a proportionality constant;
and b is a power whose range of possible values is discussed
elsewhere, the sole restriction here being that b > a.

From Equation 8b, length may be expressed in terms of

weight by 1
W\ D
= (= Ceees9
1 (q) )
from which it follows that
a a .
s = p-(g)b— = I—)é_-wg v...10)

db'
The new expression for s is substituted into

Equation 7 which results in:

a : .
dw _ Hp, b .
IF = W kw | | | ..f.ll)
b
Defining <
s 22 .v..12a)
b
q
and .
K:.:.s. o.-ule)
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and inserting into Equation 11, results in:

a
%11-‘%=13°WB-3KW e, 13)
Rearranging gives,
: a
%% + 3Kw - EwB =0 ... 14)
Defining
RSN
uF w T W : ees.15)

%‘%+%3Ku—%l’.=0 ees.16)
or
du _ D D,
.a_E = -B-E -E SKu taot17)
that is,
_ b, _du .
dt...ﬁ. E..3Ku 000018)

which integrated gives,

t u
_b ,t_1 = t -
Jdt=p [ Exu du = t-t, ....19)
0 (o]

or, estimated

Ue
b, 1
ﬁ(____SK)-ln(E-SKU.)ul +¢Cc = t - to ....zo)
0
hence,
Yt
1n (E-3Ku) | -ig.lﬁ =-§_E.E(t_to) cee21)
- u
0
when
t+0<-?ut->-uo '.‘.22)
e have _3Db-K e = +3Db-K. £, 2
which givés c = -t cees24)



Substituting for c¢ in Equation 21, we obtain

D
B-3KW " 3DK ‘
n( 5t 5ty T 5 (t-t) ee..25)
E-3K.W b
o}
or
5
E-3K.W
t _ =3DK
1n(———————§) = fg—t «e..206)
E—SK-WOb
which gives
D D _3DKt
3K-W,D = (-E+3KW P)ee P 4 27
t o «eee27)
and D | % _3D e
b _E _ (E | .o D e..28)
Weo =3x - g o W, )ce
Now, when t -+ «, we have
D %
‘b . E
Wt —).Woo -—ﬁ_ 100029)
and by substitution into Equation 28,
. D D D D -3DKt
WtB = W;B- (WwB-WOB)'e b «.¢.30)
Defining
t = to<=>Wt= 0 ee..31)
and inserting into Equation 30 gives
% ' D % —3DK,t ,
b b o _
WP - (W -W D) e =0 ....32)
Wob=W°°b(.l-e b0y | ce..33)

which combined with Equation 30 gives

D D D D +3DK -3DK .
W P-wpP-wPla-e P b

<o

Wy

.. 34)



and

D D D -3DK
=—(t-t_)
th -wP . yP.e P o° ....35)
This, rearranged, gives
% % _%?'K(t'to) -
Wt =W "(1-e ) «...36)
or, in a form easier to handle b
"%Q K(t-t ) D
Wt =W (lL-e ) ves.37)

Equation 37 is the generalized VBGF for weight growth.

The definition of D in Equation 15 implies that

Db - a «...38)
from which it becomes immediately obvious thét the generalized
VBGF reduces to the special VBGF when both limiting surface

and body weight increase isometrically as length increases.

That is, 3

W, = W, (- e KT o)y )
when a = 2 and b = 3.

The first derivative of the gemeralized VBGF (Equation 37) is

-3D

b -3D b_
dw _ D1 B Kt t) gt s, B KE )
- PG )uogpKee
cee39)
o b 3D
du BKCes t) gl TRKCE-t)
5 = WeSK(l-e ) ‘e
‘ ... 40)
We have, on the other hand, the identities (from Equation 36)
- D
‘%P-K(t—to) W, b
1-e = (jﬁ:) ....41a)
D D
and B b

-3D R

e +...41b)

D
W;B
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Equations 4la and 41b may be substituted into Equation 40

such that

which reduces to

D D
D.b
=(F-1) b _ b
dw _ - Wt b'D W, 'Wt .
dt m(7T~) e w— ce..42)
WQE
D D D
w, 15 wb . yb .. 43)
dW. - KW (D) . t
dt o W_ D
w D
1 L g D
wo_ b b
H - SKWt '(Wm - Wt } -00044)
D
dW Woo E :
EI"E = SKWt[(Tt—) = 1] | ..._.45)
3
dW - w°o - * ‘ . i ) ,
I - SKWt[(Wﬂ?) 1] ....46)

when a = 2 and b = 3.

To obtain the coordinates of the point of inflexion

(w, s t.), the second derivative of the generalized VBGF is
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Setting Equation 48 to zeros and wy = Wy, it follows that.
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which gives the slope of the growth curve at the point of

inflexion. It will be noted that Equation 57 reduces to
dw. 2
1 _ 1 ..'l.l'_ = 'i

when a = 2 and b = 3.
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Equation 51 may be rearranged to
b
w. —_
1 _ DD
= Q- +e..59)

<o

from which, when a=2 and b=3, it follows that

W, = 0.2963 - W_ «...60)
The integration of the generalized VBGF as related to length
is essentially the same as for growth weight (See Taylor,

1962).
The generalized VBGF for length has the form

t ..61)

-1 -
or . 1
"KD(t = tO) —ﬁ

Lt':Loo(l—e ' ) : .-..62)_

allbsymbols being the same as in Equation 6 and with
D= (b-a).
An interesting property of Eﬁuation 62 is the presence

of an inflexion point (i) when D< 1, where

_ _ 1n<D ,
ti = to KD -n-n63)

Thus, ti moves toward t, when D increases toward 1.

3.3. Fitting and Applications of the Generalized VBGF

The generalized VBGF may be fitted to growth data using
any of the methods used for fitting the special VBGF, except

for the fact that valuesof LtD have to be used instead of Lt
: 3 D
values. (Similarly, values of /W; may be used instead of

3
/W; when fitting the generalized VBGF to weight-at-age data.)

As demonstrated by Taylor (1962), the Ford-Walford Plot,

for example, when used in conjunction with the generalized

D + D
VBGF simply consists of a plot of Liyp on L, or
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D _ D
where 1
a D
Ly = (1=5) .e..65)
and
_ =-Inb
K = 5 «...066)

(A simple method is given later for the estimation of D).’

The paper of Taylor (1962), however, contains several
inconsistencies which were either left, or subsequently
introduced into his posthumously edited manuscript. Thus,
in his examples of fitting the generalized VBGF to length-
at-age data in Salmo gairdneri, Acipenser fulvescens and
Salvelinus alpinus, the value of K was estimated without
taking D into account, which in all three cases resulted in
erroneous values of K(as well as in erroneous estimates of
t, and A0.95’ see Taylor, 1962).

Taylor (1962) used data on the 1ength growth of
Salvenilus alpinus, published by Grainger (1953) to demon-
strate the existence of an inflexion point in the length
growth curve of fishes. These data, however, pertain to an
anadromous fish which spends the first five to seven years
of its life in rivers where its growth is very slow (Grainger,
1953, Moore § Moore, 1974), and which then begins to under-
take annual seaward migrations, spending each summer in sea
water and overwintering in fresh water (Moore § Moore, 1974).
That is, from the age of about six years on, §. alpinus spends
each growing season in sea water. The inflexion point in the
length growth curves published by Grainger (1953) and Moore §

Moore (1974) quite clearly reflects the transition of 5 to 7
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years old S. alpinus into a medium which, in salmoﬂids, tends
to promote growth (see Klein, 1974), rather than the inflexion
point caused by a value of D< 1.

In general, the VBGF, both in its specialyand generalized
versions cannot be fitted to those diadromous fishes which
alter their whole physiological set-up as.they pass from one
medium to another, or to fhose fishes whose foodvand feeding

habits change markedly in the course of their life.
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4. THE CONCEPT OF THE PHYSIOLOGICALLY LIMITING SURFACE

4.1. ‘Preliminary Identification of the
"Physiologically Effective Surface"

As pointed out in Chapter 3, the anabolism of fishes is,
according to von Bertalanffy, limited by some physiological
surface. The present chapter presents indirect evidence
vwhich shoﬁid help in the identification of this surface.

Anabolism, the synthesis of body substance, is in fishes
a matter of adequate food (the necessary condition) as well
as a matter of oxygen supply (the sufficient condition), as
fishes derive the energy for the synthesis of body substances
exclusively from the oxidation of energy-rich assimilates.
Thus, the physiologieaily limiting surface may be represented
by the giils, by the gut, or by any of the internal sﬁrfaces
across which essimilates and/or oxygen have ‘to be transported.
Evidence 1is not available to this author which could help

determine if an internal surface is or is not limiting for

anabolism.
Taylor (1962) writes that:

- Raw material for the building-up processes
(anabolism) must enter the organism through
a boundary, a surface or series of surfaces
beginning with the epithelial cell membranes
and perhaps ending with the transport of
material across the surface of subcellular
‘bodies such as the microsomes and mitochondria

where metabolic processes continue.
He apparently assumed that such internal surfaces are the

ones that are limiting anabolism and therefore stated that
"these surfaces are, in part, at least undetermined or

undeterminate."



Few empirical data are available which could be used to
assess the likelihood that in fishes it is the gut surface
which limits anabolism. Parker § Larkin (1959), citing
Szarki et al. (1956), state that the absorptlve surface area
of the gut of A4bramis brama grows by means of infolding
approximately in proportion to weight.

On the other hand, Ursin (1967, p. 2358) estimates the

0.57 (cmz

gut sufface of Solea solea to be 2.12+W s 8), with
n=38 and 95% confidence intervals for the exponent ranging
from 0.33 to 0.80. The figure of 0.57 ié close to the values
of 0.58 and 0.59 estimated here from data in Harder (1964)
for Rutilus rutilus and Gobio gobio (See Table III). Thus,
there is ‘evidence, at least for these species, that the gut
surface of fish may grow in proportion ﬁo a power of weight
<< 1. On the other hand, for the concept of a limiting sur-
face to have any meaning at all,.one must aséume that the
fishes, through more or less continuous feeding, keep the
resorptive.area of their gut in permanent contact with
ingested food. This, however, is evidently not the case
(See Ricker,1958). TABLE 111

Relationship Between Weight and Gut Surface
in Two Species of Fish

Rutilus rutilus Gohio pobio
weight (g) gut surface (cm ) weight = gut surface (cm )
32.21 14.0 31.78 13.1
85,65 56.0 26.68 11,0
116.24 75.5 34,48 16.0
98.67 66.0 40.97 19,2
157.42 104.0 47.00 22.0
166,23 105.5 49,45 23.2
R. rutilus y = 0.794 + 0.580x, r = 0.994*#

G. gobio y = 0.802 + 0.591x, T = D.093**
with x = log weight and y = log gut surface

Source of data: Harder [1964, Table 6]

Another line of evidence arguing against the gut surface

as the physiologically limiting surface of anabolism is

provided by the fact that relative gut length (= %?§h1§2§§253
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- hence relative absorptive area - is in fishes apparently
more closely related to the mode of feeding than to the

growth performance. Thué, tuna, which belong to the fastest
growing fishes, have extremely short guts, while mullets,

which have extremely long, coiled guts, display moderate
growth performance (See Table XVIII for growth data, and
Harder (1964) for a review of gut length in different fish
species).

In addition to this is the fact that fishes can store
energy-rich substances in the form of fat (or liver oil),
this form of storage lasting as long as necessity dictates,
generally over a significant part of the year (See Iles,
1974). This storage allows fishes to maintain anabolic
activities long after feeding and food resorption have been
completed, thus making the scope of the anabolic processes
independent of the gut surface. This is also noted by Iles
(1974) who, after a thorough review of the pertinent liter-
ature, states that '"...the incorporation of food into the
metabolic pool on the one hand and the anabolic process on
the other are distinct processes.'

In contrast, it may be recalled here that fishes cannot
store significant amounts of 0,, which is best illustrated
by the fact that all fish die within a short period of time
when kept in anoxic water.

The fact that fishes breathe continuously makes it
indeed very likely that it is the gill surfacg which limits
anabolism in fishes. ‘The following properties of fish gills
make them candidates for the physiologically effective
surface:

1) Oxygen is essential for the synthesis of body substance.

2) The total amount of oxygen which can diffuse into a



3)
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given body per unit time follows Fick's law of diffusion

_ dP-U-A ,
Q = Spps et .67)

where Q is the oxygen uptake (ml/hr). U is Krogh's
diffusion constant, that is, the number of ml of
oxygen which diffuse through an area of 1mm2 in one
minute for a given type of tissue (or material) when
the pressure gradient is one atmosphere of oxygen
per M (microh). '
| -A is the total respiratory surface of the gills
(total area of the secondary lamellae) and dP is the
diffefehce between the oxygen pressure on either side
of the membrane; in atm. WBD is the Water Blood
Qistancé, that is, the thickness of the tissue between
water and blood in u (De Jager § Dekkers, 1975).

0f the four parameters which determine the value,
of Q, only A may be assumed to vary greatly as body
size increases, thus making gill size the key regu-

lating factor for oxygen uptake in growing fishes.

Fish gills grow in proportion to a power of weight
lower than unity. (See Muir, 1969, Hughes, 1970, and
especially De Jager § Dekkers, 1975) .-

The power of weight in proportion to which the gills
of an "average" fish grow is about 0.8, that is, the
very power which in "average' fishes links energy
metabolism and weight.(WinBerg, 1960;:De Jager §
Dekkers,; 1975).
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5) There is very little oxygen dissolved even in the
best aerated water - say, as compared with the O2
content of airt Additionally, water is an extremely
dense medium - again, as compared with air - and a
very large quantity of water must be inspired and

expired to extract the oxygen necessary to maintain

life functions.

Table IV, taken from Schumann § Piiper (1966), shows the

enormous difference between breathing air and breathing water.

TABLE IV
Comparison of Water and Air as Breathing Medial)
Property Water Air Water/Air
Oz—Content 6.2 ml 02/1iter 188 ml Oz/liter 1/30
Viscosity 1.000 Centipoise 0.018 Centipoise 55/1
; _£

Density 1.000 £3 0.00119 =55 850/1
biffusion ,y 5 4 . 10973 11 =1/300000

constant

1) Table taken from Schumann § Piiper (1966)
2) The diffusion constant corresponds to the constant U of
Equation 67, but has here the dimension ml/min .

cmz-atm/cmyﬁf

2o

In comparison with land animals, fishes - and alié§éher
aquatic animals for that matter - must extract the ox&%en
they need from a medium 840 times denser and 55 times Aé?gwm
viscose than air, containing 30 times less oxygen, and in
which the diffusion through membranes takes.SO0,000 times

longer than in air! It is not surprising, then, that a

large proportion of the metabolic energy of fish should go

to breathing, itself.
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Schumann § Piiper (1966) found, for example, that the
tench Tineca timca uses about one-third of its standard energy
metabolism to cover its breathing activities (range: 18-44%)

as compared with a value of about 2% in man.

6) Having large gills expases the fish to a series of
problems, the most important of which are briefly
discussed here:

a) Very large gills offer an increased resistance to
the flow of water, and a large amount of energy
must be diverted to overcome this resistance. In
large, active fishes, this resistance can be over-
come only by constant swimming with more or less
open mouth (ram-jet ventilation).

bj Vefy large gills require modification of the whole
head and anterior part of the body and favour a
a specific mode of feeding (filtering plankton) as
is the case with Rhincodon typus and Cetorhinus
maximus, the two largest fishes (Norman § Fraser,
1963). That 1is, extremély large gills lower the
number of niches that can be occupied by a given
species.

. ¢) Large gill area implies very reduced spaces between
the secondary gill lamellae (Hughes & Morgan, 1973a).
There is therefore a permanent danger of clogging,
for which reason large-gilled fishes cannot frequent
waters containing suspended solids in large amounts,
such as close in-shore and estuarine areas. This,

again, limits the number of potential niches.
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d) In order to fulfill their various respiratory and
excretory functions, the gills of fish must be
"open" to the outer medium. This, on the other
hand, makes them the first organs to be affected
by noxious substances dissolved in the water
(Hughes § Morgan, 1973a). For this reason, the
gills also represent the weakest link in a fish's

line of defense against osmotic stress.

e) '"The gill tissue of fishes is an ideal site for
parasitic infection...as...the gills are well per-
fused with blood and usually well oxygenated, and
hence the environment is very favorable from this

point of view." (Hughes § Morgan, 1973a).

The poténtial problems associated with the possession of
extremely large gills suggest that in any fish species a gill
size should have evolved which allows for a good supply of
oxygen - hence for the potential for rapid growth - only up

to a given size, optimal for the niche occupied.

4.2. The Allometric Growth of Gills

As a rule, the total gill area of a fish of any size can
be expressed by the equation
G = aw : «...68)

where G is the gill area, w is the fish weight, dG is an
exponent with values ranging between 2/3 and 0.95, éhd a is
ba species specific constant, here called Gill Size Index
(GSI). When w is expressed in g, and G in cmz, a (the GSI)

is the gill area in cm2 of a fish weighing 1 g.
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It should be noted that Equation 68 has the same form as
the following equation which, in fishes, relates O2 consump-

tion and weight:
Q = a-w Q c.069)

where Q is the O2 consumption, w is the fish weight, dQ is
an exponent generally ranging between 2/3 and 0.95, and a is
a species specific c&nstant whose value, however, is also
largely determined by the level of activity of the investi-
gated fish (See Winberg, 1960 for an exhaustive review and
discussion).

Few authors have explicitly stated that dG shoﬁld,
in general, be equal to dQ. De Jager § Dekkers (1975) did
so‘and took the average of their mean value of dG = (0.811
with their mean value of dQ = 0.826 to a mean value of d =
0.82. This value of d = 0.82 was subsequently applied by
them to all of the gill size and fish respiration data avail-
able and used to obtain gill size and respiratory rate esti-
matés for "standard" fishes of 200 g [AZOO and M200 of
‘De Jager § Dekkers, 1975]. (See also De Jager et al., 1977).

On the other hand, several authors have pointed out the
wide variations in the values of d obtained from various
groups of fishes, even suggesting values of d substantially
lower than 2/3 and higher than 0.95, up to unity and above.

It appears, however, that most of these extreme values
are based upon either erroneous methods in the estimation of
gill size (See De Jager & Dekkers, 1975, for a list and
critique of several papers giving such estimates) or erroneous

methods in respiration studies (See Winberg, 1960, for a
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review of the most common pitfalls). Also, it repeatedly
appecarcd that such extreme cstimates were based upon a very
limited range of size.

Extreme values which cannot, however, be discussed away
are provided by the tuna, with values of dQ ranging up to
0.90 (Muir, 1969) and by the Cyprinodonts, with values of
dQ equal to 2/3 (von Bertalanffy, 1951, Winberg, 1960). As
these two taxa are almost at the extreme ends of the size
range in fishes, an attempt is made here to test whether the
value of d in fishes can be simply expressed as a function
of size. A compilation of literature values of d was under-
taken for this purpose (Table V). The data gathered are very
heterogeneous in quality. Values which seemed suspect have
been listed as such (Table VI) and are not used for further
calculations. The size to which the values of d are related
refer to asymptotic weight as estimated from data in Pauly
(1978a). In order to prevent bias, these preliminary esti-
mates of asymptotic weight were rounded off to the nearest
whole power of 10; the logarithm was then taken. Thus, the

1 2 .3 .4

fish are assumed to have weights of 100, 10-, 10°, 107, 107,

10S or 106 gram (See Table V and Fig. 2).

