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ARSTRACT

The availability of the ribbed mussel, Aulacomya ater is thought to be the
most important factor influencing the growth rate of the commercial rock~-
lobster, Jasus lalandii on the southern African west coast. A range of
growth rates represented by von ﬁertalanffy growth curves is estimated for

both A. ater and J. lalandii. Five models of differing complexity based on

the age distributions of these populationé are formulated with the main
purpose of investigating optimal harvesting strategies for J. lalandii,
Mussel and lobster single-species models are developed with constant
recruitment, as is a lobster model incorporating a linear stock-recruitment
relationship. Two models in which lobster growth is influenced by mussel
availability are presented, one in which there is constant recruitment and
the other having a linear stock-recruitment relationship for lobsters. Data
are compiled for three areas of differing J, lalandii growth rates and A,
ater biomass. Two are rock-lobster fishing grounds, the Cape Peninsula and
Dassen 1Island at which there is a small and large benthic biomass and
corresponding "slow" and "overall™” estimates for rock-lobster growth,
respectively. The third area is a rock-lobster sanctuary, Robben Island
where there is a large benthic biomass and rock~1c;bsters grow at a "fast"
rate. The mussel, lobster and lobster—mussel models assum'ing constant
recruitment are used to examine the effects various parameters have on
population size composition. Growth and predation have marked effects on
the size structure of the prey population whereas the size composition of
the predator population is greatly affected by growth and harvesting. The
simplest of the four lobster models, . the ’single—»species constant
recruitment model produced the most practical management information. The
lobster model incorporating a stock-recruitment relationship is unstable
while the lobster-mussel model with constant recruitment requires fine-

tuning. Only simulations of the Cape Peninsula fishing g&round produced



valid results using the lobster-mussel model with a stock-recruitment
relationship. Based on the results of the most reliable models, three main
conclusions about rock-lobster harvesting strategies are made. An increase
in fishing& pressure is unlikely to be commercially beneficial because of
kthe resulting decreése in catch per unit effort. If opened to fishing, the
Robben Island sancfuary is likely to produce a sustainable yield of .at
| least 340 tons annually with a small reduction (7 %) in the size of this
‘population. Although results differ from area to area according to growth
and harvesting rates, reducing the minimum catchable size from the ptjesent
89 mm carapace length to 70 mm or 80 mm is predicted to give a better
overall harvest. The more conservatjve estimate of 80 mm minimum catchable
size may cause the least change to the ecosystem, possibly produce a catch

of more marketable size and may guard against "recrukitment overfishing".
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Introduction



QHARTRR 1 . INTRODUCTION

Pollock and Beyers (1981) investigated the major environmental factors

affecting growth of the commercially exploited rock-lobster, Jasus lalandii

at six areas on the South African west coast and off Namiblia over a period
of nine years. They suggested that oxygZen saturation may have an effect on
rock~-lobster growth as it does in juvenile Western Australian rock-lobster,
Panulirus cygnus (Chittleborough, 1975) but this is not confirmed (Pollock
and Beyers, 1981). Kurata (1962), Chittleborough {1975) and Smale (1978)
have shown that the frequency of moulting increases with temperature in
| many spiny lobster species but its effect on the actual growth increment is
not marked. Since J. 1lalandii only moults once a year (Heydorn, 1965,
1969b; Newman and Pollock, 1971, 1974a) and all areas on the South African
west coast are subject to the cold Benguela current, temperature is
believed to be an unimportant factor for growth of J. 1lalandii, Other
influential factors on growth of spiny lobstar species include amount of
light/darkness (Rurata, 1962), and in juvenile P. c¢ygnus, isolation and
replacement of 1limbs (Chittleborough, 1975). Food availability was
considered by Pollock and Beyers (1981) to be the most important factor
influencing growth rates of J, 1lalandii. This food, often iﬁ the form of

the ribbed mussel, Aulacomya ater, may be limiting even in areas of

relatively 1large mussel biomass because specific sizes of mussel are
required (Griffiths and Seiderer, 1980). Availability depends on prey size,
accessibility in mussel beds and degree of exposure because J. lalandii can
only feed in fairly calm conditions (Pollock, 1978). Similar limitations
were found by Miller et al. (1971} for the lobster, Homarus americanus in
areas of excess prey Pproduction, possibly because the available sizes and
densities of p.rey could not be exploited or there was competition for food
amongst the predators. Food availability has also been shown to be =a
dominant factor affecting growth in various spiny lobster species '(l(urata,

1962; Witham et al,, 1964; Chittleborough, 1975, 1976). Chittleborough



FIGURE 1.1 : Map of the southern Af‘rican west coast showing areas in which

the adult growth rate of the rock-l?bster, Jasus lalandii has been measured
). The demarked area (Easter Cliffs‘, 25° 20' S to Cape Point, 34° 30 S)
shows where J. lalandii is found in commercially exploitable densities

(Pollock and Beyers, 1981).
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{1975) showed that daily feeding was necessary to maintain maximum growth
in juvenile P, cygnus, a decrease in food causing a 1longer intermoult
period with severe shortage resulting in both a longer period and a

decrease in increment at moult.

Fig. 1.1 shows areas on the southern African west coast in which the growth
rate of adult rock-lobsters has been measured and the range over which this
species is exploited. Geographic variation in growth rates of J, lalandii
has been described for several areas on the west coast (Newman and Pollock,
1974a, 1977; Pollock, 1978; Pollock and Beyers, 1981} and considerable
variation in growth has been observed within a single area such as Dassen
Island (Newman, 1973). In most cases the variation is ascribed to
differences in food availability (Pollock et al.,, 1982). Extensive larval
dispersion confirms that the growth rate between locations is not genetic
but environmentally induced (Newman and Pollock, 197&%a). Smith (1950) has
noted that knowledge of population parameters, growth rates, breeding
seasons, size at sexual maturity and similar biological statistics are
necessary for the successful control and management of a fishery. Fisheries
biology is lar&ely concerned with factors affecting rates of birth, &growth
and death, parameters which cannot often be directly observed (Burkenroad,
-1951). Growth rate is very important in regulating catch (Pollock et al.,
1982). Therefore the difference in growth rates between fishing grounds
complicates the formulation of harvesting restrictions which have to be
applied to the whole fishing area (Newman and Pollock, 1977). Morgan (1980)
suggests that detailed studies of growth rates and their wvariation in
lobsters are likely to become important in the development of yield models.
Since growth of the commercially exploited rock-lobster, J, lalandii may be
influenced by the abundance of the mussel, A ater, the measurement of
growth rates of these species is important if the interaction is to be

investigated in a model.



Young (1950) defines growth as the addition of material to that which is
already organised within a 1living system. This definition does not
necessarily require an increase in size but recognises such features of
the growth process as repair, regeneration and maintenance (Ford, 1977} and
is Eherefore comprehensive for crustacean Sgrowth. Measurement of some
increase 1in individual size with time, a fundamental parameter in studies
of population dynamics, can take the form of increase in length, width,
volume or mass. Mass and volume can be regarded as the most reliable and
effective parameters for expressing growth rate (du Plessis, 1977).
However, most parameters for J. 1lalandii and A. ater populations are
measured as functions of length or partial length. Therefore in a modelling
exercise which requires use of these parameters, length-based ageing is

chosen.

There are various methods of measuring growth increments and they are
specific to various clésses of animals and they all differ in accuracy.
Methods of measuring bivalve growth include the use of annual growth rings,
tagging and analysis of population size-frequency distributions (Muus,
1973). Growth measurement of sessile animals &oes not have some of the
drawbacks of motile individuals but they may be very slow growing, making
measurement difficult. Growth in Crustacea is a discontim:lous, stepped
process, only taking place in the immediate post-moult period whereas
during the intermoult period body size is constant. This, and the absence
of such markings as growth rings makes growth measurement difficult.
Burkenroad (1951) noted four methods of measuring crustacean growth, namely
taggi;’xg, measurement of captive animals, analysis of size-frequency
distributions and obﬁervation of moult frequency in nature combined with
increment per moult of animals captured just prior to moult in the field.
Tagging, a common method described by Hancock and Edwards (1967) has

drawbacks in that returns are often small and it takes years to obtain a



data set (Mauchline, 1877) so annual fluctuations in environmental factors

cannot be used to account for chanfes in growth rate. Growth measured in
captive animals does not allow for environmental fluctuations and Zenerally
excludes hazards which may affect growth in nature, Use of size-frequency
distributions is inadequate since 'the annual increment is samall, and there'
~is often migration between or within areas {(Mauchline, 1977). Moult

frequency in nature may be well-defined in some species but the combination
of this with laboratory-measured increments incorporates the problems of

' growth measurement in captive animals,

The harvesting of .r'-ock~1ohster or "kreef" (J, lalandii} on the South
African Cape coast is controlled by restrictions specified by the Marine
Development Branch, "Control Measures on Rock-lohster”, published in 1973.
Tﬁese control measures include a minimum catchable size (officially termed
the "minimum cdatch size limit") of 8.89 em in carapace length or if the

. tail has been severed from the body, the second tail segment must be no
less than 2.38 cm in length; prohibition of landing rock-lobster which are
in berry or in soft-shelled condition; prohibition of landing& rock-lobster
in five proclaimed sanctuaries in areas of Betty's Bay, False Bay, in the
Cape Peninsula from Melkbos Point to Hout Bay, in Saldanha Bay and St
Helena Bay; a closed season from July to October which was changed in 1984
) to‘ the period mid-May to October. For commercial harvestefs additional
restrictions include a total rock-lobster fishing quota set each yeqr; no
trawling of rock-lobster; capturing only from & licensed rock-
lobster boat; catches only to be landed at proclaimed rock-lcbster landing -
areas and sold to authorised rock-lobster packers or rock-lobster quota
‘holders; Additional restrictions for sport harvesters include a maximum of
5 rock~lobster to be taken per person (in possession of a permit) per Qay
by means of a scoop~net or diving without artificial breathing appabatus,
only from the shore; a maximum of 20 rock-lobster may be transported per

A vehicle, accompanied by the catchers and these rock-lobster may not be



sold.

To test the cptimal choice of a minimum catchable size, a lobster-mussel
model, based on the length distributions of J. lalandii and A. ater stocks
was developed by Seiderer et al. (1382). The reasoning behind the
formulation of their model was based on two findings. They showed that most
of A. ater biomass is concentrated in the larger size classes. Griffiths
and Seiderer (1380) showed that because of fhe prey size specificity in J.
lalandii feeding, food restrictions are prcbably most severe for sméller
. rock—-lobsters whose already limited food resources of small mussels are
competed for by larger individuals. Thefef‘ore they suggest that it may not
be detrimental to harvest rock-lobsters of smaller size because there may
be 1less competition for the more limited resource, and the growth rate of
the rock-lobster population may increase, thereby benefiting the fishery.
However, there are 1logical problems in using length as opposed to age
distributions in a population dynamics model such as that of Seiderer et
al, (1982), Models based on population age structure such as those used in
other types of fish stock management are not applicable because ageing of
rock~lobsters is difficult. For this reason, Morgan (1380) suggests that
f‘urther_ developments in length-related cohort analysis techniques such as
tl_'_xat kdeveloped by Jones (1374) for crustacean species woulci be useful.
Likewise, Hancock (1980) states that the formulation of a suitable
crﬁstqcean growth model is clearly an area which continues to receive
attention. Such techniques need to refer to a time base so it is necessary

to be able to convert lengths to ages using appropriate growth equations.

" The purpose bf this work is firstly, to obtain sets of growth curves for
different growth rates for both mussels and rock-lobsters (which will be
referred to simply as "lobsﬁers" throughout). Thereafter, to derive a

method in which 1ength*related data can be used in age-based population

dynamics models and to construct separate simulation models for mussel and



lobster populations using this length-related technique. The models can

then be combined into an interacting one in which 1lobster growth is

affected by mussel availability. Thereafter, to define an appropriate

stock-recruitment relationship for lobsters and build this into both the

single-species lobster model and the lobster-mussel interaction model. Data

for‘ areas of known different growth rates and differing mussel availability

can then be compiled for use in the models. Use the single-species and two-

species models, the following questions can be tested :

1) What effect do growth, natural mortality, fishing and/or predation have
on lobster and mussel population size structure ?

2) What effect do different fishing strategies have on lobster harvest ?

" 3) Hhat effect does mussel-dependent growth of lobsters have on optimal

lobster harvesting strategieé ?

4) How does recruitment pattern affect lobster harvesting ?



CHAPTER 2

Growth of mussels and lobsters

<



FIGURE 4.2 :

Maps showing the chosen simulation areas m relatlon to each

. other (a) and the depth contours at each area (b - d).
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TABLE 4.2 : A ater growth increments for different growth rates estimated
from measurements taken on the South African west coast by A. Barkai and
C.L. Griffiths, unpublished data and Pollock (1978) (see Chapter 2).

SIZE CLASS GROWTH RATE (mm.month™"

"OVERALL"  "FAST" "SLOW"

ESTIMATE
1 0.546 0.882 0.210
2 1.160 1.160 0.288
3 1.081 - 1.140 0.373
4 0.450 - 0.504 0.350
5 0.245 0.245 0.245
6 0.225 - 0.225 0.225
7 0.110 0.110 0.110
8 0.061 0.061 0.061

TABLE 4.3 : A. ater agSe-length distributions for different growth rates
computed by the program "GROWTH" (see Chapter 2).

AGE (years) LENGTH (mm)
"OVERALL"™ "FAST" "SLOR"
GROHTH . GRONWTH GRORTH
ESTIMATE
1 6.6 10.6 2.5
2 16.2 ’ 2u.4 5.0
3 29.5 33.7 7.6
4 35.5 ' 39.7 10.1
5 40.7 uz2.9 13.5
6 43.6 : 45.9 17.0
7 46.6 48.8 20.5
8 495 . 51.6 25.0
9 . . 523 54.3 29.5
10 55.0 57.0 33.7
11 57.7 59.7 379
12 60.3 ) 61.3 415
13 616 62.6 444
14 62.9 63.9 47.4
15 64.2 65.2 50.3
16 655 | 66.5 53.0
17 66.9 67.9 55.7
18 68.2 : 69.2 58.4
19 - 69.5 70.3 60.6
20 70.5 ) 71.0 62.0
21 71.2 . 71.8 63.2
22 - 71.9 72.5 64.6
23 72.7 73.2 65.9
24 73.4 74.0 67.2
25 4.1 . 747 . 688
26 74.9 75.4 69.9
27 75.6 76.2 70.1
28 763 . 76.9 7.4
29 77 i 77.6 72.2
30 77.8 78.3 72.9
31 78.5 79.1 73.6
32 79.3 . 79.8 - T4y
33 80.0 75.1
34 : 75.8
35 ‘ 76.6
36 77.3
37 78.0
38 78.8

39 79.5



Griffiths and £King (1979b) constructed a growth curve for the mussel,
Aulacomya ater but this was based on a small data set from Oudekraal, Cape

Peninsula. Growth curves of male and female lobster, Jagus lalandii, based

on &rowth increments in carapace length measured at Robben Island were
computed by Pollock (1978). Since then more data have been collected,
recording growth incrementa for both species at various areas on the South
African west coast. The availablé literature and new sources of data were
reviewed and an attempt was made to compile a set of realistic growth
increments and curves for an "overall"” (average) Rrowth estimate, "fast”
(upper 1limit) and "slow" (lower limit) growth for mussels and male and

female lobster on the South African west coast.

