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INTROTDUCTION

The abalone Haliotis midae is commercially exploited

in South Africa. A maximum production of canned abalone
was attained in 1965, when about one point five million
lba. were produced. Subsequently the catch has declined,
due to overfishing, and in 1968 canned production fell to
about seven hundred thousand 1lbs.

The Divieion of Sea Fisheries is responsible for
managing the exploitation of marine stocks in South Africa.
To do this effectively, data are required om the general
biology and population dynamics of the stocks concerned.
Apart from some notes on distribution (Stephenson 1944)
no information was available on Haliotis midae. In
1962 the Division therefore started research on the
biology of Haliotis midme, to provide an essential basis
for later stock assescsment.

This thesis degls with three aspecte of the above
programme, that is reproduction, growth and movement.
The first two topics are presented in the form of
Investigational Reports published by the Division of Sea
Fisheries. The section on movement is based on the
findings of a more detailed paper by the candidate which
was also published as an Investigational Report.

Included in the thesis is a review of mathematical
growth functions. A growth model was required for sbalone,
and perusal of the literature revealed a range of growth
equations which were widespread throughout the literature.
The candidate therefore reviewed the more importani pgpers
desling with growth functions. This was done to facilitete
an appreciation of the differences between growth curves,
and thus ensure that the most suitable curve was selected to

manweacsant ahalanoa oraomkh
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ABSTRACT

The structure of the testis and ovary of the South African abalone is described and the mechanism of
spawning is discussed. Male and female abalone are represented equally in the population and at Stony
Point one hundred per cent sexual maturity can be expected at a shell breadth of 10.5 cm. Spawning
occurs twice per year in certain areas, namely during spring and autumn. There are, however, variations
due to locality. At Stony Point spawning is associated with a well-defined increase in water temperature
but in areas with less marked seasonal temperature fluctuations spawning was found to be less intense.

A linear relationship between fecundity and animal weight has been established. Within a ripe ovary
two discrete groups of eggs are found and these are released on consecutive spawnings. Egg production
is of the order of several million per individual and is a function of ovary volume due to the arrangement

of the germinal surfaces.
1. INTRODUCTION

This paper describes the reproductive biology of
the South African abalone Haliotis midae. The
gonad structure, sex ratio, sexual maturity, spawn-
ing cycle and fecundity are discussed and conclu-
sions are drawn about the stimulus and mechanism
of spawning. The investigation was conducted at
three localities within the Republic’s abalone fish-
ing grounds. These are shown on Fig. 1.

The gonad structure of abalone, especially that
of the male, has not received much attention from
research workers. Crofts (1929) described and
iltustrated a young female Haliotis tuberculata
while Ino & Harada (1961) presented photomicro-
graphs of female Haliotis discus at various stages
of the spawning cycle. Reproductive cycles for
abalone have been described with varying degrees
of confidence and are all summarized by Boo-
lootian et ai. (1962). These authors conclude that
haliotids are generally summer breeders. Labora-
tory experiments have been done to investigate
spawning stimuli, and temperature changes as well
as shed gametes have been shown to be important
(Ino, 1952; Carlisle, 1962; Oba, 1964). In addition
Ino observed in the field that a temperature of
20° C. is required to promote the spawning of
Japanese abalone. The onset of sexual maturity of
Haliotis tuberculata is briefly dealt with by Stephen-
son (1924) and Crofts (1929) and apart from one
fecundity estimate for the above species (Fretter &
Graham, 1964), no fecundity studies are reported
in the literature.

2. GONAD STRUCTURE

Methods:

Male and female abalone in various stages of
sexual maturity were collected at three research
stations by S.C.U.B.A. divers. The structure of the
gonads was then examined by means of histological
sections stained with eosin and Mayer’s haemulum.

Results:

Haliotis midae s dioecious and has an extensive
superficial gonad. This lies around the digestive
gland which forms the bulk of the visceral mass.
Basically the gonad consists simply of a large
tumen which is bounded by germinal epithelium
with a connective tissue base.

The lumen of the testis is traversed by tubes of
connective tissue which are normally vertical in
well-developed organs. A vertical section through
a fairly mature testis is illustrated by Fig. 2. The
connective tissue tubes are clearly evident and one
in particular bifurcates in three places. Within the
tubes lacunae or blood sinuses are present and
these are often connected to branches of the
visceral arteries or veins. In this respect Crofts
(1929) has fully described the circulatory system of
Haliotis tuberculata and has shown that the con-
nective tissue between the gonad and the digestive
gland is relatively well supplied with blood vessels.
In some lacunae amoebocytes are found. These
are large cells (8—10u) which stain lightly and have
a fairly regular form. A well-defined nucleus is also
present. Amoebocytes are typically found in
molluscan haemolymph and their presence would
confirm the circulatory function of the tube canals
or lacunae.

The outer surfaces of the connective tissue tubes
are lined with a germinal epithelium, similar to
that of the walls of the testis. The arrangement of
these tubes, which run vertically between the inner
and outer testis walls, is shown by Fig. 3, a photo-
micrograph of a well-developed testis sectioned
horizontally. The lacunae within the tubes are also
clearly shown.

The germinal cells of the epithelium of the testis
are approximately 4 u in diameter and give rise to
spermatocytes of about the same size. Within the
latter, chromosomes can clearly be seen under high
magnification (x 1,860). From the spermatocytes
smaller spermatids (about 2 x in diameter) develop
and these have darkly staining nuclei. The sper-





































































Gonad Gonad
Sample Body Gonad Shell sample sample Esg Number of Fecundity
no. weight weight breadth location weight count eggs per gram x 108
g g cm g
142 588 40-8 13-50 M <0273 4,988 182,711 7-4
143 488 25-5 12-75 A -0454 9,407 206,747
M -0217 4,063 187,189 4-8
P -0312 6,100 195,513
147 895 48-0 15-60 M <0657 10,784 164,140 7-9
150 475 43-4 13-05 A -0350 7,039 201,114
M -0534 10,757 201,442 8-7
P -0322 6,948 215,776
157 721 95-9 14-70 M -0555 6,667 120,126 11-5
165 1,086 150-5 15-80 M -0497 8,391 168,833 25-4
180 916 72-3 16-05 M <0671 11,832 176,334 12-7
181 867 77-7 16-00 M ‘0516 7,935 153,779 11-9
189 993 84-1 16-05 M -0522 11,190 214,368 18-0
192 916 51-9 15-25 M -0452 8,605 190,376 9-9
221 755 32-0 15-10 M -0509 9,874 193,988 6-2
223 489 39-7 13-60 A -0518 10,098 194,942
M 0514 9,583 186,440 7:4
P <0745 14,615 196,174
224 782 57-0 15-00 M -0576 9,828 170,625 9-7
225 648 68-2 14-30 M 10270 5,577 206,556 14-1
226 710 95-2 14-25 M -0512 9,686 189,179 18-0
227 728 79-8 15-10 M <0421 8,938 212,304 16-9
232 666 68-5 14-95 M -0679 11,880 174,963 12-0
235 901 52-7 15-65 M <0241 4,254 176,514 9-3
237 925 112-6 14-40 M -0474 7,076 149,283 16-8
A anterior gonad

M = middle gonad

D

posterior gonad

24
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ABSTRACT

The growth of Haliotis midaec was investigated by means of tagging and population sampling. Multiple regression analysis
of tagging results showed a seasonal variation in growth rate, which appears to be associated with spawning. This pattern
was recorded in both mature and immature abalone. The following von Bertalanffy equation was found to represent the

growth of H. midae in terms of shell breadth:

L, 19-33 (1—0-0593(1

1-8820) )

Shell shape and shell length/body weight relationships were examined at four localities. Differences in shell length/depth
and shell length/body weight relationships were noted in populations east and west of Cape Point. Inflection points were
found in the otherwise linear shell length/breadth and shell fength/depth relationships and the significance of these is discussed.

1. INTRODUCTION

The growth of molluscs is most conveniently
described in terms of shell increments. The depo-
sition of shell material, which is fully discussed
by Wilbur (1964), is briefly as follows:

Crystals of calcium carbonate are deposited on
an organic matrix called conchiolin. The tissue
responsible is the mantle and the rate of increase
in shell area is therefore a function of mantle
area. The rate of increase in shell thickness and
weight is, however, a function of the rate of
secretion of the calcium carbonate and the organic
matrix. This rate is of lesser importance as it
does not directly reflect the increase in size of
the abalone. In addition it is difficult to measure
and is therefore seldom described in growth studies.

There are various methods of determining the
growth rate of molluscs.

Annual rings provide a convenient method of
age determination and have been applied to
Haliotis discus hannai (Sakai, 1962), but in Haliotis
midae these rings arc not evident and tagging
techniques had to be used to investigate growth.

Population sampling and the plotting of length
frequency diagrams (Petersen’s method) provide
further means of assessing the growth rates of
species which spawn over a restricted season. The
method is especially effective in animals with a
short larval life followed by fairly rapid growth.
Using this technique Williams (1964 a, 1964 b)
was able to describe the growth of the gastropods
Littorina littorea and Gibbula umbilicalis over
certain size ranges. This method was also applied
in this investigation to determine the growth of
young H. midae.

The annual rings shown by some abalone indi-
cate seasonal variations in growth. It is uncertain
whether such variations also occur in H. midae,
where no rings are apparent. Tagging results were
therefore examined to establish possible seasonal
patterns.

Having determined growth in terms of a par-
ticular shell dimension, this rate of increase may
be transformed to increments in body weight or

other shell dimensions if the relationship between
the shell dimensions concerned is known. In the
literature the representation of such relationships
varies from a simple statement of the mean ratio
of two dimensions within a specified ‘size range
(Yamamoto, 1949; Crofts, 1929) to the use of
linear and exponential regression equations (Sakai,
1962). In addition, a logarithmic or equiangular
spiral equation was suggested as a means of
representing shell shape by Thompson in 1917
and was used by Moore (1936) to describe varia-
tions in the shell shape of the gastropod Purpura
lapillus. In this report on H. midae variations in
length/weight relationships and shell shape due
to size and locality were studied by means of
regression equations.

2. GROWTH ESTIMATES FROM TAGGING
2.1 Methods

The tagging programme was conducted at Stony
Point (Fig. 1) over a two-year period, from January
1962 to December 1963. A total of 2645 abalone
were tagged and the overall rate of recovery for
the experiment was ten per cent. During the pro-
gramme tagging activities were concentrated over
a fairly wide size range, i.e. from 5-0 to 12-:0 cm
shell breadth. In addition, all tagging took place
in a fairly restricted area which was intensively
searched periodically by SCUBA divers from
the Division of Sea Fisheries. This assured the
recovery of sufficient tagged animals to allow a
meaningful growth equation to be determined for
the species.

Petersen tags were used to mark abalone. One
disc, on which was printed a message requesting
the finder to return the animal to the Division
of Sea Fisheries, was placed inside the shell and
fixed to an external, numbered disc by means of
a non-corrosive nickel pin passing through a

. respiratory pore. So as not to interfere with

normal growth, tags were attached at the fourth
anterior pore, well away from the growing edge
of the shell. The shell length and breadth were
then measured to the nearest 0-05 cm by means
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of vernier calipers and recorded against the relevant
tag number. In order to reduce mortality or
physiological disruption due to exposure to the
air, abalone were kept submerged in rock pools
between collection and tagging, except for a period
of two to three minutes during which tagging and
measuring took place. No abalone damaged during
collection were used for tagging, and to reduce
damage by predation or wave action, tagged
animals were individually replaced by divers who
held them against the substratum until they ad-
hered firmly to the rock. Recoveries were made
during systematic searches (Newman, 1966) as
well as during subsequent tagging operations in
the area.

No abalone were used for growth studies if
they showed signs of any tag interference in the
growth pattern or had obviously damaged shells
(and negative Increments). Furthermore, no re-
turns obtained within less than 95 days were used,
because the growth increment during this period
was small and it was difficult to maintain relative
accuracy of the measurements. Of the 260 returns
during the experiment, 135 proved suitable for
growth estimates. About 90 per cent of the total
rejections were due to short tag-return periods.

Recoveries were placed in size classes according
to their initial shell breadth at tagging. The inter-
vals in this case were 1 cm, the range of returns
being from 5-00 to 11-95 cm shell breadth. The
frequencies of returns within the tag-return classes
are shown in Table 1.

TARLF I: SIZE FREQUENCY OF TAGGED ABALONE USED FOR
GROWTH STUDIES AT STONY POINT

Shell breadth Frequency
(cm)
5 6 20
6 7 38
7— 8 38
8§ — 9 17
9 — 10 13
10 — 11 4
11— 12 5

Estimates of the growth per annum within these
size classes were made by regression equations.
In order to determine and adjust for possible
seasonal variations in growth rates, regression
models with five and then three variables (depen-
dent and independent) were fitted to the data.
As the calculations involved were considerable,
an I.C.T. 1500 computer was used. A suitable
programme for this type of analysis was the
standard multiple regression analysis programme

3

supplied by International Computers and Tabu-
lators (Pty) Ltd.

2.2 Seasonal growth

The seasonal representation of tagging data was

examined by calculating the total number of
autumn, winter, spring and summer days in the
tag-return periods within particular size classes.
These totals appear in Table 11 and it will be scen
that the seasons arc not typically represented in
the tag-return periods.
In fact, the number of winter days, and to a
lesser extent spring days, exceed those of the other
seasons. Under the circumstances seasonal vari-
ation of growth would invalidate the assumption
that representative growth per annum can be
calculated directly from the tagging data. Thus,
although the establishment of seasonal growth
variations is in itself interesting, it is important
that these variations be defined and accounted
for before calculating growth parameters. Accord-
ingly the following model was first fitted separately
to the data in each of the classes listed in Table
I1:

G=>b x;+ bsXy+ byxy- bygxy,+ by ...
Where G = growth

(D

increment
X number of summer b, = summer growth
days coefficient
Xy == number of autumn b, = autumn growth
days coefficient
X3 = number of winter b, — winter growth
days coefficient
x, = number of spring by = spring growth
days coefficient
by = error term

The generally accepted combination of months,

summer = December, January and February;
autumn = March, April and May;
winter June, July and August;
spring = September, October and November,

was applied to the model. The coeflicients of the
five equations, i.e. one for each size class, are
listed in Table I11. The coefficients of each equation
are also ranked, the rank being indicated by the
bracketed figure below the particular coefficient.

It appears that a pattern of growth is present,
and, with one exception, that growth is most
rapid in winter. The second season of faster growth
is possibly spring but this is less certain.

Among poikilotherms seasonal changes in the
growth rate may be due to temperature (Ursin,



[ABLE I1: THE PRESENTATION OF THE SEASONS WITHIN TAG-RETURN PERIODS

Shell breadth Spring Summer Autumn Winter
{cm) days days days days

5 - 6 1,000 808 1,137 1,446

6 — 7 2,338 1,070 2,003 3,017

7 8 2,307 1.276 2,255 2,878

8 — 9 1,192 557 773 1,246

9 10 799 642 652 909

Total 7,636 4,353 6,820 949

1965; Rounsefell & Everhart, 1953), food supply
(Pantulu, 1962; Cox, 1962) or the reproductive
cycle (Sakai, 1960). With H. midae the repro-
ductive cycle seems to influence seasonal growth,
while fluctuations in temperature and food supply
would seem to have little effect. The latter two
" factors will, however, be dealt with first.