The correlation between the values of d and the logarithm
of the weight indices is, with 20 dF, highly significant

(r = 0.830%*%) and may be expressed by the regression

d = 0.6742 + 0.03574 logW_ eess70)

which may be used to estimate d from estimateés of asymptotic

size,
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Fig. 2 Plot of the power of weight in proportion to which
fish gills grow (d) on the logarithm of the maximum
weight (in g) reached by each species. See also Table V.

A first interpretation from this result is that the gills
of most fish grow allometrically with a value of d > 2/3, the
exceptions being the Cyprinidontidae and probably all other
tiny fishes measuring only a few centimeters and weighing
less than or little above one gram.

The gills of all other fishes grow with a positive
allometry and the value of d is close to 0.8 for the fish
of average size because the majority of hitherto investigated
fish happen to have an asymptotic weight ranging between 102
and 104 gram. Finally, the large, active tuna have gills
which grow almost as fast as their body weight (d = 0.9).
Nikolsky (1957) gave for Rhincodon typus a maximum size of

20 m, which corresponds to a weight of about 60 tons when

using the condition factor of 0.77 suggested by length/weight



TABLE VI

Values of d (Power relating Weight to Gill Surface) thought
to be Unreliable and therefore not included in Tahle V.

Taxon G111(G) or
Taxon G Resp. (R) Author uriginal Data Remarks

Rhagophila dearboni 0.96 R Wohlschlag (1963) Same Wohlschlag (1963) reports high
variability, a small range of
weight and himself assumes value
of d is too high.

coregonus sardinella 0.8% R Wohlschlag (1957) Same Value widely differs from
value of d=0.77 for Coregonus
Spp in Table V.

Zoarces viviparus 0.98 G Ursin (1967) Wiedeman Smith Value of d contradicts Ursin's
own estimate of d for "Gray's
intermediate" (see Table V).
Also: value of d is not
documented.

"all fishes" 273 R v. Bertalanffy (1951) Previous Value assumed by von Bertalanffy
studies by on the basis of metabolic data
same author on Lebistes reticulatus only.

measurements on this fish (Angél, undated). The weight of
60 tons, when inserted into Equation 70, suggest a value of
d = 0.95 which may correspond to the highest possible d value

in fishes.
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5. COMPARING FISH GROWTH PERFORMANCE

5.1. Comparing the Growth Performance
of Different Fishes: The Problem

Since the first systematic studies on the growth of
fishes, attempts have been made for both inter- and intra-
specific comparison of the growth performance. The compil-
ation by D'Ancona (1937) of length-at-age data on the growth
of Mediterranean fishes represents an early attempt to
compare the growth of different fishes within the Mediter-
ranean, and to compare Mediterranean fishes with North
Atlantic fishes. This compilation was later expanded by
Bougis (1952), who used the same method of comparing sets
of length-at-age data.

Berg et al. (1949) and Nikolsky (1957) similarly compiled
size-at-age data of fishes from Soviet waters, while Carlander
(1950, 1953 and 1968) compiled a vast body of size-at-age
data of fresh-water fishes of the North American continent.

The aforementioned compilations fail, however, to explain
why certain fish, in a given environment, grow as they do.
The main reason for this failure is most likely that an
objective standard for measuring growth performance was lack-
ing. It should be obvious, for example, that simply compar-
ing size-at-age data (or the growth curves derived from them)
cannot help in determining which of the tuna or the guppy

grows fastest. Tuna may have higher growth rate (-%%—) than
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guppy, still it is the latter which completes its life cycle
first and which therefore may be considered to have grown
""fastest." This problem persists when fishes of the same
speciesukept grown under different conditions are compéred
for their growth performances. Thus, for example, Kinne
(1960) writes:
The results indicate that the differences in
growth rate established in young fish do not
persist throughout life. Initially slow-
growing fishes may surpass initially fast-
growing fishes, and finally reach a greater
length-at-age.
This quote may indicate the extent of the problem discussed
here.
Various authors (Beverton & Holt, 1959, Hohendorf, 1966,
Mitani, 1970, Banerjii & Krishmnan, 1973, and especially
Mio, 1965) have attempted to compare the growth performance
of various fishes by comparing their value of L_ and K, or
the valués of the slope and intercept of the corresponding
Ford-Walford plots. However, no good index of overall growth
performance has emefged because comparing L  and K, or the
parameter valués of Ford-Walford plots amounts in principle
to the same as comparing the growth curves themselves, and
the same'pfoblems arise as discussed above. ’
| Promvthe statement of problems‘which have been discussed,
the following set of basic requirementé may be formulated
which shouid be met by any good index of overall growth
performance:
1) It éhould relate to weight growth, not to length growth;

2) It should consist of a single value;

3) It should be easy to compute;
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4) It should be applicable to any fish; and

5) It should be biologically interpretable.

5.2. The Index of Growth Performance, P

The growth rate in weight (%%),or slope of the weight
growth curve, has in all fishes a maximum, [(%¥)max]’ whether
%% is plotted against age or against size. Weight growth
curves have one, and only one, maximum value of growth rate.

It is therefore proposed that the growth rate at the
point of inflexion of a weight growth curve be used as the
standard for the comparison of the growth performance of
different fishes, because it fulfills all the requirements
listed above. .

When using (%%) as an index of growth performance,

max
the problems discussed earlier are circumvented, as the
growth performance at an objectively defined point of the
weight growth curve is used as reference.

In a weight growth curve, the slope at the inflexion
point is given by

dw = % .x.
('d'f)max = g-kK-W, e 7D

when the weight growth curve is adequately described by the

special VBGF (See Hohendorf, 1966, and Chapter 2 for deriva-

tions).

The slope at the inflexion point may also be expressed

by
dw

4 P
— — * 2
(dt)max 9 10 el 72)

where P = log(K-Woo) = logK + logW_. As discussed earlier,
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the growth curves of different fishes cannot be directly
compared because the curves themselves are produced by growth
rates which change constantly with time and size. The value

of P, however, is directly related to (%~

z)max’ which can be

used as an objective standard for comparing different growth
performances. Different fishes with the same value of P

will thus have the same value of (%%) irrespective of

max
their values of W_or K. The value of P can therefore be
used to compare the growth performance of fishes with dif-

ferent values of asymptotic size.

5.3. The Auximetric Grid

The'charactér of the new index P may be best demonstrated
by transposition into a special graph, here called auximetric
grid (from the Greek auxein - to grow). The absissa scale of
an auximetric grid consists of values of log W_ (in g), while
the ordinate scale consists of values of iog K (1/year), with
the range covered by Both scales chosen such that average’
sized commercial fishes appear near the center of the grid.
Also, lines connecting some P values are drawn at regular
intervals of P, and a base line selected (at P=0). On such
a grid, the distance from a point represent?ng a pair of
growth parameters (Ww,K) to the baseline represents P and
is therefore a direct indication of growth performance (See
‘Fig. 3 for a first example). Values of K, W_and P for
fresh water fishes are given in Table VII which, when plotted
into an auximetric grid (Fig. 4), allow for a preliminary
estimate of that .area of the grid occupied by fresh water

fishes. The same procedure, when applied to data on marine



fishes (Tabic .
area covered by the marine ..
covered by the fresh water fishes, and ti.

is much wider (-0.70 to 5.79 for marine fishes as compau..

to -0.30 to 3.98 for fresh water fishes). Also remarkable

is the feature that marine fishes may have much higher values
of K than fresh water fishes for the same value of W, but

that the lowest values of K for a given W_ are about the same

in marine and fresh water fishes.
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Fig. 3 Auximetric grid: demonstrating the concept of P.
(See text).

The auximetric grid also allows for the separation and
definition of taxa by means of theéir growtp parameters.
Examples are given in Fig. 6, where values of'K and W_ for
seventeen (17) species of Scombridae (chmbripae and
Thunninae) are plotted together with values of K and W_ for
three (3) species of Cyprinidontidae (o8 and gg), and in
Fig. 7 where the growth parameters for thirteen (13) species

were plotted.
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Other potential uses of the auximetric grid, which will
be discussed in future papers, are: |
- Estimation of the value of K in fishes which cannot
be aged. For example, the value of W, =60 tons for
Rhincodon typus (See p. 43 ) allows for an estimation
of K =0.02-0.03 through extrapolation from the value
pertaining to Cetorhinus maximus (See Fig. 5, No. 62

& 63, and Table VIII).

- Quantification and comparison of the effects of
endogenous growth determinants (e.g., sex) as well as
environmental factors (e.g., salinity) on the growth
of fishes. (See Fig. 8 and Fig. 9 for preliminary

examples.)

- Identification of erroneous literature values of K for
given values of W_ (or vice-versa) through comparisons

with other K/Woo pairs pertaining to the same species.

The auximetric grid, however, has been presented here
primarily to demonstrate that the growth pattern of fishes
widely differing in their ecology and taxonomic relationship

are essentially uniform and predictable.

5.4. Intraspecific Growth Comparisons

The concept of P and of the auximetric grid need further
development to allow for infraspecific comparisons. Various
authors have reported that in different stocks of a given

species, the value of W_ and L_ tends to decrease when K
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increases (See Taylor, 1958, for an example). To this
author's knowledge, no attempt has ever been made, however,
to investigate the character of these interrelationships in
quantitative terms.

Such an attempt may be undertaken here on the basis of
the growth parameters calculated and/or compiled by this
author (Pauly, 1978a). In this compilation, which gives the
growth parameters of 515 different fish species, three (3)
or more sets of growth parameters are given for each of 126
species, with a total number of 978 different stocks
(Table IXa-d).

A regression of log K on log st was calculated for each
of these 126 species. The slopes (b) and the absolute value
of the correlation coefficient (|r|) for these regressions
is given in Table IXa-d.

Because st, as a whole, is proportional to W_, the
values of b and |r| so obtained should, as a rule, be close
to the values of b and |r| which would have been obtained
from plots of log K against log W .

In 119 cases, the values of b are negative; in only 7
cases are they positive. A simple 'sign test" (See Sachs,
1974, p. 247 £f.) reveals that the positive values of b most
probably do not originate from the same collective as the
negative values. ‘In fact, examination of the original data
reveals that positive values of b occur only when a few
stocks are plotted which also cover a very limited span of

K and L 5 values. (See Table IX and Pauly, 1978a, for data

on the 7 spp. in question).
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When the positive values of b are excluded, a mean value
of b = -0.632 + 0.386 is obtained (Table X). Similarly, a
mean valte of b = -0.714 + 0.279 is obtained when plotting
log K against log W _in various fish stocks whose growth
parameters were compiled for the investigation on the inter-
relationships between environmental temperature and growth.
(See Table XI for summary, and Table XIII for raw data).
The latter mean value of b, although based upon fewer fish
species than the first value, is particularly well founded,
as the growth parameters used were checked for consistency
(See Chapter 6, p. 28 f.). It seems, therefore, legitimate

to take an unweighted mean of these two independently obtained

mean values of b, such that

b - 20:632 - 0.71% __5.673 el 73)

or, for simplicity's sake, b= -2/3. Thus, as a rule we have

log K = a - 2/31ogW e 748)

(o]

The value of the slope (= -2/3) in Equation 74 can be

readily explained. It may be recalled that the VBGF assumes

that K is proportional to the rate at which body substances

are degraded, and that, at W_, the amount degraded per unit
time is equal to the amount that is synthesized. As the rate
of synthesis is considered proportional to the oxygen supply,

hence to gill surface, any change in the value of K should

result in a proportional change, with sign changed, of the

log K should be inversely proportional

gill surface at Wy, OT
2/3

to the log of the gill surface at W,, or to W when the

special VBGF is used, as was here the case.
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It appears, therefore, that the empirical data which lead
to the mean estimates of b= -2/3 (-0.632, -0.714 and=0.673)
"confirm" the 2/3 rule implied in the special VBGF. On the
other hand, it may be safely assumed that the mean slope
value linking log K to log Lm‘7> or to log W_ wouldhave been closer

to -1, had the generalized VBGF and a value of d> 2/3 been

used instead of the special VBGF.



6. FISH GROWTH AND MEAN ENVIRONMENTAL TEMPERATURES

6.1. Introductory Review

The literature on the dependence of fish growth on
temperature is so vast thaé.no attempt will be made here
to do more than mention a few review papers.

~D'Ancona (1937) and later, Bougis (1952) demonstratéd
that Mediterranean fishes tend to stay smaller, and to grow
faster than their North Atlantic counterparts. Similarly,
von Bertalanffy (1951) derived from his theory of growth
that fishes of warm waters should, as a rule, stay smaller
than fishes of colder waters, and gave empirical data (pp.
 356-357) to support this deduction.

Holt (1960), on mackerels, and especially Taylor (1958),
on cod, confirmed that the value of K tends to increase, and
the value of L, to decrease with mean environmental tempera-
ture.

Bayliff (1967), working on various engraulid species,
failed to establish significant relationships between log K
and mean surface temperature in any of the four species in-
presehted by May ét al. (1965)

vestigated, while data

suggested that K, in the cod stocks they investigated, is

negatively correlated with mean environmental temperature.

6.2. The Relationship Between K and Temperature

Von Bertalanffy (1951, p. 355), suggested that catabolism,

as expressed by K, should have a high temperature coefficient,
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because hydrolytic processes are involved (See Misunderstand-
ing III, p. 20, and definition of K, p. 115 ff.) On the other
hand, it is well known that there is, for the Q10 of most
biological reactions, a strong tendency to decrease from
about 4-5 at 5°C toabout 2 at 30°C (von Bertalanffy, 1951,
p. 24, Kruger, 1964, Rose, 1967, Winberg, 1960, Laudien,
1971). This implies that in order to describe the changes
of K over this whole range of temperatures, a curve should
be used whose Q;, varies from 4-5 at 5°C to about 2 at 30°C.
A curve with these properties and which has been used
extensively by fishery biologists is available in the form
of Krogh's normal curve, which describes the effect of
temperature on the standard metabolism (O, consumption) of
fishes (See Winberg, 1960 for an exhaustive discussion).
In this chapter, no attempt will be made to relate K to
respiratory rate in biological terms (such an attempt is
undertaken in Chapter 9). Rather, Krogh's normal curve
will be used here as a purely empirical and well documented

curve.

Table XII gives the data on the normal curve that are

needed for further computations. In this table:
°¢ is the temperature, in °Centigrade

is a correction factor for converting respiratory

rates to 20°C (taken from Winberg, 1960 § 1971)
¢ 4is the respiratory rate, in % of the respiratory
rate at 20°C (= 100%)

log $=y is the common logarithm of the percentage value

is the estimated value of y based on the 4th

degree polynom:
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TABLE XII

Arogh's Normal Curve: Basic Data, Polynomial
Approximation and Derived Data. See Text.

"~

L i 5 of 20°C Log % Log %=y y! Pn ;' Q10
5 5.19 19.27 1.285 1.281 0.0640 -2.7488 4.4
o 4.55 21.98 1.342 1.344 0.0612 -2.7944 4.1
7 3.8 25.13 1.400 1.404 0.0585 -2.8393 3.8
8  3.48 28.74 1.458 1.461 0.0559 -Z.8834 3.6
8 3,45 32.79 1.516 1.516 0.0536 -2.9264 3.4

10 2.67 37.45 1.573 1.568 0.0514 -2.9683 3.3

11 2.4u 41.67 1.620 1.678 0.0493 -3.0089 3.1

12 2.16 46,30 1.666 1.667 0.0475 -3.0480 3.0

13 1.9 51.55 1.712 1.713 0.0457 -3.0854 2.9

14 1.7 57.47 1.759 1.758 0.0441 -3.1211 2.8

15 1.57 £3.69 1.804 1.802 0.0426 -3.1547 2.7

16 1.45 69.93 1.845 1.844 0.0413 -3.1863 2.6

17 1.31 76.34 1.883 1.884 0.0401 -3.2156 2.5

18 1.20 83.33 1.921  1.924 0.0391  -3.2425 2.5

19 1.0 91.74 1.963 1.963 0.0381™ -3.2668 2.4

Jib o 1.o0 100.0 2.000 2.000 0.0373 -3.2885 2.4

o1 o.o20 108.7  2.036  2.037  0.0366 -3.3075 2.3

22 0,847 118.6 2.074 2.074 0.0360 -3.3237 2.3

25 0,779 128.4 2,109 2.109 0.0355 -3.3371 2.3

2 0,717 139.5 2.145 2.145 0.0352 -3.3477 2.2

56 g.039  151.7  2.181 2,180 0.0349 -3.3555 2.2

260 0,609 164.2 2.215 2.214 0.0347 -3.3605 2.2

27  0.563 177.6 2.249 2.249 0.0346 -3.3628 2.2

ss 0.520  192.3  2.284  2.284 0.0346 -3.3625 2.2

29 0.481 207.9 2.318 2.318 0.0347 -3.3597 2.2

% 0 2.2

I3
o

——
—

0,444 225.2 2.353  2.353

.0349  -3.3546
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an 2 3 4
3 do + le + dzT + dST td,T e 74)
nhere do = +0.920810504

dl = +0.080976405

d, = -0.001930460
d; = +0.000032193
d, = -0.000000159

?’ is values of the first derivative (slope) of
Fquation 74, based on the 3rd degree polynom:

’; LI ) 2 3
vy o= do * 4T + d,T7 + d;T veee75)
where do = +0.080976405

dl = -0.003860920

dZ = +0.000096578

d3 = -0.000000635

lny” is the natural logarithm of the y~ values

an is the temperature coefficient (increase of
respiratory rate produced by a temperature

increase of 10°C)

Here we leave the normal curve for a while and return

to fish growth data.

In order to assess the character of the relationship

between K and mean environmental temperature, the important

[eature must be considered that K is generally estimated

together with L, (oT W ) and that widely differing sets of

K and asymptotic size may all give a reasonable fit to a

given set of age-at-length data, especially if these data

cover a limited range of sizes-at-age. Here, however, only
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values of K can be used which are associated with values of

)

values of the various stocks. [This selection was not made

L, (or W_) reasonably close to the empirical L (or W

max max

by Bayliff (1967), who included in his calculations values
of K associated with values of L. as high as 55 cm for some
engraulid species.]

The growth parameters selected for this investigation
are given in Tables XIIIa to h. The data are based upon
growth parameters compiled in Pauly (1978a) and on size-at-
age data in Carlander (1950) to which Ford-Walford plots
were applied.

The sources for the various estimates of mean environ-
mental temperature are given under the species headings.
In most cases. these estimates are mean annual surface
temperatures, based on the World Atlas of Sea Surface Temper-
atures (Anon., 1944). In the case of fresh water species,
the temperatures are annual mean air temperatures at the
closest weather station(s) given in Walter § Lieth (1967).
The sets of growth parameters for fishes from water bodies
which could not be located or were too imprecise were omitted
along with most of the data relating to fresh water fishes
in areas where the mean annual air temperature is < 0°C.

Table XIII summarizes the growth and temperature data used.