DATA COMPILATION

Mussels

A. ater growth data was obtained from four sources and is not separate for
males and femalea. On the islands of Marcuz and Malgas, off Saldanha Bay,
individuals of different sizes were tagged and their length at 0, 2, 4 and.
6 months measured (A. Barkai, unpublished data). The individuals were
separated into 10 mm-size classes according to their initial length. Each
of the three sampling periods werae treated as separata data sets, then
combined and the mean monthly growth increment for each size class

calculated. Some estimates of A ater growth on Robben Island are given by

Pollock (1978). One value was obtained by following the mean length of a
spat gettlement from 1.6 to 2.5 mm over a period of 4.4 months. Other
values were estimated by measuring the change in mean length of a
settlement of juveniles on five occasions over a period of two and a half
years and noting the mean monthly growth as the population grew through

different size ranges. Raw data from Griffiths and King (1379b) was used to

9



Growth Increment (mm.month~1)

TABLE 2.1 : A, ater growth incremerLts for different growth rates based on
sets of data from different areas on‘ the South African west coast (Pollock,
1978; A. Barkai and C.L. Griffiths, lunpublished data). In the two sets of
increments excluding Marcus Island data, an asterisk indicates use of a
Marcus Island data point in lenéth classes where no other data were

available. Values in parentheses indicate estimates based on trends.

LENGTH GROWTH RATE (mm.month™
(mm)
MEAN MINIMU)‘{ MAXIMUM MEAN EXCL. MINIMUM
MARCUS ISL. EXCL.
DATA MARCUS 1ISL.
DATA
1 - 10 0.546 0.210 0.882 0.546 0.210
11 - 20 0.724 0.288 1.160 1.160 0.288x%
21 - 30 0.796 0.142 1.140 1.081 0.373
31 - 40 0.313 0.107 0.504 0.450 0.350
41 - 50 - 0,148 0.049 0.245 0.245 0.245
51 - 60 0.123 0.021 . 0.225 0.225 0.225
61 - 70 0.110 0.110 0.110 0.110% 0.110%*
71 - 80 (0.061) (0.06M) (0.06M 0.061) (0.061)
FIGURE 2.1 : Monthly growth increments of A. ater of different sizes

recorded by various» authors at dif‘f‘erent areas off the South African

west
coast.
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TABLE 2.2 : Increase in carapace length at different growth rates for male
and female J. lalandii over their respective size ranges. Juvenile growth
rate data are from Pollock (1973) and adult data are based on ranges given
by D.E. Pollock (pers. comm.). For adult females, an additional set of
growth increments believed to most representative of natural populations
(D.E. Pollock) are given and are derived from mean and maximum rates.

CARAPACE : GROWTH RATE (x10°2 mm.day™
LENGTH
{mm)

MALES FEMALES

MINIMUM  MEAN  MAXIMUM MINIMUM  MEAN  MAXIMUM MEAN or

MAXIMUM
Juvenile Growth
11 - 20 2.547 . 2.261
21 - 30 3.292 2.817
31 - 40 4.029 3.838
41 - 50 3.700 ©o3.442
51 - 60 _ 3.215 2.907
Adult Growth
61 - 70 0.370 1.644 1.918 0.411 0.548 0.685 0.548
71 - 80 1.096 1.439 1.781 0.274 0.343 0.411 0.343
81 - 90 0.822 1.233 1.644 - 0.137 0.206 0.274 0.274
91 - 100 0.685 1.096 1.507 0.110 0.151 0.192 0.192
101 - 110 0.548 0.959 1.370 0.082 © 0.170 0.137 0.137
1M1 - 120 0.411 0.822 1.233
121 - 130 0.274 0.685 1.096
131 ~ 140 0.137 0.411 0.685

>
FIGQRE 2.2 : Daily growth increments of male and female d. lalandii over
their respective size ranges. Juvenile (< 60 mm) growth data was obtained
from Pollock (1973). Adult growth data estimated from realistic ranges of

growth increments given by D.E. Pollock (pers. comm.),
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estimate monthly growth increments for A. ater from Oudekraal. These data

Wwere collected by selecting areas of mussel bed that appeared to comprise a

single cohort and periodically sampling these areas to estimate mean cohort
length. Data from two of these areas which were sampled over a period of 12
months were selected. Using the mean length of each sample and the inter-
sampling period, monthly growth increments were calculated for the various

size classes.

The data from these four areas were combined in order to ‘give some
estimates of mussel growth on the South African west coast. A maximum
length of 80 mm was chosen since there are few mussels larger than this

size and, for the purpose of the lobster-mussel model, 1lobsters have not

been observed to eat individuals larger than this length (Griffiths and
Seiderer, 1980). For the last size |class (71 - 80 mm) no data were
available; therefore an estimate was made, based on the trend evident from
the other increments (Fig. 2.1). From these data, five sets of growth
increments were compiled - the i) mean, ii) minimum and iii) maximum of all
points for each size class, and a iv) mean and v) minimum excluding the
Marcus Island data points (where other increments were available) since

these increments appeared to be so much smaller than the rest (Table 2.1).

Lobsters
Lobster growth is measured in terms of carapace length which is the
distance from the ¢tip of the rostrum to the posterior edge of the
cephalothorax. The daily increments| for male and female juvenile J.

lalandiji of sizes ranging from 10 to 59 mm were estimated using mean moult

increments and intermoult periods (Pollock, 1973). D.E. Pollock (pers.

comm.) has suggested realiastic ranges or annual growth increments for adult
males and females of different size classes, based on tagging data from
numerous 8ites on the South African ‘Lest coast. These were converted to

daily increments. D.E. Pollock (pers. comm.) suggests that maximum lengths

10



TABLE 2.4 : Parameters for von Bertalanffy growth equations fitted to A,
ater growth data for different growth rates. Figures in parentheses give
one standard deviation.

GROWTH RATE 1l k

"OVERALL" ESTIMATE 80 0.113 (0.003)
(forced 1w)

e

"OVERALL" ESTIMATE . 78.19 (0.83) 0.123 (0.005)
(closest fit)

"SLOW" (closest fit) 92.12 (2.32) 0.055 (0.003)

"FAST" (closest fit) 77.47 0.9 0.132 (0.007)



FIGURE 2.3 : Algorithm for calculating size (S) at yearly intervals (4)

Ziven the times taken for an individual to reach specific sizes indicated
by ¢ (see text). o

Size

Age

TABLE 2.3 : Calculated number bf‘ years taken by A. ater to reach various
lengths at different growth rates. An asterisk - indicates growth rates
chosen as most realistic (C.L. Griffiths, pers. comm.).

GROWTH RATE o " LENGTH (mm)

10 20 30 40 S0 60 70 80

MEAN 1.4 28 39 6.6 12.0 18.8 26,5 40.0

* MEAN EXCL. 7.4 23 31 49 8.2 119 194 33.0
.MARCUS ISLAND ‘ ’

MINIMUM 40 6.9 127 206 37.6 77.0 847 98.2

* MINIMUM EXCL. 40 6.9 9.1 1.6 149 18.7 26.1 39.7
MARCUS ISLAND - ' ‘

*x  MAXIMUM 09 1.7 26 41 7.4 112 187 32.3



of 140 mm and 110 mm for J. lalandii males and females respactively are
reasonable, The sets of data for juvenile and adult lobster were combined

{Table 2.2 and Fig. 2.2).

AGE-LENGTH RELATIONSHIP AND CURVE-FITTING

A computer program, "GROHTH" (Appendix A and B) was designed to use daily
or monthly growth increments in order to calculate an age-length
distribution. The time taken for an individual to "grow" through a size
class is caiculated from the number of growth increments, specific to that
size range, needed to pass through the size class. Thus the time taken to
grow through all the size classes is summed, giving évenly spaced 1length
intervals with corresponding growth times. However, the length at each
yearly interval is required. The algorithm for this calculation is hased on
the assumption that the data points are linked by straight lines (Fig.-
2.3). Equations for each straight line are calculated and the length at
each yearly interval (age) determined by substitution into the relevant
equatic.m, yielding an age~length distribution. A BMDP package (P3R of the
1983 version used on a SPERRY 1100/81) was used to fit von Bertalénffy,

Gompertz and Logistic growth curves to the age-length data.

Mussels

Age-length distributiona for different growth rates were computed using the
program "GROWTH". From these, the number of years taken to reach various
lengths was calculated (Table 2.3). C.L. Griffiths (pers. comm.) suggested

that the data set using the mean excluding Marcus Island data produced the
best “overall®" growth estimate., The minimum growth rates were considered
too unrealistic (approximately 100 years to reach 80 mm) and were
disregarded. Thus the mean and minimum rates excluding Marcus Island data
and the maximum rates were used as a realistic rahge of values from "slow"

to "fast" growth. The von Bertalanffy curve appeared to give the best fit

"



FIGURE 2.4 : Comparison of a comput‘:ed age-length distribution and its
corresponding von Bertalanffy curve for the "overall" growth estimate of A.

ater (a) and von Bertalanffy growth ‘:urves for the "overall" estimate,
"slow" and "fast" growth (b).
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to the three sets of data (Table 2.4 and Fig. 2.4),

Lobsters

Silberbauer (1971) gives the following time intervals (days) for the early
stages of lobster development : spawning and incubation of eggs (92),
hatching (1), naupliosoma larvae (1), 11 stages of phyllosoma larvae (231)
and puerulus stage (25). This gives a total of 350 days, by which time the
individuals are abproximately 70 mm 1in carapace 1length. The growth
‘increment data are used in the program, "GROWTH" with a starting length of
10 mm and an initial age of one year during which time a lobster Aegg passes
through its larval stages and reaches 10 mm in length. The number of years
taken to reach various leng&ths at different growth rates was calculated
.from the age-length distributions (Table 2.5). The different growth rates
only involve differences in adult growth, the juvenile rates are kept
constant (see Table 2.2). D.E. Pollock (pers. comm.) suggested that the

mean growth rate for males gave the best "overall” estimate. However, for
females, the mean growth rate up to 80 mm was realistic and thereafter
maximum rates yielded a reasonable maximum age so this was taken as the
"overall"” estimate. The von Bertalanffy curve showed the best fit to the
age-length distributions for "overall" growth estimate, ~fast" and "'slow“

growth of both sexes (Figs 2.5, 2.6 and Table 2.6).

DISCUSSION

Mussels B

The previous growth equation given for A, ater (Griffiths and King, 1979b)

was a Gompertz curve with a specified maximum size of 90 mm, extrapolated
from data for individuals of .lenéth 0 to 30 mm. Maximum size was reached
after a period of 12 years using this equation. The von Bertalanffy curve
given here is based on more data over a greater size range but the pericd

of 33 years to reach 80 mm does appear to be unusually long. There are,
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TABLE 2.5 : Calculated number of years taken by male and female J. lalandii

to reach various 1lengths at different growth rates. For females an
additional set of figures is given based on a set of mean and maximum
growth increments. An asterisk indicates the growth rates believed to be

most realistic of an "overall" growth estimate (D.E. Pollock, pers. comm.).

GROWTH . LENGTH (mm)
RATE .

70 20 30 40 50 g0 70 80 90 100 110 120 130 140

MALES
MINIMUM 1.0 21 2.9 3.6 44 53 7.2 9.8 13.0 17.1 22.1 28.8 38.9 58.8
* MEAN 1.0 21 29 3.6 44 53 6.9 8.8 11.0 13.5 16.4 19.7 23.8 30.3
MAXIMUM 1.0 2.1 2.9 3.6 4.4 53 6.6 82 9.8 11.7 13.7 15.9 18.5 22.4
FEMALES
MINIMUM 1.0 2.2 3.1 3.9 47 5.9 ‘12’.11 22,5 42.4 67.4 100.8
MEAN 1.0 2.2 3.1 3.9 4.7 5.9 10.6 18.6 32.0 50.2 75.

MAXIMUM 1.0 2.2 31 3.9 4.7 59 9.8 16.4 26.4 40.7 60.7

* MEAN @ :
or 1.0 2.2 3.1 3.9 4.7 5.9 10.7 18.7 28.7 43.0 63.0
MAXIMUM

TABLE 2.6 : Parameters for von Bertalanffy growth equations fitted to male
and female J. lalandii growth data for different growth rates. Figures in
Parentheses give one standard deviation.

GROWTH RATE MALES FEMALES
10 k 10 k
"OVERALL" ESTIMATE 140 0.104 110 0.078
(Forced 1w) _ (0.002) © (0.003)
"OVERALL" ESTIMATE 14548 0.095 100.90 . 0.108
(closest fit) (1.75) (0.003) (1.18) (0.006)
"SLOW" 130.09 0.106 95.79 0.150
(closest fit) (3.58) (0.008) (4.39) (0.029)
"FAST" 159.00 0.093 99.22 0.148

(closest fit) 4.24) (0.005) (3.82) (0.021



FIGURE 2.5 : Comparison of a computed age-length distribution and its

corresponding von Bertalanffy curve for the "overall" growth  estimate of
male J. lalandii (a) and von Bertalanffy growth curves for the "overall”

estimate, "slow" and "fast" growth (b).
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FIGURE 2.6 : Comparison of a computed age-length distribution
corresponding von Bertalanffy curve for the "overall" growth

female J.

and its

estimate of
lalandii (@) and von Bertalanffy growth curves for the "overall"”

estimate, "slow" and "fast" growth (b).
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however, problems with measuring growth in this particular mussel species.
Firstly, at Marcus Island there are some cases of negative growth in length
(A. Barkai, unpublished data) because mussels expand in the width.

Secondly, A. ater form multilayer beds in which the individuals on the top
are able to filter more efficiently and therefore possibly grow faster.
Thus growth in one area is very variable, being hiZhly density-dependent.
Seed (1969) suggests that the slow growth rates of mussels are vartly
attributable to their sessile habit in that they are unable to move away
from environmental conditions which may be unfavourable. Baird (1966)

showed that Mytilus edulis which are subjected to Zreater exposure to the

air by the tide show reduced growth rates which can be increased if they
are moved experimentally to lower tidal levels. Similar observations of a
decrease 1in &rowth rate at higher shore levels have been made for
Choromytilus meridionalis (Griffiths, 1981) and for Mytilus edulig

{Newcombe, 1935; Suchanek, 1978).

Table 2.7 gives estimates of time taken by some mussel species in different

areas to reach various lengths and the corresponding time taken by A, ater
using the "overall™ growth estimate given here. A. ater appears to grow
slowly 1in comparison to the other estimates apart from those presented for

Choromytilus meridionalis in False Bay (S.A. south coast). Mossop (1922)

gives estimates for Mytilus edulis growth as 16.0 mm (Nova Scotia), 10.8 -
1.8 mm (New Brunawick) and 8.4 mm (Hudson Bay) per g&rowing season. du
Plessis (1977) measured a 76 mm increase in 2 years of growth of
Choromytilus meridionalis in Saldanha Bay (S.A west coast). These
estimates are much faster than the A, ater incrementa given here. Cook
(1978) estimates an annual increment of 1 mm.yr™ for A. ater individuals
10 - 30 mm in length at Duinefontein on the S.A. west coast, kept at
ambient temperature of between 8 and 14°C. At temperatures 6% above

ambient this @growth was significantly slowed to 0.6 mm.yr ™ These

increments show extremely slow growth as do those suggested by Griffiths
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TABLE 2.7 : Time taken for mussel species from different aréas to reach

various lengths. Figures in parenth
taken by A. ater at the chosen "over

H REACHED (mm)

eses indicate approximate time in years
all" growth rate to reach this length.

AREA SOURCE

SPECIES TIM‘E (years) LENGT
Choromytilus 1.5 (1.4 8.3
meridionalis
S -6 (10.1) 55
15 (11.9) T g0
Perna 1.0 (11.9) - 60
perna
Mytilus 18.0 (33.0) 80
edulis
2.4 (1.9 14 - 16
+ 90

1.5 - 4.0 (33.00 70

False Bay A H. Fricke,

(S.A. south pers. comm.
coast) :
" Griffiths,
1981
Table Bay VB. Currie,
(S.A. west unpubl, data
coast) {(quoted by
Griffiths,
1981)

S.A. éas_t Berry, 1978
coast

Greenland Theisen, 1973
England Seed, 1969

Hales Baird, 1966



and King (1979b) for A. ater at lesa than 1 mm per month. Griffiths (1981)

found that Choromytilus meridionalis growth was best defined by the wvon

Bertalanffy equation. Theisen (1973) working with the growth rings of
Mytilus edulis, fitted a Gompertz curve up to half of maximum size and a
von Bertalanffy curve from 1/3 of maximum size up to the maximum size, The
best curve Tfor mussels is probhably somewhere hetween these two as a
Gompertz curve was oriZinally fitted to A. ater data (Griffiths and King,

1979b) and a von Bertalanffy curve gave the best fit in this study.