A mean monthly temperature curve for Stony
Point is illustrated in Fig. 2. Also appearing on
the figure are more complete monthly mean
temperatures for False Bay, which is a few miles
from Stony Point. The values for False Bay are
from Stephenson et al. (1937) while the Stony
Point figures were collected by the Division of
Sea Fisheries (Newman, 1967). Both curves show
that temperatures are high in summer, when growth
appears to be slow and that faster winter growth
is in fact accompanied by low temperatures. This
is unexpected as temperature and growth rate are
generally positively related within reasonable tem-
perature ranges (Taylor, 1958, 1959). It is therefore
unlikely that temperature has any real effect at
Stony Point.

Examination of stomach contents has revealed
that the kelp, Ecklonia maxima, is by far the most
important food of the Stony Point population.
Abalone have been observed actively feedingon

kelp fronds and, in the vicinity of groups of
abalone, these usually show characteristic signs
of feeding activity. The above alga is found in
prolific beds along the whole Stony Point coast-
line, and its occurrence does not vary seasonally.
Variations in food supply cannot therefore explain
the seasonal growth patterns obtained.

Spawning in Haliotis midae involves the loss
of large quantities of gonad material within a
short period. The replacement of this material,
which in mature females represents between five
and ten per cent of the total body weight, occurs
rapidly and may well interrupt growth processes.

Changes in gonad size due to spawning are
reflected by the mean gonad bulk indices appearing
in Fig. 3. These are fully discussed by Newman
(1967) and show that individuals spawn twice per
year at Stony Point, i.e. in late spring/early summer
and in autumn. In summer and autumn abalone
are therefore recovering from spawning and growth
can be expected to be slow. There does in fact
seem to be a tendency for growth coefficients to
be lower during these seasons and likewise high
coefficients tend to be associated with winter and
spring when little gonad recovery is taking place.

By varying the regression model this effect
could be shown more clearly.

TABLE I1I: COEFFICIENTS OF FIVE-VARIABLE REGRFESSIONS FITTED TO TAGGING DATA

Coefficient b, b b, b, b,
Size Summer Autumn Winter Spring
Class
5— 6 0-00359 —0-00071 0-00511 0-00161 —0-01975
2) 4) (1) (3)
-— 7 —0-00085 0-00328 0-00474 0-00290 —0-21480
(4) (2) (1) (3)
7 — 8 —0-00011 0-00058 0-00328 0-00302 0-03469
4 3) (1) (2)
8§ — 9 0-00118 0-00118 0-00309 0-00211 —0-13472
4) 3) (1) (2)
9 10 0-00061 0-00002 0-00214 0-00439 —0-11165
(3) 4) (2) (n




A three-variable model was used, with two six-
month periods being selected in such a way as to
separate as far as possible the gonad recovery
phase from the rest of the cycle. During the period
June to November the gonads are either fully
recovered or starting to spawn and growth can be
expected to be fast. In December to May, however,
the gonads are recovering after two spawnings
and slow growth is likely.

The following model was therefore fitted to the
data:

G — bl xl -4 b2 x2 bo . . (2)

Where G = growth increment

x; = number of days b, = growth coeflicient
within period 1 December-May
December to 31 period
May

x, = number of days b, = growth cocfficient
within period 1 June-November
June to 30 period
November
by = error term

From the coefficients which are listed in Table
IV it is quite clear that faster growth always
occurs during periods of low gonad activity.

Having established a pattern of seasonal varia-

and C,,
c % = appropriate elements of the
rs inverse matrix
Css J

As the computer programme used in this investi-
gation makes provision for the printing out of
the requirements of (3) the standard error could
conveniently be calculated by hand. In addition,
the degrees of freedom for the tests were estimated
asn =n—p— | where A — number of sets
of observations and p —= the number of independent
variables in the model.

Test results with the five-variable models are
listed in Table V. It appears that in two size
classes the winter growth coefficients (bg) are
significantly higher than those for summer (b,)
(P< 0-05).

Similarly from Table VI it will be seen that in
the 7-8 cm class the probability that b, - b
amounted to 0-001 which clearly indicates that
growth in June to November was significantly
higher than that in December to May. A similar
difference is apparent in the case of the 8-9 cm
size class (P< 0-05) and with less certainty in the
5-6 cm class (P<< 0-10).

From the patterns of coefficient ranks, as well

TABLE IV: COEFFICIENTS OF THREE-VARIABLE REGRESSIONS FITTED TO TAGGING DATA

Coefficient b,
Size (Dec.—May)
Class .
5— 6 0-00153
)

6 — 7 0-00150
(2)

7— 8 0-00026
(2)

8 — 9 0-00107
(2)

9 — 10 0-00109
(2)

b, by
(June—Nov.)
0-00346 | —0-03644
0-00279 —0-02605
0-00310 0-05075
0- 00025 —0- 11730
0'{)%{344 —0-22141

tions in growth rate on the basis of ranks, the
significance of the differences between coeflicients
was examined by means of r-tests. As there are
theoretical grounds for assuming that coefficients
associated with low gonad activity are higher than
those representing growth rates during spawning
and recovery periods, one-tailed tests could be
used. The required standard errors of the differ-
ences between coeflicients were calculated from
the following equation (from Fisher, 1932):

SEhr —b,= S*(C,—2C,+C) . ... ..
Where S% = estimated residual variance

as tests of significance, it would appear that
seasonal variations of growth rate occur through-
out the size range investigated, and that these
are associated with the reproductive cycle. This
is especially interesting when the onset of sexual
maturity is considered. Newman (1967) has found
that at a shell breadth of 8 cm only 50 per cent
of the population are sexually mature. One hundred
per cent maturity can only be expected at a shell
breadth of 10-5 cm while at 6 cm only one per cent
are mature. It would seem therefore that immature
abalone react in sympathy with larger mature in-
dividuals with respect to seasonal growth patterns.



TABLE V: RESULTS OF ONE-TAILED ¢ TESTS TO DETERMINE THE SIGNIFICANCE OF DIFFERENCES BETWEEN COEFFICIENTS OF FIVE-
VARIABLE MODELS

Degrees Probability
Size class of

freedom b, b, by > b, b, > b, by b,
5— 6 15 0-30 0-10 — 0.25
6 — 7 33 0-05 0-30 0-15
7 - 8 33 0-05 0-20 0-15 0-20
8 9 12 0-20 0-25 0-50 0-35
9 — 10 8 0-30 0-35 0-30 0-15

TABLE VI: RESULTS OF ONE-TAILED ¢ TESTS TO DETERMINE
THE SIGNIFICANCE OF DIFFERENCES BETWEEN COEFFICIENTS
OF THREE-VARIABLE MODELS

Size class Degrees of Probabality
freedom b, b

5 — 6 17 0-10

6 — 7 35 0-20

7— 8 35 0-001

8§ — 9 14 0-05

9 — 10 10 0-15

Seasonal variations in the growth rate of other
species of Haliotis have been reported. Ino (1952)
confined H. discus and found that food consump-
tion fluctuated in phase with changes in the growth
rate, which was at minimum in the breeding
season. He concluded that food consumption and
growth variations are due to internal physiological
conditions rather than environmental effects. Sakai
(1960) reared H. discus hannai and found that the
growth rate fell and a shell ring was formed during
the breeding season. No ring was, however, formed
by immature abalone. In a subsequent publication
(Sakai, 1962) low temperatures were also found to
cause ring formation but during these experiments
the temperature range was large and not com-
parable to that at Stony Point. The determination
of seasonal growth fluctuations with tagging data
was also attempted by Leighton & Boolootian
(1963) who concluded that H. cracherodii grows

faster in summer.

It is apparent that seasonal fluctuations in
growth can be shown to occur in H. discus, H.
discus hannai as well as in H. midae. They may
well also occur in H. cracherodii. In the case of
the Japanese abalone, seasonal effects are associ-
ated with the reproductive cycle and are not
manifested by immature individuals. This was not
found to be the case with H. midae where re-
gression analysis with individuals which were
predominantly immature produced the same
seasonal patterns as those observed in mature
abalone.

2.3 Annual growth

For the determination of the growth rate per
annum within each size class, two alternative
regressions are available. To obtain the best
estimate of the annual growth rate within each
size class, the standard errors of estimate of the
respective regressions were considered. These ap-
pear in Table VII. The standard errors of each
of the regressions of the five size classes have been
ranked. With the exception of size class 6-7 cm,
the standard errors of estimate of the three-
variable regressions were the lowest in the series.
The best estimates of the annual growth increments
were therefore obtained by substitution in these
equations. The resultant values are listed in Table
VIIT together with the frequencies within the
classes.

TABLE VII: STANDARD ERRORS OF ESTIMATE OF REGRESSION MODELS

STANDARD ERROR OF ESTIMATE
Shell breadth
cm
5—6 6—7 7—8 8—9 9—10
Regression
series
S variables 0-10010 0-08714 0-08570 0-03917 0-08274
) 2) (1) 1) ¢))
3 variables 0-09428 0-08991 0-08104 0-03380 0-06952
(2) (1 (2) (2) (2)
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In addition to the above results some tag-returns
were available for size classes within the range
10-12 cm. The frequencies in these cases were
low, all being below six returns. Under the cir-
cumstances the fitting of a multiple regression
. model was not justified. The best estimate of the
annual increment was therefore obtained from the
lincar model:

G = bl X1 —|— bo . . . . . . (4)
Where G -~ growth increment
X; = tag return period
b, growth coefhcient
and by = error term
TaBLe VIII: ESTIMATES OF THE MEAN ANNUAL GROWTH
INCREMENT
Shell breadth | Frequency Estimated annual shell
(cm) breadth increment (cm)
5— 6 20 0-88
6 — 7 38 0-76
77— 8 38 0-67
8 9 17 0-54
9 10 13 0-61
10 — 11 4 (0-52)*
11— 12 5 0-51)*

* Values in brackets are estimates from model
G = b1 X + bo

3. GROWTH ESTIMATES FROM
POPULATION SAMPLING

Tagging methods cannot be used to estimate
the growth rate of Haliotis midae below about
5 cm shell breadth for the delicate shell and body
structure within this size range renders tagging
unpractical. In addition, juveniles are found under
boulders and stones, which complicates both the
collection and recovery of tagged animals.

The growth rate of small abalone was therefore
determined from size frequency polygons of large
random collections made beneath stones and
boulders at the Stony Point research site. In the
course of this analysis probability paper was used
to define distributions resulting from specific
spawnings. These plots also enabled the mean
and variance of the distributions to be estimated
with fair accuracy.

3.1 Methods

Three large collections were made at Stony
Point on 24/25 April 1963, 16/17 September 1963
and 27/28 May 1964 in depths ranging from one
to six feet below mean low spring tide. Divers
overturned likely boulders and all abalone beneath

8

them were collected. As a bottom surge tended
to wash away smaller individuals, collections could
only be made during dead calm seas. These con-
ditions prevailed on the three occasions mentioned
above and it may be assumed that the samples
are unbiased and representative of the populations
below boulders and stones in the Stony Point
area.

The shell length and breadth of all the material
was measured by means of vernier calipers to
the nearest 0-05 cm. From these data, shell length
size frequency tables with 0-2 cm intervals were
drawn up and represented by the frequency poly-
gons appearing in Fig. 4. The data were also
plotted on probability paper according to the
method of Harding (1949). For this purpose fre-
quency tables with intervals of 0-1 cm were used.
Probability plots of the three collections made
appear in Figs. 5, 6 and 7.

The unimodal distributions in Fig. 4 could be
identified by referring to the spawning cycle for
Stony Point illustrated by Fig. 3. (Reproduction
at Stony Point is fully discussed by Newman,
1967.) From this it was assumed that spawning
took place on I April and 1 December in any
one year. Defined unimodal distributions in the
frequency polygons were accordingly identified by
considering the date of collection as well as the
position of the particular distribution in the
sequence of modes.

3.2 Analysis of population samples
24125 April 1963:

A total of 333 individuals were collected on
this occasion. The size frequency diagram of the
sample is illustrated by Fig. 4 and it is apparent
that three well-defined distributions occur with
modes at 0+9, 2-1 and 3-7 cm respectively. A less
distinct distribution occurs with a mode at 5-1
cm. The data plotted on probability paper appear
in Fig. 5. Four well-defined straight lines occur,
with obvious inflection points between them, and
the pattern confirms the existence of four normally
distributed groups within the whole collection.
The expanded form of each of the above distri-
butions is also shown on Fig. 5. These lines were
fitted by eye to points calculated according to
the method of Harding (1949). From the expanded
straight lines the distribution means were graphi-
cally estimated as being 1-0, 2-2, 4-0 and 5-1 cm
respectively, values which agree with modal inter-
pretation discussed earlier. The distributions may
be identified as follows. Collection took place on
24/25 April 1963, thus unless growth was partic-



ularly fast it is unlikely that the results of the
April spawning would be available for collection.
The first distribution, with a mean of 1:0 cm
was regarded as the result of spawning activity
during October-December 1962. Assuming a hypo-
thetical spawning date of 1 December, this distri-
bution represents abalone which are approximately
five months old. Similarly it may be assumed that
the next distribution is the result of April 1962
spawning activity and that individuals within this
group are approximately 13 months old, with a
mean shell length of 2-2 cm. The subsequent
distributions would then be the results of December
1961 and April 1961 spawning, being therefore
17 and 25 months old respectively, with mean
lengths of 4-0 and 51 cm.

27/28 May 1964

During May 1964 a large collection was made
in the vicinity of Stony Point. The size frequency
curve of the 594 abalone collected appears in
Fig. 4 and five fairly discrete distributions occur
with modes at 0-7, 15, 3:0, 4-1 and 4-7 cm. The
data plotted on probability paper appear in Fig.
7, where five distributions may again be discerned,
with inflection points at 5-2, 35-0, 60-0, 79-3 and
98-0 per cent. Mean values for the distributions,
estimated graphically from the expanded straight
lines appearing in the figure, amounted to 0-8,
1:5,2:9,4-1 and 5-0 cm respectively. These values
agree fairly closely with the modal values on
Fig. 4. The first distribution of the series was

TaBLE IX: IDENTIFICATION AND DESCRIPTION OF UNIMODAL DISTRIBUTION WITHIN A SAMPLE OF Haliotis midae, 24{25 APrIL 1963

. Mode Mean Age in Standa—rd~_—
Distribution Fre_quency (cm) (cm) months deviation (cm)
December *62 .. .. 125 _ 0-9 1-0 5 0-19
Apgl 62 .. .. 105 2-1 2:2 13 0-41
December 61 .. .. 62 3-7 4-0 ’ 17 0-38
April 61 L. L. 20 5-1 5-1 25 0-09

16/17 September 1963

The size frequency polygon of 344 abalone
collected on the above dates appears in Fig. 4,
and two well-defined unimodal distributions occur,
with modes at [-30 and 2-30 cm. The probability
plot of this data appears in Fig. 6. Two straight
lines occur in the figure with inflection points
at 26-5 and 73-0 per cent. These were expanded
and found to have means at 1-3 and 2-5 cm res-
pectively, which coincide closely with the modal
values quoted above. As the collection was made
halfway through September it may be assumed
that the first distribution is the result of spawning
activity in April 1963, and therefore that abalone
within this group attained a mean shell length
of 1-3 cm in four and a half months. Similarly
the next distribution, spawned during December
1962, has a mean shell length of 2-5 cm after a
period of 10-5 months.

identified as the result of April 1964 spawning,
i.e. it may be assumed to be 2 months old, with a
mean shell length of 0-8 cm. The age of the next
distribution is estimated as 6 months, with a mean
length of 1-5 cm. This is the result of December
1963 spawning activity. Similarly subsequent distri-
butions are identified as the results of April 1963
spawning (14 months; 2-9 cm) December [962
spawning (18 months; 4-1 cm) and April 1962
spawning (26 months; 5-0 cm).

