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Modellvorstellungen zum Cephalopodenwachstum

Zusammenfassung

In Ubereinstimmung mit dem Lebenszyklus und der Physiologie wird das Wachstum der Cephalopoden mit Hilfe von drei linearen Funktio-
nen beschrieben. Die erste Funktion gilt fir das langsame Wachstum wéahrend der paralarvalen Phase und die zweite beschreibt das schnelle
Wachstum der juvenilen Tiere bis zum adulten Stadium. Die dritte Funktion reprasentiert das Wachstum wahrend des reproduktiven Lebens-
abschnittes. Die erste Funktion kann modifiziert werden, um Temperatur- und Nahrungsbedingungen zu bericksichtigen. Die dritte Funktion
erlaubt, unterschiedliche Energiereserven wéhrend der reproduktiven Phase zu verwenden. Die Vielzahl von Literaturdaten von allen groRe-
ren systematischen Gruppen passt sich dem vorgestellten Modell sehr gut an. Das Modell beriicksichtigt ebenfalls die intraspezifische
Variabilitat der sozialen Struktur bei vielen Cephalopodenarten. Die Steigungen und Langen von jeder der drei Regressionsabschnitte sowie
deren Kombination sind typisch z.B. fiir die groB- und kleinwtichsigen Mannchen sowie alle Weibchen von Loligo vulgaris reynaudii. Die zweite
Funktion beschreibt das sehr unterschiedliche Wachstum der groRwiichsigen Mannchen und die dritte Funktion das Wachstum der Weibchen
dieser Art.

Abstract

Following the life cycle approach and physiological analysis of cephalopod growth, it is proposed that this growth be described by three
linear equations: the first representing slower paralarval growth, the second representing fast juvenile-adult growth, and the third representing
reproductive growth. The first and the third equation can, if necessary, be modified to account for paralarval temperature and food con-
straints, and effect of energy storage during reproduction, respectively. Accumulated literature data fit well the proposed model in all major
systematic groups of cephalopods. The proposed model also accounts for the intra-specific variability in the social structure of many
cephalopod species. Slope and length of each of the three lines comprising the model, and their combination are, for example, specific for
large males, small males (sneakers) and females of Loligo vulgaris reynaudii. In addition, the second equation describes the variable growth
most prevalent in large males, while the third equation is most appropriate for adult females of this species.

1. Introduction

In their classical review of molluscan growth, WILBUR &
OWEN (1964) provided very little information about ce-
phalopods.

However, a specific cephalopod growth review, 23
years later (FORSYTHE & VAN HEUKELEM, 1987), was based
both on aquarium maintenance experiments and popula-

tion studies in the field. FORSYTHE & VAN HEUKELEM (1987)
noted problems, which authors had in fitting cephalopod
growth data to any of the existing growth models avail-
able, which had been mainly developed and used for fish
(e.g. GUERRA, 1979). Ever since the powerful and influen-
tial formula of PACKARD (1972, p. 243:
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“cephalopods functionally are fish”), it was only natural to
attempt to use these concepts and models, especially in
fisheries-related applications (for a review of this con-
cept, see LONGHURST & PAuLY [1987 p. 322]). This usage
however, led to a controversy. It was soon found that the
modal progression (or Petersen’s) method could not be
used for cephalopods without the risk of serious error
(e.g. CADDY, 1991). The aquarium evidence indicated that
even large cephalopods such as Sepioteuthis lessoniana or
Octopus apollyon grew very quickly, much quicker than pre-
dicted by traditional, fisheries-related data and the mod-
els associated with them. The von Bertalanffy growth
curve in its original or generalized form was usually found
to be too simple and too general an approximation of ce-
phalopod growth to be of any use (see FORSYTHE & VAN
HEUKELEM, 1987; JACKSON, 1994; ARKHIPKIN & PEREZ,
1998). Nevertheless, the traditional approach is still being
used (e.g. JARRE et al., 1991; MOHAMED, 1996). Most re-
cently, PauLy (1998a,b) has defended this approach on
theoretical grounds, arguing that large squids cannot
grow fast as they are limited in their oxygen supply (as
determined by the gill area).