For each species, the parameters of the regression of

log K on temperature were estimated. The values obtained

for each species are summarized in Table X1V, where
n refers to the number of K and T pairs,

r is the correlation coefficient between log Kand T,
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a 1s the intercept of the regression line,
b is the slope of the regression line,

Inb is the natural logarithm of the slope of the

regression line,

|

is the mean value of T for a given species,

Inb_ is the natural logarithm of the slope of Krogh's
normal curve at T, as based on Equation 75, and

Alnb is the difference between the empirical value
of 1nb and the expected value (lnbn).

As a whole, the fit of the data points to the values
derived from Krogh's normal curve is rather good, with the
empirical data points evenly distributed above and below the
expected values. This results in a mean deviation very close
to zero (Alnb = 0.015, see Table IVX) which suggests that
the real 1nb values are well described by the values derived
from Krogh's normal curve, and that latter curve, therefore,
may be used to describe the relationship between K and

temperature in the 5 to 30°C range (Fig. 10).

b =slope of normal curve (=)
& slope of log K on temp.(e®)

@19
o @

o5

20 25 30
mean environmental temperature (°c)

. : .nijarity of the slopes of plots of
Fig. 10 Showing the Slmlture znd the slope of Krogh's

tempera
ig%mglogurve? Gee also Table XIV and text.
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6.3. The Relationship Between Asymptotic
Size and Temperature

On the basis of a vast body of data, it was demonstrated
in Chapter 5.4. that the asymptotic size of fishes decreases
with increasing values of K, and an average slope (-2/3) for
plots of logK on logW_ and/or Lm3 was proposed. In the
previous section of this chapter, it was demonstrated that
the value of K tends to increase with temperature - af least
within the range of 5 to 30°C - and that this increase could
he described by Krogh's normal curve.

These two relatiohships suggest that asymptotic size
should be negatively correlated with environmental temper-
ature. This inference is confirmed by the empirical data
on temperature and asymptotic size compiled in Table XIII
(a-h).

Of 18 species for which log W, was plotted against esti-
mates of mean environmental temperature, 17 have a slope with
a negative sign. (The only positive slope value is not
significantly # 0). Of the 18 slope values, 8 are signifi-
cantly lower than zero - 6 at 99% and 2 at 95% level (See
Table XIIIa-h).

The data of Table XIII thus confirm that asymptotic size,

in fishes, and within the range 5 to 30°C, tends to decrease

with increasing temperature. These data, on the other hand,

are not sufficient in scope to investigate the relationship
between temperature and'asymptotic size in quantitative terms.
The quantitative relationship between asymptotic size and

temperature, however, cén be obtained indirectly, by relating

asymptotic weight to K by means of Equation 74, then by

relating K to temperature by means of Krogh's ~ mnormal curve.

Table XVII gives factors, obtained in this manner for the

- o
conversion of values of W_ to their value at 20°C.
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6.4. The Phenomenon of '"Cold Adaptation'" and Fish Growth

The number of authors having noticed and discussed the
fact that polar fishes are generally smaller than their
(cold) temperate counterparts is very limited, although the

fact itself seems to be well established.
Suvorov (1959, p. 348) writes (freely translated):
The subarctic species are larger than
the boreal ones. Maximal sizes are
reached in those areas where temperate
and arctic water meet.

May et al. (1965), who investigated the growth of cod
off Labrador-Newfoundland, summarize their findings as
follows:

The highest value of K and lowest
values of Lo are found in the cooler
waters of higher latitudes, while the
reverse is true in warmer waters to
the South. This does not conform to
most of the findings in fisheries
literature.

The results of May et al. (1965) or the rule of Suvorov
(1959) have apparently never been incorporated into any
generalized theory of fish growth, possibly because they
seem to contradict the well-known ''Bergmann rule" which
states that animals tend to reach a larger adult size, the
lower the mean temperature of their environment is. (See
von Bertalanffy, 1951, p. 351 ff.).

Working on the energy metabolism of tropical, temperate
and polar fishes, Scholander et al. (1953) found that polar
fishes display a rate of O, consumption much higher than
would be expected from an extrapolation - down to subzero
temperature - of Krogh's normal curve. These findings were

subsequently confirmed by Wohlschlag in a series of papers

(1960, 1961, 1962 and 1964).



- 81 -

Considering that catabolism - hence also growth - is
closely related to respiratory rate, it would seem that the
relatively high respiratory rate of polar fishes could be

used to explain the effects reported by Suvorov (1959) and
May ez al. (1965). Suvorov r1059) however,

does not present
data which could be used to quantify the reported effect.

The growth data of May et a1. (1965), on the other hand, are
related to value of latitude (Fig. 11) and an attempt has

therefore to be made to convert the 1at1tude values 1nto

estimates of environmental temperature
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Gadus morhua and Trematomus bernachit.

The average temperature profiles.over the continental.
shelf off Labrador and Newfoundland prescnted by May ¢i ai.
(1965, Fig. 4A to F and Fig. 5A to C) may be used to estimate
the mean environmental temperature for the various cod stocks

that were investigated.
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The mean temperature in the depth range 100 to 200 m

(sampling depth) was obtained for various latitudes through
planimetry of the nine temperature profiles given, and the
mean temperatures so obtained plotted against the mean lati-
tude of each profile (Table XVa,, Fig. 12). Prom Fig. 12, a
temperature estimate can be obtained for each of the stocks
whose growth parémeters and mean latitude were given

(Table XVb).
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Fig. 12 Conversion of latitude to water temperature,

data of May et al. (1965).

As assumed by May et al. (1965), there is a close nega-
tive relationship between latitude and temperature (Fig. 12).
Consequently, there is a close negative relationship between

b

log K and environmental temperature (Fig. 13) which may be
o
expressed by the equation:
log K = -0.318 - 0.181-T; 1= -0.755% ... J6)
from Equation 76 and the relationship established by Taylor

(1958) where
log K = -1.564 + 0.094-T e J7)



TABLE XV

Data on Cold-Adapted Cod, Based on May et al. (1965)

4 _ Mean Mean

Figure Location Line No. Latitude Temp.
4A Seal Islands 1 54.2 +1.6
4B Bonavista » 2 49.3 +1.7
4C St John - Flemish Cap 3 47.0 +2.0
4D St John - Southeast Edge 4 45.6 +2.7
4E Grand Bank 5 44,2 +3.5
4F Southwest Edge 6 44.0 +4.0
SA Avalon Channel 7 46.5 -1.8
5B St Pierre Bank (N) 8 46.1 +1.4
5C St Pierre Bank (S) 9 45.6 +2.9

b)
No. ICNAF Area Mean Latitude Temperature K L.
1 2 H 55.5 1.6 0.24 64
2 2 I 53.5 1.6 0.31 65
3 3K 51 1.7 0.26 77
4 3L 47 2.0 0.16 102
5 I M 47 2.0 0.15 98
6 3 N-O 44.5 3.1 0.12 130
7 3 Py 49.5 =2, 6G.25 78
8 3 Pg 47 =3, 0.17 101

log K

- 0.5"" o,

- 0.6

-0.7}

-0.8f

-09} o,
10— : ' 5o
~ 15 2.0 25 30 “C

Fig. 13 Plot of log K on temperature, cold-adapted cod

(Labrador-Newfoundland).



- 84 -

the temperature which produces the lowest values of K may be
estimated as the intersection of the regression lines
(Equations 76 and 77). The intersection occurs at T = 4-5°C,
at which temperature X should be lowest. Other data which
could be used to quantify the relationship between X and
temperature in very cold environments (-2 to+4°(C) are very
scanty.

The growth of stocks of the family Nototheniidae has
been investigated by numerous authors (See Pauly, 1978a, or
Everson, 1977 for compilations of growth parameters of
Nototheniidae and other Antarctic fishes). While covering
a considerable number of species, these compilations present
only limited data which could be used for comparative studies
within single species. Also, the Nototheniids possess a
biological feature which makes the use of the VBGF for the
description of their growth particularly inappropriate: most
Nototheniids apparently change their mode of life quite
radically in the course of their life history (transition to
feeding on krill?) which might make the use of any single set
of growth parameters as illusory as in the case of the
diadromous Salvenilus alpinus (See p. 31 f£.). Thus, in
most cases, the growth parameters for Nototheniids appear to
be very much more dependent upon the range of size-at-age
data used for their determination than, say, in the case of
cod.

As a result, the growth parameters of only four well

documented stocks, all belonging to the Nototheniid species

Trematomus bernachii, could be used here for the analysis of
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the relationship between log K and temperature in Antarctic

fishes (Table XVI and Fig. 11). 1In this species, the slope

relating log K to environmental temperature is -0.193, a

value close to that obtained from cod data (-0.181).
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%;bigs XV é XVI); 3: Esox lucius; 4: Abramis brama; S: Gadus morhua

(Jones, 1976); 6; Lepibema chrysops; 7: Clupea harengus. See Table XIV.

These two values of b were used for the plot in Fig. 14
where, for lack of a better alternative, a straight line was
drawn which links the value of b at 5°C ﬁthe end of Krogh's
normal curve) to the mean of the coordinates for the two
cold-adapted fishes (b = -0.187, T = +0.3°C). This procedure
appears justified, as the data on cod suggest a higher slope

value at lower temperatures than at higher temperatures (See
alue

Fig. 13).
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Thus, b may be estimated for the range -2°C to
5°C from

b = -0.2044 + 0.0537-T ce.. 78)

(See Fig. 14). When integrating Equation 78 to

0.0537 .2

log X = -0.2044T+ — T" + C cee e 79)

the value of C may be defined such as to adjust the value of

log K to its value at 5°C (= 1.2848), or

1.2848 - (-0.2044.5 + 2:05937 . 52 _ 4 6356

C = >
o0 80)

Thus, Equation 79 becomes
log K = 1.6356 - 0.2044+T + 0.02685 T2 ....81)

From the values provided by Equation 81 , multiplicative
factors can be derived which correspond to the conversion
factors given by Winberg (1960, 1971) for use in connection

with Krogh's normal curve (See Table XII).

Table XVII gives values of'qK (conversion factor for K
to 20°C) which define the normal curve over the expanded
temperature range of -2 to 40°C (the extension in the range
30 to 40°C is based on extrapolation of the normal curve).
Note that the qy value of 0.705 for -2°C is close to the ay
value of 0.717, applying to temperatures of 24°C. That is,
cold-adapted fishes growing at a temperature of about -2°C
have growth parameters that correspond to those of ecologi-
cally similar fishes growing at temperatures of about 24°C.

This confirms Wohlschlag (1962) who writes:

Thus, not only are these Antarctic

fishes cold-adapted with respect to

total metabolism, which at low temper-
ature is of the same order as for more
temperate species at higher temperatures;

they are also '"cold-adapted" with respect
to growth (anabolism) and maintenance

(catabolism).
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TABLE XVI
Growth Parameters and Environmental Temperature
of Some Trematomus bernachii Stocks
(Fam. Notothenidae)

Locality °C L_ K Sex Author
Terre Adélie -1.0 28.6 ~0.185 oa Hureau (1970)
" " -1.0 31.4 0.192 9 Hureau (1970)
McMurdo Sound -1.9 23.0 0.36 o* Wohlschlag (1962)
" " -1.9 30.7 0.22 Q Wohlschlag (1962)

Plot of log K against temperature: log K = -0.918 - 0.193T
r=-0.754
TABLE XVII

Multipliers* for the Conversion of Values
of XK, W, and L to 20°C

°C dg Q" qp* °C A Ay qp*
-2.0 0.705 1.69 1.19 15 1.57 0.508 0.798
-1.5  0.994 1.01 1.00 16 1.43 0.585 0.836
-1.0 1.36 0.631 0.858 17 1.31 0.667 0.874
-0.5 1.80 0.414  0.745 18 1.20 0.761  0.913
0 2.31 0.285 0.658 19 1.09 0.879  0.958
0.5 2.88 0.205 0.590 20 1.00 1.00 1.00
1 3.48 0.154 0.536 21 0.920 1.13 1.04
2 4.63 0.100 0.464 22 0.847 1.28 1.09
3 5.44 0.079  0.429 23 0.779  1.45 1.13
4 5.65 0.074  0.420 24 0.717  1.65 1.18
5 5.19 0.085 0.440 25 0.659  1.87 1.23
6 4.55 0.103 0.469 26 0.609 2.10 1.28
7 3.98 0.126 0.501 27 0.563  2.37 1.33
8 3.48 0.154 0.536 28 0.520  2.67 139,
9 3.05 0.188 0.573 29 0.481  3.00 1,44
10 2.67 0.229 0.612 30 0.444  3.38 1.50
11 2.40 0.269 0.646 32.5 0.365  4.54 1.66
12 2.16 0.315 0.680 35 0.299  6.12 1.83
13 1.94 0.370 0.718 37.5 0.246 8.20 202
14 174  0.436 0.758 40 0.202 11.0  2.22
qy & aqp apply only to asymptotic sizes used in conjunction

with the special VBGEF.
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The close correlation between the growth parameter K and
respiratory rate, previously discussed in terms of the normal
curve, thus appears to sustain itself at very low tempera-
tures. Indeed, the extension of the normal curve presented
in Table XVII can be used.to estimate the respiratory rates
of fishes at near and subzero.temperatures, as suggested by
the superimposition of the extended normal curve onto the
respiratory curves compiled by Wohlschlag (1964). (See Figure
15.)

A possible interpretation for the physiological cause
for the cold adaptation effect will be given in connection

with the definition of the growth parameter K (Chapter 9).

6.5. The Concept of Pro

Table XVII allows for the conversion of any set of X and
W_ values to the values they would have had, had the fish
grown at 20°C. The new values, K20 and WwZO’ allow for the
estimation of the value of P at 20°C, or PZO’ which 1is here
suggested as an indicator of overall growth performance that
is both independent of size and of temperature. The concepts

of KZO and W 20 are essentially similar to the convention

used by respiratory physiologists to standardize their

results by converting them to a standard temperature, gener-

ally 20°C (See Winberg, 1960).
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7. THE RELATIONSHIP BETWEEN GILL
SIZE AND GROWTH PERFORMANCE

The main question examined in this chapter is whether
there is a relationship, in fishes, between the growth per-
formance, as expressed in units of Pooe and gill size, as
expressed by the Gill Size Index (GSI, see p. 39f for defin-
ition).

The main advantage of these two indices, it may be
recalled, is that they allow for the comparison of gill size
and growth performance after removal of the effects of size
and temperature on gill size and growth performance.

The GSI data used here are based exclusively on data
compiled by Hughes & Morgan (1973b), which has the following
advantages:

a) The compilation covers over 100 different fish species,

which allowed for a large number (60) of species in

which both gill surface and growth data were available.

b) These authors checked and standardized the data pre-

sented in a large number of original publications.

c) The use of one single source of data prevented biased

data selections by this author.

The data were processed as follows:

1) For each species for which growth data were available,

growth parameters were estimated using one of the

standard methods. Where several sets of growth data

were available, only the best documented was used.
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2) A mean temperature was attributed to each set of
growth parameters, using the same sources for the

temperature data as referenced in Chapter 6.

3) By means of the multipliers in Table XVII, the valueg
of KZO and Weoop Were estimated, and values of Pao
calculated.

4) Values of d were calculated for each value of W_ by
means of Equation 70 .

5) On the basis of these values of d, values of GSI were
estimated from the gill size-weight data of Table 4
in Hughes § Morgan (1973b). Where several gill size-
weight data pairs were given for one single species,
the GSI represents the mean of these pairs, with the
exception of a few cases where the mean was calculated
after the exclusion of never more than one aberrant
gill size-weight pairs.

The data so obtained are summarized in Table XVIII. For
further interpretation, it appears appropriate to divide the
data in Table XVIII into marine fishes (42 spp.), and fresh
water fishes (18 spp.).

The plot of log GSI against Poo in marine fishes (Fig. 16)

suggests a very close relationship between gill size and

growth performance.

When four obvious outliers are excluded, a highly sig-

nificant correlation 1is obtained (r = 0.730**). The regression

line is
log GSI = 0.488 + 0.233P20 voo. 82)

from which values of GSI may be obtained from values of on.



teBLE ..v1ll  Relationship between Gill Size and Growth Pertormance, Basic bu 4

No. Fam. Species W, K d toc P00 6sI Remarks
1 98  Scylliorhinus caniculus 550 0.330 0.772 10 2.25 8.54 Marine
2 102 Squalus acanthias 8280 0.074 0.814 10 2,57 13.37 M
3 108 Raja clavata 10644 0,15 0.818 10 2.29 1,16 M
4 152 Latimeria chalumnae 69900 0,209 0,847 20 4.17 0.773 not used
5 179  Acipenser stellatus 15675 0,192 0,824 3 3.21 5,79 Fresh-water
6 206 Clupea harengus 277 0.290 0.761 10 1.69 14.3 M
7 " Brevoortia tyrannus 1009 0.343 0.782 18 2.50 S1.58 not used
8 " Alosa (Caspialosa)
kessleri 603 0.349 0.774 10 1.94 2.03 F
l 207 Engraulis encrasicholus 24 1.123 0,723 12 1,36 55.13 not used
10 219  Salmo trutta 6520 0.185 0.811 10 2.87 11,10 F
11 " Salmo gairdneri 962 0.563 0,781 10 2.52 6.09 F
12 234 Esox lucius 6049 0.230 0.809 10 2.93 40.27 F
13 285 Catastomus commersoni 1653 0.104 0.789 15 2.14 3.84 F
14 286 Chondrostoma nasus 484 0,217 0.770 12 1.85 20.45 F
15 " Tinca tinca 493 0.710 0.770 12 2.24 8.47 F
16 " Carassius auratus 508 0.334 0.771 15 2.13 3,55 F
17 " Rutilus rutilus 321 0.163 0.764 12 1.55 5.28 F
18 " Blicca bjoerkna 2025 0.101 0.764 12 1.19 40,54 not used
19 " Cyprinus carpio 4866 0.157 0.805 12 2.72 4,44 F
20 299 Ictalurus (Ameiurus)
nebulosus 1150 0.216 0,784 15 2.30 4,00 F
21 356 Lota lota 4535 0.237 0.805 8 2.76 9.23 F
22 " Merlangius merlangus 472 0.426 0.770 8§ 2.03 10.51 M
23 " Pollachius virens 11331 0.141 0.819 8 2.93 15,18 M
24 368 Hippocampus (hudsonius) 14 2.50 0.715 15 1,45 1L.71 M
25 403 Zeus faber 7187 0.298 0.812 20 3.33 5.17 M
26 407  Mugil cephalus 13890 0.110 0.822 16 3.11 6.47 M
27 415  Roccus lineatus 17543 0.186, 0,827 12 3.35 12.11 M
28 423 Micropterus dolomieu 1174 0.534 ©0.784 12 2.63 8.64 F
2 3127  Acerina cernua 77 0.314 0,742 8 1.11 19.78 F
30 " Perca fluviatilis 1184 0.123 0.784 8 1.97 16,33 F
31 " Lucioperca lucioperca 6106 0.168 0,810 8 2.74 34,17 F
32 433 Pomatomus saltatrix 5808 0.197 0,809 24 3.13 24.55 M
33 436  Trachurus trachurus 598 0.270 0.773 20 2.2l 17.00 M
34 441  Coryphaena hippurus 22070 0,575 0.829 25 4,19 18.80 M
35 455  Maena smaris 117 0.218 0.748 10 1.19 4.64 M
36 476 Tautoga onitis 2845 0.165 0.798 10 2.53 15.55 M
37 " Crenilabrus melops 190 0.359 0.756 15 1.74 9.29 M
38 " Labrus merula 990 0.234 0,781 15 2,27 4.3Z M
39 508 Blennius pholis 54 0.90 0.736 12 1.04 6.29 M

965 0.203 0.781 8 2,02 12.54 M

41) 522 Zoarces viviparus
53 0.490 0.736 12 1.25 5,90 M

41 532 Callionymus lyra
42 538 Trichiurus lepturus 4663 0,296 0,805 20 3,57 0.654 not used
43 5339 Scomber scombrus 977 0.262 0.78L 10 2.24 22,14 M
14 540 Scomberomorus maculatus 6911 0.20 0.811 25 3.23 24,68 M
15 558  Scorpaena (porcus) 869 0.177 0.779 15 2.09 2.90 M
46 559 Trigla gurnardus 3534 0,312 0,772 8 1.95 4,57 M
7 $70  Cottus gobio 0.550 0,702 8 0.25 11.90 not used
43 " Cottus bubalis 102 0.230 0.746 8 1.10 3.31 M
i9 " Acanthocottus scorpius 377 0.539 0.766 & 2.04 3.91 M
3v 572 Trunnus thynnus 987388 9§.067 0.888 16 3.74 28.07 M
51 " Thunnus albacares 198940 0.250 0.864 24 4.77 32.87 M
52 ' Euthynnus alliteratus 43369 0.164 0.845 24 3.94 34,40 Y
55 *  Sarda sarda 3434 0.693 0.801 20 3.38 27.50 M
54 " Katsuwonus pelamis 53200 0,179 0.844 25 4.050 F4.07 M
55 533 Pleuronectes platessa 2171 0.170 0,703 & 2.30 14.45 Y
56 " Platichthys flesus 1658 ©6.220 5.782 8 .11 15.U2 M
57 " Lophopsetta maculata 506 0,232 0,773 8 2.02 .76 M
B e canus 2881 6,112 0.798 8 2.06  7.38 4
53 6yl Opsanus tau 568 ©0.238 0.773 12 2.00 5.78 M
3932 0.060 D.833 5 3.1¢ 5.14 4

(=4
<

pH2  Lophius piscatorius s
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Note that as would be expected, it is mainly active,

pelagic fishes which are found above the regression line,

while less active, demersal fishes are found mainly below

the regression line (See Fig. 16 and Table XVIII).