The validity of the interpretations of all the
above samples seems to be borne out by the
similarity and regularity of the distributions iso-
lated on the three different collection dates.
Referring to Fig. 4, the modal value of the Dec-
ember 1962 spawning group is identifiable in all
three collections and its regular movement along
the shell length axis with time can clearly be
seen. Similarly the movement of the April 1962

TaBLE X : IDENTIFICATION AND DESCRIPTION OF UNIMODAL DISTRIBUTIONS WITHIN A SAMPLE OF Haliotis midae, 16/17 SEPTEMBER

Distribution Frequency Mode Mean Age in Standard
(cm) (cm) Months deviation
April ‘63 .. .. 91 1-3 1-3 4-5 0-21
December ‘62 .. .. 160 2:3 2-5 10-5 0-35 )
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TABLE XI: IDENTIFICATION AND DESCRIPTION OF UNIMODAL DISTRIBUTIONS WITHIN A SAMPLE OF Haliotis midae, 27/28 MAY 1964

Mode Mean Age in Standard
Distribution Frequency (cm) (cm) months deviation
(cm)
April 64 .. .. 3i 07 0-8 2 0.11
December 63 ’ 177 15 1.5 6 0.26
Aprit  '63 N 148 3.0 29 i 14 0.44
December 62 115 41 o4l - 18 o34
Aprl 62 11 47 50 % 033
and April 1963 components can be traced in the boulders.

figure.

From the data listed in Tables IX, X and XI
a composite picture may be built up of the growth
of Haliotis midae during the first two years of
life. The mean shell length values obtained have
been plotted against their respective ages in Fig.
8. A curve has been fitted by eye to the points
which seem to be positioned fairly consistently
about this line. An exception is the mean value
for individuals spawned in April 1962 and collected
in April 1963. The two means in the region of
5-0 cm were not taken into account, for at this
size abalone move out from below the boulders.
These distributions, therefore, may be biased as
the samples were only collected underneath

11

From the growth curve presented in Fig. 8
it is apparent that mean shell lengths of 27 and
3-9 cm are attained at ages of one and one¢ and a
half years respectively. Comparison of these means
with data presented by Sakai (1962) shows a
similarity between the growth rate of H. midae
and H. discus hannai for the first two years of
life. Sakai’s data, obtained from observations of
the well-defined annual rings which occur in H.
discus hannai, showed that after one and two
years mean shell lengths of approximately 27-0
and 48-0 mm were attained.

4. GROWTH CURVES FOR Haliotis midae
The growth rates of small and medium sized
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H. midue have been determined by two different
techniques. The results will now be combined
to build up a composite picture of growth.

4.1 Shell breadth

As a first step towards estimating growth para-
meters a curve relating growth rate and shell
breadth was drawn. Within the size range 55
to 11-5 c¢m, points on this curve were easily ob-
tained from tagging results. These growth rate
values are listed 1n Table VIIT and are plotted on
Fig. 9. In all but the two largest size classes the
rates are adjusted for seasonal effects. Annual
increments of the smaller size ranges were obtained
by transforming the shell length/age curve of Fig.
8 to a shell breadth/age curve. This was done by
means of the relationship:

B 0-6812 L — 0-0071
where B shell breadth in cm
L shell length in cm.
which will be fully discussed in Section 5. The

curve thus obtained (Fig. 10) is linear over most
of its range. The slope at particular sizes provides
an estimate of the growth rate, and at shell breadths
0-5, 1-5 and 2-5 cm this was a constant 1-7 cm
per annum. This information is also plotted on
Fig. 9 and a freehand curve has been drawn.
Taylor (1962) has described a versatile and
generalized growth rate function, that is:

dL

- ELe~h KL Q)
where L length
E — a coefficient supposedly related to
anabolism
K a coefficient supposedly related to
catabolism
a the exponent relating length to the
surface involved in anabolic pro-
cesses
b = the exponent relating length to

effective metabolic weight
if a # b the solution of the above rate equation is

. (6)

This is the generalized von Bertalanffy equation.
A Walford plot provides a convenient first step
in the estimation of the parameters of the above
curve. With H. midae the required values of L,
and L, ; are not directly available. These values,
or good approximations thereof, could be obtained
from the growth rate data appearing in Table
VIIl. The growth rate per annum values of this

1, — 1, *ha (|_e—X(b ay (-t ) )

. table represent a mean estimate of L, ;—L,

within each of seven size classes. The size associated
with these mean rates may be assumed to be the
class mark in each case. Under the circumstances
the best estimates of L; ; and L, (the values of
t are unknown) are

Li,a Vg

and L, - V—14g

where V' class mark

g mean annual growth increment of a
particular class.
TaBLE X11: L; AND L;4+7 VALUES
Shetl Increment Ly Levy
breadth (cm) (cm) (cm)
(cm)
550 0-88 5-060 5-940

650 076 6:120 6-880
7-50 0-67 7-165 7-835
8-50 0-54 8-230 8-770
9-50 0-61 9-195 9-805
10-50 0-52 10-240 10-760
11:50 0-51 11-245 11-755
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Values for L, ., and L, derived in this manner
are shown in Table XII. A plot of L,,, on L,
is illustrated by Fig. 11. It is apparent that the
relationship between L,., and L, is linear, and
that the line describing this relationship intercepts
the 45° diagonal on the figure at an L, value in
the region 19-5 c¢cm. This value is an estimate of
the maximum theoretical size which H. midae can
attain and it coincides fairly closely with field
observations in the area. The largest animal
recorded by the Division’s divers was 18-5 ¢cm in
breadth, although larger individuals have been
collected by commercial divers. In view of the
fact that a plot of L, ., on L, is linear and provides
a reasonable estimate of the value of L., the
coefficient (b—a) of the generalized von Bertalanfty
equation may be assumed to be equal to one
(Taylor, 1962). The generalized equation is there-
for reduced to the familiar form

L, = L, (l—ekt1))

. )
derived originally by von Bertalanffy in 1938.
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From equation (7) it can be shown that
Livi Le(l—e*) 4+ L e . (8)

is a linear function of L, ., on L, and is essentially
the Walford plot of Fig. 11 (Ricker, 1958). This
expression may therefore be used to estimate the
parameters of (7). A linear equation was accord-
ingly fitted to the data from Table XII by the
method of least squares. This was found to be:
L,y =0-9425L, + 1-1120 . 9
From the above equation the parameters K and
L, were calculated as 0-0593 and ]9-33 cm
respectively.

The remaining parameter to be calculated is
1, and it may be obtained from the value of the
intercept of

Log. (Lo, —L;) = Log. L, + Kt,— Kt .

which is a linear expression of Loge (L
on f.
The estimation of the coefficients of the above.

. (10) .
—L,),



expression requires that lengths at time ¢ be known
and this information is not directly available for
tagged H. midae. If, however, the age of any one
point L, on the Walford plot can be determined,
then the size at successive ages can easily be
calculated from equation (9). From Fig. 10 it is
apparent that the mean size at the age of one year
(L) is 1-8 cm. Unfortunately the shell breadth
at the age of two years does not fall within the
range of the above curve and this is required if
I, 15 to be used to determine the age of successive
sizes on the Walford plot. The shell breadth L,,
and for that matter subsequent values of L,, may
be obtained indirectly from Fig. 9. Considering
that portion of the curve between the shell breadth
values 2:5 ¢cm and 6-0 cm the following growth
rate values may be interpolated.

Shell breadth Growth rate

(cm) (cm per annum)
2-5 1-70
3-0 1-54
3-5 1-39
4-0 1:26
4-5 1-13
5-0 1-00
5-5 0-88
60 0-81

From the above the approximate values of L,
and L,,, were derived as follows: At the size
2:50 cm at age 17 months (Fig. 10) the shell
breadth/age curve was extrapolated by calculating
and accumulating the time required to fulfl
successive growth increments at the growth rates
listed above. This technique requires that the
growth rate quoted for a particular shell breadth
be representative of a mean rate throughout the
increment. Under these circumstances the smaller
the shell breadth increment used the better, the
ideal being the integration of infinitely small
increments. In this case intervals of 0-5 cm were
used and the ages of abalone of various sizes
within the range 2-50—6-00 cm shell breadth were

TasLE XI1I1: EXTRAPOLATION OF THE SHFLL BREADTH/AGE

CURVE
| Shell breadth | Period for 0-5cm | Cumulative

(cm) increment (years) period (years)
2-50 1-42
2-75 0-15 1-57
3-25 0-32 1-89
3-75 0-36 2:25
4-25 0-40 2-65
4-75 0-44 3-09
5-25 0-50 3-59
5-75 0-57 4-16
6-25 0-62 4-78
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obtained. These sizes, together with the time
required to fulfil the 0-5 cm increment immediately
preceding them and the cumulative time, are listed
in Table XIII.

The data of Table XIII were plotted and the
following mean sizes at particular ages were
graphically estimated:

Age Mean shell breadth
(years) (cm)
1 1-8 (From Fig. 10).
2 3-4
3 4-7
4 5.7

These values were in turn plotted on Fig. 11
and, except for the values 4-7 and 5-7 cm, they do
not appear to coincide with the straight line
describing the data for the larger sizes. This
phenomenon has been noted by other authors
using Walford plots and is attributed to the fact
that the growth of smaller individuals of a species
does not necessarily conform to the pattern found
in later life (Ricker, 1958).

From Fig. 11 it will be seen that the point of
the plot of L; (5:-7 cm) on L; (4-7 cm) is located
almost exactly on the extrapolated Walford line.
The sizes at two ages which conform to the Walford
pattern are therefore known.

The shell breadth at 5 years (L;) could therefore
be calculated by substituting 5-7 cm in equation
(9) and the resultant value was in turn used to
calculate L.

By repeating this operation it was possible to
calculate the mcan shell breadths at particular
ages within the size range for which tagging data
were available, i.e. between 5 and 12 cm. These
values, which appear in Table XIV, could then
be used to calculate 7, from the intercept of the
regression of Log, (L—L,) on ¢.

This relationship is perfectly linear as the original
L, values are calculated from the linear Walford
equation. In thus case 7, was — 1-8820 and the
von Bertalanffy equation describing the growth
of H. midae becomes:

L, 19:33 (1 — €—0-0593 (£ +1:8820) ) an

This function is illustrated by Fig. 12. As the
Walford plot of Fig. 11 has shown that, below
4-0 cm, growth does not conform to the pattern
for larger animals, this section of the curve is
reproduced from Fig. 10. Also illustrated is the
hypothetical growth of individuals larger than 12
cm, and the theoretically determined maximum
size L. These are represented by interrupted
lines in the figure.

S



TaABLE XIV: ESTIMATED GROW TH IN TERMS OF SHFLL BREADTH,
SHELL LENGTH AND BODY WEIGHT

Age Shell breadth | Shell length Body weight
(years) (cm) (cm) (®
3 4.7 6-4 26
4 57 7-5 45
5 65 8-4 65
6 7-2 9-2 86
7 7-9 9-9 111
8 8-6 10-7 141
9 9-2 11-4 170
10 9-8 12-0 202
11 10-3 12-6 232
12 10-8 13-1 265
13 11-3 13-7 301
14 11-8 14-2 339

4.2 Shell length

Growth in terms of shell length may easily be
obtained by transforming the shell breadths of
Table XIV to shell lengths by means of the
relationship:

L = 1-0925B 1-2995
where L shell length in cm
B shell breadth in cm.

This function will be fully discussed in Section 5.

The mean shell length values are also listed in
Table XIV.

Sakai (1962) has presented mean shell lengths
for Haliotis discus hannai for the first six years
of life. This species has well-defined annual rings
on the shell surface and the growth history could
conveniently be traced in individuals from different
localities within Onagawa Bay, northern Japan.
Growth was found to vary considerably with
locality and the results from three sites have been
extracted from Sakai’s Table 11l. These are pre-
sented in Table XV together with some results
from Stony Point. From the table it appears that
the growth of H. midae is cssentially similar to
that recorded at Maeami and Tzushima. Sakai’s
results for Hazaka indicate that growth here is
faster than that noted for H. midae or H. discus
hannai at the two abovementioned localities.

4.3 Body weight

Using the expression

W = 0.3608 B*7736
where W body weight in g

B — shell breadth 1n cm,

the mean shell breadth values of Table XIV were
converted to body weights. These are also listed
in the table.

It is interesting to note that over the size range
investigated the relationship between age and body
weight is exponential. The point of inflection of
the normally sigmoid curve of weight on age has
not been attained at an age of 14 years and a
body weight of 339 g. This weight is just over
30 per cent of the maximum recorded at Stony
Point, which was 1126 g.

5. GROWTH RELATIONSHIPS

Growth in molluscs is most conveniently ex-
pressed in terms of increases in a particular shell
dimension with time. These increments arc,
however, manifestations of a more complex over-
all increase which can be better appreciated if
the relationships between selected shell dimensions
as well as that between shell dimensions and
body weight are known. Such relationships have
been studied intensively and marked variations
in shell shape have becn recorded within the same
species. These variations have been attributed to
size and environmental factors (Wilbur & Owen,
1964).

Two methods of representing growth relation-
ships are available. Thompson (1942) has shown
that in many molluscs the pattern of growth in
the horizontal plane may bc represented by a
logarithmic or equiangular spiral and Moore
(1936, 1937) uscd this method for an investigation
of variations in shell shape of the gastropods
Purpura lapillus and Littorina littorea. 1n addition
Sinclair (1963) calculated the parameters of this
equation for Haliotis iris and Haliotis australis.

Alternatively, and more directly, the change in
shell shape throughout the size range can be
cxpressed by mcans of cxponential or linear

TABLF XV: GROWTH IN SHELL LENGTH (CM) OF H. midae FROM STONY POINT AND H. discus hannai FROM THREE LOCALITIES
IN NORTHERN JAPAN

SPECIES AGE (YEARS)
1 4 5 6
H. midae, Stony Point. . 2-7 4-7 65 7-5 8-4 9-2
H. discus hannai, Maeami 2-7 4-1 6-0 7-5 — —
H. discus hannai, Tzushima 29 4-7 67 8-4 9-5 10-1
H. discus hannai, Hazaka 2-8 5-0 7-5 9-7 11-1 —

15
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regression equations. This method has proved to
be more popular than that advocated by Thompson
(1942) and has been used to describe the shell
shape of many gastropods and bivalves, including
haliotids (Wilbur & Owen, 1964). Regression
methods are advantageous because of the ease
with which the dimensions can be recorded and
later represented by equations.