In this contribution, a simple cephalopod growth model
is proposed which may help to resolve this controversy by
providing a useful tool for modeling growth, especially
when some parts of alife cycle of agiven cephalopod spe-
cies are unlikely to be known in detail.

2. Conceptual Model
of the Cephalopod Life Cycle

It was assumed on the basis of available evidence, that
the cephalopod life cycle has three basic phases: para-
larval, juvenile-adult, and mature. The paralarval phase is
relatively long, with a high mortality risk and trial-and-er-
ror learning process, during which food is usually abun-
dant but difficult to catch, and where temperature of the
surrounding water profoundly affects development. The
duration of the juvenile-adult phase is largely determined
by food availability, behavioural relations between indi-
viduals and, to a lesser degree, by temperature and other
environmental factors. This is a phase of intense feeding
and growth which is often associated with energy ac-
cumulation (e.g.

strongly influenced by food availability. Environmental
factors are important in so much as they enhance, or in-
hibit, the behavioural reactions of individuals (e.g. turbidi-
ty of, and visibility in, the water).

In the first phase, cephalopods learn to survive, in the
second phase essentially they feed and grow, and in the
third they reproduce. Their chances of completing their
life cycle in large numbers depend upon the environmen-
tal holon (= combination of factors), spatial distribution of
the previous generation, and on interactions with other
species of marine organisms (e.g. prey, competitors,
predators).

Cephalopod life cycle models are difficult to quantify
because of the very large individual variability typical
within the group. In addition, data pertaining to some of
the life cycle parameters are hard to obtain. The models
require spatial- and time-scale strength of metapopula-
tion components (in numbers), and quantification of their
dynamics (see LIPINSKI [1998] for the use of metapopula-
tion concept in cephalopods). A schematic introduction
to such a model is given in Text-Fig. 1. It is strongly felt
that eventhe very basic ideas inherentin such amodel are
necessary for the construction of an adequate growth
model.

3. Conceptual Model
of Cephalopod Growth

The concept rests on the assumption that a Basic Gen-
eral Growth Model (BGM) of cephalopods should be
found first, from which Specific or derived Models (SM)
can be developed for different species, or even groups
within a species.

Underthe BGM itis assumed that physiological proces-
ses in cephalopods lead to a three-phase linear growth
process (Text-Fig. 2). The first phase involves a relatively
long and slow paralarval growth, limited mainly by tem-
perature, food availability and the ability to learn how to
capture prey. The second phase is typified by fast growth
during the juvenile-adult life. Limiting factors include food
availability and behavioural constraints (such as intra-
specific competition). The third phase is triggered by the
onset of the final stages of sexual maturation (variable be-
tween species), resulting in copulation and/or spawning,
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Text-Fig. 2.

Graphic representation of the proposed basic general growth model (BGM) of cephalopods.
Water temperature, food availability and behaviour determine the length and slope of each of the three stages of the model.
Scales x (number of days) and y (units of specific change) and variables x,_, and y,_, are needed to describe growth of any cephalopod.

in which growth may be relatively slow (or absent) and deter-
mined mainly by behavioural constraints. Growth may not
slow down during this step in some species whilst in others
(e.g. octopods) it may assume a negative sign when express-
ed in terms of weight.

In order to construct a BGM, the life cycle of a given species
needs to be relatively well known; in particular, maximum age
(x scale) should have been determined and a specific unit of
change (y scale) chosen carefully. Points X, y;, X»Y,, X3y3 and
X4 Y4 Of the model (Text-Fig. 2) should be estimated experi-
mentally, preferably through a combination of fieldwork and
aquarium studies.