Lobsters

There are two sets of data for each sex, one for juveniles (« 60 mm
carapace length) from aquarium measurements and a set for adults from field
estimates. A sharp decline in growth is shown at the changeover from one
set to the other (see Fig 2.2). Juvenile lobster growth does not always
show the same trend as that of the adults hecause they inhabit different
areas (Pollock et al., 1982). While this changeover may represent a true
change as the juveniles become mature, it may simply be a reflection of the
separate data sets. The decline is greater in females which is to bhe
expected since more energy is put into reproduction and less into growth
once they become sexually mature, This is alsc the reason for their smaller
maximum size. Pollock (1973) suggests that J. lalandii takes approximately

9 years to reach size at recruitment into the fishery (89 mm carapace
length) and this is similar to the time taken assuming the "fast" growth
rate presented for males (3.8 years). For comparison, the clawed lobster,
Homarus americanus takes approximately half the time to reach marketable

size (5 years, Hughes and Matthiesen, 1962; Marchessault et al., 1976).
Table 2.8 shows there is considerable variation in mean annual increment of
juvenile lobsters of diffaerent species af different areas but the values

are notably larger than adult increments (sge Tables 2.8 and 2.10). Growth
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TABLE 2.8 : Annual growth increments for juveniles or "whites"™ of various
spiny lobster species at different localities estimated by different
authors using various methods of growth estimation. The mean is calculated
from values given from all sampl‘e sites at the locality over all size
classes weighted according to the number sampled in each size class.

SPECIES CARAPACE ANNUAL GROWTH INCREMENT AREA SOURCE
LENGTH (mm.yr™Y
(mm)
RANGE . MEAN
Jasus 15 - 60 8.3 - 14.8 12.0 S.A. west Pollock, 1973
lalandii coast :
Panulirus 20 - 55 22.7 - 451 32,5 " - Berry, 1971
homarus '
Panulirus
cygnus ' : »
male - 0.6 - 22.0 10.2 . Western Chittleborough,
' Australia - 1976
68 - 86 - 16.0 " George, 1958
female : 0‘.8 - 21.0 9.6 ' .o Chittleborough,
' 1976
64 - 84 - 15.0 oo " George, 1958
Panulirus 9 - 21 21.6 - 43.2 32.4 Vizinham Kuthalingham

versicolor ' Bay, India et al., 1980




of juveanile J. lalandii is similar to that of the other tabulated species

except for Panulirug homarusg (S. A. west coast) and Panulirus versicolor
(India) which grow faster. Tables 2.9 and 2.10 show that in all spiny
lobster species except for Panulirus interuptus from southern California,
adult males tend to grow faster than the females., Within the adult J.
lalandii meaqureméntsv given in the literature from various areas off the
S.A. west coast, there is variation in mean increments in carapace length
(2.3 - 6.5 mm.yr™* for males, 0.6 - 5.9 mm.yr™ for females). Similarly,

Cook (1978) gives annual increments of 2.9 * 0.1 and 45 * 0.1 for both
sexes of J. lalandii in the size range 55 to 90 mm carapace length at
Duinefontein on the S. A. west coast held at ambient (9 - 14°C) and 6%
above ambient, resﬁectively. An annual increment of 7.8 mm and increment
range of 5 - 12+ mm for J. ndvaehollandiae (40 - 99 mm in carapace length)
held in aquaria in Scsuth Australia was calculated from the data presented
by Fielder (1964). This is a large increment compared to the estimates from
South Africa. Peacock (1974) also gives fairly large increments of 5.6 -~ .
8.6 mm for the tropical Panulifus areus of both sexes 50 - ;!00 mm in
carapace length from Antigua and Barbuda in the Hesat Indies. Mean growth
increments for all the other species fall in the upper part and above the
ranges given for J. lalandii, apart from Panulirus gilchristi, fouhd on the
east coast of South Africa which has very slow growth in both sexes.
Panulirus interruptus from southern California appears to have rapid
growth, well above the range for 't';he other species at 17.0 mm (male) and
20.0 mm .(female). Males Qf, &né:st spiny 1obstef species attain a greater
maximum size than feﬁales (Ranciruk, 1980). It is interesting to nota that
female P. interruptus from southerﬁ California seem to havé a faster growth
.rate than males and also reach a greater maximum size (data was calculated
from size-frequency distributions). Thus all the evidence suggests that d.

lalandil is a relatively slow growing speqies of spiny lobster.

Hiatt (1948) diagrams have heen produced for many lobster species. These
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TABLE 2.9 : Annual growth increments for adult males of various spiny
lobster species at different locali#ies calculated from measurements given
by various workers using a variety of methods for growth estimation. The
mean is calculated from values glveJh from all sample sites at the 1locality
over all size classes weighted accordmg to the number sampled in each size

class. Means in double parentheses are not weighted.

SPECIES CARAPACE ANNUAL GROWTH INCREMENT AREA SOURCE

LENGTH - (mm.yr Y
(mm)
RANGE MEAN
Jasus 70 - 110 2.9 - 46 3.7 Cape Peninsula Newman &
lalandii . Pollock, 1977
80 - 130 2.2 - 3.7 3.5 Cape Peninsula P. IZoutendyk,
- aquaria unpubl. data.
65 - 150 28 - 8.2 6.5 Robben Island Pollock &
Beyers, 1981
70 - 110 4.3 - 4.6 4.4 Dassen Island Newman &
Pollock, 1977
80 - 120 3.0 - 4.4 4.4 St Helena Bay Pollock
' -Saldahna Bay et al, 1982
80 - 110 2.8 - 4.8 4.4 Lamberts Bay ‘Pollock, 1982
-Elands Bay
60 - 110 1.0 - 2.8 2.3 Port Nolloth "
- aquaria
60 - 110 3.0 - 5.0 3.0 Marshall Rocks Beyers, 1979
Y (N of Luderitz) )
70 - 140 1.5 - 6.0 ((3.8) "Overall" D.E. Pollock,
estimate, S.A. pers. comm.
west coast
70 - 140 0.5 - 5.0 (2.8) "Slow" estimate, "
' S.A. west coast
70 - 140 25 -17.0 (4.8)) "Fast" estimate, "
: S.A west coast )
70 - 119 48 - 5.8 4.9 South western Paterson, 1969
Cape - aguaria
Jasus 60 - 110 3.0 - 6.9 6.4 Nightingale Pollock, 1881
tristani Island
75 - 110 3.0 -70 5.0 " Pollock &
L i Roscoe, 1977,
60 - 100 4.4 - 55 5.1 Tristan da Pollock, 1981
o Cunha
80 - 105 3.0 - 50 4.0 " - Pollock &
. : Roscoe, 1977
60 - 110 . 3.4 - 4.8 4.5 Inaccessible Pollock, 1981
b Island . )
70 - 110 57 - 173 6.4 Gough Island "
Jasus 85 - g0 1.0 - 5.0 - - New Zealand Bradstock, 1950
edwardsii .
55 - 105 - 42-6.0 5.2 " Street, 1969
Panulirus 60 - 80 1.4 - 1.7 1.5 Port Alfred, Pollock &
gilchristi =~ : ) S.A. east coast  Augustyn, 1982
Panulirus age 6-12 yrs 4.8 - 5.4 ]‘5.‘0 Aquaria (25%) Phillips
cY&nus | et al., 1983
age 6-12 yrs 1.9 - 7.2 5.8 Aquaria (20%) "
66 - 119 8.0 - 11.0 ((19 0) ' Hestern Sheard, 1962
| Australia
Panulirus 68 - 93 5 - 138 7. '
homars 5.5 3 ‘7‘* S.Icg.asetast Berry, 1971

interruptus California

Panulirus 82 - 125 %LW,O Southern - Backus, 1960
{
1
|
1
<
i



are graphical representations showing two lines, one being some factor of
growth per moult and the other, length of intermoult period, both over
carapace length. This method which combines the above two factors produces
a curve which closely approximates the von Bertalanffy-type curve (Morgan,
1980). The diégrams are designed for Crustacea and are analogous to Ford-
Halfor-d Plots construcf:ed for fish (Mauchline, 1976). However, in general,
crustacean intermoult periods increase loZarithmically with size whepeas
" time between growth events in fish is linear. Similarly, Phillips et al.
{(1983) used ARGR (average relative growth rate) plotted against intermoult
period. Adult J. lalandii moult once a year (Heydorn, 1965, 196Qb; Newman
and Pollock, 1971, 1974a) resulting in a constant intermoult period with

increasing size so Hiatt diagrams and ARGR's are not applicable.

The best description of growth of several spiny lobster species is provided
by the von Bertalanffy curve although the variation around the curve makes
an accurate description difficult (Morgan,”~ 1980). He suggests that
variation is due to chénges in moult increment and frequency, exhibited in
response to environmental pressures such as food supply and temperature.
Seiderer et al. (1982) calvculated von Bertalanffy k ‘values in the range of
0.06. to 0.10 for male J. 1lalandii, using growth rates observed by Newman
aﬁd Pollock (1977) in different areas. The range calculated here for
different adult growth rates estimated by D.E. Pollock (pers. comm.) yields

" similar values (see Table 2.6). For females, Seiderer et al. (1982) give a

v k of 0.196 while the value used here (Table 2.6) is somewhat lower,
indicating slower rates. Although the age at maximum size appears very old,
it is likely that at very slow rates, the -individuals do not sur:vive to
reach the larger sizes. Von Bertalanffy curves have been fitted to growth
daté for Jasus ' novallandiae (Bradbury, 1977; Lewis, 1977), Panulirus
homarus (Smale, 1978), Panulirus argus (Munro, 1974), Panulirus cygnus
(Morgan, 1977) and juvenile Panulirus cyg&nus (Chittleborough, 1976). The

adequacy of the von Bertalanffy function depends on the validity of several
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TABLE 2.10 : Annual growth incremer
lobster species at different localiti
by various workers using a variety
mean 1s calculated from values given
over all size classes weighted accord
class. Means in double
parentheses are those determined fron
no size class data are given.

from

nts for adult females of various
es calculated from measurements given
of methods for growth

estimation.
all sample sites at the

Ranges given

SPECIES CARAPACE ANNUAL GROHTﬁ INCREMENT AREA SQOURCE
LENGTH (mm.yr "%
(mm)
- RANGE MEAN
Jasus 70 - 90 0.8 -1.1 0.9 Cape Peninsula Newman &
lalandii Pollock, 1977
60 - 110 0.3 - 25 = Robben Island D.E. Pollock,
‘ . unpubl. data
70 - 100 0.4 - 11 0.6 Dassen Island Newman &
Pollock, 1977
- 0.7 - 2.00 0.9 St Helena Bay Pollock
-Saldahna Bay et al, 1982
89 - 94 0.0 - 2.8 1.0 Lamberts Bay  Pollock, 1982
-Elands Bay
60 - 90 0.2 - 0.9 0.7 Marshall rocks Beyers, 1979
(N of Luderitz)
70 - 110 0.5 - 2.0 (1.3» "Overall" ' D.E. Pollock,
estimate, pers. comm,
= ) S.A. west coast
70 - 110 0.3 - 15 ((0.9)) "Slow" estimate, "
' S.A. west coast
70 - 110 0.5 - 25 (1.5)) “Fast" estimate, "
S.A. west coast -
20 - 109 3.7 - 115 5.9 Southern Cape Paterson, 1969
Jasus 60 - 110 0.0 - 2.7 1.9 Nightingale , Pollock, 1981
tristani Island
60 - 100 0.5 - 2.7 1.5 Tristan da "
Cunha
- - 1.0 " Pollock &
g Roscoe, 1977
60 - 100 1.8 - 2.0 1.0 Inaccessible Pollock, 1981
, Island
70 - 90 19 - 2.0 1.9 Gough Island "
Panulirus 60 - 80 0.7 - 1.7 1.0 Port Alfred, Pollock &
gilchristi S.A. east coast Augustyn, 1982
Panulirus age 6-11 yrs 1.0 - 2.4 2.1 Aquaria (25%C) Phillips
cygnus : et al, 1983
’ age 6-9 yrs . 3.0.- 85 4.7  Aquaria 07 "
68 - 91 6.0 - 10.0 {((10.00- Hestern Sheard, 1962
: . Australia '
- Panulirus 65 - 97 3.4 - 124 7.1 S. A east Berry, 1971
homarus - ) coast
Panulirus 84 - 142 : - 20.0 Southern Backus, 1960

interruptus

California

spiny

The

locality
ing to the number sampled in each size
parentheses are not weighted.

in

n different sample sites of an area as



inherent assumptions. The most important of these is that the growth rate
in one year is constant, having no within-season variations although this
is not a true reflection of the natural situation (Morgan, 1980). When
juveniles emigrate from the shallow water they are exposed to a new set of
environmental pressures so Chittleboroﬁgh (1976) suggests that growth is
not well represented by a single von Bertalanffy curve. Therefore a
modified foi‘m of the von Bertalanffy equation may provi&e the most
realistic description of the growth process in panulirid populations,

although the von Bertalanffy equation gives the best fit to this J.

AN

lalandii growth data.
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CHAPTER 3

Concepts,  assumptions and

equations of the models



The models have been constructed in such a way that two single-species
models of lobster and mussel populations may be used separately or they may
be linked to f‘ormb a‘ lobster-mussel interaction model. Appendix C and D give
the documentation and code for the computer program "LOBMUS" that was
written to run the models. Since annual trends are being observed and
considering the longevity of the animals, a discrete model with a time step
of one month was considered appropriate. This made the implementation of
details sﬁch as fishing season, annual moult in a particular month and the
interaction between species practical. The whole area of habitation at a

particular 1lobster ground and the entire life cycle of Jasus lalandii and

Aulacomya ater individuals are modelled. It is naturally desirable for

fisheries management to know if the lobster populations in different areas
remain separate or whether they intermingle, since fishing operations in a
given area may affect stocks i‘n neighbouring areas if there is migration
(Street, 1969). Longshore migrations over sandy bottoms occur regularly in
the South African east coast rock lobster, Panulirus homarus (Pollock,
1978) and in the New Zealand lobster lggxg edwardsii (Street, 1969),
causing a mixing of stocks. Heydorn (1969b) and Pollock (1978) observed
that in J. lalandii there is little migration of exploited size classes
between fishing grounds on the South African west coast where rocky shores
are commonly separated by sand. This helps maintain discrete stocks in

different areas so these migrations do not need to be modelled.

The upper length limit of one age class is the lower length limit of the
following age class, énd the number of individuals in an age class is
evenly distributed between the its length limits (Fig. 3.1).. For mussels
length is given as total length whereas for lobsters carapace length is
used. Age classes incorporate one year class, and size classes have a range

of 10 mm. In the equations, an "a" or "s8" and similarly "ma", "la", "ms",
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FIGURE 3.1 : Hypothetical example of a size-frequency distribution in which
the bars represent the number in each age class. It indicates the size
range of each age class and that the number of individuals is assumed to be
evenly distributed between the length limits of the class.
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or "ls" as a subscript indicates a mussel or lobster age or size class
respectively. "SIZE", and "MSIZE", "LSIZE", "MAGE" or "LAGE" indicate the
total number of mussel or lobster size and age classes respectively. No

constraints are placed on any of the parameters.

AGE - SIZE CONVERSION

Dat'a for a population parametér, collected in the field as well as
experimentally in the laboratory, are usually separated according to the
size of individuals. However, in a model simulating a population in which
individuals are growing, individuals should be separated by age rather than
by size. Therefore, in order to be able to use existing size class data
{(age class data are extremely difficult Ato obtain), variables need to be
calculated to specify the fractions of each age clasa that fall into
different size classes . In the example given in Fig. 3.1, 3/7 of the
individuals in age class 4 fall into the size class 20 - 30 mm while the
remaining 4/7 fall into the next size class. In order to calculate the
fraction of a mussel or lobster age class (a) that falls into each size
class, the upper (MAX) and lower (MIN) limits of an age class are computed

as follows :

.
MIN = LEN .-« axM
JUVLEN (MON = MOULT) '
(lobsters, a = 1)
£ o0 (MON X MOULT)
MON  x GRO, (MON X 0)
{mussels, a = 1)
L. 0 (MON = 0)
MAX = LEN.