As a large amount of data were available for
H. midae of both sexes in different localities, a
fair number of regression equations could be
fitted. Pairs of equations had to be tested to locate
statistically significant differences between them.
The calculations involved were considerable, so
use was made of an 1.B.M. 1620 computer.

Data for the above analyses were available from
the four research stations, three of which are
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indicated on Fig. 1. These were at Stony Point,
Dawidskraal (about one mile from Stony Point),
Sea Point and Dassen Island. The relationships
which will be described are:

shell length/body weight

shell length/shell breadth;

shell length/shell depth;

shell breadth.body weight.

5.1 Methods

Data were collected in the course of monthly
sampling for reproductive cycle studies, special
sampling collections, year class investigations, and
tagging operations. Shell lengths and breadths were
measured by means of vernier calipers and, except
in the case of tagging operations, abalone were
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removed undamaged from their shells and weighed
to the nearest g. Length/weight curves were only
calculated from animals collected during the period
June to October in any one year, to ensure that
these curves were based on abalone with fully
developed gonads.

After weighing, the shell depth was measured
by means of an apparatus designed at the Division
and illustrated in Fig. 13. The functioning of this
apparatus may best be described with reference
to the figure. Shells were placed with the ventral
side uppermost beneath the perspex stage which
was lowered to make contact with the edge of
the shell. The internal shell depth was then deter-
mined as the difference between the horizontal
plane in contact with the shell edges and the level
of the shell apex. This distance was measured
by means of the depth gauge illustrated, which
could be positioned correctly within one of three
slots in the perspex stage.

The shell length/body weight relationship, as
judged from preliminary scattergrams, was obvi-
ously exponential but there was some doubt as
to the form of the shell length/breadth and shell
length/depth curves. To establish these, the mean
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shell breadths and depths within shell length size
classes of one cm were computed. Both mean
shell breadths and depths were then plotted on
shell length and on this basis the form of the
relationship was obtained.

For each relationship males and females were
treated separately to locate possible sexual dimor-
phism and differences between the coefficients were
tested to determine their significance. As the
relationships examined were either linear or
exponential, tests of slopes and intercepts were
used, the method being that of Bennett & Franklin
(1954). This test could be used because the scatter-
grams showed that the variance around the log-
transformed or linear least squares estimates was
more or less constant over the size range of mature
abalone. No sexuval dimorphism, significant at the
five per cent level, could be shown in any of the
relationships considered and separate curves for
males and females are therefore not presented.

5.2 Results

Stony Point
The shell length/body weight relationship through-






and female abalone as:

W = 03608 B*7736
where W = body weightin g
B = shell breadth in cm.

Similarly, to convert the shell breadth growth
curve to shell length units, a function was required.
This was calculated from 1461 individuals with
shell lengths of more than 4-5 cm as:

L =1-0925B + 1-2995.

Having described the important shell dimension
and body weight relationships for the intensively
sampled Stony Point research station, it was
possible to use the somewhat limited data from
the three other research sites for intraspecific
comparison. The three other sites were situated
at Dassen Island and Sea Point, both on the
Atlantic side of Cape Point, and at Dawidskraal,
near Stony Point. At the former two localities
the size range of the population was fairly restric-
ted, and small abalone (below approximately 13
cm) were extremely rare. At Dawidskraal, however,
smaller individuals were available from certain
inshore reefs but sampling was concentrated on
the population occurring further off shore, with
the result that few animals below 13 cm were
collected. Because of the absence of smaller size
ranges at these stations, single linear equations
werc used to describe length/breadth and length/
depth relationships. The relationship between shell
length and body weight is an exponential one.

Dassen Island

All samples were collected from a shallow reef
in the middle of House Bay, a large protected bay
on the east side of the island. A luxuriant kelp
growth covers the reef, and a large dense popu-
lation of H. midae occurs on the rocky substratum
between 10 and 25 feet. .

The following relationships were calculated for
this site.

W = (-1223[3-081% N = 170, standard
error = 1-146

B 0-9017L — 1-2050 N 643, standard
error = 0-4248 cm

N = 395, standard

error = 0-6901 cm

D - 0-4658L — 2-1476

where N = sample size.

The second research site west of Cape Point was
at Sea Point, Cape Town. Collections were made
in depths ranging from 10 to 25 feet on a rocky
substratum well covered by kelp. This particular
research site was fairly thinly populated and ex-
posed to severe wave action during rough weather.
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Relationships here were:

W == 0-2718L1%8% N 108, standard
error = |-167

N 436, standard
error = 0-5247 cm

D =0-4166L.— 1-6284 N 227, standard

error = 0-7612 cm

B = 0-8910L — 0-8017

Dawidskraal

The Dawidskraal station lies within a mile of
Stony Point. Collection at this site took place
in a dense and extensive bed of kelp. The depth
at this station varies between 10 and 30 feet and
the area is reasonably exposed to southerly swells.

Relationships here were:

W = 0-0297/3-5039 N 169, standard
error = 1-247

B = 0:9206L — 1-1320 N 234, standard
error = 0-4354 cm

N = 209, standard

error 0-7028 cm

D = 0-4216L — 2-3306



5.3 Discussion

Small abalone were not freely available at sites
other than Stony Point and collections were
mostly limited to mature specimens at these
stations. For comparison with other stations
therefore, linear and exponential regressions were
calculated for Stony Point mature males and
females combined as follows:

W = 0-0474 [3%%
B 0-9124L 11555
D =0-3558 L — 1-5330

different stations were therefore tested for signifi-
cance. The results of tests on the slopes and inter-
cepts of paired stations are shown by Table
XVI. It is apparent that except for the intercepts
of the Dassen Island and Dawidskraal expressions,
no two parameters could be shown to differ at
the 5 per cent level. The above results are not
unexpected in view of the relatively large standard
errors of the functions concerned.

Expressions representing the shell length/shell
breadth relationships for data from the four
stations are illustrated by Fig. 17. The four linear
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These functions have been plotted on Figs. 16,
17 and 18 together with data from the other
research sites.

Fig. 16 suggests an interesting difference between
length/weight relationships of different localities.
The Stony Point and Dawidskraal curves are
similar for much of their length, as could be
expected with data from adjacent localities. The
curves for Dassen Island and Sea Point are located
above those calculated for the stations east of
Cape Point. For example, the best estimates of
body weight associated with shells 15 ¢cm long are
400 g and 570 g at Stony Point and Sea Point
respectively. The differences between the models
representing the length/weight relationships at the
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graphs are essentially very similar and, unlike the
length/weight curves, do not suggest a pattern
which is associated with the site of collection.
The differences between the parameters of pairs
of expressions were tested and the probability
levels, which are listed in Table XVII, are such
as to indicate no real difference between shell
length/shell breadth relationships from different
stations.

Finally, the shell length/shell depth relationships
may be considered. As in the case of the length/
weight relationships a pattern is suggested by Fig.
18. Shell depths at Stony Point (and to a lesser
extent at Dawidskraal) seem to be less at equivalent
shell lengths than at Dassen Island and Sea Point.



TABLE XVI: RESULTS OF TESTS OF THE SIGNIFICANCE OF DIFFERENCES IN SHELL LENGTH/BODY WEIGHT RELATIONSHIPS DUE TO

LOCALITY
Locality Parameter Degrees of t Probability i
tested freedom
Stony Point  — Dawidskraal Slopes 577 1-12 30
Intercepts 0-03 -90
Stony Point — Sea Point Slopes 517 0-08 -90
Intercepts 0-02 -90
Stony Point  — Dassen Island Slopes 579 1-30 -20
Intercepts 0-45 -70
Dawidskraal — Sea Point Slopes 274 0-07 ‘90
Intercepts 0-01 -90
Dawidskraal — Dassen Island Slopes 336 1-81 -10
Intercepts 2-21 -10
Sea Point — Dassen Island Slopes 276 0-02 >-90
Intercepts 0-002 >-90

TABLE XVII: RESULTS OF TESTS OF THE SIGNIFICANCE OF DIFFERENCES IN SHELL LENGTH/SHELL BREADTH RELATIONSHIPS AT
DIFFERENT LOCALITIES

Locality Parameter Degrees of t Probability
tested freedom

Stony Point  — Dawidskraal Slopes 903 0-38 -80 -
Intercepts 0-42 -70

Stony Point Sea Point Slopes 1105 1-10 -30
Intercepts 0-01 -90

Stony Point — Dassen Island Slopes 1212 0-58 -60
Intercepts 0-57 -50

Dawidskraal Sea Point . Slopes 666 0-99 -4
Intercepts 0-31 -80

Dawidskraal — Dassen Island Slopes 773 0-72 -50 -
Intercepts 0-89 -40

Sea Point — Dassen Island Slopes 975 0-43 -70
Intercepts 0-56 - 60

The results of significance tests are shown on
Table XVIII. The tests reveal a very significant
difference between the slope coefficients of the
Stony Point and Dassen Island data, but the
difference was less significant between Sea Point
and Stony Point (P == 0-10). In addition there
was also a significant difference between the slopes
at Stony Point and Dawidskraal. This latter
result is not unexpected as a marked difference
in the slopes of the two sets of data is apparent
from the figure. In all other comparisons no
significant differences could be shown.

It is interesting that Barnard (1963—page 304),
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when discussing the taxonomy of South African
Haliotidae, remarks as follows on Haliotis midae:
“The name elatior was given to unusually high
individuals; such forms are reported to be of
more frequent occurrence at Saldanha Bay than
elsewhere™.

Saldanha Bay is on the Atlantic coastline, near
Dassen Island. The subspecies H. midae elatior
is not, however, recognized by Barnard.

Although it cannot be proved statistically, it
appears that abalone from the Atlantic stations
weigh more per unit length than those collected
at stations east of Cape Point. Comparisons of



TasLr XVIIT: RESULTS OF TESTS TO DETERMINE THE SIGNIFICANCE OF DIFFLRENCES IN SHELL LENGTH/SHLLL DEPTH RCLATIONSHIPS
AT DIFFERENT LOCALITIES

Locality Parameter Degrees of 1 Probability
tested freedom
Stony Point Dawdskraal .. .. Slopes 800 2-04 -05
Intercepts 0-51 -70
Stony Point Sea Point .. _ Slopes - 818 - {-87 - 10
Intercepts 0-17 -80
Stony Point Dassen Island .. .. SlTpes 986 3?3 -001 a
Intercepts 2-22 -05
ﬁDavsidskraal Sea Point __ .. Slopcsﬁf N 232 - 0-09 T -90
Intercepts 0-70 -50
Dawidskraal Dassen Island .. .. | Slopes 7 600 0-90 .40
Intercepts 1-13 30
Sea Point  — Dassenlsland .. .. | Slopes - 618 0-99 40
Intercepts 0-35 - 80
—__ STONY POINT :
1004 soNy POINT — - DAWIDSKRAAL o
DAWIDSKRAAL - e NT
1000 SEA POINT  —=- b 16{ -_-. DASSEN ISLAND
900 DASSEN ISLAND ---- A
. 15 4
< 800 -~
3 s
= C 14
— 7001
T T
o o
w 600 {
Y é 13
> 500 m
[a) ’Zl
@) -
D 400 ]
o
3004 1 A
200 { 104
100
9 .
2 B % 5 16 7 1B 19 20
SHELL LENGTH (CM T - N
Fi6. 16. Shell length/bod eight(relati)onships R b 1516 v 1B B8 2
1G. 16. She ngth/ Yy W
at four research sites SHELL LENGTH (CM )

. . C . .. FiG. 17. Shell length/shell breadth relationshi
shell relationships indicate that this increased ! ea( ff,'fﬁ reieﬁrch r:t:uion;ea onships
weight is due rather to greater shell depth per unit
length than to greater shell breadth. shell length/shell depth relationships. Considering

An interesting aspect of the shell dimension the former, the constant slope below 4-5 ¢cm shell
relationships for H. midae is the inflection point length means that the ratio of the absolute growth
occurring in both shell length/shell breadth and rates of the two dimensions remains constant over
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this size range. Above 4-5 cm, a fairly abrupt
change in this ratio occurs, but thereafter the
new absolute ratio remains constant. The ratio
of the relative growth rates remains constant only
if the relationship is linear and passes through
the origin of both the shell length and breadth
axes. In the case of H. midae smaller than 4-5
cm, the intercept coefficient is low (—0-0071) and
the ratio of relative growth rates may be assumed
to be constant. This is not true for individuals
above 4-5 ¢cm in length, for, in this case, the inter-
cept coefficient is — 1-0843. The results for the
shell length/shell depth relationship are essentially
similar except that the inflection point occurs at
about 11 cm.

The significance of the well-defined inflection
points of the above curves is doubtful. Haliotis
midae with shell lengths below 5 cm occur very
commonly beneath loose rocks and boulders.
Above this size they move to cover shallow reefs,
for, by virtuc of their size, they are relatively
safe from predation by fish. This change in their
immediate environment may be associated with
the abrupt change in the growth pattern, but this
1s only a tentative suggestion.

No explanation can, however, be offered for
the inflection point of the shell length/shell depth
relationship.
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ABSTRACT

The South African abalone, Haliotis midae can move
over 300 yards in periods of 104 to 558 days. Within
just over one month ocne, three and four individuals
covered distances of 132, 176 and 220 yards. The mean
rate of movement of a sample of 23 individuals within the
size range 5.60 to 12.30 cm shell breadth was about 1000 yds.
per annum, The incidence of movement was found to be
high. Of 59 returns found during one search, 38 or 64
per cent had moved away from the tagging area in
periods of 27-112 days.

The movement of H., midae is such that dense groups
of smaller abalone are capable of replenishing stocks of
larger animals in their vicinity by movements to
favourable but exploited reefs.

INBRODUCTION

This paper is part of a series which describe the
results of an abalone (Haliotis midae) research programme

conducted at the Division of Ses Fisheries. It deals
with movement as shown by a tagging experiment. The
experiment was run for a period of two years, from
January 1962 to December 1963, at Stony Point, a
peninsula near Hermanus, Cape. This area is the centre
of the 3outh African abalone industry.

The kinematics of the locomotion of Haliotis
tuberculata were investigeted by LISSMAN (1945) by
means of a series of laboratory experiments. His results




2.

showed that locomotion is by means of ditaxic waves of
characteristic form and frequency. Haliotis tuberculata

is described by the above author as being "a very active
creeper with agile turning movements".

Although literature dealing with the movement of
Haliotis in the field is somewhat limited, there is
evidence that members of this genus actively move about
within their habitat.

STEPHENSON (1924) reports that H. tuberculata is
extremely active and moves suprisingly fast. A homing

habit for this species is not suggested, because no

scar is apparent on the rocks from which these animals were
removed. Further evidence of the mobility of this

Buropean species is cited by CROFTS (1929) who tagged an
undisclosed number of H. tuberculata. In only two instances

were these marked abalone recovered where they had been re=
placed after tagging. In addition, this author observed
individuals moving at between 8-20 inches per minute.