The BGM will vary considerably, not only between various
species of cephalopods, but also between various social cat-
egories within a single species (Text-Fig. 3), excluding the
paralarval growth phase, which is assumed to be the same for
all social categories. These differences are based on average
growth for the species (broken lines in Text-Fig. 3) and aver-
age growth for social categories (solid lines on Text-Fig. 3).
Also, the degree (range) of intra-specific variability may be
different in second and third stage of growth between social
categories (Text-Fig. 4). During fast growth, large males may
account for the whole range of observed variability; during
the maturity growth phase, the same is true for females.

Text-Fig. 3.

BGM differences between females, small mature males ("sneakers") and large
mature males (“bulls”) in the loliginid squid Loligo vulgaris reynaudii.

The differences are not quantified, but are derived by analysis of the life cycle
of chokka.

(Loligo vulgaris reynaudii)- PREDICTIONS
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constrainers, which
slow down the paralarval growth, or enhancers, which ac-
celerate the growth rate (Text-Fig. 5). The result may re-
semble a logistic curve, which may not, however, be ap-
proximated by the generalized von Bertalanffy growth
equation.

4. Discussion

The eighteenth century mathematician, engineer and
philosopher, J.M. HOENE-WRONSKI dreamt (and wrote
hundreds of pages) about his quest for a single all-en-
compassing mathematical formula of the Universe.
After some XXt century developments in physics (e.g.
Heisenberg rule, quantum mechanics, lack of progress in
the field theory, etc.), this ideal has proven to be somewhat
elusive and has been abandoned for the time being
However it is alive and well in the fisheries science, albeit

in a slightly less-ambitious form. The ultimate goal in fish-
eries science is to efficiently manage, and make ac-
curate predictions of responses within complex biolo-
gical scenarios, a task impossible at the present level of
knowledge. Typically, fisheries science has to deal with
enormous amounts of data which are continually at risk of
notbeingrepresentative of the whole populations beingin-
vestigated. Therefore, there is a quest for an all-encom-
passing formula for management and prediction, and
for the integral components of these: mortality, abund-
ance, recruitment, growth and others. Recently, PAuLY
(1998a,b) has claimed to have found such a formula for
growth. He has revived a deductive approach to biological
reasoning and has applied extreme reductionism in the
interpretation of biological data. However, biology can-
not easily/convincingly be reduced to simple physical
and chemical components, and in my view, this approach

Text-Fig. 5.
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will transform it into a specific
(derived) model (SM) of ce-
phalopod growth.
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fails. The inductive approach (of Francis Bacon) should
not for the moment, be abandoned in favour of deductive
approach. Data, even if incompatible, must stand their
ground while theory must be regarded as ephemeral.
Growth in any group of organisms, is better understood,
and more frequently investigated, in the bottom-up (in-
ductive), rather than in the top-down (deductive) ap-
proach. More importantly, it follows that in natural scien-
ces, our deductions are, and should be judged by our
“inductions” and not vice versa.