19 log GSI ¥
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' i hip between gill surface (GSI) and growth
e 10 ggiégiggicep(on) in marine fishes. See also Table XVIII.

This relationship gives support to the hypothesis that
it is gill size which determines the growth performance of
fish, and that the growth performance of fishes in nature
is mainly determined by oxygen availability - rather than
food availability. The data of Fig. 16 do not, however,
include all marine fishes. Four values (not the outliers
mentioned above) were not plotted into Fig. 16 because they
pertain to fishes that seem particularly sluggish. Therefore,
the GSI/P20 values of Hippocampus Sp, Scorpaena Sp, Zeus
faber and Lophius piscatorius have been plotted separately
in Fig. 17.aﬁd fitted with a line with the same slope as

Equation §2 passing through their mean value of log GSI and

PZO'
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Fig. 17 Showing that sluggish fishes have for the same
growth performance (Pyg) smaller gill surface
(GSI) than active fishes. See also Table XVIII.

For comparison, the regression line expressed by
Equation 82 has been replotted together with the standard
deviations of the empirical points from the regression line.
The four fishes named above apparently do not belong to the
same collective as the fishes in Fig. 16. These four fishes
indeed have one common characteristic: they have a distinct
mode of feeding which does not involve actively foraging or
chgsing their prey. Rather, they wait for the prey to swim
near them, and literally suck them in by a sudden opening of
the mouth, which is in all four cases structurally modified
for that purpose. Additionally, in each of the four cases
we have bad to very bad swimmers, including even one mildly
aberrant form (Lophius) and one very aberrant form
(Eippocampus) .

It is therefore very thinkable that the different levels

of log GSI expressed by the two lines in Fig. 17 also
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express different metabolic levels, as these sluggish fish
may be assumed to require less O2 than their more or less
actively foraging counterparts. It appears on the other hand
that the ratio of the gill size of the more or less active
fishes to that of the sluggish fishes in Fig. 17 is for any
value of PZO equal to 3.3:1. This value is quite close to
the 3:1 ratio proposed for the relationship of the metabolism
of free-living fish to their standard (= sluggish) metabolism
(see Webb, 1978).

The data for fresh water fishes do not allow for any
generalizations to be made. In fact, these data do not sug-
gest any clear cut relationship between log GSI and PZO' If
the same slope is assumed which was estimated in Fig. 16,
then two groups of fresh water fishes may be roughly separ-
ated: one includes mainly piscivorous fishes, (Esox,
Lucioperca and Perca) but also two odd fishes, (Chondrostoma
nasus and Acerina cernua); the other includes mainly omnivor-
ous fishes, such as most Cyprinids (See Table XVIII).

These two groups may correspond to distinct ecotypes, with
distinct gill surface-growth relationships, but it must also
be noted that these groups would not have suggested them-

selves had the marine fishes not provided a slope to force

upon the scatter diagram of Fig. 18. As a whole, it is not

surprising that the fresh water fishes give such an unclear

picture Limnic ecosystems tend to be more variable than

marine ecosystems, and there are manifold other adaptations

and hidden factors which can obscure any GSI/P20 relation-

ship.
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Fig. 18 A possible interpretation for the relationship between
gill size (GSI) and growth performance (P;p) in fresh
water fishes. See also Table XVIII and text.

Therefore, the fresh water fishes cannot, as a whole, be
used to either confirm or reject the postulated GSI/P20
relationshiﬁ. Marine fishes, however, do the job quite well,
and this is sufficient for the argument presented here.

The concepts of GSI and P20 also allow for the examina-
tion of a problem previously investigated by De Jager and
Dekker (1975) who found that the thickness of the gill mem-
brane was, contrary to expectation, not inversely proportional
to oxygen uptake (or gill surface). The data on Water Blood
Distance used by De Jager § Dekker (1975), as well as those
provided by Hughes § Morgan (1973b), are presented in Table
XIX together with the corresponding values of GSI and P20
(computation as above). The multiple regression of log WBD
on log GSI and log P20 gives, when elasmobranchs are excluded,

log WBD=1.3268 -1.0755 log GSI+ 0.3567 log PZO’ R=0.869
o-uu83)



TABLT: XIX

Water-Bleod Distance (WBD = thickness of gill membranes, in u)

W30 Gata: ughes § Norgan (15755) and meicueh Perfornance (Fzq)
No. Specics W, K °Co Py, GSI WED  WBD % Deviation
g 1 Scylliorhinus caniculus 550 0.530 10 2.25 8.54 11.27 .- --
g 2 Squalus acanthias 8280 0.074 10 2.57 13.37 10.14 -- --
H 3 Raja clavata 10644 0,150 10 2.29 4.46 5.99 -- --
g 4 Raja montagui 2750  0.185 10 2.49  (4.5)Y) 4.85 .- .-
% 5 (lupea harengus 277 0.290 10 1.69 14,9 0.9 1.40 +36
6 Pollachius pollachius  S000 0.186 5 2.61 (12.5)%) 1.50 1.98 +24
7 Trachurus trachurus 598 0.270 20 2.2% 17.00 2.22 1.34 -66
E 8 Scomber scombrus 077 0.262 10 2.24 22.14 1.22 1.01 -21
§ 9  Oligocottus maculosus 13 0.208 10 0.22 (3.5)1) 3.60 3,21 -i2
5 0 Thunnus albacares 198940 0.250 24 4.77 32.83 0.53 0.87 +39
,% 11 Katsuwonus pelamis 55200 0.179 25 4.09 54.67 0.60 0,47 -27
§ 12 Pleuronectes platessa 2171 0.170 8 2.30 14,45 2.62 1.62 -62
13 Plathychthys flesus 1058 0.229 8§ 2.11 13.02 2.00 1.75 -14
, 11 Solea solca 1829 0.428) 7 2.1 50V 2.80 4.82  +a2
§ 15 Opsanus tau 568 0.258 12 2.00 5.78 5.00 4,12 =21
% 16 Salmo gairdneri 962 0.563 10 2.52 6.09 6.19 4.23 -46
t 17 Tinca tinca 493 0.710 10 2.24 8.47 3.50 2.84 -23
% 18 Rutilus rutilus 321 0.163 10 1.55 5.28 2,00 4.14  +52
E 19 Ictalurus nebulosus 1150 0.216 15 2.30 4.00 10.0g 6,43 -56
g 20 Perca fluviatilis 1184 0.123 10 1.97 16.33 0.9 ) 1.34 +33
Notes: v

1) values of GSI in brackets are estimated from closcly related fishes and/or from

Equation 105.
2) Growth parameters and temperature estimates from Pauly (1978h)

3) Original value given as "<1".
which is highly significant (R= 0.869*%*), The main point
is, however, that the coefficient which links log GSI to
log WBD is here -1.076 (=-1). That is, there is an inverse

proportionality between gill size and gill membrane thick-

ness, hence also between oXygen uptake and membrane thickness.

This inverse proportionality can only be demonstrated, how-

ever, after the effects of differential growth patterns,
hence of differential oxygen utilization, are removed. This
explains why De Jager & Dekker (1975) obtain a value of only

~0.744 for the slope of their plot of log WBD against log

Oxygen uptake.
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8. THE RELATIONSHIP BETWEEN OXYGEN SUPPLY AND GROWTH

While the previous chapter demonstrated the existence of
a positive correlation between gill size and growth perfor-
mance in marine fishes, it remains to demonstrate that:

1) Oxygen supply - hence also gill size - determines
growth performance when other potentially limiting
factors are kept (experimentally) constant; and

2) Oxygen supply - hence also gill size - determines
food conversion efficiency.

The data of Stewart et al. (1967) on the growth of juvenile
Micropterus salmoides kept under reduced oxygen concentrations,
and the data of Thiel (1977) on the growth of juvenile
Cyprinus carpio kept under improved oXxygen concentrations may
be used here to demonstrate how oxygen supply determines
growth performance. The data of both studies are summarized

in Table XX.

In the case of M. salmoides, only those data were used
which pertained to 0, tensions lower than 100%. The reason
for this is that high O,tensions (near and above 100%) tend to
depress fish growth. (See Stewart et al., 1967)

Also, those data of Stewart et al. (1967) were not con-

sidered which referred to fishes kept under varying oxygen

concentrations. The remaining data, pertaining to 23 fishes
kept at a mean temperature of 26°C and at oxygen concentra-

tions ranging from 1.6 to 8.1 mgOz/liter, are presented in

Table XX.
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Of the data of Thiel (1977), obtained in temperatures
ranging from 23 to 36°C, only those were used which pertained
to 26°C. This allows for comparison with the data of Stewart
et al. (1967) and reduces a whole series of duplicated exper-
iments to a single, typical example. The data, extracted
from Table I and pp. 18-19 in Thiel (1977) and summarized in
Table XX, were obtained from fishes kept in pressure tanks,
such that the oxygen concentration of the water could be in-
creased well above normal levels without unduly increasing
the oxygen ténsion.

The correlations between the variables O2 content (x),
initial weight (y) and daily growth increment (z) are as

follows:

M. salmoides C. carpio

T -0.116 0.170
Xy

r 0.755%% 0.872%%
Xz

T -0.002 - 0.253
vz

In both cases there is a highly significant correlation be-
tween oxygen concentration and growth increment, and no signi-

ficant correlation between the other combination of variables.

Multiple regression analysis reveals that in M. salmoides

2 = 0.0217 + 0.0366x +0.0062y, R = 0.760%%
| .84)

while in ¢. earpio, the relationship is

, =-0.0915 + 0.0165x% + 0.0116y, R = 0.878%%
...%85)

Note that in both cases it is X (O2 content) which removes

almost all of the variance.
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The effect of reduced 02 content seems to be direct,

i.e., by a reduction of the rate of synthesis (See Figure 1)
as well as indirect, i.e., by reducing food intake (Stewart
et al. speak here of reduced "appetite"). It may be argued
that it is, in fact, the reduced food intake which reduces
the growth of fishes kept at reduced O, concentrations, not
the low O2 concentrations itself.

The reduced "appetite" of fishes kept at low oxygen levels
seems, however, to be nothing but a regulating factor by
which means the fishes prevent their amino-acid pool from
being "flooded." Under conditions of reduced oxygen avail-
ability, the ingested food (amino-acids) can neither be used
for synthesis of new body substance (02 being needed for
synthesis) nor as burning material (02 is also needed in
this process). The amino-acid would thus have to be excreted,
which costs energy - hence oxygen. So, under reduced levels
of oxygen the best policy is not to ingest food in the first
place.

The fact that in fishes the growth efficiency a

(= %rogthniZEZement) decreases with increasing fish size
ood 1

demonstrates that reduced appetite is not the main cause for

On the other hand, increasing fish sizes

. . . _ gill area
necessarily imply decreasing relative gill area (= body weight)

because the gills grow with a power of weight <1. That is,

reduced growth.

with increasing fish size, the oxygen supply per unit body

weight decreases, which expresses itself in a decreasing food

conversion efficiency.
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The food conversion efficiency (a ) of fishes is
generally expressed as

0 = a-w ....86)

where b has a negative sign and an absolute value (]|b|)
which should be close to (1-4d) (d = the power of weight in
proportion to which gills grow). The values of |b| will be
close to (1-d) in all cases where the food intake remains
more or less proportional to fish weight, that is, when
"appetite'" remains constant over a wide range of weight.
Where this is not the case, the value of |b| will reflect

both the effects of the d value and of the reduced

appetite.

No attempt can be made here to separate these two
effects. The few data presented here are only to illustrate

the character of the relationship between food conversion

efficiency and size, hence also between food conversion

efficiency and relative gill area.

The examples should show that the values of |b| in

Equations 86 § 87 are demonstrably close to 1-d, as may be

expected on theoretical grounds, and in spite of the dis-

turbing effect of different appetites in fishes of different

size,

The first set of material discussed in this context is

an analysis of data on Epinephelus guttatus extracted from

Menzel (1960), which is summarized in Table XXI. Here, the

relationship between conversion efficiency (o) and weight

is
o = 0.726 w923 .. 87)
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TABLE XX1

Conversxen Efficiency of Food in the Red Hind
Epinephelus guttatus, as based on
data in Menzel (1960)

Weight gg)l) o o) oc
216 0.247 25
M 0.219 19
31y 0.160 23
392 0.153 28
424 0.179 19
628 0.161 19
647 . 0.177 28
046 0.187 -3

1- Mean of initial and end weight. log o = -0.1331-0.2286 log W

- growth increment .w-0.23

-} * % ¥oo¢ intake o

n
o
~
[
L]

The value of W_ for the Caribbean Epinephelus guttatus, as
given in Pauly (1978b), is 2080 g, which, inserted into
Equation 70 provides an estimate of d = 0.79. Note that

Ib| = 0.23= (1.00-0.79). That is, the decrease of relative

gill size with increasing body weight explains most of the

decrease in conversion efficiency associated with increasing

sizes,

For comparison, data presented by Kinne (1960) on the

growth and conversion efficiency of Cyprinodon macularius,
(See Table XXII) have been reanalyzed. The results, summar-

ized in Table XXIII, are basically as expected from the low

values of d known from Cyprinodonts (See Figure 2 and

Winberg, 1961). The values of |b| are, however, very high,
b4

and in only one case is the value of |b| close to (1-d)

(See Table XXIII, experiment A). In the other cases, there

seems to have been either other factors which contributed to

the high values of b or - and this is more likely - the

values of d provided by Equation 70 are too high in the
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case of the very smallest Cyprinodonts, for which values of
d as low as 0.52 have been reported (e.g., by Winberg, 1961).

Jones (1976) estimated the following relationship for gadoids:

0.15

a, = 0.73+W ..88)
where o, is the net growth efficiency. Note that (1.00 -
0.15) = 0.85 is close to the values of d given for cod in

Table V. On this relationship, Jones (1976) writes:

These results suggest that in gadoids,
net growth efficiency decreases with
increasing body weight, but that the

rate of decline is only detectable

at the lower end of the weight scale.
Gerking (1966) obtained similar results
with bluegill sunfish Lepomis macrochirus

(Rafinesque) .
Various reasons have been given to explain this decrease of

food conversion efficiency. Most of them have been discussed

or mentioned by Gerking (1952), from whose paper the following

is adapted:
1) The reduction of growth efficiency may be the result

of "ageing". Gerking considers this a pseudo-

explanation, an opinion with which this author fully
agrees.
2) Stomach and gut surface may increase in proportion

to a power of weight lower than unity.

3) The digestive enzymes may not supply the same amount
of nutrient material per unit body weight in fishes
of different sizes.

4) Possibly the decreased protein utilization is associ-

ated with a change 1in metabolism or with some bodily

process which controls metabolism.
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5) The thyroid hormones may have a direct influence on

the conversion of nutrient protein to body substance.

Later, Gerking (1971) also added the following hypothesis:
6) The decrease of protein conversion efficiency may be
explained by differential rates of protein synthesis.
Pandian (1967), noting that larger fishes tend to eat
less than smaller fishes per unit body weight and that food
conversion efficiency is generally negatively correlated
with ration (amount of food ingested per unit time),

suggested that:

7) Growth efficiency decreases with increasing body

weight because ration decreases with increasing body

weight.
Finally, Paloheimo and Dickie (1966) denied the very

existence of a relationship between conversion efficiency

and body weight. They attempted instead to demonstrate that

conversion efficiency is more closely related to ration. In

order to demonstrate this, they presented a series of partial

correlation coefficients supposedly demonstrating that con-

version efficiency is more closely related to ration than to

size. Table XXIV recalls all partial correlation coefficients

presented by Paloheimo and Dickie (1966).

The very data presented by these authors contradict their

conclusion: of the five species of fishes they investigated,

only one (Cyprinodon macularius) displays partial correlation

showing a closer relationship between conversion efficiency

and ration than between conversion efficiency and size. (Note

that these correlation coefficients should have a negative

sign.)
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TABLE XX1V

Partial Correlation Coefficients Relating Food Conversion Ifficiency (K),
Weight (W) and Food Ration (R) in Paloheimo § Dickie (1966)

leutonectes platessa Salmo trutta Cyprinodon macularius
Thive R TER*W A Tkiew TKW*R TkR* W
0.7 I, 18% -0.30 +0.09 +0.17 -0.81%*
“0.]2 0,04 -0.14 -0.10 +0.02 -0, 57*%
0, 30*% +0.]3 -0.70 +0.63 -0.05 -0.14
hia T 35%% +01.19 -0.30 +0.22 0. 57%%
0.13 ), 2 %% ] +0.13 -0.28 +0.03 ~0.70%*
0,224 -u.10 +0.43 -0.45 +0.55 0. 68%*
10,02 +0.13 mean -0.065 -0.068 +0, 61 -0, 75%*
S0.1L +0.20% mean +0.221 -0.603
mean -0, 135 0. 0006
Lepomis . Limanda yokohamae Mean of 5 species:
Tk R YRR* W TkW-R TKRW Tkwer 7 TKRew
-0.65 0. 306 -0, 84%* +0.41 -0.300>> -0.123
mean -0.875 +0.420

3ospp. with v Ty

+ signilicant at 98% confidence level )
. Tsp. with Tpp n ™ Trpow
xx wignificant at 99% confidence level KWeR .

bosp. with Ty p“*Tyrp.w

In another case (Salmo trutta), the coefficients are
about equal, while the relationship is reversed in the three
remaining species. The average for the five (5) species
reveals that, as a whole, it is the partial correlation

hetween conversion efficiency and size which is closest (See

Table XXIV).