LEN is the upper length limit of an age class; MON is the current month;
JUVLEN is the upper length limit (10 mm carapace length) of the first age
class (approximated from Silberbauer, 1971); GRO: is the monthly growth

increment for mussels in size class 1 and MOULT is the month inb which
annual lobster moulting occura. The month of lobater moulting is taken for

simplicity as one month although moulting of a population usually extends

19



over a period of 3 to 4 months (Heydorn, 1369b; Newman and Pollock, 1974a).
Since the purpose of the model is to look at harvesting strategies, and
males form the largest percentage of the catch, a single month,
corresponding approximately to the male moult period was chosen. This
annual event is modelled in October (month 10) although females usually
moult earlier towards midyear (Heydorn, 71969b; Newman and Pollock, 1974a)
and juveniles moult 2 to 4 times annually (Pollock, 1973). The separate
equations for the first age class are merely a result of there being no "a

- 1" class to give a lower limit to this age class.

For each age class (a), the fraction (FRAC) falling into each size class
(s} 1is calculated for each of the seven possible cases by the following
equations where SIZ is the upper length limit of a size class; MIN and MAX
are the lower and upper limits of an age class respectively. Using these
fractions, avérage parameter values can be computed for each age class from

the relative proportions of size class values.

( .
For s = 1,SIZE FRACqs,a = 1 MIN >= sxz.-,)
» MAX SIZ,
1 (MIN = MAX
SIZ, - MIN MIN <= SIZ,
MAX - MIN MIN >= SIZ.-4
MAX >= SIZ.
MAX - SIZ,- MIN ¢= SIZ,-s
MAX - MIN MAX <= SIZ.
MAX >= SIZ,-¢
SIZy — SIZ,-y MIN <= srz.-i)
MAX - MIN MAX >= SiZ¢ J
0 (MAX <= SIZ,-9
0 (MIN >= SIZJ
-~

LOBSTER -~ MUSSEL INTERACTION
The following set of equations link the lobster and mussel populations for

the lobster-mussel model. In order to calculate monthly mussel availability
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and lobster consumption requibements, theb number of male and female
lobsters and mussels in each of their respective size classes (FREQ) are
determined by the sum of the fractions (FRAC) of the number (NUM) in each
age class (a) that fall into a particular size class (s).

AGE
FREQ[ = z FRAC{,. X NUM;

ant

Male and female lobsters are assumed to have the same requirements in terms
of number and sizes of mussels consumed. The number of mussels eatgn
(NUMEAT) from a mussel size class {ms) by each lobster size class (1s) is

the product of the optimal number of mussels required by one lobster
(NUMOPTEAT) and the total number in the lobster size class (FREQ). The
total number of mussels eaten from a mussel size class .is the sum of the

number of this size eaten by each lobster size class (TOTEAT).

For mg = 1,MSIZE NUMEAT 4,as = NUMOPTEAT 14,as X FREQ:,

LSIZE
TOTEATni = z NUMEATII'.I

tsmg

A fraction (REM) of the mussel population is assumed to be unobtainable to
the lobsters but the lobsters are assumed to be able to find and eat every
remaining mussel in order to consume an optimal amount of energy. If the
total number of mussels required (TOTEAT) from one size class (mg) is
greater than the obtainable number of mussels in thaf size class (MUSFREQ x
(1 - REM)) thén the number eaten (NUMEAT) is altered by the ratio of mussel
availability to total number of mussels required for consumption from that
size class. The total number eaten by each lobster size class (18) is
reduced to the number available. In this way there is no discrimination
between size classes of lobster, they are all given equal opportunity ¢to

consume similar size mussels.

For 1ls = 1,LSIZE NUMEAT 14,as = NUMEAT 1s,as x MUSFREQq, x (1 - REM)
TOTEATas

TOTEAT e« = MUSFREQa¢ x (1 -~ REM)
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Lobsters show punctuated growth, in that increase in size only occurs in
the period immediately after a moult and for the remaining time they eat
merely to mainta;in growth of tissues. D.E. Pollock (pers. éomrn.) has
suggested that immature lobsters may not be as dependent on mussels for
food as the older‘ individuals, thus the growth rate of lobsters smaller
than 60 mm carapace 1length has been made independent of mussel
availability. Adult J. laiandii generally moult once a year (Heydorn 1965,
1969b; Newman and Pollock, 1971, 1974%a) so it is the growth increment not
intermoult period that is prbbably affected by lack of food. It is assumed
that there is sufficient food other than A. ater, such as other mussel -
species, polychaete worms, urchins, kelp, other crustaceans including
lobsters (Heydorn, 1969b; Newman and Pbllock, 1974b; Pollock, 1978, 1979)
and barnacles (4. Barkai, ‘unpublished data) for survival but the
availability of this mussel species determines the increment at a moult.
The species interaction is therefore one in which lobster growth is limited
by the availability of mussels for their consumption. In the month before
moulting only, the lobsters suffer a reduced growth rate if insufficient
mussels of optimal size ére available. The number of kilojoules consumed
by each size class (1s) of male or female lobster (KJEAT) is the number
eaten (NUMEAT) from a mussel size class (ms) multiplied by the energy value
of a mussel that size (MUSKJ).

MBIZE
KJEAT s = p2 NUMEAT 14,05 X MUSKJ us

agsi

The growth increment (GRO) of each male or female size c¢lass (1s) is
altered by the ratio of kilojoules consumed (KJEAT) to the optimal number
of kilojoules required by a size class, where KJOPTEAT is the optimal
kilojoule requirement of one lobster and FREQ is the number of lobster per

size class.

GRO1s = GROys x KJEAT;,
(KJOPTEAT ., x FREQ1J

~
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Therefore the growth rate of a size class may be reduced to a negligible ‘
increment | if few mussels are avaiiable, in which case it is assumed that
the lobsters have sufficient energy intake from other soﬁrces to subsist
but not encugh to grow.

N

MUSSEL DYNAMICS

The change in number (NUM) in each age class {ma) 1is an exponential
function of average natural mortality (MOR) calculated f‘r‘bm size‘ class
fractions (FRAC) for eachAage class. In the presence of 1lobsters, the

number in each age class falling into a particular size class is first
" reduced by the ratio of mussels available (MUSFRE®) to mussels consumed
(TOTEAT) from the size class (ms). In this way, equivalent perc_entages are

removed from each age class in the size class. Thereafter only ‘!_:he

remaining number are subject to the natural mortality parameter. Although

R.J. Griffiths (1977) suggfests two spawning periods per year by A. ater at

Bloubergstrand. on the S.A. west coast, C.L. Griffiths and RKing (1979a)

showed that in the years 18975 to 1977 at Oudekraal, Cape Peninsula, three
spawnings by A. ater per year were evident. Three spawning periods were
modelled so the first year class of mussels incbrpor‘ates individuals that‘
are spawned at the end of months 4 (April), 8 (August) and 12 (December) of

that year. Larval stages have been disregarded as the mussel trochophore
and veliger larvae last for approximately one week before they metamorphose
into adults (Branch and Branch, 1981). EGG is the number of eggs spawned
each third of a year in particular months (MON) and EGGMOR is the mortality

of these eggs. The number of mussels in each age class is given by :

MS811E ~ )
NUMaa = )3 FRAC.A... X NUM,, x eHDR“
aset (Lobsters absent)
ma > 1)
MSIZE -
< b3 FRACaa.as X NUMaa Xf1 - TOTEAT 4 ) x e"o%,, >

aemi .  MUSFREQa.

(Lobsters pr‘esent)}
NUM, + EGG x e S66MOR (ma = 1, MON = 4 or 8)
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Originally the increase in upper length limit of each age class was
implemented using an average monthly growth increment for esach age class,
calculated uéing the fractions from each size class. However, this led to
one age class overtaking the succeeding age class if it spanned two size
classes, an artefact of using difference equations in a discrete model as
opposed to differential equations in a continuous model. Therefore the
growth increment is caiculated in such a way that no overtaking can occur.
The change in upper length limit (LEN) of each age class (ma) is simply the
addition of a growth increment (GRO) for the class if the age class does
not span two size classes. Alternatively, it is the uppef length 1limit
(SIZ) of the lower size class (ms} plus a fraction of the growth increment
of the next size class, if the lower size class is not the largest ciass.
Since the individuals of an age class in the larger size will grow one full
increment, no overtaking can occur. Once a length limit that is greater
than or equal to that of the largest size class (MSIZE) is reached, this
age class is taken to be the oldest and its length limit is set to maximum

size. Thus the upper length limit of mussels is given by :

LENaa = (SIZ.| + GROag+1 X 1 - (SIZ.' = LEN!.) \

GRO as

<

(ms % MSIZE) F '
((sxz,. - LENag < 1)

GROws
SIZusize (ms = MSIZE)
_LEN=s + GRO., ' ((su.. - LENsg »>= 1
GROus

LOBSTER DYNAMICS

The fraction (LIMFRAC) of each age class (la) that exceeds the minimum

catchable size (CATLIM) is calculated for each sex, as follows :

LIMFRAC 1. = 0 (LEN:1a <= CATLIM)
LEN:, - CATLIM (LEN:.—x < CATLIM
LEN:1a = LEN1a-t LENia > CATLIM

1 (LEN 1a-1 >= CATLIM)
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Males and females have equivalent equations calculating the change 1in
number and upper length limit of each age class. The change in number (NUM)
of individuals in an age class {(la) is an exhonential function of average
mortality for that class calculated from the size class f‘rgctions (FRAC)

for each age class:. | During the fishing season, this averagfe mortality is
equivalent to the natural mortality (MdR) of individuéls beiowv the minimum
catchable size and for the harvestable-sized individua:IS, it is a

combination of fishing (FIS) and natural mortality.

LSIZ2E r
NUMy,. = E FRAC 12,14 X NUM1. x ™®, (Out of fishing season)

1amy
FRAC1a.i1s x NUMua x e"‘“;.‘ X((1 - LIMFRAC.:J) + LIMFRAC:i. x e F15;y
(During fishing season)
Increase in carapace length is implemented in month 10 (October) each year
corresponding {:o the male moult period. The upper length limit (LEN) of
each age class (la) is calculated as for mussels, except this is done

annually.
LEN1a = (SIZie+ GROtwes x 1 - (SIZjy - LEN1p )
GRO.,

(1s % LSIZE) 5
((sm, - LEN,y < 1)

GRO 1.
< SIZis1ze (1s = LSIZE)
P
LEN1a + GRO1s ' ((SIZ;, - LEN,y »= 1)
_ GRO1s
LEN1a (GROs = Q)
—

STOCK-RECRUITMENT RELATIONSHIPS

Specific areas are simulated, each inhabited by sub-populationa of the S.A.
west coast stocks of mussels and lobsters. C.L. Griffitha (pers. comm.)
suggests that a mussel stock-recruitment relationship ‘for a particular
ground is meaningless as does D.E. Pollock (pers. comm.) for lobsters since

the planktonic larval stages drift great distances. Although this is not
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entirely realistic, spawning in a specific area is not an indication of the

number of recruits that may return to that site. Recruitment is a function
of many biotic and abiotic factors during the wide dispersal phase of the
larvae. Chittleborough and Phillips {1975) suggest that density-dependent
mortality of juvenile Panulirus cyg&nus in Western Australia lobster results
in similar numbers surviving to post-larval stages irrespective of wide
differences in density at or soon after larval settlement, provided that

the initial stocking rate is sufficiently large.

Although D.E. Pollock (pers. comm.) suggested that a stock-recruitment
relationship for lobsters is not meaningful, theoretical simulations to
test the effect of such a relationship on harvesting strategies were
desirable. Morgan et al. {1982) have suggested that a Ricker (1958) stock-
recruitment relationship fits data for puerulus settlement and a relative
abundance of spawning Astock of Panulirus cygnus in Western Australia. They
suggest that there are stock-dependent effects during the planktonic stages
which control the 1level of puerulus settlement and consequently the
magnitude of recruitment to the fishery. Since there would be no basis for
estimating density-dependent and -independent mortality for a stock-
recruitment relationship such as that | of Ricker (1958), a linear
relationship of the following form was used :

L81ZE
EGG = £ FEC:i« x FREQ:s

TewMAT

EGG 1is the number of recruits to the population and is simply the sum of
the fecundity (FEC) per females multiplied by the number of female lobster
(FREQ) for each mature size class (ls, starting with MAT). Marchessault ef
al. (1976) used an equivalent linear stock-recruitment relationship in a
model of a lobster population (Homarus americanug) at Rhode 1Island. They
point oqt that such a relationship falls short of defining many factors but
is a wuseful management tool that can easily be applied utilizing the

available data. The justification for attempting such Bimulationé is that
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there are different transportation currents to different areas, different
settling potential for larval stages and differing habitable .space for
adults. Therefore, the number of adults living in an area may, to’ some
degree, determine the number of larvae that are able to settle and inhabit

the area.

MOVEMENT OF INDIVDUALS THROUGH AGE CLASSES

Mussels : At the end of each year the number of individuals (NUM) in each
age class (ma) is moved up into fhe next age class. As described earlier,
there are three spawnings annually, one of which is implemented at the end
of each year. This brings one third of the annual number of eggs spawned
(EGG), reduced by egg mortality (EGGMOR), into the first age class.
Individuals reaching maximum age/size simply stay in this age class,
therefore there is an accumulation in the last age class. The upper length
(LEN) of each age class is moved up to the next age class at the end of the
year and that of the first age class is set to twelve times the monthly

growth increment of the first size class (GROy.

NUMae = EGG x o HS6MOR ma =1
NUM aa-1 (ma X 1 and ma X MAGE)
NUMaa + NUMaa-s (ma = MAGE)

‘Lgﬂ.. = GROs x 12 (ma = 1)
LEN aa-1 - (ma X 1)

Lobsters : Silberbauer (1971) gives a period of approximately one year from
the / time of spawning until development into juveniles (> 10 mm carapace
length). Data from Heydorn (1969b) and Newman and Pollock (1974a) show that
over a period of five years, although there was some fluctuation, ane to
October ia the annual period during which d, lalandii females are in barry
with early stage 1lobster larvae being most common in the plankton in

October. Although all the females have spawned by October, the model
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implements the annual spawning in January of year 1 when the larvae are put
into age class 1 which has a set upper length limit (JUVLEN) of 10 mm. It
is in the January of year 2 that they beccme juveniles in age class 2, the
upper length limit being set by their growth. At the end of each year, the
number (NUM) in each age class is moved up into the next age class. Half of
the total number of eggs (_EGG) are brought into the first age class of each
sex and there is an accumulation of individuals reéching maximum age/s/size
in the last age class. The upper length limit (LEN) of each age class is
moved up to the next age class at the end of the year and that of the first
age class is set to 10 mm (JUVLEN). The growth rate may =speed up if
sufficient mussels are available, resulting in fewer age classes so the
individuals in the older age classes may be lost. However, &enerally only
one class will be lost at a time and there are very few individuals in the

older ages so this is not significant. Equations for males and females are

equivalent.
-
NUM:. = EGG la = 1)
2
< NUMia - ¢ (la X' 1 and la X LAGE)
L NUM1, + NUM a-s (la = LAGE)
LEN 14 = JUVLEN la = 1)
LEN 14-1 la = 1)

28



CHAPTER 4

Data for the models:



The choice of sites inhabited by Jasus lalandii populations would ideally

be two fishing grouhds and £wo sanctuaries {which could be used as controls
for the two fishing grounds), one with small and one with large Aulacomx.a
bag_r_'_ biomass. Lobster growth rates and the mean biomass of benthos averaged
over all depths at five sites on the South African west coast were
calculated from the liiterature (Fig. 4.1 and Table 4#.1). Of the sites.f‘or |
which data were available there was only cne sanctuary, Robben Island, where
lobsters grpw fast. It was proclaimed a sanctuary in 1964; previously it
had been a productive fishing ground. The two fishing grounds chosen were
the Cape Peninsula where lobsters grow slowly and Dassen Island where
lobster growth is intermediaté, -with sparse and dense benthic biomass-
respectively (Fig. 4.2). According to commerc_ial catch stétistics (Sea
Fisheries _Research Institute, unpublished data), these two fishing grounds
have yielded some 30 to 40 ¥ of the annual J. lalandii harvest on the S.A.

west coast in past years.