In the case of Japanese abalones, changes in the size
composition of commercial catches are offered as evidence
of a seasonal influx of large abalone into shallow
exploited waters during the breeding season (INO 1952).
Comments on the movements of Californian abalones are
available from various publications by K.W. COX. The
Californian red abalone, Haliotis rdfescens, is reported
to have moved over a 100 yds. in a horizontal direction

but has never been observed to move from deep to shallow
water. Transplanted red abalone have moved from the top
of a shallow reef to deeper water, while a tagged black
abalone (Haliotis cracherodii) is reported to have




remained in the same place for two years (COX 1960).
In a later publication COX (1962) describes how after 1
to 4 years, tagged H. rufescens were recovered in the

same general area in which they were replaced.

SINCLAIR (1963) reports that occasional large specimens
of the New Zealand paua, Haliotis iris, have been seen

moving during the day. In a2 subsequent section of her
paper she states that at no time during the day was a
specimen seen moving unless it had been disturbed. From
these statements it would appear that movement of this
species rarely occurs during the day. SINCLAIR surmises
that nocturnal foraging movements must take place, for
there is often a scarcity of algal food in the viecinity of
this species. In addition, it is highly probable that
these animals exhibit a homing instinct.

In the case of the commercially important South
African abalone, Haliotis midae, no published observations

on movement are available. Many commercial divers

have reported that reefs "cleaned out" during fishing
operations are often repopulated within periods ranging
from six months to a few years. As the growth rate

of H. midae is not sufficiently fast to account for
larval repopulation within these periods, this must be
due to movement of the animals from adjacent areas to
favourable but exploited reefs. It thus becomes important
from the conservation viewpoint to confirm whether or not
movement amongst the population commonly occurs, and,if
so, what distances can be covered by H. midae during
specified time intervals.
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The tagging experiment was conducted on the eastern
gide of the Stony Point peninsula, along approximately
400 yds. of coastline. The location of Stony Point,
together with the limits of the commercially exploited
abalone area, appear in Figure 1. A detailed map of
the experimental area is illustrated in Pigure 2.

From the eastern shoreline of the peninsula a rocky
bottom extends seawards for a distance of about 50 yds.
forming a band along the whole length of Stony Point.
Beyond this, at depths of 15-20 feet, a sandy bottom

occurs and this effectively bars abalone from moving off-
shore, except at the seaward end of the point where the
rocky bottom extends over a large area and into deep
water. The shoreline of this peninsula is comparatively
sheltered from wave action and supports a dense population
of small abalone which occur on fairly shallow reefs.
At the seaward end of the peninsula, exposed to a fair
amount of wave action, a very dense population of larger
individuals occurs. This area is fairly typical of many
similar environments in the vicinity of Hermanus which seem
to be particularly suitable for the maintenance and growth
of large populations of small sbalone. An additional
advantage of this site, from the point of view of a movement
study, was that the rocky bottom was long (400 yds) but
narrow (50 yds) with good landmarks on the shore.  This
enabled the movement of recoveries to be accurately
recorded.

METHODS

During the period January 1962 to June 1963, 2,645
H., midae were tagged at Stony Point by divers from the
Divigion of Sea Fisheries using SCUBA. Weather permitting,
200 to 300 animals were tagged during two to three days






each month. The abalone were carefully removed from

the rocks with levers and placed in cellecting bags
carried by divers. After the collection of sufficient
animals, usually about €0, tagging on the shore commenced.
Abalone were marked by means of Petersen discs. A
messgge disc was placed inside the shell gnd fixed to

an external numbered tag by means of a nickel pin passing
through a respiratory pore. S0 as not to interfere with
normal growth, tags were placed in position opposite the
fourth anterior respiratcry pore, well away from the
growing edge of shell. A specimen tagged in this manner
is illustrated in Figure 3. The shell length and breadth
of each animal was measured by means of vernier calipers.
After a batch of abalone had been tagged they were returned
to the seabed by divers to within a few yards of the site
of collection, the position of return being noted in the
case of each batch. In order to reduce mortality due

to exposure tc the air abalone were kept submerged in
rockpools between collection and tagging except for a
period of two to three minutes during which tagging and
megsuring took place. Although no estimate is possible,

tagging mortality is believed to be low, because:

No damaged abalone were used for tagging;

Divers replaced abalone on the seabed,
holding them against the substratum until
such time as they adhered firmly to the
rock and were comparatively safe from
predation or damage by wave action.

Few tagged but empty shells wére found in
tte experimental area on subsequent dives.
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The loss of a few tags 1is known to have occurred.
Cccasional toothmarks and bent Petersen discs indicated
that the bright, yellow, plastic tags used in the
investigation were subject to attack, presumably by fish.
No such attacks were however witnessed. A few tags were
sO severely bent that cracks were apparent and on occasions
animals without outer tagging discs were found.

Recoveries were made during systematic searches by
divers from the Divisicn. Two divers swam abreast down
transects from the shore to the rock bottom boundary (a

distance of about 50 yds.) and collected or noted all
tagged animals., To fix recovery positions prominent
points on the shore were selected and the areas between
these were referred to as sections. These were denoted
Ay By Cy D, E and F (see Table 1 and Figure 2). Each .
section was searched by means of a series of transects which
covered strips of the sea bed about 22 yds. in width.

To locate th transects the whole peninsula was divided into
22 yd lengths, called distance units for convenience.
This system is shown on Figure 2, from which it can be seen
that a search of section A would consist of three transects
located approximately at distance units 4, 5 and 6.

On one occasion abalone found on each transect were
recorded separately, and this gave a fairly accurate
record of movement. This method proved very tire consuming
and limited the area which could be searéhed, so generally,
although searching was by means of transects located at distance
units, the recoveries were allocated to sections i.e. 4,
B etc. on Figure 2. The midpoint of each section was
then regarded as the recovery position of all tagged abalone
found within it. These mid-points, together with the



limits of the sections, appear in Table 1. The length
of each section in yds. is also shown by the table.

Similarly the position of tagging was regarded as
the mid-point of the section in which abalone were replaced
after marking. The difference between the two mid-points
was therefore an estimate of the distance travelled.

TABLE 1: THE SIZE AND LOCATION OF COASTLINE SECTIONS
SEARCHED DURING THE PERIOD 17/§/62 - 26/11/63.

Limits Mid-point Length of
Section (dist. units) section
(dist. units) {yards)
A 4 - 6 5.5 66
B 7- 9 8.5 66
C 10 - 14 12.5 110
D 15 - 16 16.0 a4
E 17 - 20 19.0 88
F 21 - 23 22,5 66

Abalone movements were therefore measured in a
direction parallel to the straight line approximating
the eastern coastline of Stony Point. The change in
distance from the shore of tagging and recovery positions
has been ignored but this omission is not regarded as
serious because abalone were confined to the relatively
narrow (approximately 50 yds. wide) band of rock running
the length of the peninsula. Consequently large on and
off-shore movements, relative to movements parallel to
the coastline, could not take place.






9.

Estimates of movement were made in all cases wheMe
recoveries could be associated with one of the sections
listed in Table 1. These estimates, together with detalls
of each recovery's tag number, initial shell breadth,
date tagged and recovered, tag-recovery period as well
as position tagged and recovered are listed in Appendix 1.

The bulk of tag recoveries were made by the Division's
divers during the searches described above. As the
majority of the animals concerned in the experiment were
below the legal minimum size 1imit, tag-returns by
commercial divers were negligible. This is illustrated
by the recovery size frequency histogram of Figure 4 on
which the minimum legal size limit and the maximum size
recorded by the Division are also shown.

Searching was only practical during calm clear sea
conditions. On only two occasions was it possible to
search an extensive length of coastline in a short time
period. During August and September 1962 the coast
between units 3 and 17 was searched within seven days.

In November 1963 the area between units 4 to 24 was
covered in two days. In the course of this latter search
the method of searching within the sections listed in
Table 1 could not be strictly adhered to and some of these
recoveries could not be used to estimate movement.

In addition to the above, abalone were recovered
during tagging as well as during searches of individual
sections at different times.

RESULTS

H.
A total of 2,645Amidae were tagged in the area and

373 (14 per cent) were recovered within 558 days.
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Twenty-eight of these were recovered or noted twice within
the area and one abalone was recovered three times during
the experiment.

The recovery position of 232 tagged abalone was
known, so these could provide data on movement. Thqir
recovery information is summarised in Table II, from
which it appears that fairly large distances can be
covered by this species. There are no less than 15
records of abalone which have travelled at least 308
yds. along the Stcny Point peninsula in periods ranging
from 104 to 558 days. Within just over one month, one,
three and four individuals covered distances of 132,
176 and 220 yards respectively. Conversely, many
abalone were found not to have moved significant dis=
tances. The first row of Table II, which includes
movements of O to 43 yards, contains periods ranging
from 21 to 556 days. This indicates that some abalone
remain in the same small area for comparatively long
periods, although the possibility that abalone leave
and then return to the area in which they were tagged

cannot be discounted.

The range of abalone movement rates could only be
fully described from data recovered during searches which
covered an extensive continuous area within a reasonably
short period. On occasions when only one or two isolated
sections were searched the rates of movement recorded are of
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TABLE 2: FREQUENCi OF MOVEMENTS OF TAGGED ABATLONE AT
STONY POINT DURING 17 MAY 1962 TO 26 NOVEKBER 1963,

Mo;gg?nt Tag-recovery Period in daysEE \ Freq.
21 23 28 34 35 55 56 57 18 7? 84 91
(7) (6) (21) (3) (6) (2) (2) (3) (4) (3) (3) (2)
O- 43 96 104 110 111 112 119 120 145 174 175 180 207
(5) (1) (5) (2) (1) (1) (1) (8) (1) (1) (2) (1) 101
215 271 277 311 322 453 556
(2) (2) (1) (2) (1) (1) (1)
10 27 28 34 49 57 71 141 145 161 208 215
44— BT (16) (2) (1) (2) (1) (1) (2) (1) (1) (3) (4) (4) 14
277 340 381 431 432
(1) (1) (1) (2) (1)
88- 131 50 54 55 103 116 180 220 | 15
(4) (1) (2) (1) (3) (&) (2)
132- 175 33 77 117 118 166 167 200 363 368 18
(1) (2) (&) (1) (4) (1) (1) (1) (v
176- 219 34 55 77 110 111 116 117 118 271 363 20
(3) (2) (1) (1) (4) (1) (3) (1) (1) (1)
364 396
(1) (1)
220- 263 33 34 55 110 117 139 318 319 361 14
(3) (2) (2) (1) (1) (2) (1) (1) (1)
264~ 307 118 319 363 364 397 5
(1) (1) (1) (1) (1) L
308- 351 104 165 181 216 278 6
(1) (1) (1) (2) (@
352- 395 166 167 208 274 390 558 9
(1) (1) (1) (4) (1) (1)
232

® The figures in brackets indicate that number of recoveries
wlthin each category.



little significance for these are too dependent on the
location of the search area.

Data from only one recovery seasion proved sultabie
fﬂgm the examination of movement rates. This was during
August/September 1962 when the area between distance
units 3 and 17 was covered and many recoveries with short
tag-return periods were noted.

The rate of movement was expresssd as the distance
moved per annum and could easily be calculated from the
recorded movement and the tag-return period. Such
estimates were made for all abalone recovered in the
abovementioned search and these have been classified
in Table 3.

Prom the table it is evident that the maximum rate
of movement, as shown by 7 recoveries, lies between
2,000 and 2,499 yards per annum, The rate does, however,
seer t0 vary considerably. Recoveries with short tag-return
periods, that is 27-35 days, occur throughout the range of
rate intervals listed in Table 3 but abalone at large
for longer periods tend to be confined to the slower inter-
vals of the table. This is probably due to the fact that
the faster moving individuals of the latter group travelled
beyond the area searched in the time between tagging
and searching. In spite of this, movement rates between
500 and 999 yards per annum are fairly common. In
addition a large proportion of all recoveries made during
this search had a low rate of movement viz. O to 249 yards
Per annum. Tag-return periods in this case ranged from ;
34 to 112 days.
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The above data inidicate that the rate of movement
of this species is extremely variable. For practical
purposes it was necessary to obtain some estimate of the
mean rate of movement. For this 23 recoveries with short,
tag-return periods (27 to 35 days) were selected from
the above sample. The short tag-return periods ensured
as far as possible that even fast moving individuals
would be recovered before they moved beyond the search
area.

These recoveries appear in Table 4, which also lists
details of the tag number, shell breadth, tag-recovery
period, distance moved and rate of movement. The mean
rate of movement of these abalone, which occur within
the size-range 5.60 to 12.35 cms., amounts to 1083 yds.
per annum. The range about this mean 1s 229 to 2433

yards per annum.

The above figures are based on data measured against
a fairly crude scale. As such the calculated mean rate
of movement can only indicate the order of the movement
per year which can be expected from individuals within
the size range investigated. In addition the observations
used were all at large during the winter months only.
No allowance has therefore been made for possible
seasonal variations in the rate of movement.

The arrangement of values for shell breadth and rate
of movement in Table 4 suggest that there may well be
some assoclation between these variables. Smaller abalone
within the sample tend to exhibit lower rates of movement
than thelr larger counterparts. The significance of this
association was examined by calculating the Spearman Rank
Correlation coefficient, s as described by SITGEL (1956).
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TABLE 3: FREQUENCY OF RAT=S CF LMOVEMENT POR ALL
ABALCNE RiICOVAERED ON THE 30 AUGUST 1962
AND 5-6 SEPTHENBAR 1962.
Rate of
?;g:?egzr Tag-return periods ® in days Freg.
annum
O- 249 34 35 56 57 71 78 79 104 27
(3) (6) (2) (3) (2) (4) (3) (1)
111 112
(2) (1)
250~ 449 34 49 57 200 5
(2) (1) (1) (1)
500~ T49 28 50 77 110 111 139
(1) (1) (2) (2) (4) (2) 12
750- 999 27 50 77
(2) (3) (1) 6
1000-1249 -
1250-1499 33 55 4
(1) (3)
1500-1749 -
1750-19399 34 1
(1)
2000-2249 34 2
(2)
2250-2499 33 34 5
(3) (2) -
62

* o N . .
Numbers in brackets indicate the number of recoverles

within each tag~return period.
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This non-parametric measure of correlation was'selected
because the distribution of the rates of movement within
the sample was obviously not normal. The value for Sy
which incorporates the correction required for the high
proportion of tied ranks in the sample, amounted to
0.4694. For a sample of 23 individuals this value is
significant at the 5, level only. The result suggesté
that although there is a significant assoeiation between
size and rate of movement, the nature of s is such that
the relationship cannot be considered to be very marked.
Purther conclusions about this are beyond the scope of
the investigation.

The extent and rate of movement have been discussed.
From these results it is apparent that the proportion of
abalone which move must be fairly high. Reference to the
frequencies listed in Tables 2, 3 and 4 will confirm this.
These proportions can be defined more exactly for specific
time periods if the results of the extensive search
conducted during August/September 1962 be considered.
During this search 59 abalone were recovered between
distance units 3 to 17. These had been at large for
27-112 days. Of the recoveries, 38 &b é4 per cent had
moved beyond the area in which they were replaced after
tagging.