This critique of Paloheimo and Dickie (1966) is confirmed

by Gerking (1971), who writes:

My results favor the sgcond alternative
[the relationship linking conversion
efficiency and size], in contrast to
Palehoimo & Dickie (1966) who suggested
that growth efficiency is determined by
ration level only and not by the body

weight.

That is, there <s @ relationship between growth efficiency

and weight and its cause must be explained.
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Hypothesis 2 above has been discussed in connection
with Misunderstanding 1, p. 18 , and the case presented
there also argues against Hypothesis 3. On the other hand,
Hypotheses 5 and 6, which imply quite an intricate regulat-
ing process, seem superfluous as Hypothesis 4 alone explains
why growth efficiency decreases with increasing size: the
change in metabolism, assumed by Gerking (1952) and which is
well documented, is due quite simply to the reduction of
oxygen availability in the tissues of fishes of increasing
size, which is itself due to the fact that the gills of

fishes do not grow in proportion to their weight.
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9. DEFINITION AND DISCUSSION OF THE PARAMETERS
OF THE GENERALIZED VBGF

9.1. Introduction

The generalized VBGF for length is

1
Lt = Lm(l-e-KD(t'—to))D e e v 61)
and for weight
3 b
W, = Woo(l—e'EKD(t—to))D ce e 237)

Equation 61 contains four parameters, L , K, D and tys
while Equation 37 contains the additional parameter b, the
exponent of the length/weight relationship in Equation 8b.
When weight growth is isometric, b is equal to 3, and
Equation 37 reduces to ‘

3
-KD(t - to))D ... 91)

W, o= W, (1-e

Only this case will be investigated'here, as the question
of allometric weight growth woﬁld lead the present investiga-
tion astray. ‘ |

In addition to the explicit parameters of Equations
61 and 91, the use of the VBGF implies the use of yet

another "hidden" parémeter,~called here W, (or L. ). This

parameter refers to the point of the VBGF representing the

lowest weight (or length) from which the VBGF begins to

describe the grthh of a given fish (stock).
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in the vollowing paragraphs, definitions of these five
paraleters are presented which may help to interpret the
nuiierical values of these parameters obtained from various

Fisih stocks,

vew. asvuptotic Size (W, & L)

Ricrer (1975 defines asymptotic size as the mean size
the fish of a given population would reach if they were
aillowed to live and grow indefinitely.

in a previous paper (Pauly, 1978a), this author insisted

that the asvaptotic size in a given stock should be equal or

> +o the mean size of the oldest fish occurring in this

[

it

CiO»

:tock, g¢ranted, obviously, that these fishes have not been

’

Jecimated by man or by some mass mortality . If this close-
ness of largest size to asymptotic size cannot be demonstrated,
then it may indeed be considered that W and L are artefacts,
resulting {rom "forcing" the VBGF upon size-at-age data.

However, o generally good agreement between values of

[ iad
Imux tiie

Pishes) by various authors (e.g., Beverton, 1963, Taylor,

i, hLux heen convincingly demonstrated (in small

1v62).  This well documented phenomenon has prompted Taylor

(1962) to the formulation of the rule of thumb

Lo = 0:95 Ly ceee92)

which allows for the estimation of reasonable values of

asymptotic length in small fishes. In large fishes, such

4< tuna or hilifishes, this rule of thumb cannot be used to

ohtuin estimates of L for use 1n conjunction with the special

VBGE (See Pauly, 1978b for a first implication). The reason

for this is discussed briefly here.
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very good length-at-age data have been presented by Sella

(1929) on the growth of the giant bluefin Thunnus thynnus
(Tabhle I1I). The data, when used in conjunction with the
special VBGF (that is, with D=1 < d=2/3,(which implies
isometric gill growth), provides estimates of K=0.043 and
L, =505 cm, a length that is about 1.5 times the maximum
length recorded for this species - that is, about 330 cm,
according to Tiews (1963) (Fig. 19).

LF,cm
oo~~~ Le=505cm» Lmax ———nmm—— e m—

400
300F
2001
100

1 1 1 1 i ] L J S )

_.'; o 1 2 3 4 5 6 7 8 9 10 10 71 13 14 years

Fig. 19 Length growth curve of Thunnus thynnus, special VBGF
(D% 1). Note that L is much higher than L_._. (=330 cm)

Using a condition factor of 1.70, an asymptotic weight of

2190 kg is obtained, which is three times heavier than the

highest weight reported by Tiews (1963). The real value of

d in Thunnus thynnus 1is not, however, 2/3 as implied in the

special VBGF, but 0.90 as given by Muir (1969). This provides

an estimate of D = 0.3 <« 3+(1 -d), which, when used in con-

junction with the special VBGF, provides, with the same data

of Table II, an estimate of K = 0.410 and L_ = 332 cm, while
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the condition factor used above provides an estimate of
W, = 622 kg. Both values of asymptotic size (332 cm and

022 kg) correspond very well with the values of Wmax and

Lmax reported by Tiews (1963) for various Mediterranean and

North Atlantic stocks (Fig. 20).

——————————— L,=332 cme L e

200F

inflexion
point

1 1 1 1 [ 1 1 1 ] L 1 1 L J

1 o0 4 2 3 4 5 6 7 8 9 10 1 12 13 14 years

lized
Fig. 20 Length growth curve of Thunnus thynnus, genera
* VBG% (D%=O.3). Note that L_ is very close to Lmax

(332 = 330).
It will be noticed, however, that the fit of the special

VBGF to the data of Sella (1929) is almost as good as the fit
of the generalized VBGF to the same data (See Fig. 19 and 20),
for which reason the quality of the fit could not be meaning-
fully used to estimate by iteration a meaningful value of D.
Another important result emerging from this application
of the generalized VBGF is that the inflexion point, whose
position may be estimated from Equation 63 and from the
growth parameter values given above, cannot be seen by a

mere visual inspection of the size-at-age data (See Fig. 20).

This exercise, here demonstrated with bluefin tuna, could

be extended to a whole series of large fishes with the main

result remaining the same: when the special VBGF is used,

the value of asymptotic size obtained from a set of size-at-age
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data differs from the maximal sizes recorded from the same
stock by an amount which increases with Ad (See Fig. 2),
Or, expressed differently: the more erroneous the assumption

d # 2/3 is, the higher the difference between Wma and W_,

X

or Lmax'and L.

The generalized VBGF, on the other hand, provides
estimates of W and L_ which are very close to the values of

Wmax and LmaX when the appropriate value of d (and conse-

quently of D) is used.
This seems to confirm the theoretical considerations
upon which von Bertalanffy based his theory, as well as the

validity of the generalization and interpretation of the

VBGF presented by this author.
The closeness of W . and W, and of L . and L, respec-

tively, allows for the application of Taylor's rule of thumb

(Equation 92) to the stocks of any fish species. It may also

be suggeéted that, ,
3 3
YW = 0.95 « /W ve0293)

.max

But it must be remembered that these rules of thumb apply
to the whole range of weights which fish can reach only in

conjunctioﬁ with the generalized VBGF and an appropriate

value of D. (See below for the estimation of D). Also, it

must be kept.in mind that these rules of thumb apply to Loax

and W only, that is; to the greéfest sizes recorded from
max ‘

and W (the greatest size on

a given stock, not to Lever ever

record for a given species of fish).
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Thus, for example, a value of 45 kg may be reached by

cod (World Record Marine Fishes, 1978, p. 168), which may

correspond to Wever in Gadus morhua. Obviously, this value

cannot be used as an estimate of asymptotic weight, say in
Baltic cod, which reaches a length of about 100 cm and a

weight of about 10 kg (Thurow, 1971y, 1In order to distin-

guish estimates of asymptotic size based upon values of Wma

or Lm from independent estimates of asymptotic size, the

ax
convention is proposed to report such estimates as W(m) or

Ok

Various authors have contested the validity of the

asymptotic size concept. Thus, for example, Paloheimo and

Dickie (1965) write:

In many cases the von Bertalanffy growth
curve is fitted to data consisting mainly

of young fish well below the projected final
size. Hence the value of Weo apparently
reflects the early growth [....1. The cases
where asymptotic growth is confirmed by the
data are rather rare due to possibly
inadequate sampling [...] An apparent
asymptote could be constructed as a man-
ifestation of the older fishes having

gotten where the growth efficiency is close
to 0 as a consequence of their having

failed to evolve a new ecological niche.

Similarly, Parker and Larkin (1959) write in a much

quoted article that

fit of a von Bertalanffy equation

Ford- Walford line may in some cases
gg éorced,]as a result of the method of

sampling or combining the data.

The apparent

A similar case 1

the concept of asymptotic size to be nothing but "nonsense

2 1
disguised as mathematicCs.

in opposition to the conventional values of W _ and L_

s argued by Knight (1968) who considers

X
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The well demonstrated relationship, in fishes, between
maximum and asymptotic size seems, however, to refute these
authors. Also, Parker and Larkin (1959) give no example of
cases where the VBGF has been forced upon size-at-age data,
nor explain how (biased?) sampling or data combining can
cause an apparent fit to the VBGF. Paloheimo and Dickie
(1965) similarly do not present evidence for their contention
that authors having used the VBGF have "in many cases' made

use mainly of young fish.

9.3. The Surface Factor: D

This parameter is defined as the Difference between the
power of length in proportion to which weight increases and
the power of length in proportion to which gill surface
increases.

When weight growth can be assumed to be isometric, D can
be obtained directly from D = 3 «(1-d), while d itself may
be obtained either from metabolic or gill studies, when
available, or from Equation 70. The value of d that may be
obtained from Equation 70 will generally be in good agree-
ment with the real '"metabolic value" of d, except perhaps in
the case of very small fishes such as the Cyprinidontidae,
where the lowest values that d can take seem to go as low as

0.5 (See data of Table V and Winberg, 1961).

9.4. The Stress Factor: K

This parameter is the most difficult to visualize. As

discussed previously, K refers to the rate of degradation of

body substance, especially body protein. It appears, however,

that protein degradation is quite an intricate process which,
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in opposition to protein synthesis, is relatively little

investigated. A brief review of some of the preliminary

findings of this growing field may, however, help in defining

K more precisely than hitherto done.

Only one paper was found which deals with protein degra-

dation in fishes (Somero and Doyle, 1973). Forbthis reason,

it will be necessary to rely on data pertaining mainly to

mammals and bacteria (Brandts, 1967, Rechcigl, 1971, Goldberg

and Dice, 1974, Goldberg and St. John, 1976, McLendon and

Radany, 1978). The consensus among these authors seems as

follows:

1)

2)

Intracellular proteins are in a state of equilibrium
in which the proteins are continuously broken down
and .replenished by synthesis (Rechcigl, 1971, p. 237);
There is, however, a great heterogeneity in turnover
rates of different proteins (See for example Table I
in Rechcigl, 1971, who gives <n vivo turnover rate

estimates for various enzyme proteins in rat liver).

3) At least in the case of enzyme proteins, it has been

demonstrated that proteins are synthesized at constant

rates, while a comstant fraction of active molecules

present in the tissues are destroyed per unit time.

That is, the rate of synthesis conforms to zero order

kinetics, whereas the degradation process conforms to

first order kinetics, or

dc . - k.C ve..94
1T ks kD )

where C is the amount of protein present at time t,
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5)

6)
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ks is the rate constant for synthesis (i.e., the
amount synthesized per unit time) and kD is the first-
order rate constant for protein degradation (i.e.,
the fraction of protein molecules present that are
degraded per unit time). (Rechecigl, 1971, p, 272 )

The first-order kinetics in point (3) implies that
protein molecules "are being destroyed in a random
fashion, without regard to their age and that in a
given period of time, newly formed [...] molecules
had the same risk of being destroyed as older ones."
(Rechcigl, 1971, p. 275).

It seems that it is the conformational changes
(changes in the tertiary and quaternary structure)

of proteins which first makes the protein molecules
susceptible to further degradation by proteolytic
enzymes. (Rechcigl, 1971, p. 287, Somero and Doyle,
1973, Goldberg and Dice, 1974).

Therefore temperature, which has a great influence

on the configurational stability of proteins, indir-
ectly determines the rate of protein degradation.
(Brandts, 1967). Brandts demonstrated that the
stability of proteins may be reduced both by tempera-
tures that are too high (heat denaturation) or by
temperatures that are too low (cold denaturation).
Thus, in the case of the protein ribonuclease, Brandts

(1967) found

. .a continuous decrease in the temperature
coefficient, until [...] the free-energy
curve goes through a positive maximum cor-
responding to maximum stability. At this
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7)

21 Thermodynamical stabili
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temperature, (T max), the native protein
hqs maximum stability, so that denatura-
tion can, in principle, be accomplished
by either raising or lowering the temper-
ature from T max [...] the essential
features of the ribonuclease thermal
transition are undoubtedly typical of
most denaturation reactions. The curve
in [Fig. 21 here] shows similar free
energy profiles for the reversible tran-
sition of chromotrypsinogen, which were
obtained in analogous [...] manner as
those for ribonuclease.

Free energy curves for the proteins ribonuclease and
chromotrypsinogen (Fig. 7 and 8 in Brandts, 1967)

are shown in Fig. 21.
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The model proposed by Brandts (1967) agrees with the
suggestion that K, which expressesvoverall protein
degradation, should have a minimum at a low temper-
ature (See Fig. 15).

point (6), it should be noted, implies the existence
of a direct proportionality between <n vivo estimates
tein degradation rates and in vitro determination

of pro
of configurational stability. The existence of this
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proportionality has been recently demonstrated by
McLendon and Radany (1978).

8) Living organisms, however, may be able to regulate -
withiﬁ a limited range - the amount of configurational
changes occurring in their constituent proteins, that
is, to control the amount of protein that 'should" be
degraded in order to meet certain metabolic needs
(e.g., for some specific amino-acids), and metabolic
energy may be used up in the process. Goldberg and

St. John (1976) write:

An important, but still unexplained feature
of intracellular protein degradation is its
apparent requirement for metabolic energy.
In a wide variety of cells, protein degra-
dation can be reduced or blocked completely
with inhibitors of energy metabolism. [...]
These findings are intriguing because they
are unexpected on thermo-dynamic grounds.
The hydrolysis of peptide bonds 1s an exer-
gonic reaction, and none of the known .
proteolytic enzyme of mammalian or bacterial
origin requires energy—rlch_cq—fac@ors.
Since these studies have utilized intact
cells, they certainly do not prove that
metabolic energy is involved directly in
the proteolytic reactions.

In the further course of their considerations,
Goldberg and St. John (1976) present a vast amount

of evidence arguing agatnst the direct involvement

of ATP (or other energy-supplying compounds) in

proteolysis. These points are too numerous and

complex to be summarized here, and ;hould be con-

sulted in the original (pp. 789-791).

It thus appears that the most recent reviews of the

process of protein degradation confirms the "textbook" state-

ments pertaining to Misunderstanding III and defines protein
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catabolism as a process requiring neither metabolic energy
nor free oxygen. The situation is evidently different in
the case of the breakdown of amino-acid, but K, it must be
remembered, refers only to native protein.

Protein degradation in the body of a living fish must
be continuously compensated for by synthesis of new protein.
A correlation béfween the oxygen consumption and the rate of
protein degradation - as expressed by K - is, therefore, to
be expected. This is probably the reason why the changes of
K with temperature can be relatively well described by a
curve derived from respiratory experiments.

In addition to expressing protein degradation, K there-
fore also expresses those abiotic and biotic factors which
limit oxygen availability for protein synthesis. Thus, for
example, osmotic stress, which uses up metabolic energy that
could otherwise be used for protein synthesis, tends to
raise the value of K, and to lower the value of asymptotic
size (See examples of Fig. 9). Similarly, sex-specific
metabolic rates, with the males using up more 0, than the

females, result in sex-specific growth rates, with the

females displaying a better growth (a higher value of P),

a lower value of K and a higher value of asymptotic size

(See Wohlschlag, 1962 for a well documented case of sex-

specific growth and metabolism). Finally, food, space and

sexual competition also result in higher values of K and

lower values of P and asymptotic size, the reason again being

the diversion of a larger part of the O2 supply to various

activities, away from protein synthesis. It seems therefore
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appropriate to refer to K as a "stress factor" rather than

as a '"'coefficient of catabolism." The word "stress" here
refers to the sum total of all effects which raise the value
of X, that is, temperatures that are too high or too low,
salinities that are too high or too low, population densities
that are too high for a given food supply, etc.

From this definition of K and of stress, it may be
derived, among other things, that fish never live stress-
free, but that their growth performance (P) and their asymp-
totic size are highest when K and the associated stress are
lowest (e.g., in cod, at a mean environmental temperature of
about 4 to 5°C). This is in agfeement with the findings of
Rumohr (1975), who insisted that there are no growth-enhancing
factors, only factors which depress growth and which may be

kept to a minimum (e.g., by aquaculturists).

9.5. The QOrigin of the Growth Curve: t

This parameter is defined as the hypothetical age the
fish would have had at zero length had they always grown in
the manner described by the equation (Ricker, 1975). However,
fishes do not always grow in the manner described by the
equation, and to is therefore not a biological parameter.

This parameter cannot therefore be used to estimate values

of X from values of L(m) and values of length at birth (e.g.,

Ly in elasmobranchs, as done by Holden, 1974). Starting from

the special VBGF, Holden (1974) derived the equation

M eﬁK(-to) e...95)

9 = 17-
L)
where Lb is the length at birth when t = 0, and which he used
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to estimate values of K from the known length of the gesta-
tion period of certain elasmobranchs, assuming that the
gestation period is equal to the absolute value of to. Some
values of "K" obtained in this manner were included in the
compilation of growth parameters of this author (Pauly,
1978a, p. 118). It will be noticed, however, that these
estimates of "K" differ widely from those obtained using

standard methods.

Thus, for example in the case of the basking shark
Cetorhinus maximus, Holden (1974) gives a value of "K' =
0.118 - 0.143 (with L(w) = 1372 cm), whereas Pauly (1978c),
using standard methods for the analysis of size-at-age data,

obtained a value of X = 0.036, for a slightly lower value of

asymptotic length.

The approach of considering the gestation period to

provide estimates of t thus provides, in the case of

Cetorhinus maximus, an estimate of K that is more than 350%

too high. Other similar examples could be demonstrated on

the basis of Holden's (1974) data, but this seems here

superfluous, as most authors generally agree that tO is not

a biological parameter.

Some methods (e.g., Gulland and Holt, 1959) provide

estimates of K and asymptotic size from tagging and similar

data which do not allow for an exact age to be attributed to

a certain length, although the growth curve itself can be

drawn. For such cases, an empirical expression is proposed

here which allows for a preliminary estimate of to from an

estimate of K and L_. This equation is
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log(-to) = -0.3922 - 0.2752 log L -1.0381ogKk
. 96)

and is based on 153 triplets of values of to» L, and K
selected from Pauly (1978a) such as to cover a wide diversity
of fish taxa and sizes. Positive values of t, were not
included and emphasis was given to literature data with the
Code O (See Pauly, 1978a). The multiple correlation coeffi-
cient is 0.685, which, with 150 degrees of freedom, is highly

significant (critical value = 0.244).