The number of a size class is given by the upper length limit of the size
class in cm, ie : size class 81 - 90 mm is indicated by 9. Parameter values
for the 10 mm size classes were calculated using the midpoint of the size
class. All size measurements are in mm, rate measurements per month, and
age in years. For lobsters, size is measured in terms of carapace lehgth
whereas total length is used for mussels. Maximum sizes of 140, 110 and 80

mm were estimated for male and female J, lalandii and A. ater respectively.

Some parameters have .been estimated with very 1little experimental and
observational validation. These parameters were used in tuning the models
by adjusting them until the output of a simulation was shown to approximate
the "real" situation. The models were thus used to estimate these

parameters by simulation.
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TABLE 4.1 : Source of data for Fig. 4.1

AREA

A, ATER DENSITY

N

J. LALANDII GROWTH RATES

MALES

FEMALES

Cape Peninsula

Robben Island

Dassen Island

Newman and
Pollock, 1977

Pollock, 1978

Newman and

. Pollock, 1974b

St Helena Bay -
Saldanha Bay

Lamberts Bay -
Elands Bay

FIGURE 4.1 : Map (a) and diagram (b) showing areas in which growth of the
lobster, J. lalandii and the standing stock of the mussel, A. ater has been

Pollock et al,
1982

Pollock, 1982

Newman and
Pollock, 1977

Pollock and
Beyers, 1981

Newman and
Pollock, 1977

Pollock et al,
1982

Pollock, 1982

Newman and
Pollock, 1977

Pollock, unpubl.
data

Newman and
Pollock, 1977

Pollock et al

= G2y

1982

Pollock, 1982

measured. The sources of the data are given in Table 4.1.

(a)

L4

\\\\
{
{
32 - ;a Lamberts Bay
) St Helena Bay AFRICA
@ Dass"en
Island
Robben
34 b Island
Peninsula
\\\
\\‘
36 °s , o '
16 18 20 220
(b)
~ 9
E Key:
8- T T -
= -—A. ater 16 o~
5 | - ‘£
g 7 | ~+-male J. lalandii 5
s m o f ‘ "
i ~e-female » =
=i ® HEN 12 %
S 5 / AN @
5 ,/ \ 3 £
g 44 / \ -8 9
("_, y L.
£ 34 I AN S
< [z =
£ o] / \\ //,o _.4 >
3 y N <
& . c
= 1 z,/ T . * 3
= J _ 2 =
2 L
c 0 T T T T
< Cape Robben Dassen St Helena-- Lamberts —
Peninsula island Island Saidahna Elands Bay

Bay

North



MUSSEL DATA

Growth Increments (GROas

Monthly =2rowth increments are given in Table 4.2 for the "overall™ growth
estimate, "fast" and "slow" growth rates which were suggested as most

realistic for A. ater (see Chapter 2).

Age - Length Distribution (LENay

Table 4.3 shows the upper length iimit of each A. ater age class for the
range of growth rates computed using the three sets of growth incréments in

the program "GROWTH" (see Chapter 2).

Natural Mortality (MOR,J

Griffiths (1981) gives values for the subatrate carrying capacity of the

black mussel, Choromytilus meridicnalis of different sizes. The decline in

numbers with increase in size is an indication of natural mortality
resulting from intra-specific competition for space. She shows that C.
meridionalis &rows 37.4 mm in 3.5 years (approximately 5 mm in 0.5 years).
Calculation of the percgntage of individuals lost with growth through each
5 mm size class gives estimates of natural mortality in half a year for
this mussel species. From this, annual mortality values were calculated and
a re8ression line fitted to the mortality-size data (r = 0990, n = 9).
This equation was used to produce approximations of natural mortality for

different-sized A, ater up to 70 mm and mortality in the last size c¢lass

was made equal to the 7th (Table 4.4). The values are probably
overestimates as A. aber form multilayer beds so are not entirely 1limited
by substrate surface area. However, Wickens and Griffiths (1985) have
shggeated that A, ater may experience very high mortality rates due to
predation, and they are able to absorb such losses because the juveniles

have such a high P/BA ratio.
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TABLE 44 : A, ater natural mortality computed from natural mortality
estimates calculated from Griffiths (1981) for Choromytilus meridionalis

SIZE CLASS ANNUAL MONTHLY
1 0.937 0.078
2 0.800 0.067
3 0.663 0.055
Yy 0.526 0.044
5 0.389 0.032
6 0.252 0.021
7 0.115 0.010
8 0.115 0.010

TABLE 45 : A, ater size-frequency distribution from Robben Island (D.E.
Pollock, unpublished data).

SIZE CLASS PERCENTAGE FREQUENCY

91.70
7.07
0.05
0.0
0.04
0.18
0.51
0.44

OO0 EWN 2

TABLE 4.6 : Population numbers of A. ater at three sites off the South
African west coast calculated from biomass and area estimates from various
sources (see text).

CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND
MEAN BIOMASS 387 6 833 13 575
(g.m™d
TOTAL AREA , 134 50 23
OCCUPIED BY
MUSSELS (km?
TOTAL BIOMASS 51 858 341 650 156 124
OF AREA : '
(x 10% )
TOTAL NUMBER OF 27 395 180 481 82 474

MUSSELS IN AREA
(x 109



Age - Freaﬁency Distribution (NUM.J

One size-frequency distribution for A. ater, obtained from a series of
monthly samples at Robben Island from December 1972 to October 1973 at
depths of 45", 65' and 90' (D.E. Pollock, unpublished data) is used for all
three areas (Table 4.5). A mean A. ater biomass (8.m™d was estimated from
sampies at wvarious regions and depths off the Cape Peninsula (Newman énd
Pollock, 1977), Dassen Iéland (Newman and Pollock, 1977} and Robben Island
{Pollock, 1978). Multiplication of these values by total area of each site
{Cape Peninsula estimated by Newman and Pollock, 1877; Dassen Island and
Robben Isiand estimated by D.E. Pollock, pers. comm.) yields the total
biomass of mussels in each area. The size of an average mussel (6.5 mm} was
calculated from the size-frequency distribution and converted to average
mussel mass (1.893 &) using the A. ater mass-length equation derived under
"Mussel Energy Content (MUSKJ)" (see p 41). For each area, the total mussel
biomass was converted to total mussel number by dividing by the mass of an

average size mussel (Table 4.6).

In order to compute age-frequency distributions for each area at the
"overall"” growth rate, the program "FREQ" (Appendix E and F) which does not
require natural mortality rates, was used because the mussel natural
mortality values calculated here are very approximate. The algorithm used
in "FREQ" computes an age—frequency distribution from the size composition
structure of the population. A cumulative size-frequency distribution is
calculated from the percentage size-frequency distribution and total
population number. It is assumed that straight lines link the data points
corresponding to the cumulative number and upper length of each size class
(gs in Fig. 2.3, replacing size with cumulative numbers and age with size).
‘Equations for each straight line are calculated and the cumulative number
at the estimated upper length of each age class computed by substitution
into the relevant equation. The cumulative frequenci‘es are then reduced to

absolute numbers per age class by simple subtraction, producing an age-
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TABLE 4.7 : Reproductive output of A. ater calculated from various sources
of data (see text).

SIZE CLASS ENERGY OUTPUT MASS OUTPUT NUMBER EGGS NUMBER EGGS
OF GONAD OF GONAD SPAWNED PER SPAWNING
(kJ.ind"tyr™ (dry £.ind lyr™H ANNUALLY (ind"*1/3yr™
(ind tyr™
2 1.070 0.059 1 247 357 415 786
3 3.610 0.198 4 186 047 1 395 349
y 8.041 0.440 9 302 326 3 100 775
5 14.625 0.800 16. 913 319 5 637 773
6 23.578 1.291 27 293 869 9 097 956
7 35.090 1.921 40 613 108 13 537 703
8 49.328 2.700 57 082 452 19 027 484



frequency distribution. The age-frequency distributions are believed to be
unstable because the numbers do not decline with age. Nevertheless they are

used as a starting point in the model.

‘ Reproductive Qutput (EGG) and Egg Mortality (EGGMOR)

Estimates of reproductive output in terms of kilojoules per year for A,
ater of size 15 - 90 mm are given by C.L. Griffiths (unpublished data).

Non-linear regression of this data produced the foilowing .equation r? =

0.992).

A. ater reproductive output = 0.0017 x Shell length (mm)?-3®
(kJ.individual. yr™

Energy output was converted to A, ater dry mass using the factor 18.27
kJ.g~! (Wickens and Griffiths, 13985). Thompson (1979) estimated that 108

freeze-dried Mytilus edulis eggs weigh 47.3 mg. Making the assumption that

eggs of M. edulis and A, ater are comparable in weight, the reproductive
output of different-sized A, ater was converted to number 'of‘ eggs spawned
per year. Since there afe three spawnings per year (Griffiths and King,
1979a), the annual reproductive output was further divided by three to give
thve number of eggs per spawning (Table 4.7). Size-frequency distributions
for the Cape Peninsula, Dassen Island and Robben Island mussel popuiations
were calculated from the percentage size-frequency distrfibution (D.E.
Pollock, unpublished data) and the population number in each area (see "Age
'Frequencyb Distribution (NUM.Jd", D 31). The number of eggs spawned by
different-sized mussels was multiplied by these distributions and the
number of eggs produced by the female half of the population in each of
' these areas totalled. Mean (9.735 x 10'%, upper (18.148 x 10'% and lower

| 2.762 x 10'Y) estimates of egg production per spawning were calculated for

- these areas on the S.A. west coast.

Since no data were available for the mortality of mussel eggs, an estimate

was made from the ratio of the number of eggs produced in one year to the

32



TABLE 4.8 : Annual increase in carapace length at different growth rates
for male and female J. lalandii over their respective size ranges. The rate

given for the first size class simply allows one year for larval stages up
to a length of 10 mm. Juvenile growth rate data are from Pollock (1973) and

adult data are based on ranges given by D.E. Pollock (pers. comm.) (see
Chapter 2).

SIZE CLASS GROWTH RATE (mm.year ™%

MALES . FEMALES

Juvenile Growth

1 10.00 10.00
2 9.30 8.25
3 12.02 10.28
mn 14.71 14.01
5 13.51 12.56
6 11.74 ® 10.61
Adult Growth
"OVERALL" "FAST" "SLOW" "OVERALL" "FAST"  “SLOW"
ESTIMATE
7 . 6.00 7.00 5.00 2.00 2.50 1.50
8 5.25 6.50 4.00 1.25 1.50 1.00
9 4.50 6.00 3.00 1.00 1.00 0.50
10 4.00 5.50 2.50 0.70 0.70 0.40
11 3.50 5.00 2.00 0.50 0.50 0.30
12 3.00 4.50 1.50
13 2.50 4.00 1.00

14 1.50 2.50 0.50



calculated number of one year olds. The annual mortality rate was assumed

to be approximately in the region of M = 10.6 to 125.

LOBSTER DATA

Growth Increments (GROg

Annual increments in carapace length for the "overall™ growth estimate,
"fagt" and "slow" growth rates, for male and female J. lalandii were
calculated from the daily values considered most realistic {see Chapter 2)
and are Ziven in Table 4.8. Fig. 4.1 indicates that the "overall" estimate,
"siow" and "fast" growth rates are appropriate for the Dassen Island, Cape

Peninsula and Robben Island lobster populations respectively (supported by

D.E. Pollock, pers. comm.).

Age - Length Distributions (LEN;; and JUVLEN)

Tables 4.9 and 4.10 show the upper length limits of each male and female
age class (LEN,) for the range of growth rates, computed using the three
sets of growth increments as data in the program "GROWTH" (see Chapter 2).
The | upper 1length limit of the first age class (JUVLEN) was set to 10 mm

(approximated from Silberbauer, 1971).

Natural Mortality (MOR:g

D.E. Pollock (pers. comm.) believes that few eggs are lost from a berried

J. lalandii female so that egg mortality may be taken to be negligible.
Morgan (1972) has also shown for Panulirus cygnus that there is little egg
loss during incubation and that infertile eggs comprise a very small
percentage of the total carried (4.5 %¥). In the larval stages, prolific

predation by fish such as the maasbanker., Trachurus trachurus, pilchard,
Sardinops ocellata and fhe longfin tuna, Thunnus alalunga (Heydorn, 1963b)

accounts for some mortality. The greatest cause of larval mortality,
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TABLE 4.9 : Male J. lalandii age-length distributions for different growth
rates computed by the program "GROWTH" (see Chapter 2).

AGE (years) CARAPACE LENGTH (mm) AGE (years) CARAPACE
LENGTH (mm)
(CONTINUED)
"OVERALL" "FAST" "SLOW" "SLOW"
GROWTH GROWTH GROWTH GROWTH
1 10.0 10.0 10.0 31 1223
2 19.3 19.3 19.3 32 123.3
3 31.3 31.3 31.3 33 124.3
n 45.5 45.5 45.5 34 125.3
5 57.8 57.8 57.8 35 126.3
6 64.9 65.7 64.1 36 127.3
7 70.7 72.5 69.0 37 128.3
8 76.0 79.0 73.2 38 129.3
g9 81.1 85.0 77.2 39 130.1
10 85.5 90.9 80.9 40 130.6
11 90.0 96.4 83.9 . 41 131.1
12 94.0 101.7 86.9 42 131.6
13 98.0 106.7 89.9 - © 43 132.1
14 101.8 111.5 924 ' uy 132.6
15 105.3 116.0 Q4.9 . 45 , 133.1
16 108.7 120.5 97.4 46 133.6
17 1M11.% 124.5 99.9 47 134.1
18 114.9 128.5 101.9 48 134.6
19 117.9 131.5 103.9 49 135.1
20 120.8 134.0 105.9 50 135.6
21 123.2 136.5 107.9 51 136.1
22 125.7 139.0 109.9 52 136.6
23 128.2 111.4 53 137.1
24 130.4 112.9 54 137.6
25 131.9 1144 55 138.1
26 133.4 115.9 56 138.6
27 134.9 117.4 57 139.1
28 136.4 118.9 58 139.6
29 137.9 120.3 *

30 139.4 121.3



TABLE 4,10 : Female J. lalandii age-length distributions for different
growth rates computed using the program "GROWTH" (see.Chapter 2).