Because the coastline beyond the 16th distance unit
was not covered during this search the actual percentage
of tagged abalone which moved could be higher, depending
on the extent of movements within the time 1limit 27 to 112 ..
days. Movements of more than 10 units (220 yards) would
carry abalone from tagging site beyond the area searched on
this occasion. The mean rate of movement is such that
movements of this magnitude are possible within the time
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TABLE 4: RATES OF MOVEMENT OF 23 ABALONE RECOVERED
WITHIN 27-35 DAYS AFTER TAGGING.
W2 el recopery  Dlstamce 158 0f,
breadth period (yds) (yds. per
(cms) (days) annum)
C 405 12.35 27 66 892
C 368 12.10 33 220 2433
¢ 302 11.90 34 198 2126
C 240 11.65 35 22 229
¢ 285 11.15 34 176 1889
C 424 11.05 27 66 892
C 392 10.95 34 44 472
C 410 10.80 34 44 472
c 225 10.75 34 220 2362
¢ 396 10.40 34 22 236
C 365 10,10 32 132 1460
C 353 10.00 33 220 2433
¢ 230 9.60 28 44 574
C 260 9.15 34 198 2126
C 397 9.00 33 220 2433
C 197 8.55 35 22 229
¢ 219 8.45 34 220 2362
C 356 T7.60 34 22 236
C 345 7.20 34 22 236
C 218 6.95 35 22 2289
¢ 202 6.90 35 22 229
C 182 6.20 35 22 229
C 261 5.60 5 22 229
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limit and the percentage quoted, that is 64, must be
regarded as a minimum estimated.

In deriving this percentage, only movements
parallel to the peninsula coastline have been considered.
Movements parallel to the malnland, that is at approximately
right angles to the peninsula, have been excluded from these
estimates. Although the sandy bottem extending along most
of the length of the peninsula effectively ﬁrevents movements
in this direction, the bottom near the mainland shore
consists of loose boulders over which tagged abalone
could travel to settle on a group of densely populated
reefs eccurring about 120 yards to the east. These reefs
were searched on one occasion (8 November 1962) but no
marked animals were found. Movement of tagged abalone
in this direction would result in still further under-
estimation of the true percentage of abalone which moved.
It is not however possible to estimate the importance
of this effect.

%,  DISCUSSION

Laboratory experiments by LISSKAN (1945) and field
observations by STEPHENSON (1924), CRCFTS (1929) and
SINCLAIR (1963) have shown that Haliotis tuberculata and
Haliotis iris are capable of active movement. CROPTS
(1929) and COX (1960, 1962) heve respectively reported
on tagging experiments with H. tuberculata, Hallotis

cracheradii and Haliotls rufescens, but the movement results

described have been confined to remarks about isolated
recoveries. In the course of the Division's Haliotis
midae tagging progremme an attempt was made to evaluate
aspects of movement on a more quantitative basis. This
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proved difficult from the practical point of view as

thorough searching of the seabed by means of SCUBA

divers proved to be time-consuming and could only be done

on rare occasions when calm, clear water conditions
prevailed. A compromise therefore had to be made between
accurate location of recoveries and adequate coverage of

a large enough area to ensure significant results.

Movement has accordingly been described in terms of distances
parallel to the straight line approximating the eastern
shoreline of the Stony Point peninsula, and the limitations

of these estimates have been discussed.

During the investigation no attempt was made to
assoclate movement with any environmental or physiological
factors. In the course of tagging divers returned abalone
to the seabed close to the site of collection so there
is no reason why abnormal movements should occur in order
to resettle in a favourable environment. The physical
stimulus of tagging, which included exposure to the air
for a short timé, may initiate movement but it is unlikely
that this stimulus would be prolonged sufficiently to cause
the comparatively large scale movements recorded. It is
therefore felt that experimental techniques did not
interfere wi%h the normal behaviour of this species and that
the conclusions which may be drawn reflect the state of

affairs occuring naturally in the environment.

Haliotis midae within the size range tagged have shown

that they can move up to 350 yards in periods ranging from
167 to 558 days. In addition, records show that in some
cases no appreciable movement took place even after fairly
long tag-return periods.



The calculation of the rates of movement of a
semple of recoveries has shown that these values,
expressed in yards per annum, are extremely variable.
The mean rate of movement of the particular sample examined
amounts to 1083 yards per annum. The sample range was

229 to 2433 yards per annum.

Data on the extent and rate of movements suggest
that a large proportion of tagged abalone moved.
This is substantiated by the fact that of s sample of
59 recoveries 38 or 64 per cent had moved away from the
original tagging area.

The general picture which emerges from this field
study is that, within the size range investigated, Haliotis
midae is by no means a sedentary species. Movement
commonly occurs and reletively large distances can be

covered.

These movement characteristics are in accordance
with those required ﬁo explain the distribution of abalone
in the Hermanus area. Juvenile specimens, with shell
breadths below 5 cm, are found under stones where they
are protected from predators. They occur very commonly
in calm shallow bays on substrata composed of loose boulders.
Larger abalone are not usually found in these areas.
Abalone of intermediate sizes that is above 5 cun.
put below 10 cm shell breadth, tend tc occur more
frequently on fairly shallow inshore reefs (1 to 6 ft.
below the low watermark) which are prctected from
severe wave action. Larger abalone are found within a
wide range of depths, the meximum depth record for tke
species being T5 feet. In all three cases that is juvenile,

intermediate end large sizes, there is a tendency for
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individuals to occur in dense concentrations or "beds".
Cormercial divers report the rewmoval of up to 20,000
abalone from such beds of large animals, where the
density may be from 15 to 20 abalone per square yard.

The fact that differences associated with size
occur in the distribution of the species implies that at
least the juvenile and intermediate sizes must move about
in order to eventually change their depth or situation,
as well as to congregate on favourable reefs. This indirect
evidence of movement is confirmed by the experimental findings
of this paper.' Under the circumstances claims made by
certain commercial divers that favourable but exploited
reefs were often repopulated after a few years arz sub-
stantiated. Such repopulation within the period of a few
years could not be' the result of larval settlement for
growth is not sufficiently fast. Restocking of these
reefs must therefore be due mainly to recruitment of
intermediate sizes from densely populated shallow reefs
in the vicinity.
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INTRODUCTION

Various mathematical models are availlable for describing
the growth of organisms. These were originally independently
derived by different workers and as such will be first
discussed separately. More recent research has however
shown that these supposedly different models can all be'
derived from a common, more generalized growth rate function.
(RICHARDS 1959, TAYLOR 1962),. This development will be
dealt with in the second part of the review, against the
background presented initially.

Ideally a growth model should not only provide a good
empirical representation of the growth of an organism, but
its parameters should have a physiological interpretation
relevant to growth. It will be apparent from the review
that thils latter requirement is satisfied to a varying
degree in present day models.

The description of growth by means of mathematical
expressions has very definite advantages, which may be
summarized as follows: -

1. They facilitate the comparison and testing of
differences in the growth of allied species or of
the same species in different localities,

2. They allow interpolation or extrapolation to size
ranges within which i1+t may be difficult, from the

practical point of view, to meesure growth.

S,
Ay

3 Such expressions can conveniently be incorporated
in production computations for exploited stocks.

4. The nature of changes of the parameters of growth
equations may shed light on the physiology of growth.
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Under the circumstances appreciation of the range, and
selection of the optimum mathematical model would seem to
be a prerequisite of any growth study.

MODELS

The Von Bertalanffy Zquation,

This equation was derived by VON BIRTALANFFY (1934,
1938) from physiological considerations. BEVERTON and HOLT
(1957) have presented a conclse account of von Bertalanffy's
treatment and the following is essentially a summary of their
description utilizing the same mathematical notation,

If an organism be regarded as analogous to a reacting
chemical system, which obeys the law of mass action, the
resultant of two groups of processes, that is anabolism
(synthesis) and catabolism (breakdown), will be reflected
by changes in the total weight of the organism, Mathematicallw
this may be expressed as follows:-

%}%’ = W - xw® (1)

where H and k are coefficients of anabolism and catabolism
respectively and n and m are some powers of the body weight
(W). Following general physiological concepts von
Bertalanffy suggests that the rate of anabolism ig pro=
portional to the absorbtion rate of nutritive material, which
is in turn dependent on the size of the absorbtion surfaces.
Catabolism howaver, could be proportional to the total mass
being broksn down. Thus



(1) Dbvecomes

dw

I = He - kW (2)
where s = the effective physiological surface of

the organism,
and H = rate of synthesis of mass per unit

"physiological surface”

k = rate of destruction of mass per unit mass.
Equation (2) may be expressed in terms of length (L) if
it can be assumed that the organism grows isometrically
and has a constant specific gravity for, under these
circumstances,
s = pL2
W= qL3
p and q being constants,

This being the case
aw _ a(gL32 = 3qn.2 4L
R a = 24 at

Substitution of the above in (2) gives

2
3ab” 4L o Epr? - kgl
therefore
D 3
dL _ HpL _ kgL
at 3qL2 3912
_ %B XL
T 373
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then %% = E - KL (3)

Intergrating (3) as follows:

( l
\ i =\t
Jl

it
ot

:% Log, (E-KLt) + C

The intergration constant ¢ may be evaluated as follows:

let t+ = o, thern L, = T

- o)
1 -
and ¢ = - Log, (m—Klo)
th = 1 - 1 .
us % Log, (B-KL,) + g Log, (3-K1.)
- Kt = Log
e ‘m_ S
B-KL
%
oKt _ -
o]
KL, = BE-(E-KL) -K%
‘B E L.V -K%
Ly =g - "°) ¢
but Tim (E \ -Kt
T e - L je = 0
¢ o
L, = ¢
Xt
Ly = L- (L - LO) (4)



5.

which is an expression of length at time +t. Parameters
of this equation which have to be estimated are therefore

L, = the maximum size attained by the organism
LO = the length at zero time
and K = one third of the rate of destruction

of mass per unit mass,

Bguation (4) is more commonly presented in the form:

which may be derived as follows:

_ -Kt
L, =L, - (L,-L,) e (4)
if Lt = 0 when t = to then the constant LO may be evaluated
as:
-Kt
0=1L - (Lw -LO) e
-Kt -Kt
= L (1l-e O)+Loe ©
L,= L_(1-e%)
0
substituting in (4)
1
Kt i
L,= L_- EL_ ~ L (1-e ©0)f e7E®
x I 0 |
L A
-K(t-t_)

L (1-e 0 (5)

il
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The constant t, may be interpreted as the age at which
an organism, with the same pattern of growth as that in
later 1life, would have had zero weight.

Tquation (5) does not therefore describe growth over

the whole size range unless t, 1s very near or equal to zero.

Assuming a cube relationship between length and weight
equation (4) may also be expressed in terms of weight as
follows:

i1 1 1. _w+:
Wy =W ~(WE-wE)e T3 (6)

and similarly to equation (5), (6) may be expressed as:

“K(t-t) y 3

W (7)

]

g =W, (1-e

Estimation of the parametzrs of equation (5) is
described by RICKZER (1958), If length at age t + 1 be
considered then:

-K(t+1-% )

—K(t—to)

= Ll” (1-8 e_K)

but from (5) it can be shown that:
—K(t—to) L_t
e = 1 - T

By substitution:

- T -

_ i % -X|

Lt+l - Lm Ll - (1 - E: ) ¢ S
=1 (1-e7%) + 7K1
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Putting e"K =k (It should be noted that k¥ in this case

is not equivalent to that of (2)),

L =L (1~k) + kL, (8)

t+1

This expression describes the linear relationship between
the variables Ly ; and Ly, Plotting L, , on Ly and/or
fitting a regression equation therefore provides a convenient
way of estimating K and L.

RICKZR (1958) mentions that fitting expression (8)
directly may not be satisfactory because both variables ar.
subject to sampling error and points may be erratically
distributed with respect to the line fitted. For a better
fit RICKER suggests the following:

Writing equation (5) as:
~K(t-t,)
L, = LW - L_7 e

~K(t-t )

then L - L, =1L e

Log transforming the above gives

Log, (L_ - Lt) = Log, L - Kt + Kt

ol

e

Thus log, (L - Lt) plotted on t is linear, and this
linearity is sensitive to values of L . Using an initial
Qﬁ value selectad from a frechand plot of (8), a few

trial plots will quickly yield the L_ value which gives the
straightest line, and this can usually be judged by eye,
The coefficient K, which is the slope of (9), can then
easily be ascertained and, from the intercent wvalue the
coefficient to is derived.

>
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The growth equation discussed above was derived by VON
BERTALANFFY (1934, 1938) from physiological considerations.
A more empirical drivation of essentially the same expression
occurs in the literature. RICKER (1958) states that growth
in fishes commonly follows a pattern of an initial rapid
absolute increase in length followed by a progressive decrease
in growth rate, that is the growth curve is an asymmetrical
sigmoid, Furthermore the initial period of increasing absolute
growth rate is usually comparatively short so that the point
of inflection lies so near the zero line axis that it may v~
even appear in a graph of yearly increments.

Considering only the part of the sigmoid having a
decreasing slope, the function

L, = B - Ce kP (10)
may be used to describe the length (Lt) at time t
where B and C are constants having dimensions of length and
K is a constant determining of rate of change in the length
increment.,

Following RICKER (1958) (10) can be written as

Lt +C=3B+C - Ce'Kt

-Kt)

and L, - (B-C) = C (1-e (11)

also from (10) when £ - =<

L =B

)

and from (11)

when t = o

Lt= B~C
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The constant quantity B~C is therefore an adjustment
which shifts the time axis of the graph to ensure the
adjusted length is zero when the age is zero,. As in the
von Bertalanffy derivation the same effeet can be achieved
by shifting the length axis and introducing the constant Ty
that is:

If t=to, £ =
and from (11)

-Kt
B = Ce ©

Kt
C = Be °

Substituting the above in (11)

-K(t-t )
Lt - B = -Be
~K(t-%_)
Ly = B (1-e (12)
As B =1L
-K(t-t,)
Lt =L (l-e

which is (5),

The above empirical derivation is advantageous in that
it does not specify conformation to the surface and cube
laws of anabolism and catabolism respectively.

- As for length, graphs of weight on age are asymmetrie~
sigmoid, but the point of inflection is at a greater age
in the latter curve. The empirieal curve of (10) can the:
fore only be applied to ages above the point of inflection.
Similarly to (12), it can be shown that
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~K(t-
=1L e ( to) (1—e_Ka)

and growth per unit time, that is Y,

—K(t_.t ) ‘e
isY=1_ e o (1-¢7%®) (14)
a
The mid-point of the length interval is % (Lt + Lt+a)
and will be denoted by x
then
-K(t-t ) -K(t-t +a)
x =3 L, (2-e °" _ e ©
~K(t-t )
_ e -Ka
= L-:so - Ié\: ? (1+e )
-K(t-t,) 2(L -x)
L, e = ——
h (1+e™%) (15)
Substituting (15) in (14)
-Ka
Y = (L -x) gﬁl——e_Ka—)
0 al(l+e™ %)
let b = % Ka
then
h
~29)
Y = (La{ —X) K (l-e
b (1+e72P)
=K (L -x) tanh b (16)
® b

Thus for a group of data reflecting growth over a fiv-
time duration a plot of Y, the increment per unit time,
against x, the mid-point of the corresponding length inter-
val will be linear with a slope - % tanh b and intercept
KE$ on the x axis.
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If separate plots of ¥ on x are made for groups of
data with different time intervals, the slopes of the lines
will differ but the intercepts should be similar, If
the tlme intervals are short then, as % Ka = b b will be
small, For small values of b, tanh bxb and the term

3%%2_2 becomes egual to one, Thus for a small time

interval the relationship between Y and x will be linear
with slope =K and intercept KL . The authors provide

a table of wvalues of TE%H*E from which the error in assuming

Toon = ©daual to one can be judged for various values of x.