The sums are (for 1og(-t0)==z, log L, =x and logK = y):

$x 242.61959 sx% 418.64374 Xy - 141.46073
%y -71.39158 Iy: 67.73370 £Xz - 63.53239
5x -52.67110 122 68.29293 Lyz - 3.37471

These sums may be used for the estimation of confidence
intervals, standard deviation, etc.
An example may be given for the use of Equation 96

Draganik and Netzel (1966) estimated from tagging data a

0.13 in Baltic cod. From

value of L = 130 cm and K

Equation 96 a value of t = -0.90 is derived which may be
used for the estimation of absolute ages and which compares
well with the values of t | obtained from length-at-age data

in various cod stocks (See Pauly, 1978a, pp. 62-63).

9.6. The Starting Size: Ly and Wx

is a parameter which cannot be inter-
As shown above, to p

preted biologically. For this reason, the length at age

zero. OT LO’ may not be interpreted biologically, for example,
>

as length at birth or length at hatching. This creates a new

problem, namely the identification of the lowest size at
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which the VBGF may be assumed to describe the growth of a
fish. For a preliminary exploration of this problem, it is
necessary to return to questions of fish anatomy.

De Sylva (1974) investigated the development of the
respiratory system of herring (Clupea harengus) and plaice
(Pleuronectes platessa) larvae, and presented data which may
help in identifying the starting size. Figure 22 shows the
relationship of log gill area to log weight in the larvae

and young juveniles of these two species.

GILL AREA (mm2)

Fig. 22 Development of gill 4900l
surface in larval
herring and plaice METAMORPHOSIS
(from De Sylva,1974).
100
10
1+ ‘\\\\\\
PLAICE
HERRING
o1
0.01 1 1 1 i
C.001 0.01 o1 10 10
WEIGHT (g)

The data indicate quite clearly that the gill surface of
larvae grow with a power of weight considerably higher than

one. This implies that the gill surface of larvae cannot be

limiting for their growth, mot even considering the fact

that fish larvae, in addition to their gills, use their whole

body surface, particularly the primordial fin fold, for
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respiratory purposes. This is in accord with the results
from studies of larval growth which generally suggest a
logarithmic growth in fish larvae, as well as a strong
dependence of larval growth on food supply (See Cushing,
1975, p. 127 ff.).

Thus, fish larvae conform to von Bertalanffy's (1951,
p. 280) growth and metabolic Type II. This inference is
confirmed by the results of Blaxter and Hempel (1966) who,
on the basis of studies of food conversion efficiencies,
found that the metabolism of larval herring is proportional
to a power of weight close to unity. The results of Holliday
et al. (1966) reanalyzed by Blaxter and Hempel (1966), on the
oxygen consumption of herring larvae also confirm that the
metabolism of these larvae is proportional to weight. Growth
and metabolic Type II does not, however, hold for long, and

a marked transition occurs at metamorphosis. At this stage,

the cutaneous contribution to total respiration is markedly

reduced by the acquisition of scales and by the loss of the

well capillarized primordial fin folds. Also, at metamor-

phosis, the gills cease to grow in proportion to a power of

weight higher than one and continue thelr growth in propor-

tion to a power of weight close to that reported from

juvenile and adult herring and plaice (0.79 in herring and

0.85 in plaice).

These results correspond remarkably well with the data

of Fig. 2 and Table V which suggests a value of about 0.8

for fishes of the weight range of adult herring and plaice.

It would thus appear that the size at metamorphosis
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corresponds to the starting size (LX and Wx). Figure 23,
representing the beginning of an arbitrary growth curve,
shows (not to scale) the age at fertilization (tf) of the
egg, the length at birth or hatching (Lb) and the logarithmic
growth of the larvae up to metamorphosis (LX), where the

fish undergo their transition from growth and metabolic

Type II to the growth pattern described by the VBGF

with d = 0.8. Note also that the position of the inflexion

point (Li) is not related to the starting size (Lx).

Length

t¢ O t (age)

to

esentation of the biological and mathe-

i 2 hical repr > .
Fig. 23 A grap P 7 the VBGF (scales: aiuitrary units).

matical v:iigin
These considerations suggest that positive values of t,

are generally erroneous because they imply negative values

of Lb’ This provides a criterion for estimating the quality

of some estimates of K and t, based upon size-at-age data:

when the value of K is too high, due to biased data, this

will result in positive values of t, which are biologically

impossible. This criterion obviously does not allow for
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the identification of those erroneous values of ts which
happen to be negative.

A further discussion of the starting size (LX or WX)
is not warranted as the problem of seasonal growth oscilla-
tions, which greatly affects the shape of a growth curve,

cannot be discussed here.
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10. DISCUSSION

Throughout the animal kingdom, the surface through which
metabolism occurs tends to become diversified as organizational
level increases. Thus, the surface through which food is
absorbed and wastes excreted becomes gradually separated from
the surface through which the exchange of O2 and CO2 occurs.

In aquatic animals, this results in specialized gut * inde-
pendent of specialized gills (See Remane, 1967). Increase in
size and performance of aquatic animals, hence increased
independence from external factors, can be reached only by

an increasc of metabolic rate, that is, the processing of
more food. More food to process, on the other hand, implies
greater relative gut and gill surface, the latter supplying
the O, necessary for the various metabolic processes.

T;o apgnathous animals which gave rise to the modern fishes,
were penerally small and, as suggested by their anatomy, quite
sluggish animals (See Lehman, 1959). With the gradual loss

of their heavy armors and the acquisition of fins, the an-

i

ostors of the recent fishes were able to colonize the whole

water column, and to display a higher level of activity. This

higher level of activity, requiring more food, was correlated

with the acquisition of an improved organ for the prehension

and the preliminary processing of food, that is, true jaws as

well as an improvement in the performance and the size of the

gills.
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The further evolution of these two organ systems led
finally to a gradual reorganization of the whole head region,
the extent of which may be appreciated when comparing recent
agnatha with gnathostomous fishes (See Lehman, 1959). The
most advanced recent fishes - in both the systematic and
physiological sense - seem to be large scombroids such as
the Thunninae or the Istiophoridae. 1In these fishes, the
highest stage in the development of gills seems to have been
reached, which allows for metabolic performances unequalled
in any other fishes, as expressed by their trans-oceanic
migrations and their heightened body temperatures. These
fishes seem indeed to have reached a metabolic level that
has gradually turned from being an asset to being a liability,
as suggested by Kearney (1975) on the basis of the observa-
tion that the oceanic tuna are forced, from time to time, to
plunge into deeper water because they cannot meet their need
for 0, in the warm surface water of the tropical zones of the
oveans.

Another cvolutionary line of fishes is the trend toward
breathing air. This tendency occurs mainly in tropical and
subtropical fishes (Anabantidae, Clariidae, Osteoglossidae,
etc.). In fact, these fishes, whose anabolism is constrained
neither by the size of their gills, nor by the O2 content of
the water bodies in which they occur, tend to have growth
curves of a shape markedly differing from the normal VBGF
type (See Fig. 24). More data, however, must be compiled and
analyzed for a clear pattern to emerge, and more thought must

be devoted to the question as to what, if not gill size, is

limiting for the growth of these fishes.
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In any case, the fact that the largest existing fresh-

water fish - Arapaima gigas, with a maximum weight of about
200 kg (Frank, 1973) - should be an obligatory air breather,
is in itself of considerable interest, because it suggests
that very large fishes must either use ram-ventilation, as
in the case of the largest oceanic fishes, or resort to air-
breathing, as in the case of many large limnic forms of the

tropics and subtropics.
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24 Length -growth curve of Arapaima gtgas 1n
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A significant result of the present study is the demon-

stration of the relative uniformity of the growth patterns

of fishes. As the comparison of values of P in different

fishes revealed, there are in fishes of a certain ecotype

(or species) only a 1imited number of values which P can

take. and which can be used to characterize this ecotype
3

(or species). This uniformity of growth pattern, demon-

strated for all groups SO far investigated, may have been

acquired throughout the evolutionary history of all fishes

through the selective predation of those fishes not having

i d
the "right" growth rate for the type of environment an

niche occupied.
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The uniformity of growth and mortality patterns, which
basically involves all fishes, also suggests uniform patterns
in the reproductive strategies. Such a uniform pattern has
already been suggested by Beverton (1963), who found that the
ratio Lm/Loo (Lm = length at first maturity) is fairly constant
in the Clupeidae and Engraulidae, even over a relatively wide
range of values of L_. The review of the literature made for
the compilation of growth parameters presented earlier (Pauly,
1978a) and the review by Rumohr (1975) suggest that this rule
by Beverton (1963) applies, in fact, to basically all fishes.
The uniformity of these growth patterns may be used to esti-
mate growth parameters in various relatively little invest-
igated stocks.

Thus, in general, the largest fish of a given stock
should help in estimating asymptotic size in that stock,
especially when the generalized VBGF is used, while the range
of values of P can take in a certain taxon or eco-type may be
assessed with the help of an auximetric grid. With P and a
value of W(m)’ K can be estimated, while reasonable values
of t_ may be estimated - when necessary - from Equation 96.

Finally, from reasonable values of K and asymptotic size,
the exponential coefficient of natural mor-

estimates of M,

tality, can be obtained, as demonstrated in a previous paper

(Pauly, 1978b).

The possibility to now quickly obtain growth and mortality

estimates for most commercially exploited species should,

among other things, help to make yield-per-recruit assessment

a routine matter, even for tropical fishes (Pauly, 1978d).
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The present investigation was greatly influenced by the

work of Winberg (1960), particularly as regards the methodi-
cal approach. As in the case of Winberg's presentation of

metabolic data, an attempt has been made to process the data
of a great number of different authors, covering a great
variety of fishes, and to formulate from the data themselves
whatever rules seemed to emerge, independently of the treat-
ment and interpretation of the data by the authors who pre-
sented them. This treatment amounts basically to reducing
the results obtained by other authors to literature '"raw
data," to be interpreted with the help of methods similar

to those applied to raw data obtained from the field, while -
at least in the first run - completely disconsidering the
"discussion'" part of the various papers used. The disadvan-
tages and advantages of the method may be briefly discussed:

The main disadvantage is that it is sometimes difficult
to assess the quality of set of data used. This, however,
can be partly offset by the use of a large body of data,
which will generally make highly erroneous data sets rela-
tively easy to identify.

A second drawback of the method is that a posteriori
causal analysis is per se extremely difficult when not out-
right impossible. Thus, in the case of the relationship
between gill size and growth performance a highly significant
correlation has been here demonstrated which does not prove,
however, that large gills are the cause for good growth per-
formances. Unless the data are seriously biased, however,
this relationship indicates something that is more than a
In fact, a relationship of this type can

mere coincidence.
be demonstrated to be meaningless only if it can be dgmon-
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strated to be a spurious relationship. Thus in this case,

this would request a demonstration that gill size is correlated

to a third "causal''variable which itself correlates with growth
performance. (More intermediate variables may be added. See:
Partial Correlation and Causal Interpretation in: Blalock,
1972). When such additional variable(s) cannot be identi-
fied, then the assumption of a causal relationship may be
maintained, if only because effects must have causes.

A third drawback of the method used here may be seen in
the danger of selecting those authors whose data fit into
some preconceived notion of how things '"ought to be." An
illustration of this kind of danger is given by the distinc-
tion between "likely" and "unlikely' values of d in Tables V
and VI. This danger can, in general, be reduced by the
inclusion of as many data as possible, but is very real when
a limited amount of data are used, as in the present case.

The fourth drawback of this method, finally, is the need
to make all kinds of assumptions in making the data sets of
different authors somehow comparable. Thus, for example, it
is obvious that the growth performance of fishes of different

shapes cannot be compared in terms of length growth. Conver-

sion to weight is here imperative. Very often authors who

give length-at-age data do not, however, publish conversion

factors and factors have to be used which originate from

more or less related fish (stocks), the result being that
variance is added to the data. In the present investigation,

the need to estimate the mean environmental temperature of

many fresh water fish stocks represents a similar problem,

and its solution - using annual mean air temperatures at the

closest weather station - may appear quite outlandish.
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The correlations between growth parameters and air
temperature that were obtained are, however, in most cases
significant, or at least suggestive, even if they are all
spurious relationship - as it is, the real water temperature
(itself correlated with the air temperature) which affects
the growth of these fishes.

The only real advantage of the method described above
is its potential to generate widely applying rules applying

to a wide variety of cases.



- 135 -

11. ACKNOWLEDGEMENTS

My gratitude goes to my supervisor, Professor G. Hempel,
for his support and constructive criticism of my work. Dis-
cussions I had with my friends and colleagues, especially
C. Nauen, U. Damm, H. Maske and D. Delling, greatly helped
in formulating some of the ideas expressed here. To them
go my thanks, as well as to Dr. H. Kuenemann and Professor
Jankowski of the Department of Zoology of Kiel University,
who helped me sort out some of the ideas pertaining to pro-
tein degradation and introduced me to the recent literature.
Also, I gratefully acknowledge the contribution of D. Reimers,
Department of Experimental Physics, Kiel University, who
integrated the generalized VBGFs for me.

I would also thank Ms. Wollweber, of the IfM's library,
for her patience with my frequent disruptions of her normal
working day. I would like, finally, to express my heartfelt
gratitude to my wife Sandra, whose untiring assistance greatly

contributed to the timely completion of this dissertation.



- 136 -

12. BIBLIOGRAPHY*

ANDERSEN, K.P. and E. URSIN 1977: A multispecies extension
to the Beverton and Holt theory of fishing, with
accounts of phosphorus circulation and primary produc-
tion. Meddr. Danm. Fisk.-og Havunders. N.S. 7: 319-435.

ANGEL, H. undated: Monsters of the deep. Octopus Books, 128 p.

ANON. 1941: Atlas: Temperatur, Salzgehalt, Dichte und
Stromungen an der Oberflache und in den Tiefen der
Biskayabucht. Oberkommando der Kriegsmarine,
Bearbeitet im Institut fur Meereskunde. Berlin.

ANON. 1944: World Atlas of Sea Surface Temperatures. 2nd
Edition. Hydrographic Office, U.S. Navy, H.0. No. 225,

Washington.

BAYLIFF, W.H. 1967: Growth, mortality and exploitation of
the Engraulidae, with special reference to the anchoveta
Cetengraulis mysticetus, and the Colorado, 4nchoa naso,
in the eastern Pacific Ocean. Inter-Amer. Trop. Tuna

Comm., Bull. 12(5): 365-432.

BANERJI, S.K. and T.S. KRISHNAN 1973: Acceleration of
assessment of fish populations and comparative studies
of similar taxonomic groups, pp. 158-175 in: Proceedings
of the Symposium on Living Resources of the Seas Around
India, Spec. Publ., Cen. Mar. Fish. Res. Imnst., Cochin,

748 pp.

BAUCH, G. 1966: Die einheimischen Stusswasserfische. 5.
Neubearbeitete Auflage. Neumann-Verlag, DDR,200 pp.

BELL, R.R. 1962: A history of tuna age determinationms.
» R.R.
Symposium on Scombroid Fishes, Marine Biological Asso-

ciation of India, Ser. 1, Part II: 693-706.

BEN-TUVIA, A. 1956: The biology of Sardinella aurita with
a systematic account of the family Clupeidae of the
Mediterranean coast of Israel. Fish. Bull., Haifa, (7):
20-4; (8):14-5, 20-5.

*See Addendum.




- 137 -

BERG, u.S., L.S. BOGDANOV, N.I. KOZHIN, and T.S. RASS (editors)
1949: [Commercial Fishes of the USSR. Description of the
Fishes] in Russian. Pishchepromizdat. 787 pp.

BERTALANFFY, L. von 1934: Untersuchungen uber die Gesetz-
lichkeit des Wachstums. I Ailgemeine Grundlagen der
Theorie, mathematische und physiologische Gesetzlich-
keiten des Wachstums bei Wassertieren. Roux' Archiv
fir Entwicklungsmechanik 131: 613-652.

BERTALANFFY, L. von 1938: A quantitative theory of organic
growth (Inquiries on growth laws. II). Human Biology,

10(2):181-213.

BERTALANFFY, L. von 1949: Problems of organic growth. Nature:
London 163: 156-158.

BERTALANFFY, L. von 1951: Theoretische Biologie - Zweiter
Band: Stoffwechsel, Wachstum. A. Francke Ag Verlag,

Bern, 418 pp.

BERTALANFFY, L. von 1964: Basic concepts in quantitative
biology of metabolism. Helgolander Wiss. Meeresuntersuch.

9: 5-37.

BEVERTON, R.J.H. 1963: Maturation, growth and mortality of
Clupeid and Engraulid stocks in relation to fishing.
Cons. Perm. Expl. Mer, Rapp. et Proc.-Verb., 154: 44-67.

BEVERTON, R.J.H. and S.J. HOLT 1957: On the dynamics of
exploited fish populations. Fish. Invest., Lond.,

Ser. II, 19: 1-533.

BEVERTON, R.J.H. and S.J. HOLT 1959: A review of the life-
spans and mortality rates of fish in nature, and their
relation to growth and other physiological characteristics.

CIBA Foundation Colloquia on Ageing, 5: 142-180.

BLALOCK, H. Jr. 1972: Social statistics. Mc-Graw Hill, 583 pp.
, H.



- 138 -

BLAXTER, J. and G. HEMPEL 1966: Utilization of yolk by
herring larvae. J. Mar. Biol. Ass. U.K. 46: 219-234.

BOUGIS, P. 1952: La croissance des poissons Mediterranéens.
Vie et Milieu, Suppl. 2: 118-146.

BRANDTS, T.F. 1967: Heat Effects on Proteins and Enzymes.
Chapter 3, pp. 25-72 in: Rose, A.E. (1967) Thermobiology.
Academic Press, London § New York, 653 pp.

BRETHES, J.C. 1975: La bécasse de mer des eaux atlantique
marocaines. Premidres observations sur la biométrique
et la biologie. Trav. & Doc. Dev. P&che Maroc (15):

39 pp.

BROCK, V.E. 1954: Some aspects of the biology of the aku,
Katsuwonus pelamis, in the Hawaiian Islands. Pacific

Sci., 8(1): 94-104.

BURD, A. 1978: Long-term changes in North Sea herring stocks.
Rapp. P.-v. Reun. Cons. int. Explor. Mer 172: 137-153.

BUYTENDIJK, F.J.J. 1910: [The oxygen consumption of cold-
blooded animals in relation to their size.] Kon. Akad.

van wetensch., Pr. sect. sci., 12, part 1: 48-54.

CARLANDER, K.D. 1950: Handbook of Freshwater Fishery Biology.
Wm. C. Brown Co., Dubuque, Iowa, 281 pp.

CARLANDER, K.D. 1953: First Supplement to Handbook of
Freshwater Fishery Biology. Wm. C. Brown Co., Dubuque,

Iowa, 148 pp.

CHABANNE, J. and R. PLANTE 1969: Les populations benthiques
(endofaune, crevettes pénaeides, poissons) d'une baie
de la cote nord-ouest de Madagascar: &cologie, biologie

et péche. cah. 0.R.S.T.0.M., Ser Oceanogr., 7(1): 41-71.