AGE (years) CARAPACE LENGTH (mm) AGE (years)  CARAPACE LENGTH (mm)
(CONTINUED)
"OVERALL" “FAST"  "SLOW" » "OVERALL" “FAST"  “SLOW"
GROWTH  GROWTH  GROWTH GROWTH GROWTH  GROWTH

1 10.0 10.0 10.0 51 104.0 105.2 © 935
2 18.2 18.2 18.2 52 104.5 105.7 93.9
3 28.1 28.1 28.1 53 105.0 106.2 94.3
4 41.2 41.2 41.2 54 105.5 106.7 94.7
5 53.2 53.2 53.2 55 106.0 107.2 95.1
6 60.7 60.9 60.5 56 106.5  107.7 95.5
7 62.7 63.4 62.0 57 107.0 108.2 95.9
8 64.7 65.9 63.5 58 107.5 108.7 96.3
9 66.7 68.4 65.0 59 108.0 109.2 96.7
10 68.7 70.5 66.5 60 108.5 109.7 97.1
11 70.4 72.0 68.0 61 109.0 97.5
12 71.7 73.5 69.5 62 109.5 97.9
13 72.9 75.0 70.7 63 110.0 98.3
14 74.2 76.5 7.7 64 98.7
15 75.4 78.0 72.7 65 99.1
16 76.7 79.5 73.7 66 : '99.5
17 77.9 80.7 - 747 67 ' 99.9
18 79.2 81.7 75.7 68 100.2
19 80.4 82.7 76.7 69 100.5
20 81.3 83.7 7.7 70 100.8
21 82.3 84.7 78.7 71 , 101.1
22 83.3 85.7 79.7 72 101.4
23 84.3 86.7 80.3 3 101.7
24 85.3 87.7 80.8 74 102.0
25 86.3 88.7 81.3 75 P 102.3
26 87.3 89.7 81.8 76 102.6
27 88.3 90.5 82.3 77 . 102.9
28 89.3 91.2 82.8 78 103.2
29 90.2 91.9 83.3 79 103.5
30 90.9 - 92.6 - 83.8 80 103.8

-3 91.6 93.3 84.3 81 104.1
32 92.3 94,0 84.8 82 104.4
33 93.0 94.7 85.3 83 : 104.7
34 93.7 95.5 85.8 84 : 105.0
35 . 9u.4 96.1 86.3 85 105.3
36 95.1 96.8 86.8 86 4 105.6
37 95.8 97.5 87.3 87 105.9
38 96.5 98.2 87.8 88 106.2
39 97.2 98.9 88.3 89 - 106.5
40 97.9 99.6 88.8 90 106.8
41 98.6 100.2 89.3 91 _ 107.1
42 1 99.3 100.7 89.8 92 : 107.4
43 100.0 -+ 101.2 90.3 93 : 107.7
uy 100.5 101.7 90.7 94 108.0
45 101.0 102.2 = 91 95 108.3
46 101.5 102.7 91.5 9% _ 108.6

Y A 102.0 103.2 91.9 97 108.9
48 102.5 103.7 - 92.3 98 109.2
49 103.0 104.2 92.7 99 109.5

50 103.5 104.7 93.1 100 109.8



TABLE 4.11 : Natural mortality for male and female J. ialandii estimated
from monthly natural mortality values suggested by D.E. Pollock (pers.
comm.).

SIZE CLASS MALES FEMALES
ANNUAL  MONTHLY ANNUAL MONTHLY

1 12.000 1.000 12.000 1.000
2 o 0.275 0.023 0.275 0.023
3 0.225 0.019 0.225 0.019
4 0.175 0.015 0.175 0.015
5 0.125 0.010 0.125 0.010
6 0.100 0.008 0.100 0.008
7 0.100 0.008 0.100 ° o0.008
8 0.100 0.008 0.125 0.010
9 0.100 0.008 0.175 0.015

10 0.100 0.008 0.225 0.019

11 ' 0.125 0.010 0.275 0.023

12 0.175 0.015

13 0.225 0.019

14 0.275 0.023



however, is dispersal by currents to areas which are unsuitable for
settling of the benthic larvae (Lazarus, 1967). J. lalandii larval counts
from Lamberts Bay to Cape Infanta showed that 1012 first stage phyllosoma
larvae were reduceq to 4 last stage larvae (Lazarus, 1967). Exponential
decline from 1012 to 4 over the 7.5 month phyllosoma stages (Silber_bauer,
1971) indicates a monthly mortality rate of M = 0.738. To account for the
natural mortality of hatching, nauplibsoma larvae and the puerulus stage, a
monthly mortality of M = 1.0 was estimated for the first year of life, by

which time a length of 10 mm has been reached.

Predation on post-larval J. lalandii is fairly rare, occurring mainly when
the animal is in soft-shelled condition and unable to defend itself. The
predators include the Cape fur seal, Arctocephalugs pusillus, hagfish,
Heptatretus hexatrema, octopus and various dogsharks and rockfish (Heydorn,
1969b). J.HM. David (unpublished data), however, has estimated thaf. thé
first year pups of a seal colony at Kleinsee on £he S.A. west coast may eat
a large tonnage of lobster during the period July to December. Cannihalism
may occur in adults (Pollock, 1978) but this generally only happens in
crowded conditions (Paterson, 1969). Death resulting from mechanical démage |
in the immediate post-moult stage and complicatiohs _ during ecdysis are
other forms of mortality (Paterson, 1969). Senility is possibly also a
factor (Seed, 1969) and, in terms of the model, natural mortality may
include poaching and emigration to more sheltered areas in larger animals
(Pollock, 1978). Estimates of annual natural mortality of male and female
J. ‘lalandii over 10 mm were made by D.E. Pollock (pers. comm.) using
observed sex ratios as a guideliné. The range of values varied. between M =
0.1 and 0.3 over the respectivevsize ranges of each sex. The trend showed a
higher juvenile mortality, decreasing towards maturity, stabilizing for
some years and thereafter increasing with age. Juvenile s8ize classes (2 -
6) were given linearly decreasing annual mortality rates in this range. An

annual mortality rate of M = 0.1 was then estimated until each sex was
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TABLE 4.12 : Whole wet mass of different size classes of d. lalandii males
calculated from the size-mass relationship given by Heydorn (1969a).

SIZE CLASS MASS (x 107¢ tons)
2 2.112
3 9.284
4 24.625
5 51.024
6 §1.291
7 148.167
8 224,345
9 322.478

10 445179
11 595.034
12 774.600
13 986.408

14 1232.968



approximately the size corresponding to 15 years of age whereafter the
mortality increases linearly to the upper end of the range at the maximum

sizes of each sex (Table 4.11).

Ot_:her workers on different spiny lobster species have calculated similar
natural mortality values. Bowen and Chittleborough (1966) and Morgan (1977)
have given annual values‘ of 0.592 - 2.083 and 0.226 respectively for
Panulirus cygnus. Chittleborough and Phillips (1975) have calculated annual
natural mortality values for juvenile Panulirus cyfnus over 3 years of age
.to be between 0.244 and 1.516, caused mostly by density-dependent factors.
Annual natural mortality values of 0.2 - 1.04 for Jasus paulensis were
estimated by Vranckx (1973). Munro (1974) calculated instantaneous
mortality rates of 0.52 (unexploited stocks), 0.23 (moderately exploited)
and 0.1% (heavily exploited) for Panulirus argus. Newman §1973) gives
natural mortality rates of between 0.1 and 0.2 for the commercially-
exploited stocks of J. lalandii at Dassen Island and the Cape Penihsulé.
Exploited stocks are likely to have lower natural mortality rates becaus;
densities are reduced by fishing. Thus the Robben Island stock may have a
higher natural mortality than the other areas. This is confirmed by Pollock

(1978) who calculated an annual mortality of 0.36 at Robben Island.

Hhole Het Mass
Heydorn (1969a) gives the following relationship between mean whole wet
mass and carapace length of male J. lalandii from data collected from a

number of different areas off the S.A. west coast.
J. lalandii whole wet mass (&) = 0.652 x Carapace length (cm)?:%%?

From this equation, the mean mass of lobsters of different sizes could be
estimated (Table 4.12). This parameter is used in the model to estimate

catch in tons from the number of harvested. Although the equation only
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Table 4.13 : Catch of J. lalandii in numbers calculated from the 1983/1984
commercial catch statistics (Sea Fisheries Research Institute, unpublished
data) for the South African west coast and the size-mass relationship given

by Heydorn (1969a),

AREA MEAN SIZE WHOLE WET MASS CATCH CATCH
OF CATCH OF MEAN SIZE (tons) (x 103
(mm) (g) individuals)
CAPE - gy 431.73 530 1227.62
PENINSULA
DASSEN 96 458.90 830 1808.67
ISLAND

TABLE 4.14 : Number of J. lalandii of different sizes caught, calculated
from the 1983/1984 commercial catch size-frequency distribution (Sea
Fisheries Research Institute, unpublished data) and the estimates given in
Table 4.13.

CARAPACE CAPE PENINSULA DASSEN ISLAND
LENGTH
(mm) .
MALES o FEMALES MALES FEMALES
% NUMBER % NUMBER % NUMBER % NUMBER
89-90 1.00 12 276 - - 2.10 37 989 0.03 543
91-95 53.10 651 866 0.08 982 45.80 828 522 2.2 39 798
96-100 26.30 322 864 - - 28.10 508 329 03 5 427
101-105  13.70 168 184 - - 12.00 217 080 0.02 362
106-110 4.60 56 471 - - 5.30 95 877 - -
111-115 0.96 11 785 - - 2.60 47 034 - -
116-120 0.18 2 210 - - 0.80 4 472 - -
121-125 0.06 737 - - 0.50 9 045 - -
126-130 0.02 246 - - 0.20 3 618 - -
131-135 - - - - 0.05 9oy - - -

TOTAL 99.92 1 226 639 0.08 982 g7.45 1 762 870 2.55 46 130



appliea to males, it is appropriate because commercial catch statistics
(Sea Fisheries Research Institute, unpublished data) show that males form

by far the greatest percentage of the catch O 90 %).

Catchable Size (CATLIM), Fishing Mortality (FIS:gand Fishing Seasons

The legal minimum catchable size for J. lalandii in South African waters
was introduced in 1933 and is at present, 88.9 mm carapace length. For the

purpose of the models this is taken as 89 mm.

The 1983/1984 commercial catch data (Sea Fisheries Research Institute,
unpublished data) given as whole wet mass in metric tons for the Cape
Peninsula and Dassen Island were converted to catch numbers using the mean
 size of individuals in the catch and the mean mass of this size lobster,
calculated from the equation in "Hhole Wet Mass"™ (see p 35) (Table 4.13).
Thé number of lobster caught in each size ciass was calculated from the
total catch in numbers and the percentage of males and females caught in
each size class (Table 4.14). Calculation of fishing mortality was done
graphically for males only as female catches are minimal. The actual
catches of size classes 90 - 94, 95 - 99 and 100 - 104 mm were plotted on a
catch-size plot and a curve through these points fitted by eye. An annual
growth increment of 4 mm was assumed {(corresponding to the ‘3'.95 mm annual
increment of size class 90 - 94 mm) and the catch corresponding to points 4
mm apart from 89 to 105 mm were read off. Assuming this catch-size
distribution reflects the size-frequency distribution of the population,
four estimates of total annual mortality (Z} were obtained from the
proportions of age classes lost in one year. These were converted to
instantaneous rates and an estimated instantaneous natural mortality value
of 01 (D.E. Pollock, pers. comm.) was subtracted from the to.tal
instantaneous mortality values to give instantaneous fishing mortality. One
monthly fishing mortality value per area was calculated from the mean of

these four estimates. The mean monthly fishing mortality was converted to
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annual fishing mortality for males giving values of F = 0.342 for the Cape

Peninsula and F = 0.399 for Dassen Island.

Using one figure for all lobster sizes over the minimum catchable size and
all months of thé fishing season ‘is adequate although not strictly
realistic. Heydorn (1969b) and Newman and Pollock (1974a) suggest that
larger males are less active; if this applies to foraging, availability in
traps may l;e size-dependent. Newman and Pollock (197'4&) have also indicated
that 1larger males may be less catchable because of increased wariness to
enter traps and possibly a different feeding pattern. There is seasonal
variétion in catch per unit effort (Newman and Pollock, 1971, 1974a), the
catches being dependent on migration, moulting, water conditions for the

lobsters, and weather for the fishermen.

D.E. Pollock (pers. comm.) suggests that female f‘ishihg mortality is
somewhat lower than that of males for various reasons. The most obvious is
that there are fewer females over the minimum catchable size as they have a
smaller maximum size, and they tend to stay in the shallower water
therefore reducing their catchability (Pollock, 1978). At the beginning of
the season the males have just completed moulting d;xring which time they
have not eaten, therefore they are feeding actively (Newman and Pollock,
1971, 1974a and Pollock and Beyers, 1981) and readily enter the traps. The
female moulting period occurs later, towards the end of the fishing season.
Therefore, for some of the season they are in the soft—shelied condition
and may not be caught. In addition, during their period of maximal eating,
most of the fishing quotas have been filled and there is a subsequent
reduction in fishing effort. Legal-sized males are younger (* 11 years)
than females reaching the minimum catchable size (¥ 28 years) and this
probably also adds to the greater male catchability. An annual estimate of

F = 0.3 for femalea at both fishing grounds was chosen as a starting value.
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TABLE 4.15 : Population numbers of J, lalandii, estimates of the number

over the minimum catchable size of B9 mm (in parentheses) and the

percentage of the population over this size at three sites off the - South

African west coast estimated from the calculated age-frequency

distributions.

AREA MALES FEMALES TOTAL PERCENTAGE OF
i POPULATION OF

CATCHABLE SIZE

CAPE 31 078 956 35 372 042 66 450 998 8.8

PENINSULA (4 724 051 (1 094 190) (5 818 240

DASSEN 65 581 224 80 663 882 - 146 245 106 6.3

ISLAND (7 683 839) (1 470 228 (9 154 067) :

ROBBEN 20 809 616 20 750 775 41 560 391 15.8

ISLAND (6 136 351 413 772) 6 550 123)

TABLE 4.16 : Sex ratios of mature J. lalandii of different sizes, given as

percentage males as observed (0) in the field by D.E. Pollock (unpublished
data) and from the calculated (C) size-frequency distributions, The codes
{11 and [2) indicate 1 year sampling at 30 m depth and 3 stations, and 2
vears of sampling at a depth of 12 - 33 m, respectively,

SIZE CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND

CLASS 0 c 0 c 0 c
(1 1 [2]

7 32 31 17 21 24 27
8 33 34 30 34 40 33
9 48 62 51 59 61 59
10 83 80 65 86 86 89
11 99 97 72 98 97 100
12 100 100 89 100 99 100
13 100 100 100 100 100 100

14 100 © 100 100 100 100 100



Tﬁe open fishing season for J. lalandii off the South African west coast at
the time of compilation of the data and programming of the models lasted
for eight months from Novémber to June inclusive. At ﬁresent the season is
from the beginning of November to mid-May, a period of six and a half
months., Although fhe eight-month season was used, this makes negligible
difference because the annual mortality remains the same. One eighth of the
annual fishing mortalities giyes monthly fishing mqrtalities averaged over
this harvesting period. At the Cape Peninsula and Dassen Island, monthls;' F
values of 0.043 and 0.050 reépectively for males, and 0.038 for females

were calculated for all individuals over the minimum catchable size.

AgZe - Frequency Distributions (NUM;y

The numbers in the first J. lalandii age class, which comprises eggs and

larvae, were calculated for each sex as half of the mean number of eggs
spawned by the three populations from the three areas (calculated under
"Reproductive 6utput (EGG)", see p 40). The older age classes of both males
and females were separated into unequal length classes using the ‘upper
length 1limits of each age (LEN) for each area at the estimated "overall"
Agrowth rate since the natural mortality figures correspond approximately to
this growth rate. The natural mortality of an age class spanning two size
classes was calculated using the proportions of the age class in each size
class. Catch numbers for size classes were | split proportionally into
numbers per Aage class. 'fhe method of calculation of Cape Peninsula and
Dassen Island age-frequency distributions differed from that of Robben ‘
island because the latter has no catch data. For the two fishing grounds

the following equations were used for males and only the second one for

females.

. C.1Z
N = F
1 - e’
Ny = Noe™
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In the first equation, N and C are the number and the catch in an agZe class
respectively, I is total annual mortality and F is annual fishing mortality
of the class. This equation was used for the male age classes in which
catches were made and the numbers in these age classes were calculated
first. Thereafter, 'working from the age classes with catches towards the
younger and older age classes, the second egquation was used; to complete the
"male age-frequency distribution. In this equation, M is annual natural
mortality and N: and No are the number of individuals in the present and
preceding years respectively. Since catéh data for females are
unrepresentative of population numbers, juvenile females smaller than 60 mm
carapace length were assumed to have the same number of individuals as the
males since the natural mortality over these size classes is believed to be
the same for the two sexes. The numbers in the older female age classes

were extrapolated from the oldest juvenile class using the second equation.