For data for which time intervals are long, but some
groups with short intervals are available, the following
method may be used.

Equation (16) may be expressed as

b

ann ¥ =X (L,-x)

thus plotting ?EE%“F Y and x

will result in a straight line with slope -K. From the
data with relatively short time intervals an estimate of K

can be obtained. From this first approximation to X and

the known time interval, the values of fﬁ%ﬁfﬁ Y may be
calculated utilizing a table presented by Gulland and Holt,
These points, plotted on x, may then be added to the original
plots for data with short time intervals. The parameters
L.,and K can then be estimated from the slope and intercen’
of the combined plots.
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The Walford growth curve.

WALFORD (1946) independently developed an empirical
growth curve which is in fact a derivation of the von
Bertalanffy curve discussed in the previous section,

Walford recognised that in most cases growth over the major
part of 1life can be represented by that section of a sigmoid
curve occuring above the inflection point, that is, the '"self
inhibiting" phase of the curve. WALFORD found that this
type of curve could be transformed to a straight line by
plotting the length at age t+1 on the length at age t tha“

is Lt+1 and L. This plot 1s essentially thec same as

(8) which was derived by mathematical manipulation of (5),
The author mentions that for several species for which
published data are available, plots of Lt+l on Lt proved

to be linear, In addition, some interesting characteristics
of this type of growth representation are described. If

the relationship between Lt+l and Lt is linear then

Dylp  Dyly Iy
iy 3T, L1 T
or more simply
Ln—Ln—l =K (Ln-l-Ln—2) (17)

also if LO = 0 then

2771 1
_ 2
Ly-L, = K (Ly-Iq) = KL,
- T — 1’1-—2 - 1’1-—1 ,
LI,y =X (L, 1-L _,) =K K "L;= K I (18)
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T - This may be extended to

ol n+l - K

This leads to an interesting interpretation of the
characteristic growth represented by (20) and (5). From
the above equation 1t appears that the growth remaining
unfulfilled at the beginning of any time interval i.e,
n+l, 1s a constant proportion of that which remained at the
beginning of the previous interval i.z. n. Walford notes
that the higher the K value the more slowly the limiting
length 1s approached.

The Gompertz curve.

The above equation was originally developed by
Gompertz in 1825 and has been used to describe the growth
of organisms such as the razor clam Siligua patula
WEYMOUTH, McMILLIN and RICH (1930), the Pacific cockle
Cardium corbis WEYMOUTH and THOMPSON (1930), the catfish
Osteogenelosus militaris PANTULU (1963) and the yellow fin
tuna Neothunnus macropterus RIFFENBURGI (1960),

The development of the equation is as follows:

WEYMOUTH, MCMILLIN and RICH (1931) and WEYMOUTH and
MCMILLIN (1930) showed that the decline in relative growth
rate with age of the razor clam is exponential, When
log transformed the relationship therefore becomes linear
that is
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1 4L _ .
Loge i-ﬁaa—kt
14L _ (a-Kt)

L dt —

at

aL {a—-Kt)
+ =@

Integrating the above
a~Kt

. _ e

Log, Ly = - § + b
a

putting ¢ = %

Loge Ly = eV Ly

T, —ce X

putting e° = B the above
becomes

-Kt

L, = Be~C€ (21)

which 1is the Gompertz function.
Zxpression (21) is an asymmetrical sigmoid which may be
used to provide an empirical description of growth curves
having this form.

Methods of estimating the parameters of the Gompertz
equation are complicated and will not be dealt with. The
techniques have however been fully described by RIFFENBURGH
1960.
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The Autocatalytic or Logistic equation,

BEVIRTON and HOLT (1957) describe the above equation
which has limited application as an empirical means of
representing growth. Assuming the relationship between
growth rate (in terms of welght) and size can be expressed
as

&= KW (A-W) (22)

a growth curve may be obtained by solving (22) as follows:

awv
Wy = Kat

By partial factorization the above becomes

4 S - axat,

the solution of which is
Log W - Log, (A-W) = AK%

. VoY o
Logg (K:W—) = AKT
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The above equation has a symmaetrical sigmoid form and
as such has limited application in growth problems.
Attempts have been made to introduce asymmetry into it by
modification of the parameters, but these have only
resulted in empirical expressions with parameters difficult
to estimate,  (BEVERTON and HOLT 1957).

Parabolic growth curve,

One of the most recent growth functions to be
developed is the parabolic expression of PARKTER and LARKIN
(1959). The concepts from which this expression was
derived are interesting and are briefly as follows.

The first observation which the authors make is that
the growth rate of fishes i1s greatly influenced by
environmental factors such as abundance of food and population
density, Thus, unless the environment remains relatively
constant, age and size need not be related in a fixed manner
In addition, even under constant physical conditions,
growth of fish may not be related to age. To illustrate
this point the authors quote the findings of various
workers, who found size hierarchies in age groups of fishes
which influenced thelr growth rates., Additional evidence
that growth is size and not age dependent in certain fish
is cited by PARKZIR and LARKIN, In this respect they
mention that many species change their ecological niche
as they grow older, thus revising the "ultimate size" to
which they are growing, (LARKIN, TTRPENNING and PARKER,
1957). In addition many salmonoids undergo marked
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physiological transformations at different periods of their
history and these may also be related to a size threshold.
(ALM 1959, ELSON 1957, PARRY 1958 in PARKER and LARKIN
1959).

From the above discussion i1t may be concluded that, due
to environmental or physiological changes growth patterns
may be revised. This applies especilally to Salmonoids
which undergo physiological changes at different periods in
their 1life history, and, to quote PARKER and LARKIN (1959)
"Growth of flsh may thus be visualized as a series of growth
stanzas (Brody, 1945) which are entered by ecological and
physiological size thresholds and within which size 1s the
basic determined of both ecological and physiological
opportunity for growth",

Under these circumstances many mathematical functions
describing growth over the whole size range must to a
certain extent dampen the discreet stanza effect as it is
impractical to incorporate sufficient coefficients to
render a model sensitive enough to reflect the effects of
the various stanzas. According to Parker and Larkin therefore,
a deslrable model is one which has 2 minimum number of
constants representing the combined ecological and physiolo-
gical factors affecting growth throughout life and is based
on the view that change in gize is a function of sigze achieved.

To develope thelr model the authors consider the
followlng expression of growth in mass;

&= B (24)

which has been found to describe empirically the relation-
ship between welght and various physiological processes.
(PARKER and LARKIN 1959), The expression (24) therefore
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forms a logical basis for the development of a growth function
and may be intergrated as fcllows:

W XaW = E dt
W%"X
T:Ew = Et + ¢

w%"x = Et(1-x) + o
if t = o c = W%"X

thus W%‘X = (1-x) Bt + w%‘x (25)

Considering growth from t to t+1

w%;ﬁ = (1-x)Et + B(1-x) + w%‘x
WTE = o(1-x)Et - wieE
=X _ .;-x _ _
ey Wy = E(1-x)
Ll =X _ \ 1-x
Wi = B(1-x) + Wy (26)

Assuming a weight length relationship of
W = gL’ and
substituting for W in (26) gives

y(1-x) _ E(l-x) y(1-x) .
Ly 77 o= T Ly (27

The above equation 1s linear and parallel to a 450 diagonal
passing through the origin oo.



21.

Putting

Fll-x
A = “%I:E%
q

and z = y(1l-x)
(27) becomes

Li,, =&+ L (28)

The coefficients of (28) may be interpreted as follows:
1f Li+1 = L% that s & = O (28) may be represented by a 4fn
diagonal passing though the origin oo, The value of

therefore determines the distance between the diagonal
passing through the origin and that of the diagonal repre=
senting through the data. This constant expressecs length
increments in a manner which is comparable regardless of
size or age (PARK"R and LARKIN 1959). The value of z has
been found by the above authors to bz within extremes 0.5
to 1.5, Plotting Lig agalnst L, reveals the nature of z,
A trend diverging from the 45° diagonal indicates that z is
likely to be between ¢.5 and 1.0. Conversely if the trenu
approaches the diagonal, z is likely to lie between 1,0 and
1.5. If the data are linear and parallel to the diagonal,
z will be close to 1.

Estimation of the coefficients z and ¢{is fully described
by the authors, and will not be dealt with in detail here.
Briefly two methods are available. Ideally z may be found
by assumming trial valucs for 1t and determining the value
which provides the minimum relative variance ofs{. Having
determined z, X may then easily be calculated. As the
calculations required for the above are considerable,
computer facllities are required. If such facilities are
not available the authors suggest the following approach
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L L —- L

The values L 3 "

1’ 2!

should be transformed to Llo‘5, L2O'5, L30‘5, .

1.5 1.5 1.5 1.5
and Li7"7y I,07 I37t7, == Iy
which gives three sets of data with z values 0.5, 1.0 2nd
1,5

For each set the meano{ and its variance should be
calculated. The square root of the relative wvariance
s
J = or relative standard dev itation Sr can then be
calculated for the three sets of data. This statistic

has been found to be related to z as the quadratic function

Sras atbzroz® (29)
and therefore provides a means of estimating the latter
parameter,

As three sets of values of Sr and z are available (29)
can be solved simultaneously. The optimum 2z value is that
which minimizes Sr, Thus differentiating (29) and equatir
to zero

2cz+b

il

0

—FB' (30)

and z

]

The authors have used the above techniques to investi-
gate asnects of the growth of steelhead trout (Salmo gairdner®’
and chinoock salmon (Oncorhynchues tshawytscha). By estimati~
the value for individual steelhead trout, and subjecting th
data to analysis of variance techniques they were able to
show significant differences in growth due to sex and 1if.
history.
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The generalized model,

The more important growth models available tc biologists
have been described above. It 1is apparent that each model
has been developed relatively independently from physiological
or strictly empirical considerations. Fairly recently it
has been shown that the curves mentioned above can all in
fact be derived from a more general expression with four
parameters, RICHARDS (1959) derived empirically the
monomnolecular (equation (5)) autocatalytic and Gompertz
curves from the general equation.

1
| T-a

W - [N (K _ W1 L ~(1—m)Kt

-

(31)

| S

by considering variaticns of the parameter m,

Zssentially the same function as (31) was independently
developed by TAYLOR and published posthurously in 1962,
In this case the generalized equation was developed as an
extension of von Bertalanffy's original physiolcgical
justification of a growth model, The derivation considered
here will be that of TAYLOR (1962), as differences between
his equation and that of RICHARDS (1959) are due solely to
notation,

A lipitation of the Bertalanffy equation (5) is that
it implies a2 cube and square relationship between length
dimensions and body weight and body surface respectively.
Values of the weight exponent of length weight relationships
rave however been found to range between 1,4 and 4,0 for
various species and may thus differ appreciably from 3.
In addition data on intestinal lengths has shown that a
linear dimension squared is unlikely tc¢ provide a reliablc
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index of surface area (TAYLOR 1962), The data of FRY (1957)
also indicate that gill area does not confirm to a linear
dimension squared relationship in many fish, In addition
RICKER (1958) notes from feeding studles that food is seldom
availlable to fish in excess and therefore absorbtive surface
cannot be expected to be a liniting factor with regard to
anabollc processes,

From the above it 1s apparent that the relationships

s = pL2

and

W= gL
cannot always be confidently substituted in (2) as required
for the derivation of (5). The von Bertalanffy equation
can therefore be made more flexible and representative by
setting

s = pL® (32)

o (33)

and estimating these two power coefficlents from the actual
data, Using the method and notation of TAYLOR (1962) a
generalized equation nay be derived as follows:

and W = qL

Differentiating (33) with respect to %

av _ . -b-1
IF = veb 4o (34)

Substituting (32), (33) and (34) in equation (2) gives

aL, _ H (a=b+l) Xk
T =g U - Bt

and setting E = %§
s
b

l

K =
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the above beconmes

& -5 la) g (35)

If a#b (35) may be integrated as follows:

dL

= dt
—Ta-571) 7
Putting a-b+l = m
dL ~ Kat
En
7 L1
al = Kat
L{E 1t 11)
X /
I -
Ir g 17 11 = tan®e

then g(m—l)L(m'z)dL = 2tanese02@d9

aL = 2tan98e029de
%(m_l)L(m~2)
Thus Kdt = 2tan0sec6do
%(m—l)L(m*l) (%mel_l)
but % 171 - tane + 1
so Kdt = 2tan9s9020d9

(r-1) (tan29+l)tan29

E%I ctn0de

1l
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Integrating the above expression gives

Kt + ¢ = 2 Log.  sin ©
e e

Sin @ may be evaluated as follows:

Lm—l

w
®
o
@
|
=it

Sin & =:7L
P ELmL
N\ r
Substituting in the above equation
gLt
Kt + ¢ = 21 Log it ¢
m-1 2 e pro-1
vt
n

Putting t = 0 and 1L = Lo ¢ may be evaluated as

-1
7 10

jot ,,_l
L 1og T °

CcC =
n-1 e

Brm=-1
7

0

W

and thus

oy =1

(n-1)Kt = Log, %Lt -1 g 111
= - Log o)
! e X
g ® E 12T
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Integrating the above expression gives

Kt + ¢ = 2 Log sin ©
= e

Sin @ may be evaluated as follows:

T e
sec O = ﬁLm 1

tan™© =
K
| LR
Sin 6 =", L
P ET
"\ K-
Substituting in the above equation
zrlto1
Kt + ¢ = "ET L Log ELE—T——
K

Putting t = o and L = L, ¢ may be evaluated as

n 7B-1 1
___]_”_ . - o =
C = =7 Lo6e X o
B -1
KLo
and thus
= =1
(m-1)Kt = Log, &'t —+ o=l
e K o Toe EIg -1
ELm“I e ¥
vl g 181
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EL? 1~1> ELg‘l
o 4 ) ¥
(n-1)Kt = Log, == T BT
=L e 0o
't \X ,
; ?Lm—l l} w.Lm-l
] - i 413
L(m-1)Kt = gt "~/ geo°
W=l + M=l
FL L -1
Tt (%o )
1-m)
w (1-m) Kt(m=-1) (‘ gL }
1 - XLg 1-%
a4 \~ -~

But m = a=b+l, therefore

_(% _ Lgb-al) o-K(v-a)t | (36)

ot
il
e e

which is essentially the same equation as (31) derived by
RICHARDS (1959),

From equation (35) and its integrated form (36) it is
possible to derive the growth models discussed earlier by
considering variations in the paramster (b-a), These
derivations, which will be dealt with in detaill, may be
summarized as follows.,

Tquation Parameter Derived function

characte-
restlcs

(36) b >a Generalized von Bertalanffy
b-a=1 von Bertalanffy
b<a Logistic

(35) b=a Exponential
b-a30 Gompertz
b >a,K=0| Parabolic ,
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Considering equation (36), if b>a than the generalized
von Bertalanffy equation may be obtain as follows:

Lim Lib—a) = % = 108

t -y =

also if L= o when t = t_ then similarly to (5), (36) may
be written as
-K(b-a) (+t-t.)
Lib”a) - 1072 (16 Y (37)

and as for (8) the equation

(b=-a) _ (b-2) .
Lip ) = mby +1i (38)
may be derived from (37). This indicates a linear relation=
(b-2 (b-a) _. ~K(b~-a)
ship between Lt+l and Lt with slope m = e

and intercept

i = Li?‘a) (1o~ K(P=a))
Expanding both sides of (37) to the power 3%5 we have
an expression relating length to age that is:
“K(b-a) (b=t )Y =i
o’} t-a

#

L, = L{l-e

The point of inflection of the above equation may be
kocated by differentiating twice and equating the resulting
terms o0 zZero.