The cephalopod growth model presented here is based
on accounts from the literature relating to various octo-
pod, cuttlefish and squid research, as well as on South
African collaborative work on the life cycle of the squid
Loligo vulgaris reynaudii (AUGUSTYN et al., 1992, 1994; SAUER,
1993; DURHOLTZ, 1999). According to NEEDHAM ([1964],
quoted by FORSYTHE & VAN HEUKELEM [1987]), growth is
defined as increase in size, while differentiation in con-
junction with growth should be termed growth develop-
ment. While this definition may not hold on a molecular
level, it may be useful on the morphological level. Studies
of PECL & MOLTSCHANIWSKYJ (1997, 1999) and MARTINEZ &
MOLTSCHANIWSKYJ (1999) suggest that continuous hyper-
plasia and hypertrophy in cephalopods may lead to con-
tinuous linear growth in these animals. A massive body of
evidence, mainly from aquarium maintenance, statolith
and life-cycle studies (e.g. BOYLE, 1983; FORSYTHE & VAN
HEUKELEM, 1987; LEE et al., 1994; ARKHIPKIN & SILVANO-
VICH, 1997; ARKHIPKIN et al., 1998; GONzALEZ et al., 1998)
suggest that there are three main elements to cephalopod
growth, and that the first and last (if any) part consist of a
slower growth, and the middle part of fast growth as re-
presented on Text-Fig. 3. On a more general note, DAY &
TAYLOR (1997) pointed out that the period of sexual matur-
ity in any organism is physiologically and energetically a
very special one and should not be subject to unitary
modeling attempts (such as indiscriminate application of
the von Bertalanffy equation). Dol & Kawakami (1979) and
LipINSKI et al. (in prep.) suggested that the paralarval
phase is equally important when considering growth in
cephalopods. In conclusion, available evidence supports
a tri-partite growth model, with a simple linear approach
(see RODHOUSE, 1998 p. 19). This model has several ad-
vantages. First of all, it may easily account for inter- and
intra-specific  variability, facilitating comparisons
(Text-Figs. 3-4). Data about Loligo vulgaris reynaudii (LIPINSKI
& DURHOLTZ, 1994; LiPINSKI, 1994; LIPINSKI et al., 1998a;
DurRHOLTZ, 1999) were used to illustrate gross differences
in growth and in variabilities about that growth, in various
social categories. There are still many gaps in these data
and the results presented should be regarded as specific
predictions of BGM rather than firmly established facts.
The same evidence suggests further that in Loligo vulgaris
reynaudii there are various deviations from the basic linear
growth approach, namely slow growth during the para-
larval stage and less of a decline in growth rate than pre-
dicted during the final phase (maturity) (Text-Fig.5).
These modifications may be modeled and a—x, and B—x,
as well as the distance of « and B from the B-x, point may
be determined.

This short paper does not attempt to review all available
evidence on cephalopod growth. Several comments
however, may be made to facilitate further discussion on
the subject.

1) Thereisaneed forasimple, basic and general concep-
tual model of cephalopod growth, which may act as a
firm basis for detailed experimental investigations and

design (JACKSON, 1994; PAauLY, 1998a). Itis hoped that
the BGM may fulfill this role.

2) Cephalopod physiology and life cycles are unique and
profoundly different to that of fish and other organisms
(including other molluscs), and these differences have
an impact on our understanding, and plotting of grow-
th curves (PORTNER, 1994; PORTNER et al., 1993; PORTN-
ER & ZIELIINSKI, 1998; LIPINSKI et al., 1998b). In particu-
lar, their growth during the paralarval phase and after
approaching maturity, cannot be ignored or approxi-
mated by the classic or generalized von Bertalanffy
model (as postulated by PAuLY, 1998a; see RODHOUSE,
1998). The asymptote in the third equation of the BGM
model is not due to oxygen-related limitations in large
squid (as implied by PAuLy [1998a]), but the result of
approaching sexual maturity.

3) The fast growth phase is the longest and most impor-
tant one on the population scale.

4) Some large cephalopods grow very quickly in aquaria.
This evidence should not be regarded as biased or ir-
relevant in the discussion of cephalopod growth
(WELLS & CLARKE, 1996).

5) Growth of cephalopods should be investigated in a
bottom-up approach. Aside from the important theo-
retical grounds for this, there are also practical rea-
sons why pooled or averaged data lead to erroneous
conclusions (ALFORD & JACKSON, 1993).

6) The forced use of the von Bertalanffy growth equation
in cephalopods leads to extreme anti-biological re-
ductionism and should be abandoned. The physiolo-
gical concept behind this equation may be interpreted
as energetic saturation, or loss, at the end of the life of
most organisms (just as it is the case of plastic squid,
which grow when placed in water; LIPINSKI & ROELEVELD
[1990]). This level of generalization may well be in-
teresting to a physicist. Unfortunately, most biologists
are interested in the processes between birth and re-
production of the organism, and therefore this inter-
pretation contributes little understanding to any life-
cycle investigation, at least where asymptotic growth
occupies an insignificant part.
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