Pollock (1979) estimates that the mean density of J. lalandii (over 55 mm

- carapace length) per metre squared at depths of 14 - 27 m off Robben Island
is 0.81, and he suggests (pers. comm.) that an area of 23 km? is occupiedl
by the 1lobsters. This yields a total of 1.863 x 10’ mature ( 55 mm)
lobsters in the area. Since there is no legal exploitation of lobster at
Robben Island and juvenile lobster have equivaient growth ~and mortality
rates, it is assumed that there are similar numbers (0.932 x 109 of each
sex over 55 mm. It is not possible to obtain a total population size-
frequency distribution for lobster as the jﬁveniles live in crevices in the
shallows and onJ.y migrate to deeper waters as they near‘ maturity.
Percentage size-frequency distributions for mature males and females at
Robben Island (D.E. Pollock, unpublished data) (Fig. 4.3) were converted to
total number distributions, the absence of juveniles causing it to show a
norrﬁally—distributed population structure. The slope of the right-hand side
of the distribution is assumed to reflect that of a distribution of the

whole population. -The number in size class.10 in the male population size-

39



frequency distribuf;ion, was used as a étarting point for calculétions.
Thereafter, older and younger age class numbers were calculated using the
second equation (p 38). The female immature age classes were assumed to be
equivalent to those of the males and the older age clésses were calculated

from these using the same equation.

The male distributions calculated using catch data have a bimodal age-
frequency distribution in which some older age classes have more
individuals than preceding classes. Although this is impossible in a stable
state because numbers should decline with age, it is assumed that the
population is not in steady state. The total number of each sex (excluding
the larval stages of age class 1) and the number over the minimum catchable
size ié assumed to be approximately correct for each area (Table 4.15) and
‘the calculated distributions are used as a starting point in the model. The
sex ratio vof lobsters varies among size classes because females have .a

smaller maximum carapace length (110 mm) than males (140 mm) (Table 4.16).

Reproductive Output (EGG)

In order to obtain a fecundity-size relationship, egg counts by Hickman
(1945) were combined with those by Heydorn (1965) for J. lalandiib females
of various carapace lengths. Morgan (1972) showed that forj' the Western
Australian spiny lobster, Panulirus cygnus, fecundity did not vary over t_:he
geographical range of the species, so the J. lalandii_data is assumed to
apply to all of the study sites. Regression of the data produced a 1linear
relationship between number of eggs and carapace length (r = 0.978),
predicting the number of eggs spawned annually as J. lalandii only spawns
once a year (Heydorn, 1969b; Newman and Pollock, 1974a).

Numbar of J, lalandii eggs spawnad = -345521 + 575 x Carapace length (mm)
(individual Lyr~
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TABLE 4.17 : Reproductive output of female J. 1lalandii of different sizes
calculated from the equation derived from the data of Hickman (1945) and
Heydorn (1965).

SIZE CLASS NUMBER OF EGGS
PER FEMALE
8 85 729
9 . 143 229
10 200 729
11 258 229
<

TABLE 4.18 : Energy content of A, ater of different sizes calculated from
the equation derived from data given by Griffiths and King (1979a) and
Hickens and Griffiths (1985).

SIZE CLASS FLESH (kd)

0.017
0.321
1.249
3.057
5.967
10.179
15.876
23.234

-3 oUnNnFwWwn 2



Morgan (1972} suggests that the relationship between carapace length and
the number of egg€s carried by a female lobster is generally linear. The
present data confirm this since both exponential and power curves gave a
poorer fit (r?3 between fecundity and female size. Heydorn (1965) suggests
that female J. lalandii popul_ations as a whole can only be regarded as
sexually mature from 70 mm sSo only size classes 8 to 11 have been
considered as reproductive (Table 4.17). Morgan (1980) reviews fecundity in
various species of spiny lobster of the genera Jasus and Panulirus and
gives a range of approximately 87 to 460 thousand eggs .per spawning for
different-sized females although a figure of 2 million eggs is possible in
J. verreauxi (Kensler, 1967). Morgan (1980) shows that Jasus sp. appear to

be less fecund than Panulirus sp. and the values calculated’for J. lalandii
do appear to fall in the lower half of his range. The reproductive dutﬁut
of different-sized females was multiplied by the calculated population
size-frequency distributions of each area and the total number of eggs
spawned by the Cape Peninsula, Dassen Island and Robben Island populations
calculated. This provided a mean (1.488 x 10'3, upper (2.579 x 10'd and
lower (0.688 x 10') estimates of annual J. lalandii egg€ producton per

spawning for these areas on the S.A. west coast.

LOBSTER - MUSSEL INTERACTION DATA

Mussel Energy Content (MUSKJ)

vRaw data on the mass of A, ater in the size ranges 5 - 25 mm and 25 - 85 mm
were provided by Wickens and Griffiths (1985) and Griffiths and King
(1979a), respectively. By combining these two sets of data, a regression

was calculated correlating A. ater mass and size (r? = 0.880).

A. ater dry mass (mg) = 0.013 x Shell length (mm)3-%¢!

The energy content of A. ater dry flesh is 18.27 kJ.g™! (Wickens and

Griffiths, 1985). These two relationships yielded a flesh energy content to
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TABLE 4.19 : Monthly energy consumption of adult J. lalandii of different
sizes, given for use in the model as 80 ¥ of the requirement value

estimated by the equation derived from data of Griffiths and Seiderer
(1980).

SIZE CLASS CONSUMPTION (kJ.month™%
7 196.91
8 ' 302.44
g9 440.21
10 e 614.51 .
11 829.62
12 1089.85
13 , 1399.48

14 1762.80



size equation.
A. ater flesh (kJ) = 2.38 x 10™* x Shell length (mm)?-4%!

The energy content of an average size mussel from each mussel size class
was calculated (Table 4.18). This equation was used as an average
throughout the year although there is seasonal fluctuation such_’ as an

increased energy content when the mussels are reproducing.

Adult Lobster Energy Reguirements (RJOPTEAT,y

Although immature J. 1lalandii (< 60 mm carapace length) eat mussels, D.E.
Pollock (pers. comm.) suggests that they may not be dependent on them as a
source of food since other prey items have been found in stomachs of small

lobster while they are still in the shallower waters. Using the raw data

from Griffiths and Seiderer (1980) for the numbers and sizes of L ater
consumed per day by five adult J. 1lalandii of dif‘fereht sizes and the'
relationship between A. ater energy content and shell length derived under
"Mussel Energy Content (MUSKJ)" (p 41), the daily energy consumption of
these five lobsters was calculated. Conversion to monthly cohsumption and

regression of the data produced the following relationship (r2 = 0.964).
J. lalandii consumption (kJ.month™% = 0.0009 x Carapace length (mm)?:7%?

This equation is similar to that given by Griffiths and Seiderér (1980) for

Jd. lalandii consumption but uses the A. ater energy content equation
derived here. To confirm this equation, consumption rates calculated by P.
Zoutendyk (unpublished data) from an aquarium experiment of one year
duration involving six males B0 to 130 mm in carapace length, feeding on
the mussel, Choromytilus meridionalis, show \;ery gimilar monthly energy
intake. In a laboratory experiment, specimens do not have to expend energy
foraging és there may be an unlimited supply of food but they are not

subjected to environmental hazards such as wave action, and the two factors

may compensate. FPor the purpose of the model, consumption figures 80 %X of
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TABLE 4.20 : Numbers and sizes of A, ater consumed by one adult J. lalandii
per month based on the data of Griffiths and Seiderer (1980). The figures

are given for use in the model as 80 % of the requirement value estimated
by the consumption equation derived from the same source.

LOBSTER SIZE CLASS

7 8 9 10 1 12 13 14

1 65 48 36 29 12 0 0 0
2 166 182 199 223 110 60 36 0
MUSSEL 3 79 96 137 173 120 72 58 38
SIZE 4 U 31 53 72 84 96 84 60
CLASS 5 0 5 7 10 24 34 62 74
6 0 0 5 24 48 60 77
7 0 0 0 5 19
8 0 0



the calculated amounts were used since, in reality A. ater is not the only
source of food, although optimal lobster growth may depend upon this

species (Table 4.19).

Numbers and Sizes of Mussels Consumed by Lobsters (NUMOPTEAT;,, s

The raw data from Griffiths and Seiderer (1980) on numbers and sizes of A,
ater consumed per day by five different-sized adult J. lalandii were
converted to monthly consumption requirements. They were used in
conjunction with the 80 ¥ monthly energy consumption figures for .
lalandii of all sizes <{(calculated in "Adult Energy Requirements
(RJOPTEAT 9" from the same data (p 42)) in order to estimate numbers and
sizes of A. ater eaten by the whole size spectrum of adult .lobsters 0 60

mm carapace length) (Table 4.20).

Proportion of mussels unavailable to lobsters (REM)

A figure of 25 ¥ of all A. ater was modelled as being unobtainable to
lobsters and subject to natural mortality only. The reason for this is that
some sizes of mussels occur in dense clumps that are not easily accessible
to lobsters and if there is a low density o»f mussels, the lobsters are not

likely to find all of them.
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TUNING

Three mussel parameters (natural mortality, eggs spawned and egg mortality)
and three forms of“ output (total population number at yearly intervals and
age- and size-frequency distributions of the last simulated year) may have
.been used in tuning this model. However, the observed sizé-—frequency
distribution of D.E. Pollock (unpublished datai produced "unstable" age-
frequency distributions (see Chapter 4); thus the output age/size-frequency
distributions were not suitable for tuning the model and only the total
number of mussels was used. There was therefore no basis for adjusting
post-larval natural mortalify of different mussel 8ize classes 1leaving
reproductive potential (calculated from the number of eggs spawned and the

mortality of these eggs) as the only tuning tool.

The tuned output for the mussel model was stable after the simulation
period of 100 years and varied by no more than a fraction of a percént from
the calculated population values for each area (Appendix G). Reproductive

output appeared to have been overestimated, resulting in large mussel

populations so that the minimum estimate for the number of egg€s per
spawning was eventually used. The tuned values of ‘the main tuning
parameter, egg mortality, which was tuned to three significaxit places, are
close to the calculated value (Table 5.1). The magnitude of the tuned
mortality values are inversely proportional to the total population number
at each area. Percentage size-frequency distributions for each area are
identical since growth and natural mortality are the same. These "stable"
size~frequency distributions are very different from the observed
distribution at Robben Island (D.E. Pollock, unpublished data) showing
little evidence of bimodality (Fig. 5.1 and Table 5.2). The age-frequency
distribution (not illustrated) is representative of a "stable" state with

numbers declining with age. In further simulations, the stable values from
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TABLE 5.1 : Tuned values for parameters of the mussel model. Values in
parentheses below each area name give the total number of mussels (in
millions) found in the area.

PARAMETER ORIGINAL TUNED VALUE
VALUE

CAPE PENINSULA  DASSEN ISLAND ROBBEN ISLAND v

(27 395) (180 481 (82 u7u)
Eggs per 9.735 x 10'? 2,762 x 10*? 2.762 x 10*? 2.762 x 10"
spawning (EGG)
Egg mortality 11.550 13.084 11.199 11.982
at spawning
(EGGMOR)
TABLE 5.2 : Comparison of A. ater size-frequency distribution as observed

by D.E. Pollock (unpublished data) at Robben Island and the tuned
distribution from the mussel model.

SIZE CLASS OBSERVED PERCENTAGE TUNED PERCENTAGE
FREQUENCY FREQUENCY
1 91.70 33.14
2 7.07 . 27.49
3 0.05 12.37
4 0.01 13.10
5 0.04 7.65
6 0.18 2.69
7 0.51 2.15
8 0.4y - 1.41



FIGURE 5.1 : Tuned size-frequency distribution of a mussel population as
simulated by the mussel model for any area. '

ge Frequency (%)

Percenta

b

Size Class



TABLE 5.3 : Results of the sensitivity analysis on the mussel model. Where
a range of values occurs, the letter in parentheses indicates the area
values (C = Cape Peninsula, D = Dassen Island, R = Robben Island).

SENSITIVITY TOTAL POPULATION NUMBER

PARAMETER (% OF TUNED VALUE)
Eggs +20% 120

-20% 80

Egg +20% 7 / 9R) / 11D
mortality -20% - (D)939 7/ 1098(R) / 1369(C)
Natural +20% 80

mortality -20% 135
"Slow" growth (R+D)79 / 80(C)

"Fast" growth 114



the tuned runs and a simulation time of 100 years were used as input. Only
the stable endpoint values are used for comparison between different
simulations because the initial fluctuations in the trends are merely a

result of the model “settling in" to the new parameters.

SENSITIVITY ANALYSIS

The sensitivity analysis involved testing all of the mussel parameters at
approximately * 20 % of their tuned values and ‘in the case of growth i‘ate,
at "slow" and "fast"” growth (Table 5.3). In terms of total numbers, only
mussel egg mortality caused a disproportionately (> 20 %) large change from
tuned numbers because this effect is implemented during each of the three
spawnings each year and large numbers of eg8s are involved. Change in
growth rate can alter the total numbers to -21 % ("slow") or +14 % ("fast")
due to the fact that with the "slow" growth rate, the individuals are
subjected to the larger mortality of the small size classes for longer and

vice versa.

EFFECTS OF VARIOUS PARAMETERS ON POPULATION SIZE STRUCTURE

Natural mortality rate :

A 20 % change in natural mortality of different size classes caused
complete loss of bimodality (+ 20 ¥ mortality) or an enhanced bimodality (-

20 %) in the size distribution (Fig. 5.2).

Growth rate :

.Growth rate has a marked effect on mussel population size composition (Fig.
5.3). The input values for "slow™ growth are noticeably different from the
growth increments of the "overall" estimate and "fast" growth. A slowing of
the growth rate causes complete loss of bimodality and there appears to be-

an exponential decrease in number with increase in size.
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FIGURE 5.2 :
composition as simulated by the mussel model.
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FIGURE 5.3 : The effect of growth rate on mussel population“ size
composition as simulated by the mussel model. -
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FIGURE 5.4 ; The effect of the shape of a growth cuEve on mussel population
size composition as simulated by the mussel model.
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Growth curve :

The observed growth data indicate that mussels have a von Bertalanffy-like
growth curve. The effect of linear &growth "curyes" in which there 1is no
change in growth increment over size was tested to see whether the shape of
the growth curve influences population size structure (Fig; 5.4). "Fast"
and "slow" linear growth rates which yield the same maximum age at the
given maximum size of 80 mm as in the equivalent von Bertalanffy cﬁrves
were used. Such 1linear increments result in an exponentially decreasing
size structure apart from the increase in the last age class which is
caused by accumulation of individuals in this class. The “"slow" von
Bertalanffy curve is almost 1linear and therefore shows a unimodal,

approximately exponential, decrease in size structure.

DISCUSSION

Since there was only one output value available for use in tuning, only one
parameter was used to vary this and natural mortality values for different
mussel size classes were not estimated through simulation. The mortality of
mussel egg&s, which is inversely proportional to the number of mussels
occurring in each area, can be explained by two main features. Firstly, the
number of eggs lost during their drift in the currents to eaph area differs
and this is accounted for by the egg mortality. Secondly, the substrate at

each area differs and the mortality of eggs in the model serves to reduce

the numbers to the carrying capacity of the area suitable for habitation.

The effects that the natural mortality and growth parameters have on
population size structure are substantial. If natural mortality is
increased, fewer individuals survive to the larger size classes shifting
the size-frequency distribution to the left and decreasing bimodality.
Likewise, reduction of the mortality rate causes greater numbers to

survive to the larger size classes, shifting the size distribution to the
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right and enhancing bimodality. "Slow" growth results in more individuals
remaining in the smaller size classes for longer, and vice versa, thereby
changing the size structure. From the results of using different growth
curves it may be concluded that the shape of the von 'Bertalanfi‘y growth
curve, which is defined by the growth rate (k) and maximum length (1)
attained, is instrumental in causing large variations in the =size
distribution. A "slow" growth rate results in similar increments in the
smaller and larger size classes. Thus the size-frequency distribution
produced by "slow" growth following a von Bertalanffy growth curve looks
similar to the distribution formed by a linear growth “curve". The more
growth increments change with size, the less the distribution resembles an
exponential curve which is caused by reduction in numbers from natural
mortality as individuals grow through the size classes. Neither the
observed_ (D.E. Pollock, unpublished data) nor .the tuned mussel size-
frequency distributions are biased towards particular cohorts as may occur
when mussel beds comprise one or a few age classes. However, considering
the variability in size distributions with parameter change, it is not

unexpected that these two distributions are very different.