CHANG. HSIAO-WEI, 1951: Age and growth of Callionymus lyra L.
b
J. Mar. Biol. Ass., ég(Z):281—296.



- 139 -

COLTON, J.B. Jr. and R.R. STODDARD 1973: Bottom-water
temperatures on the Continental Shelf, Nova Scotia to
New Jersey. NOAA Technical Report NMFS Circ-376: 55 pp.

CONNOLY, C.J. 1920: Histories of food fishes. III. The
angler. Buil. Biol. Board of Canada, No. 3, 17 pp.

COOPER, R.A. 1967: Age and growth of the tautog, Tautoga
onitis (Linnaeus), from Rhode Island. Trans. Am. Fish.
Soc., 96(2): 134-142.

CUSHING, D.H. 1975: Marine Ecology and Fisheries. Cambridge
Univ. Press, Cambridge, 278 pp.

D'ANCONA, U. 1937: La croissance chez les animaux méditer-
ranéens. Rapp. et P.-V. Comm. Int. Expl. Medit., X,
pp. 162-224.

D'ARCY, THOMPSON W. 1910: The work of Aristote, edited by
J.A. Smith & W.D. Ross, Vol. 4, Historia Animalium,
translated by D'Arcy Thompson. Oxford, Clarendon Press,

633 pp.

DARDIGNAC, J. 1962: La bonite du Maroc Atlantique (Sarda
sarda Bloch). Rev. Trav. Inst. Péch. Marit., 26(4):

399-405.

DE JAGER, S. ahd W.J. DEKKERS 1975: Relations between gill
sfructure and activity in fish. Netherlands Journal of

Zoology 25(3): 276-308.

DE JAGER, S., M.E. SMIT-ONEL, J.J. VIDELER, B.J.M. VAN GILS
and E.M. UFFINK 1977: The respiratory area of the gills
of some teleost fishes in relation to their mode of
1ife. Bijdragen Tot De Dierkunde 46(2): 199-205.

DE SYLVA D. 1957: Studies on the age and growth of the
Atlantic sailfish, Istiophorus americanus (Cuvier),

using length-frequency curves. Bull. Mar. Sci. Gulf

Caribb. 7(1): 1-20.



- 140 -

DIETRICH, G. 1962: Mean monthly temperature and salinity of
the surface layer of the North Sea and adjacent waters
from 1905 to 1954. Conseil Permanent International pour
L'Exploration de la Mer. Service Hydrographique,
Charlottenlund Slot, Danemark.

DRAGANIK, B. and J. NETZEL 1966: An attempt to estimate the
rate of growth of cod in the Southern Baltic on the
basis of tagging experiments. I.C.E.S. C.M. 1966/D:12
(mimeo).

EATON, R.C. and R.D. FARLEY 1974: Growth and reduction of
dispensation of zebrafish, Brachydanio rerio, in the
laboratory. Copeia (1): 204-209.

EBERT, V.W. and R. SUMMERFELT 1969: Contribution to the
life-history of the piute sculpin, Cottus beldingii
Eigenmann § Eigenmann, in Lake Tahoe. Calif., Fish Game
55: 100-120.

EDWARD et al. 1972: An experimental study of the oxygen
consumption, growth and metabolism of the cod. J. Exp.

Mr. Biol. Ecol. 8(3): 299-309.

EVERSON, I. 1977: The Living Resources of the Southern Ocean.
FAO, Southern Ocean Fisheries Survey Programme,

GL0O/S0/77/1, 156 pp.

FORD, E. 1933: An accornt of the herring inve-tigations
conducted at Plymouth during the years from 1924-1933.
J. Mar. Biol. Ass. U.K. 19: 305-384.

FORESTER, R.P. and L. GOLDSTEIN 1969: Formation of excretory
products. Fish Physiology, Vol. 1(W.S. Hoar § D.J.
Randall, eds.), pp. 313-350. Academic Press, N.Y.

FRANK, S. 1973: Encyclopédie illustrée des Poissons. Grund,
, S.
Paris, 552 pp.

FROST. W.E. 1943: The natural history of the minnow, Phoxinus
’ . .

phoxinus. J. Animal Ecol. 12: 139-162.



- 141 -

FULTON, T.W. 1904: The rate of growth of fishes. 22nd Ann.
Rep. Fish. Bd. Scotland, Part III, pp. 141-240.

FUSTER de PLAZA, M.L. 1964: Algunos datos solore la biologia
de la anchoita del sector Bonaerense. C.A.R.P.A.S./2/D.
Tech. 12: 11 pp.

GARROD, D.J. 1959: The growth of Tilapia esculenta Graham in
Lake Victoria. Hydrobiologica 12(4): 268-298.

GEORGE, K. and S.K. BANERJI 1964: Age and growth studies on
the Indian Mackerel Rastrelliger karagurta (Cuvier) with
special reference to length frequency data collected at
Cochin. 1Ind. J. Fish. 11(2): 621-638.

GERKING, S.D. 1952: The protein metabolism of sunfishes of
different ages. Physiol. Zool. 25: 358-372.

GERKING, S. 1966: Annual growth cycle, growth potential, and
growth compensation in the Bluegill Sunfish in Northern
Indiana lakes. J. Fish Res. Bd. Canada 23(12): 1923-56.

GERKING, S. 1971: Influence of rate of feeding and body
weight on protein metabolism of Bluegill Sunfish.

Physiol. Zo®l. 44(1): 9-19.

GJOSAETER, J. 1973: Age growth and mortality of the myctophid
fish Benthosema glaciale (Reinhardt) from Western Norway.

Sarsia égz 1-14.

GOLDBERG, A.L and J.F. DICE 1974: Intracellular protein
degradation in mammalian and bacterial cells: Part 1.

Annual Rev. Biochem. 43: 835-869.

GOLDBERG, A.L. and A.C. ST. JOHN 1976: Intracellular protein
degradation in mammalian and bacterial cells: Part 2.

Annual Rev. Biochem. 45: 747-803.

GOMPERTZ, B. 1825: On the nature of the function expressive
of human mortality, and on a new mode of determining the
value of life contingencies. Phil. Trans. Roy. Soc. London

115(1): 513-585.



- 142 -

GRAHAM, M. 1943; The fish gate. Faber § Faber Ltd, London,
199 pp.

GRAINGER, E.H. 1953: On the age, growth, migration, repro-
duction potential and feeding habits of the Arctic char
(Salvelinus alpinus) of Frobisher Bay, Baffin Island.
J. Fish. Res. Bd. Canada 10: 326-70.

GRAY, I.E. 1954: Comparative study of the gill area of
marine fishes. Biol. Bull. Mar. Biol. Lab. Woods Hole,

107: 219-225.

GUINARD, J.P. 1966: Recherches sur les Labridae (Poissons
teleostfens) perciformes des cotes européennes.
Systématique et biologie. Naturalia Monspeliensia Ser.

Zoologique Fasc. 5: 1-247.

GULLAND, J.A. and S.J. HOLT 1959: Estimation of growth
parameters for data at unequal time intervals. J. du

Conseil 25 (1): 47-49.

HANUMANTHARAO, L. 1974: Studies on the biology of (Cirrhinus
mrigala (Hamilton) of the River Godavary. Ind. J. Fish.
21(2): 303-322.

HARDER, W. 1964: Anatomie der Fische. Handbuch der
Binnenfischere; Mitteleuropas, Vol. IIA, 306 pp.
Schweizerbart'sche Verlagsbuchbandlung, Stuttgart.

HEDERSTROM, H. 1959: Observations on the age of fishes.
Drottningholm Statens Undersoknings och Forsaksanstalt

for Sotvattensfisket 40: 161-164.

HEINCKE, F. 1905: The occurrence and distribution. of the

eggs, larvae and various age groups of the food-fishes
in the North Sea. Rapp. Proc-Verb. Conseil Perm. Intern.

Explor. Mer 3(App. E): 3-39.

HENRY, K.A. 1971: Atlantic Menhaden (Brevoortia tyrannus).
Resource and Fishery-Analysis of Decline. N.O.A.A. Tech.
Report NMFS SSRF-642, 32 pp.



- 143 -

HILE, R. 1941: Age and growth of the rock bass, Ambloplites
rupestris (Rafinesque) in Nebish Lake, Wisconsin. Trans.
Acad. Sci. Arts § Letters 33: 189-337.

HOFFBAUER, C. 1898: Die Altersbestimmung des Karpfens an
seiner Schuppe. Allg. Fischerei-Zeitung 23: 341-343.

HOHENDORF, K. 1966: Eine Diskussion der von Bertalanffy
Funktion und ihre Anwendung zur Charakterisierung des
Wachstums von Fischen. Kieler Meeresforsch. 22: 70-94.

HOLDEN, M.J. 1974: Problems in the national exploitation
of Elasmobranch populations and some suggested solutions.
In: Harden-Jones, F.R. (ed.), Sea Fisheries Research,
Elek Scientific Books, Ltd., London, 510 pp.

HOLLIDAY, F.G.T., J.H.S. BLAXTER and R. LASKER 1964:
Oxygen uptake of developing eggs and larvae of the
herring (Clupea harengus). J. Mar. Biol. Ass. U.K.,
44: 711-723.

HOLT, S.J. 1960: A preliminary comparative study of the
growth, maturity and mortality of sardines. In: Proceed-
ings of the World Scientific Meeting on the Biology of
Sardines and Related Species, FAO, Rome, Subject Synopsis

(2): 553-561.

HUBOLD, G. 1975: Variations in growth rate and maturity of
herring in the northern North Sea in the years 1955-
1973. Rapp. P.-v. Reun. coOns. int. Explor. Mer. 172:
154-163.

HUGHES, G.M. 1970: Morphological measurements on the gills
of fishes in relation to their respiratory function.

Folia Morph, Praha 18: 78-95.

HUGHES, G.M. and M. MORGAN 1973a: The structure of fish

gills in relation to their respiratory function. Biol.

Rev. gﬁ: 419-475.



- 144 -

HUGHES, G.M. and M. MORGAN 1973b: The structure of fish
gills in relation to their respiratory function.' Supple-
mentary Publication SUP 90005. British Library, Lending
Division, Boston Spa, Wetherby, Yorkshire, LS23 7BQ.

HUREAU, J.C. 1970: Biologie comparée de quelques Poissons
antarctique (Notothenidae). Bull. Inst. Oceanogr.,
Monaco, 68 (1391): 244 pp.

ILES, T.D. 1974: The tactics and strategy of growth in
fishes: pp. 331-345. In: Harden-Jones, F.R. (ed.), Sea
Fisheries Research, Elek Scientific Books, Ltd., London,
510 pp.

INTERNATIONAL GAME FISH ASSN. 1978: World Record Marine
Fishes. 1978 Edition. Int'l Game Fish Assn, Fort
Lauderdale, Florida, 24 pp.

JOHNSON, L., 1966: Consumption of food by the resident
populations of Pike, Esox lucius, in Lake Windermere.
J. Fish. Res. Bd. Canada 23(10): 1523-1535.

JONES, B.W. 1966: The cod and the cod fishery at Faroe.
Fish. Invest., Lond. Ser. 2.24(5): 1-3Z.

JONES, R. 1976: Growth of fishes: pp. 251-279. In:
Cushing, D.H. and J.J. Walsh (eds.), The Ecology of the
Seas, Blackwell Scientific Publications, London, pp.

KAGWADE, P.V. 1970: The Polynemid fishes of India. Bull.
Centr. Mar. Fish. Inst. No. 18: 69 pp.

KARLSON, P. 1970: Kurzes Lehrbuch der Biochemie. Georg
Thieme Verlag, Stuttgart, 381 pp.

KEARNEY, R. 1975: Studies on skipjack in the Pacific. FAO
Fish. Techn. Pop. (144): 59-69.

KINNE, 0. 1960: Growth, food intake, and food conversion in
an euryplastic fish exposed to different temperatures and

salinities. Physiol. Zo0l. 33: 28§-317.



- 145 -

KLEIN, M. 1974: Untersuchungen zum Wachstum der Bachforelle
(Salmo trutta) in vier verschiedenen Salzgehalten.
Thesis, Kiel University, 55 pp.

KNIGHT, W. 1968: Asymptotic growth: an example of nonsense
disguised as mathematics. J. Fish. Res. Bd. Canada 25:
1303-1307.

KRISHNAN KUTTY and S.Z. QASIM, 1969: Theoretical yield
studies on the large-scaled tongue sole, Cynoglossus
macrolepidus (Bleeker) from the Arabian Sea. Bull.
Nat'l. Inst. Sci. India, No. 38(2): 864-875.

KRﬁGER, F. 1964: Neuere mathematische Formulierungen der
biologischen Temperaturfunktion und des Wachstums.
Helgolander Wiss. Meeresuntersuch, 9: 108-124.

KUSNETZOVA, 1956: cited in Winberg, 1960.

LAGLER, K.F., J.E. BARDACH, R.R. MILLER, and D.R.M. PASSINO
1977: Ichthyology. 2nd Edition. John Wiley & Somns, Inc.,

New York, 506 pp.

LAMP, F. 1965: Beitrige zur Bestandskunde und Fortpflan-
zungsbiologie der Seeskorpione, Myoxocephalus scorpius
(Linnaeus 1758) und Taurulus bubalis (Euphrasen 1786)
in der Kieler Forde. Thesis, Kiel University, 140 pp.

LANDOLT, J.C. and L.G. HILL 1975: Observations of the gross
structure and dimensions of the gills of three species

of gars (Lepisosteidae). Copeia, 3: 470-475.

LATIF, A. and S. SHENOUDA 1972: Biological studies on
Ruonciscus striatus (Fam. Pomadasydae) from. the Gulf of

Suyez. Bull. Inst. Ocean. Fisheries, Egypt, 2: 103-134.

LAUDIEN H. 1971: Uber die Wirkung des Umweltfaktors Temper-
atur auf Farbe, Form, Entwicklung und Verhalten poikilo-
thermer Tiere.Habilitationschrift, Kiel University, 163

PP



- 146 -

LEGAND, M. 1967: Cycles biologiques des poissons mesopel-
agiques dans 1'Est de 1'0céan Indien. Premidre Note,
Cah. ORSTROM, ser. Océanogr., 5(2):69-78.

LeGUEN, J.C. 1971: Dynamique des populations de Pseudotolithus
(Fonticulus) elongatus (Bowd. 1825) Poissons, Sciaenidae.
Cah. 0.R.S.T.0.M. ser. Océanogr. 9(1): 3-84.

LEHMAN, J.P. 1959: L'évolution des vertebres inferieurs.
Monographies Dunod No. 22, Paris, 188 PP.

MAKSUDOV, I. Kh. 1940: [Data on the physiology of Gambusia.
Communication No. 1.] Biull. eks. biol. med., 10:
129-131.

MARCILLE, J. and B. STEQUERT 1976: Croissance des jeunes
albacores Thunnus albacares et patudos Thunnus obesus
de la cbte nord-ouest de Madagascar. Cah. 0.R.S.T.O.M.,

Ser. Oceanogr., 14(2): 153-162.

MATHER, F.J., III, D.C. TABB, J.M. MASON, Jr. and L. CLARK
1974: Result of sailfish tagging in the western North
Atlantic Ocean. Proc. Intern., Billfish Symp. II: 194-
210. N.O.A.A. Tech. Rep. NMFS SSRF-675.

MAY, A.W., A.T. PINHORN, R. WELLS and A.M. FLEMING 1965:
Cod growth and temperature in the Newfoundland area.
I.C.N.A.F. Spec. Publ., Vol. 6, Environmental Symposium:

545-555.

McLENDON, G. and E. RADANY 1978: 1Is protein turnover thermo-

dynamically controlled? J. Biol. Chem. 253(18): 6335-6337.

Utilization of food by a Bermuda Reef

MENZEL, D.W. 1960:
J. du Conseil 25: 216-222.

fish, Epinephelus guttatus.

MIO, S. 1965: The comparative study on the growth of fishes
» S.

based on growth rate indices. Bull. Jap. Sea Reg., Fish,
Res. Lab. (15) 85-94.

MITANI, F. 1970: A comparative study on growth pattern of
, F.
fish. Symposium on growth of fishes I-1. Bull. Jap. Soc.

Sci. Fish. 258-265(Jap.) 324-325(Engl.).



- 147 -

MOHR, E. 1927: Bibliographie der Alters- und Wachstums-
Bestimmung bei Fischen. J. du Conseil 2(2): 236-258,

MOHR, E. 1930: Bibliographie der Alters- und Wachstums-
Bestimmung bei Fischen. II Nachtrage und Fortsetzung.
J. du Conseil 5(1):88-100.

MOHR, E. 1934: Bibliographie der Alters- und Wachstums-
Bestimmung bei Fischen. III Nachtrage und Fortsetzung.
J. du Conseil 9(2): 377-391.

MOORE, J.W. and I.A. MOORE 1974: Food and growth of arctic
char, Salvelinus alpinus (L.), in the Cumberland Sound
area of Baffin Island. J. Fish Biol. 6: 79-92.

MORSUWAN, P. 1970: On the biology of slender trevally,
Caraux leptolepis, in the Gulf of Thailand. Marine

Fish. Lab., Bangkok MS, 16 pp.

MUIR, B.S. 1969: Gill size as a function of fish size.
J. Fish. Res. Bd. Canada 26: 165-170.

MUIR, B.S. and G.M. HUGHES, 1969: Gill dimensions for three
species of tunny. J. exp. Biol. 51: 271-285.

MUUS, B.J. and P. DAHLSTROM 1974: Sea Fishes of Britain and
North-Western Europe. Wm. Collins Sons & Co., Ltd.,
London, 244 pp.

NATARJAN, A.V. @il V.G JHINGRAN 1963: On tk biology of
Catla catla (Ham.) from the River Yamuna. Ind. J. Fish.

8(1):54-59.
NIIMI. A.J. and F.W.H. BEAMISH 1974: Bioenergetics and

growth of Largemouth bass (Micropterus salmoides) in
relation to body weight and temperature. Can. J. Zool.

52: 447-456.

NIKOLSKY, G.W. 1957: Spezielle Fischkunde. VEB Deutscher
, G.W.

Verlag Der Wissenschaften: Berlin, 632 pp.



- 148 -

NORDENSKIOLD, E. 1946: The History of Biology. Tudor
Publishing Co., New York, 629 pp. + index.

NORMAN, J.R. and F.C. FRASER 1963: Riesenfische, Wale und
Delphine. Ubersetzt und bearbeitet von G. Krefft und

K. Schubert. Verlag Paul Parey, Hamburg und Berlin,
341 pp.

ODATE, S. 1966: Studies on the fishes of the family
Myctophydae in the Northeastern Sea of Japan III. The
determination of age and growth of Susuki-Hadaka,
Myctophium affine (LUdken). Bull. Tohoku Reg. Fish. Res.
Lab. 26: 35-43. See also 19: 90-97.

OLSON, K.R. and P.0O. FROMM 1971: Excretion of urea by two
teleosts exposed to different concentrations of ambient
ammonia. Comp. Biochem. Physiol. 40A: 999-1007.

PALOHEIMO, J.E. and L.M. DICKIE 1965: Food and growth of
fishes. I. A growth curve derived from experimental
data. J. Fish. Res. Bd. Canada 22(2): 521-542.