This gives the following function,

t; = t, - Log,(b-a) (39)
K{b-2)

where t; is the age at the inflection point,
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Thus (37) and (38) may be used to describe growth data
showing an inflection point on the curve of L, on t, Ir
such an inflection occurs, then the parameter (b-a) will be
less than one but positive.

Inspecticn of (37) and (38) will show that when b-a =1
these expressions will reduce to the more well known von
Bertalanffy equations (5) and (8). Wherecas the values of a
and b demanded by von Bertalanffy's derivation were 2 and
3 respectively (see derivation of (3)) the generalized
equation (37) requires only that b-a=1 irrespective of the
individual values of a and b, The Bertalanffy equation (5)
is everywhere concave with no inflection point. This may be
illustrated by equation (39) for, as (b-a) approaches 1,

t; tends to to'

The Logistic or Autocataytic equation may also be

derived from (36). If b-a 1s negative, then

L_t(a-b) = 1
E_|E_ 14 (a=b) | K(a-Db)t
K =K o J
. }eK(a—b)‘b
sy
K
_ ho
B Kk "1 x(a-b)t
1 + e
/W j
L 0

which 1s the generalized Logistic equation with an upper

asymptote at % (when t =o0) and a lower asympfote at zero
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(when t = =«). It should be noted that in this eguation
both £ and K must be minusg, Physiologically this does
not make scnse, and the logistic equation is therefore
purely empirical.

When a = b, equation (36) becomes insoluble, However,
from integration of the rate equation i1t can be shown
that this condition leads to an exponential growth curve.
This is derived as follows:

From (35), when a = b,

& = L (BK)
dL

T = at (E-K)
Integrating the above:
Log L —J.F(E-K) + ¢, and
¢ may be evaluated by placing
t = o thus ¢ = LogeLo .
The above becomes
Log L, = t(E-K) + Log L,

or Lt=LoetG:-K) (41)

Bquation (41) has been used to describe growth in weight

by RICKZER (1944) and BRODY (1945) has used it to represent
the accelarating phase of growth i.e. the growth often
occurring in extremely young animals,
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When b-a—o0, a different solution to (35) can be
shown, which gives the Gompertz function. This function
may therefore be regarded as a limiting form of the
generalized von Bertalanffy when b- a- o. TAYLOR (1962--)
does not derive the Gompertz equation but this has been
done by RICHARDS (1959) from equation (31). Using Richards
approach the Gompertz function was obtained from equation
(35) as follows.

AL _ op(a=b+1)_po

at ~ (35)
B
= KL( E 10
g 7\P-2) )
but 127 = & | and letting
k
K =
T5=3)
therefore 3T T = k{ T )
(b-2a)
Lim &L 1 _ Ty
(b=a)—>o0 dqT T = %Log, T
& = XL Log, 7= (43)
Considering the Gompertz function
-kt
I, = Be C® (21)
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Thus (21) can be cxpressed as

-kt
ot _.=-Ce
Lt = Q*e
where ¢ reflects the choice of zero on the time axis,

The above may then be differentiated as follows

-kt
dL _ -ce -kt
‘a-_E = Luoe kce
_ -kt
= kLtoe
but Lt _ce—kt
= e
oQ
therefore
-kt
L 2e
Tf;« &
LOg --;L-:’O = ce-kt
e L
t
thus 4L = KILog_ %,J
¥ t

which is (43).

The parabolic growth curve of PARKER AND LARKIN (1959)
may also be derived from rate equation (35).

The above authors obtained the parabolic expression by
regarding growth as purely additive, that is the effect
of catabolism is not considered. In mathematical terms
therefore X of (35) is equal to zero, Assuming bya and
K = o (35) becomes
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aL _ mL(a—b+l)
E‘_E——

which 1s integrated as follows:

1{P=2) = (T t4c) (b-a)

if t =0 ¢ = Lgb—a)
T

b-2a) (42)

thus Lib'a) = (b-a)Et + T¢

o

This equation is essentially the same as (25) but is
expressed in terms of length not welght.

The estimation of the parameters of the generalized ven
Bertalanffy growth equation will now be dealt with.

SOUTHWARD And CHAPMAN (1965) recently utilized the
genceralized Bertalanffy equation in an exhaustive analysis
of the growth rate of the Pacific Halibut. Growth parameters
were estimated by means of a computer using the method of
least squares. The program was so arranged as to vary the
four parameters to obtain those values which minimized the
term

N\ 1 2
(5, - (=) z(o- _Lo(b-a))ek(b_a)gfﬁ:a]

L7t

Should a computer not be availlable, or the data not be
suitable for such analysis the simpler though lass precilse
method of TAYLOR (1962) may be applied. It has been shor
that the linear function.

L(b-a)

(boa) o gplb-a) g (38)
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may be derived from the generalized equation (37) when
a<hb, This 1s directly comparable to the equation

Dpjpg = mhy + 1

from which it is possible to estimate the parameters of
(5). Thus similarly the parameters of (37) may be derived
from (38) as follows,

If an initial plot of Ly, on L, suggests non-linearity
or unrealistic values of Lw, trail values of (b-a) should

(b-a)

be introduced and Ly, Plotted on L (b-a)

t . The trial

value of (b-a) providing the most realistic L dimension,

(as judged from field observations) as well as a linear
relationshilp between the two variables may then be accepted
as a good estimate of the true parameter value. Istimation
of the remaining parameters then easily follows from (38).

CONCLUSION

From the above review 1t is apparent that there is a
fairly wide selection of mathematical models available for
describing growth. The models range from the purely
empirical to those which might well have parameters reflecting
metabolic processes.,

The initial development of the von Bertalanffy equation
(8) was from physiological concepts, but, because the
derivetion requires rigid adherence to the square and cube
laws of anabolism and catabolism respectively, some doubt
is cast on its general applicability in other than an
empirical guise. The introduction of a fourth parameter
to equation (8) by TAYLOR (1962) has eradicated the
restrictive square and cube assumption mentioned above.
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This parameter, (b-a) represents the actual difference
between the power coefficients of the physioclogical surface
and physiological mass values expressed in terms of a length
dimension,

The parameter is estimated from the data and its
inclusion means that a metabolic basis may still be incorporated
in the derivetion of the model, even though biometric
observations on the species concerned may not suggest
confirmation to the square and cube rules.

Evidence to substantiate the physiological justificat.-
of von Bertalanffy's equation (8) is available from
growth studies on the cod (Gadus callarias), TAYLOR (1958)
and Pacific razor clam (Siliqua patula) TAYLOR (1959), The
growth of these two species was presumably well representzd
by (8) and the parameter (b-a) of the more generalized
equation developed later by TAYLOR may therefore be assumed
to be close to one,.

In both the above investigations growth data was availlable
from various localities with different environmental
temperatures and the relationship between growth parameters
and temperature could thus be described.

TAYLOR (1959) presents the following equation which
expresses the speeds of chemical reactions in terms of
temperature:

S = AeCT
where S = speed of process at temperature T(°C)

A = constant
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¢ = the differential increase in the relative rate
of change for 10Q change in temperature, (that
is tha rate of the rate of change of the chemical
reaction).

Log transforming the above expression results in

Logy o8 = LoglOA+GT

where C = cLoglOe

This expression is linear.

Thus if growth parameters reflect metabolic rates,
and therefore have a physiclogilcal meaning, their log
transformed relationship with environmental temperature should
in turn be linear. This was actually found to be the case
with both the rod and the razor clam, In both instances the
Logyy of K and the Logyqy of I (1-K) (see equation 8) were
linearly related to the environmental temperature, the
correlation coefficients of all four plots being significant
at the one percent level.

It 1is therefore evident that under certain circumstances
the generalized von Bertalanffy equation of TAYLOR (1962)
may well have parametcrs which are physiologically
meeningful. Other functions derived from TAYLORS rate
equation (34) would scem to be more empirical. The logistic
curve as derived by TAYLOR requires that coefficient a, the
power coefficlent of thes length/"physiological surface"
relationshiip, be larger than its counterpart for the length
"physiological mass" function, This is unlikely to ever
occur and as such this growth expression must be regarded
as empirical, In addition the parameters © and K must both
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be minus, a condlition which in no way has a physiological
interpretation. In practice this equation is in any case
seldom used,

To derive the parabolic curve, TAYLOR sets a< b and
K = o, that i1s growth is regarded as purely additive.,
PARKER and LARKIN (1959), who originally derived the above
function to describe the growth of fish such as salmonoids,
which exhibit a growth stanza effect, comment as follows
on the parameters of the equation. "Under the circumstances
it would seem appropriate to choose a method of depicting
growth which (1) summarizes the complex of interacting
factors in zach stage of growth into a minimum number of
constants which reflect the combined effects of both
ecological and physiological factors, (2) chooses as a basic
premige the widely accepted view that change in size is a
function of size achieved". Interpretation of the constants
of the parabolic expression is therefore extremely complicatel
and to a certain extent the curve must be regarded a2s belng
empirical,

The remaining growth function, the Gompertz equation
has been given a physlological interpretation by WEYMOUTH,
MCMILLIN and RICH (1931) who maintain that growth is an
additive process which is continually slowing down.
BEVERTON and HOLT (1957) acknowledge this, but point out
that no attempt 1s made to interpret the coefficients of
the equation on a physiological basis, and as such the
equation may be regarded as empirical. In addition they
mention that abundant physiological evidence exists %o
indicate that growth is not merely additive but that a
breakdown of body material must also be taken into account.
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SUMMARY OF FINDINGS

1. Male and female H. midae are equally represented and
become sexually mature at the same sigze. At Stony Point

fifty per cent of the population is sexually mature

at a body weight of 140 gm and an age of 7 years (shell
breadth 8.0 em). At 275 gm (age 11 years, shell breadth
10.5 cm) one hundred per cent are mature.

2. Abalone may spawn twice a year, that is during late
spring/early summer and in autumn at Stony Point. Spawning

west of Cape Point seems to occur earlier in the year in

late winter. Only one spawning per annum was reccrded at
Sea Point.
3. Spawning is more intensive at Stony Point than at

Dassen Island or Sea Point and this may contribute to
the differences in preoductivity noted in these areas.

4., Seasonal temperature changes are associated with

spawning at Stony Point. Spawning took place when tempera=
tures were increasing as well as decreasing. The less intense
spawning west of Cape Point is attributed to the lack of

marked seasonal temperature changes.

. The testes simply consist of a lumen through which run
vertical connective tissue tubules. Lacuna occur within
the tubules. Spermatogenesis takes place on the outer wall

of the tubule and sperm fill the lumen in ripe tesits.

6. In the lumen of the ovary the connective tissue sheets._
of the trabeculae are arranged as a series of polyhedral
vertical cclumns. Within these the eggs develop from

the germinal epithelium covering the trabeculae.



8. In the ripe ovary two discrete egg sizes occur.
These groups are released on successive spawnings.
During spawning therefore, disruption of the extensive
ovary must be kept to a minimum for the eggs of the
next spawning must be maintained. A relatively free
passage for the eggs 1s provided for by the fact that
near the digestive gland the intervening walls of the
trabeculae columns break dovwn.

9. The walls of the gonads are not contractile. The
aductor muscle and the shell are used to exude gametes.

10, TFertilization is external and abalone therefore produce
large numbers of eggs. The linear relationship between
fecundity and body welght was found to he

F = .,0198 W - 2,196
where F = fecundity in millions of eggs
W = body weight in gm.
The relationship between fecundity and shell breadth was
F = ,0004257 B3 7187
where F = fecundity in millions of eggs

B = shell breadth

Fecundity is therefore approximately proportional to
ovary volume and this is due to the columnar arrangement
of the trabeculae. In addition constriction of the lacuna
in the trabeculae by egg masses probably limits egg production.

11, A seasonal growth model was estimated for abalone.

This showed that faster growth occurred during winter and to-.
a lesser extent spring. = These variations coincide with
phases of the breeding cycle. Slow growth could be
associated with period of gonad recovery while faster

growth took place when gonad bulk was high and constant.



17. Two linear equatiocns were also required to
describe the relationship between shell length and
shell depth. The inflextion point was at 11.0 cm.
and the interpretation of the ratios of absolute and
relative growth rates is similar to that discussed in
15. No explanation can be offered for this abrupt
change in the growth pattern.

18, Abalone from the Atlantic stations weighed more

per unit length than those collected east of Cape Point.
This was due to increased shell depth rather than to wider
shells being found at Dassen Island and Sea Point.

19. The verticel distribution of abalone seems broadly
associated with size. Small abalone are found beneath
stones in the shallows. Intermediate sizes, that is up
to about 10 cm. shell breadth, are more commonly found on
shallow reefs but larger abslone are found within a wide
depth range down to about 75 feet. The maintenance of
this pattern requires that abalone move to ensure
recruitment to reefs exploited by the fishery.

20. TFrom a tagging programme movements of over 30C yds.
were recorded within 104 to 558 days. The mean rate of
movement of abalone between 5.6 and 12.3 cm. shell
breadth was about 1,000 yds. per annum during winter.

It is not known whether seasonal variations of this rate
occur. There are indications that the rate of movement
is correlated with size within the above range. The
proportion of abalone which move was also found to be
high. Of 59 returns found during one search sixty four
per cent had moved away from the tagging area.



21. A review of bilological growth models is presented

in the thesis. It is especially interesting to note

that some of the more common models in use can be derived
from generalized equations presented by Richards (1959)
and Taylor (1962), A second important point dealt with
is whether the parameters of mathematical growth functions
reflect metabvolic rates and therefore have a physiclogical
merning.



ACKNOWLEDGEMENTS

The candidate 1s grateful to Prof. J.H. Day for his
guildance during all stages of the thesis.

Thanks are also due to Dr. B. van D. de Jager,
Director of Sea Fisheries for his enthusiastic support
and advice. Much of the arduous fieldwork entailed in
the study was done by divers from the Division of Sea

Fisheries, and the candidate is indebted to these members
of staff.