PALOHEIMO, J.E. and L.M. DICKIE 1966: Food and growth of
fishes. III. Relations among food, body size, and growth
efficiency. J. Fish. Res. Bd. Canada 23(8): 1209-1248.

PANDIAN, T. 1967: Intake, digestion, absorption and con-
version of food in the fishes Megalops eyprinoides and
Ophiocephalus striatus. Marine Biol. 1(1): 16-32.

PARKER, R.R. and P.A. LARKIN 1959: A concept of growth in
fishes. J. Fish. Res. Bd. Canada 16(5): 721-745.

PAULY, D 1578a: A preliminary compilation of fish length
, D.

growth parameters. Berichte Inst. f. Meereskunde, No.

55, 200 pp.
PAULY. D. 1978b: A discussion of the potential use in popu-
1;tion dynamics of the interrelationships between natural

mortality, growth parameters and the mean environmental
’

temperature in 122 fish stocks. ICES/G:21: 36 pp.



- 149 -

PAULY, D. 1978c: A critique of some literature data on the
growth, reproduction and mortality of the lamnid shark
Cetorhinus maximus (GUNNERUS). ICES CM/H-17: 10 pp.

PAULY, D. 1978d: Management of Multispecies stocks: A
Review of the Theory. International Center for Living
Aquatic Research Management. Newsletter 1 (2) p. 3.

PEARL, R. and L.J. REED 1923: Skew-growth curves. Proc.
Nat. Acad. Sci. Washington 11: 16-22.

PETERSEN, C.G. 1892: Studies over Fiskenes Alter og Voekst,
samt nogle dermed i Forbindelse staaende Sporgsmaal.
Stockholm 1892, 1Z pp.

POOLE, J. 1969: A study of winter flounder mortality rate
in Great South Bay, New York. Trans. Am. Fish. Soc.

98(4): 611-616.

POSTEL, E. 1956: Donnees biometriques sur quelques Scom-
brides tunisiens. Bull. Sta. Oceanogr. Salammbo, (53):

50-61 (SS/la).

PRICE, J.W. 1931: Growth and gill development in the small-
mouthed black bass, Micropterus dolomieu, Lacepede.

Ohio State Univ. Studies 4: 46 pp-

QASIM, S.Z. 1957: The biology of Blennius pholis L.

(Teleostei). Proc. Zool. Soc. Lond. 128: 161 ff.

The population dynamics of the Norway pout

RAITT, D. 1968:
(Scotland) (5) 24 pp.

in the North Sea. Mar. Res.

RAFAIL. S.Z., A. ALKHOLY and M. MALIDI 1973: Biological
, S.Z.

studies on Sundanese Inald fishes. III. Hydrocyon

forskalii Cuvier. Bull. Inst. Ocean. Fish., (Cairo),

3: 276-293.



- 150 -

RECHCIGL, M. Jr. 1971: 1Intracellular protein turnover and
the roles of synthesis and degradation of regulation
of enzyme levels. pp. 236-310. In: Rechcigl, M. Jr.,
Enzyme Synthesis and Degradation in Mammalian Systems,
Karger, Basel, 477 pp.

REIBISCH, J. 1899: Uber die Einzahl bei Pleuronectes
platessa und die Alterbestimmung dieser Form aus den
Otolithen. Wiss. Meeresuntersuch. Abt. Kiel 4: 231-248.

REMANE, A. 1967: Die Geschichte der Tiere, pp. 589-677 in:
Heberer G. Die Evolution der Organismen, Vol. I.
Gustav Fischer Verlag, Stuttgart, 754 pp.

RICHARDS, F.J. 1959: A flexible growth function for empirical
use. J. Exp. Bot. 10(29): 290-300.

RICKER, W.E. 1958: Handbook of computation for biological
statistics of fish population. Fish. Res. Bd. Can.

Bull. (119) 300 pp.

RICKER, W.E. 1975: Computation and interpretation of bio-
logical statistics of fish populations. Bull. Fish.

Res. Board Can. 191: 382 pp.

ROBERTSON, T. 1923: The chemical basis of growth and

senescence. J.B. Lippincott, Philadelphia.

RUBNER, M. 1911: Uber den Eiweissansatz. Arch. Physiol.:

67-84.

RUMOHR. H. 1975: Der Einfluss von Temperatur und Salinitdt
’ .

auf das Wachstum und die Geschlechtreife von nutzbaren

Knochenfischen (eine Literaturstudie). Ber. Inst. fiir

Meereskunde, Kiel (13) 56 pp.
SACHS., L. 1974: Angewandte Statistik. Springer Verlag,
, L. :
Berlin, 545 pp.

SAUNDERS, R.L. 1963: Respiration of the Atlantic Cod. J.
». R.L.

Fish. Res. Bd. Canada 20(2): 373-386..



- 151 -

SAVITZ, J. 1969: Effects of temperature and body weight on
endogenous nitrogen excretion in the bluegill sunfish

(Lepomis macrochirus). J. Fish. Res. Bd. Canada 26:
1813-1821.

SAVITZ, J. 1971: Effects of starvation on body protein
utilization of bluegill sunfish (Lepomis macrochirus
Rafinesque) with a calculation of caloric requirements.
Trans. Am. Fish. Soc., 100(1): 18-21.

SCHEER, B. 1969: Tierphysiologie. Gustav Fischer Verlag,
Stuttgart, FRG, 357 pp.

SCHOLANDER, P.F. W. FLAGG, V. WALTERS, and L. IRVING 1953:
Climatic adaptation in arctic and tropical piokilotherms.

Physiol. Zool. 26: 67-92.

SCHROEDER, E.H. 1963: North Atlantic Temperatures at a Depth
of 200 Meters. Serial Atlas of The Marine Environment,

Folio 2, Amer. Geogr. Soc.

SCHULZE-WIEHENBRAUCK, H. 1977: Laborvgrsuche uber den Einfluss
von Besatzdichte und Wasserbelastung auf Tilapia 2illii

und Cyprinus carpio. Thesis, Kiel University, 135 pp.

+ Tables and References.

SCHUMACHER, W. 1971: Lehrbuch der Botanik-Zweiter Teil.
Physiologie: 204-378. Gustav Fischer Verlag, Stuttgart,

842 pp.

SCHUMANN, D. and J. PIIPER 1966: Der Sauerstoffbedarf der
, D.

Atmung bei Fischen nach Messungen an der narkotisierten

Schleie (Tinca tinca). pflugers Archiv. 288: 15-26.

growth and egg complement of the

SCHWARZ, F. 1965: Age,
: paeus at Solomons, Maryland.

stickleback Apeltes quad
Chesapeake Sci. Q(Z): 116-118.

SCOFIELD, E.C. 1931: The striped bass of California (Roccus
E] . - .

lineatus). Div. Fish & Games of Calif. Fish Bull. 29,
in . .

82 pp.



- 152 -

SELLA, M. 1929: Migrazioni e habitat del tonno (Thunnus
thynnus) studiati col metodo degli ami, con osservazioni
su l'accrescimento etc. Memofia R. Comit. Talassog.
ital. 156: 1-24.

SERVICE OCEANOGRAPHIQUE, ICES, Various years: Monthly Means
of Surface Temperature and Salinity for Areas of the
North Sea and the North-Eastern North Atlantic in

various years .

SHOMURA, R.S. and B.A. KEALA, 1963: Growth and sexual
dimorphism in growth of bigeye tuna (Thunnus obesus).
FAO Fish. Rep.,(6) 2: 1409-1417.

SIVASUBRAMANIAM, K. 1973: Co-occurence and the relative
abundance of narrow and broad corseletted frigate
mackerels, Auxis thazard (Lacép%de) and Auxis rochei
around Ceylon: pp. 537-547. In: Proc. Symp. Living Res.
Seas around India, Spec. Publ. Cen. Mar. Fish. Res.

Inst. Cochin, 748 pp.
SOLEWSKI 1957: Cited in Czolowska, 1965.

SOMERO, G.N. and D. DOYLE 1973: Temperature and rates of
protein degradation in the fish Gillichthys mirabilis.

Comp. Biochem. Physiol., Vol. 46B: 463-474.

SPERBER, 0., J. FROM, and P. SPARRE 1977: A method to

estimate the growth rate of fishes, as a function of
applied to rainbow trout.

temperature and feeding level,
275-317.

Meddr. Danm. Fisk. -og Havunders N.S. 7:

Natural history of the sandbar shark,

SPRINGER, S. 1960:
Fish. Bull. 61 (178).

Eulemia milbertt.

STEVENS, J.D. 1975: Vertebral rings as a means of age
determination in the blue shark (Prionace glauca L.).

J. Mar. Biol. Ass. U.K. 55: 657-665.



- 153 -

STEWART, N.E., D.L. SHUMWAY and P. DOUDOROFF 1967: Influence
of Oxygen Concentration on the Growth of Juvenile Large-
mouth Bass. J. Fish. Res. Bd. Canada 24(3): 475-494.

SUVOROV, J.K. 1959: [General Ichthyology] in German. VEB
Deutscher Verlag der Wissenshaften, Berlin, 581 pp.

SZARSKI, H., E. DELEWSKA, S. LEJA, S. OLECHNOWICZAWA,
Z. PREDYGIER, and L. SLANKOWA 1956: Uklad trawienny
leszcza (4brami brama L.). [The digestive system of the
bream]. In Polish with English summary. Studia Soc.
Sci. Torunesis, Sect. E, 3(7): 113-146.

TAYLOR, C.C. 1958: Cod growth and temperature. J. du Conseil,
23: 366-370.

TAYLOR, C.C. 1962: Growth equations with metabolic parameters.
J. du Conseil 27(3): 270-286."

THIEL, K. 1977: Experimentelle Untersuchungen uber das
Wachstum von Karpfenbrut (Cyprinus carpio L.) in
Abhingigkeit von Temperatur und iiberhohtem Sauerstoffgehalt
des Wassers. Thesis, Hamburg University, 44 pp.

THOMPSON, R. and J.L. MUNRO 1977: Aspects of the biology
and ecology of Caribbean reef fishes: Serranidge (hinds

and groupers). J. Fish. Biol. 12: 115-146.

1971: Changes of population parameters of cod in

THUROW, F.
ICES C.M. 1971/Special Meeting on Cod and

the Baltic.
Herring in the Baltic, Cod No:5.

TIEWS, K. 1963: Synopsis of biological data on bluefi? tuna
Thunnus thynnus (Linneaus)'1758 (Atlantic and Medlte?-
ranean). FAO Fish. Rep. (6), Vol. 2: 422-81. Proceedings
of the world scientific meeting on the biology of tunas
and related species, La Jolla, California, USA, 2-4 July

1962.
hematical model of some aspects of fish

URSIN, E. 1967: A mat .
’ and mortality. J. Fish. Res. Bd.

growth, respiration,
Canada, 24(11): 2355-2453.



- 154 -

URSIN, E. MS in press (1978): Principles of growth in fishes.

VAN DER ELST, R. 1976: Game fish of the east coast of South
Africa I. The biology of the elf, Pomatomus saltatrix
(Linnaeus), in the coastal waters of Natal. Ocean. Res.
Inst. Invest. Rep. (44): 1-59.

WALFORD, L.A. 1946: A new graphic method of describing the
growth of animals. Biol. Bull. 90(2): 141-147,

WALTER, H. and H. LIETH 1967: Xlimadiagramm Weltatlas. VEB
Gustaf Fischer Verlag, Jena.

WEBB, P.W. 1978: Partitioning of energy into metabolism and
growth: pp. 184-214. In: Gerking, S.D. (ed.) Ecology of
Freshwater Fish Production, Blackwell Scientific Publi-

cations, Oxford, 520 pp.

WESTMAN, J.R. and W.C. NEVILLE 1942: The tuna fishery of
Long Island. New York, Board of Supervisors, Nassau

County, 30 pp.

WHEELER, A. 1969: The fishes of the British Isles and N.W.
Europe. Macmillan, London, 613 pp.

WINBERG. G.G. 1960: [Rate of metabolism and food requirements
, G.G.
of fishes] Minsk, USSR, Fisheries Research Board of
Canada, Translation Series No. 194, 239 pp.

WINBERG, G.G. 1961: New Information on Metabolic Rate in
. ’ oMV

Fishes. From: Voprosy Ikhtiologii, Vol. I(1): 157-165.
Fish. Res. Bd. Can. Transl. Ser. (362) 11 pp.

WINBERG, G.G. (ed.) 1971: Methods for the Estimation of
H . ¢ .

Production of Aquatic Animals. Academic Press, London

and New York, 175 pp.

Differences in metabolic rates of

WOHLSCHLAG, D.E. 1957: .
o ’ eshwater forms of an arctic

migratory and resident fr
whitefish. Ecology 38: 502-10.



- 155 -

WOHLSCHLAG, D.E. 1960: Metabolism of an antarctic fish and

the phenomenon of cold adaptation. Ecology 41(2): 287-
292. B

WOHLSCHLAG, D.E. 1961: Growth of an Antarctic fish at
freezing temperatures. Copeia 1961, 11-18.

WOHLSCHLAG, D.E. 1962: Antarctic fish growth and metabolic
differences related to sex. Ecology 43(4): 589-597.

WOHLSCHLAG, D.E. 1963: Respiratory metabolism and growth of
some Antarctic fishes, pp. 489-502. SCAR Proc. Symp.
Antarctic Biol., Paris, 1.

WOHLSCHLAG, D.E. 1964: Respiratory metabolism and ecological
characteristics of some fishes in McMurdo Sound,
Antarctica. In: M.0. Lee (ed.) Biology of the Antarctic
Seas. Am. Geophys. Union. Antarctic Res. Ser. 1: 33-62.

WOJCIECHOWSKI, J. 1971: Some observations on the biology of
Trichurus lepturus L. from Cape Blanc to the Cape Verde

area. I.C.E.S. CM 1971/3:6.

WﬁRNER, F. 1975: Untersuchungen an drei Myctophidenarten,
Benthosema glaciale (Rheinhardt, 1837) Ceratoscopelus
maderensis (Lowe, 1839) und Myctophum (M.) punctatum

Rafinesque, 1810 aus dem Nordwestafrikanischen

Auftriebsgebieten, in Friihjahr 1972. Thesis, Kiel

University, 136 pp.

WORTHMANN, H. 1975: Das Macrobenthos und Fischbesiedlung
, H.

rschiedenen Flachwassergebleten der Kieler Bucht

in ve .
Thesis, Kiel University, 141 pp.

(West. Ostsee).
ZEI, M. 1951: Monograph of the Adriatic species of Maenidae.
H) . .
Acad. Sc. Art. Slovenica, p. 3.

ZEUTHEN. E. 1953: Oxygen uptake as related to bOdy size in
’ . .

organisms. Quart. Rev. Biol. 28: 1-12.



- 156 -

ADDENDUM

CARLANDER, K.D. 1968: Handbook of Freshwater Fishery Biology,
Vol. 1. TIowa State Univ. Press, Iowa.

CZOLOWSKA, R. 1965: The respiratory surface of gills of the
Alosa kessleri pontica (Eichwald). Acta biol. cracov.
(zool.) 8: 101-117.

DE SYLVA, D.P. 1974: Development of the Respiratory System
in Herring and Plaice Larvae, pp. 465-485. In: The Early
Life History of Fishes. J.H. Blaxter (ed.) Springer,
Berlin-New York.

HUGHES, G.M. and I.E. GRAY 1972: Dimensions and ultra-
structure of toadfish gills. Biol. Bull. mar. biol.

Lab. Woods Hole 143: 150-161.

JOB, S.V. 1969: The respiratory metabolism of Tilapia

mossambica (Teleostei)s I. The effect of size, tem-—
Marine Biol. 2: 121-126.

perature and salinity.

MUUS, B.J. and P. DAHLSTROM 1973: Guide des poissons

4’ eaux douce et pBche. Delachaux & Niestlé, Neuchitel,

Switzerland, 243 pp-

ROSE, A.E. 1967: In: Rose, A.E. Thermobiology. Academic

Press, London & New York, 653 pp-



	Seite 1 
	Seite 2 
	Seite 3 
	Seite 4 
	Seite 5 
	Seite 6 
	Seite 7 
	Seite 8 
	Seite 9 
	Seite 10 
	Seite 11 
	Seite 12 
	Seite 13 
	Seite 14 
	Seite 15 
	Seite 16 
	Seite 17 
	Seite 18 
	Seite 19 
	Seite 20 
	Seite 21 
	Seite 22 
	Seite 23 
	Seite 24 
	Seite 25 
	Seite 26 
	Seite 27 
	Seite 28 
	Seite 29 
	Seite 30 
	Seite 31 
	Seite 32 
	Seite 33 
	Seite 34 
	Seite 35 
	Seite 36 
	Seite 37 
	Seite 38 
	Seite 39 
	Seite 40 
	Seite 41 
	Seite 42 
	Seite 43 
	Seite 44 
	Seite 45 
	Seite 46 
	Seite 47 
	Seite 48 
	Seite 49 
	Seite 50 
	Seite 51 
	Seite 52 
	Seite 53 
	Seite 54 
	Seite 55 
	Seite 56 
	Seite 57 
	Seite 58 
	Seite 59 
	Seite 60 
	Seite 61 
	Seite 62 
	Seite 63 
	Seite 64 
	Seite 65 
	Seite 66 
	Seite 67 
	Seite 68 
	Seite 69 
	Seite 70 
	Seite 71 
	Seite 72 
	Seite 73 
	Seite 74 
	Seite 75 
	Seite 76 
	Seite 77 
	Seite 78 
	Seite 79 
	Seite 80 
	Seite 81 
	Seite 82 
	Seite 83 
	Seite 84 
	Seite 85 
	Seite 86 
	Seite 87 
	Seite 88 
	Seite 89 
	Seite 90 
	Seite 91 
	Seite 92 
	Seite 93 
	Seite 94 
	Seite 95 
	Seite 96 
	Seite 97 
	Seite 98 
	Seite 99 
	Seite 100 
	Seite 101 
	Seite 102 
	Seite 103 
	Seite 104 
	Seite 105 
	Seite 106 
	Seite 107 
	Seite 108 
	Seite 109 
	Seite 110 
	Seite 111 
	Seite 112 
	Seite 113 
	Seite 114 
	Seite 115 
	Seite 116 
	Seite 117 
	Seite 118 
	Seite 119 
	Seite 120 
	Seite 121 
	Seite 122 
	Seite 123 
	Seite 124 
	Seite 125 
	Seite 126 
	Seite 127 
	Seite 128 
	Seite 129 
	Seite 130 
	Seite 131 
	Seite 132 
	Seite 133 
	Seite 134 
	Seite 135 
	Seite 136 
	Seite 137 
	Seite 138 
	Seite 139 
	Seite 140 
	Seite 141 
	Seite 142 
	Seite 143 
	Seite 144 
	Seite 145 
	Seite 146 
	Seite 147 
	Seite 148 
	Seite 149 
	Seite 150 
	Seite 151 
	Seite 152 
	Seite 153 
	Seite 154 
	Seite 155 
	Seite 156 
	Seite 157 
	Seite 158 
	Seite 159 
	Seite 160 
	Seite 161 
	Seite 162 
	Seite 163 
	Seite 164 
	Seite 165 
	Seite 166 
	Seite 167 
	Seite 168 
	Seite 169 
	Seite 170 
	Seite 171 