The practical use of this model is limited, but it can be used to show the
great variabilit& in mussel population size structurg eauseq'by a variety
of factors, in particular the influence of growth. Natural mortality and
growth rates vary considerably between and within habitats so that there
will be no single distribution which can be considered representative of

all shore zones and seasons at a study site.
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'CHAPTER 6 : LOBSTER MODELS

The simulations have been divided into two sections; those in which
recruitment is assumed to be constant and-thoée in which a linear stock-

recruitment relationship is used.

A. WITH CONSTANT RECRUITMENT

TUNING

Each area was simulated separately with its appropriate growth rate as
input, so that parameters specific to each could be obtained. The "overall"
estimate, "fast" and "slow"™ growth correspond to the growth rates for
Déssen Island, Robben Island and the Cape Peninsula, respectively. Theré
were four sets of lobster parameters (number of eggs per spawning,
egg/larval »mortality, lobster natur-al mortality (13 and 10 values for maie
and female size classes, respectivelyl] and fishing mortality) and a number
of forms of output (f‘or each sex, total number of individuals excluding.
larval stages {size class 1], number of harvestable size, number harvested,
mean size of individuals in the catch and size-frequency distributions;
mass of lobster harvested and the sex ratios of different size classes of
lobster) which may have been used in tuning this model for each of the
chosen areas. Because the age-frequency distributions callculated were
"unstable" (see Chapter 4), the output age/size-frequency distributions
could not be used as indicators in tuning. The number of eggs per spawning
and the egg/larval mortality of these eggs during the first year of 1life
were used to tune the total number of individuals. Lobstér smaller than 60
mm in carapace length occur as a separate stock from the adults and have
similar g&rowth increments, probably typical for most areas on the S.A,
southwest coast (Polloék, 1973). Using the same reasoning, the calculated
juvenile natural mortality values (up to the 6th size class) were kept the

same for each area. The main tuning parameter was natural mortality of the
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Table 6.1 : Tunéd values of parameters in the lobster constant recruitment
model. Values in parentheses below each area name give the total number of
lobsters found in each area.

PARAMETER ORIGINAL TUNED VALUE
VALUE
CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND
66 450 240) (146 245 106) (6 550 123)

Eggs per 1.488 x 10'? 0.688 x 1012 0.688 x 101'? 0.688 x 1012
spawning (EGQR)
Monthly egg/ 1.000 1.076 0.978 1.109
larval mortality
Monthly natural hd
mortality
(male/female) .

7 0.008/0.008 0.006/0.006 0.011/0.010 0.006/0.008

8 0.008,0.010 0.005/0.008 0.014/0.012 0.008/0.011

9 0.008/0.015 0.005/0.010 0.015/0.013 0.011/0.016

10 0.008/0.019 0.006/0.011 0.016/0.014 0.015/0.021

11 0.010/0.023 0.006/0.012 0.017/0.015 0.018/0.024

12 0.015 0.007 0.018 0.020

13 0.019 0.007 0.019 0.022

14 0.023 0.008 0.020 0.024
Female monthly 0.038 0.007 -

fishing mortality

(FIS)

0.0002



diff‘erfent adult size classes. The number of harvestable size, catch mass,
mean size of individuals in the catch and the observed sex ratios of each
size class were tuned by altering the size composition of the catch with
the natural mortality parameters from different size classes for each sex.
Male fishing mortality was kept to the calculated values as there was some
basis for the calculation of these figures. Female fishing mortality was
used in conjunction with natural mortality to produce the correct number of
females harvested. The parameters were tuned to three significant places

(Table 6.1).

The tuned output stabilized during the ’lOO—'year simulation and. differed by
no more than four percent from the calculated population estimates
(Appendix G). The minimum estimate of number of egg€s shed per spawning was
used because the mean estimate for reproductive output resulted in large
population sizes. Egg/larval mortality for each area does not differ much
from the calculated value and shows a trend in magnitude from area to area
that is inversely proportional to population size. The main tuning
parameter, natural mortality of different adult size classes, has tuned
values that maintain the same trend as the ca'lculated values, increasing in
the larger size classes. The natural mortality values of the adults
increase from the Cape Peninsula to Dassen Isl.and to Robben Island. The
difference in natural mortality between areas is probably a'ﬁ indication of
the range of annual natural mortality values that may be expected for adult
lobsters (M = 0.06 to‘ 0.29). Tuned fishing mortality of females was found
to be much lower than the estimated value. At Dassen Island females have a
fishing mortality valuev one order of magnitude higher than at the Cape

Peninsula fishing ground.

Fig. 6.1 shows the "stable" output size-frequency distributions which
differ for each area. These cannot be compared to any observed

distributions because counts for juveniles and adults which inhabit
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FIGURE 6.1 : Size-frequency distributions of d. lalandii populations at the
Cape Peninsula, Dassen Island and Robben Island as simulated by the
lobster constant recruitment model. The vertical broken line indicates the
present minimum catchable size (89 mm carapace length).
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Table 6.2 : Sex ratios of mature J. lalandii of different sizes, givén as
percentage males as observed (0) in the field by D.E. Pollock (unpublished
data), from calculated (C) size-frequency distributions and the tuned
simulation runs of the lobster constant recruitment model (L). The codes
{11 and (2] indicate 1 year sampling at 30 m depth and 3 stations, and 2
years of sampling at a depth of 12 - 33 m, respectively.

SIZE CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND
CLASS o ¢ L o ¢ L o ¢ L
S ) [2)

7 32 31 28 17 27 30 | 24 27 31
8 33 3% 36 30 3% 36 40 33 32
9 48 62 S8 51 59 57 61 59 51
10 83 80 89 65 86 79 86 89 87
11 99 97 98 72 98 96 97 100 100
12 100 100 100 89 100 100 99 100 100
13 100 100 100 100 100 100 100 100 100
14 100 100 100 100 100 100 100 100 100

Table 6.3 : Percentage of J. lalandii males in the population, over the
minimum catchable size and in the catch at the Cape Peninsula, Dassen
Island and Robben Island as estimated from the calculated age-frequency
distributions and as simulated by the 1lobster constant recruitment model.

PERCENTAGE OF MALES

CALCULATED SIMULATED
IN POPULATION :
Cape Peninsula 46.8 a . 45.5
Dassen Island 44.8 452
Robben Island 50.1 ' ‘49.2
OVER MINIMUM
CATCHABLE SIZE :
Cape Peninsula 81.2 91.2
Dassen Island 83.9 84.6
Robben Island : 93.7 93.7
IN CATCH :
Cape Peninsula 9g.9 9g.9
Dassen Island 97.5 96.6

Robben Island . - -



Table 6.4 : Results of the sensitivity analysis on the lobster

constant

recruitment model. The range of figures show male (M)’ and female (F)

values.
SENSITIVITY OUTPUT (% OF TUNED VALUE)
PARAMETER -
Q
TOTAL NUMBER  NUMBER OVER NUMBER MASS
: MINIMUM HARVESTED HARVESTED
CATCHABLE SIZE
M F M F M F
CAPE PENINSULA
Natural -+20% 9 9 8 y 8 y 8
mortality -20% 1072 1194 1203 2729 1216 2803 1223
Fishing +20% 98 100 90 100 103 120 101
mortality -20% 102 100 114 100 96 80 99
Eggs +20% 120 120 120 120 120 120 120
-20% 80 80 80 80 80 80 80
"Overall" growth 92 97 113 396 111 395 125
"Fast" growth 87 95 120 ugy 122 48y 150
DASSEN ISLAND
Natural +20% 12 11 9 5 9 5 9
mortality -20% 879 953 1078 1928 1115 2005 1158
Fishing +20% 99 100 93 97 106 110 104
mortality -20% 101 100 109 103 g2 89 %?
Eggs +20% 120 120 120 120 120 120 120
-20% 80 80 80 80 80 80 80
"Slow" growth 105 102 73 15 73 15 66
"Fast" growth 96 99 119 137 120 137 128
ROBBEN ISLAND
Natural +20% 9 8 7 y - - -
mortality -20% 1191 1213 1430 2300 - - -
Eggs +20% 120 120 - 120 120 - - -
-20% 80 80 80 80 - - -
"Overall" growth 104 102 92 76 - - -
"Slow" growth 109 105 78 9 - - -



different areas were not available. Both sexes show bimodal distributions,

_ this being more marked in females. The two peaks in the distribution
correspond to the younger juveniles and the newly-matured adults and differ
in height from area to area. The age-frequency distributions stabilize so
that the numbers deéline with age, each area having a different number of
age classes according to its growth rate. The stable percentage of males in
each size class in each area shown by the model follows the trends shown by
the observed (D.E. Pollock, unpublished data) and calculated sex ' ratios
although the figures do vary from these possibly "unstable"” representations
(Table 6.2). Calculated and model percentage of males in the population, of
legal catchable size and present in the catch agree in the three areas
(Table 6.3). Fig. 6.1. and Table 6.3 show that Robben Island has a larger
percentage " of harvestable males than the two fishing grounds. In f‘urther
simulations, the stable tuned values and a simulation time of 100 yearﬁ
were used as input. Only the stableendpoint values af‘terv this simulation

time were used for comparison among simulations because initial

fluctuations are a result of the model adjusting to new parameters.

SENSITIVITY ANALYSIS

Table 6.4 shows the results of the sensitivity analysis whiéh included
testing all lobster model parameters except for whole wet :mass and the
minimum catchable size. The parameters were tested at approximateiy +20¢%
of their tuned values and in the cése of growth rate, to either the
"overall"” estimate, "'slow" or "fast" growth depending on the area. Fishing
mortality and the number of eggs per spawning show no disproportionate ©
20 %) differences in output. Changing natural mortality, which includes
egg/larval mortality, has a cumulati\)e effect, -the mass harvested being
altered to a maximum of 8 % to 1223 ¥ with a 20 ¥ increase and decrease in
the parameter, respectively (Figures for the Cape Peninsula). Changing the

growth rate causes individuals to be subjected to various mortality rates
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FIGURE 6.2 : The effect of adult growth rate on male and female lobster
population size structure as simulated by the lobster constant recruitment

model.
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for different periods of time. Therefore speeding up or slowing down the
adult growth rate can make a substantial difference to numbers and mass
harvested, especially in the case of females. A faster growth rate results

in a substantially higher yield and vice versa.

EFFECTS OF VARIOUS PARAMETERS ON POPULATION SIZE STRUCTURE

The effects of natural mortality, growth and fishing on the population size

composition of lobsters were tested using particular areas as examples.

Natural mortality :

The effects of a 20 ¥ change in mortality rate in all size classes and of a
change 1in the trend in natural mortality rate with increase in size make
neglible difference to the Dassen Island population size distribution (not

illustrated).

Growth rate :

Adult growth rate affects the intensity of bimodality of population size
structure of male and female lobsters at the Cape Peninsula (Fig. 6.2).
Reduced growth rate results in more individuals accumulating in the second
peak of the distribution, enhancing the bimodality and vice versa. Adult
female 1lobsters have a slower gfowth rate than males and thjs is reflected

in the increase& height of the second peak (Figs 6.1, 6.2).

Growth curve :

Data on observed growth rates indicate that 1lobsters have a von
Bertalanffy-like growth curve. The effect of a "linear" growth curve in
which there is no change in growth increment with size was tested to see
whether the shape of this curve influences population size structure, using
the Dassen Island population as an example. Such "linear" growth increments
result in an approximately exponential curve as opposed to the bimodal

structure that results from using a von Bertalanffy curve (Fig. 6.3).
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FIGURE 6.3 : The effect of the shape of the growth curve dn male and female
size structure as simulated by the

lobster

population

recruitment model.
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FIGURE 6.4 The effect of ceasing lobster harvesting at two fishing
grounds (the Cape Peninsula and Dassen Island) and of introducing fishing
to a sanctuary (Robben Island) on male population size structure as
simulated by the lobster constant recruitment model. The vertical broken
line indicates the present minimum catchable size (89 mm carapace length).
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FIGURE 6.5 : The results of changing fishing pressure on J. lalgndii at the
two fishing grounds as simulated by the lobster constant recruitment model.

150 - — o
CAPE PENINSULA S ‘
100-\-----/"" ””” = T
< p
X /"!/ -
~ 504 // L
o i/
-~ ‘:/ !
2 }
@
> © 0+ T .
-c% 0 100 200 300
0 .
c5 Percentage of F ., = 0.342 0
2 2 e B (%)
q_»g Fiemale = 0.002
oc
05
Sa 150 '
gg DASSEN ISLAND e ——
o~ /“,/""_ - —
O 100 T———p—=""
Q. o
.-“"'./
| 7
504 / ,
kf/
0 T 1 :
0 100 200 - 300
Percentage of F . = 0.399 (%)
. 0

Fremale = 0.056

Key:

lobster 'pop.ulation
—-—~—lobster number harvested
- jObster mass harvested



Fishing :

The simulated cessation of harvesting at two fishing g&rounds and tﬁe
introduction of fishing& to a sanctuary g£ive three clear examples of the
effect f:hat fishing .has on population size structure (Fig. 6.4). Only males
are shown because the harvest of females is negligible. Lack of fishing
results in a considerable increase in percentage of harvestable individuals

O 83 mm carapace length), resulting in a flattening of the entire

distribution.

TESTING DIFFERENT LOBSTER HARVESTING STRATEGIES

\

Simulations were carried out to investigate change in harvesting strategies
at both fishing grounds, the Cape Peninsula and Dassen Island, and the
sanctuary, Robben 1Island. The three areas have different lobster growth

rates and the fishing pressure at the two fishing grounds differs. The

annual fishing mortality at the Cape Peninsula is smaller (Faate = 0.342,
F reaate = 0.002) than that at Dassen Island (Faesie = 0.399, F tenals =
0.056).

Change in fishing pressure :

Fig. 6.5. shows the results of simulations in which fishing pressure was

increased to 300 % and decreased to 0 % from the pr’ésent fishing
mortalities at the fishing grounds. An increased number‘ and mass of
lobsi:ers are harvested with increasing fishing mortality from zero to 100 %
of the present rates above which the yield levels. off. The population
numberg are increased slightly with greatly reduced fishing pressure. At
the Cape Peninsula, increased fishing makes negligible difference to the
catch while at Dassen Island the harjveat may be increased with a large
ihcrease in effort. In both areas, the mean size of individuals in the

catch (not illustrated) is reduced slightly with increased fishing

pressure.
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FIGURE 6.6

(a) CAPE PENINSULA

The
lalandii at the two fishing grounds as simulated by the
recruitment model.

The

vertical broken line shows
catchable size (89 mm carapace length).
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Change in minimum catchable size :

Simulations were carried out in which the minimum catchable size was
increased and decreased to plus and minus 30 % 62 mm - 116 mm) of the
present limit (89 mm) at the two fishing grounds (Fig. 6.6a,b). Increased
numbers are harvested with reduced minimum catchable size and vice versa.
Population size has the opposite response, decreasing with a decrease in
minimum catchable size. There is a marked difference in the results between
the Cape Peninsula and Dassen Island (Fig. 6.6a). While both areas show
decreasing harvested mass with increasing minimum catchable size, the Cape
Peninsula shows a similar decrease with lowering of the minimum catchable
size, indicating optimum minimum catchable size regulations at the Cape
Peninsula ground. However, at Dassen Island the rﬁass harvested increases
with reduced minimum size, levelling off with a decrease of more than 20 %
« 71 mm), In both areas, the mean size of individuals in the catch alters
considerably with minimum catchable size, having the lowest mean some 20 mm
smaller than the present mean size at smallest minimum catchable size and

vice versa (Fig. 6.6b). .

Cessation of harvesting at fishing grounds :

The effect of ceasing harvesting at the two fishing g8rounds is an increase
in popﬁlation size and more individuals of harvestable size (F‘i.g. 6.7). At
the Cape Peninsula, the effect on female numbers is negligible because the
fishing mortality of this sex is so low. At Dassen Island, the number of
females of catchable size is greatly increased with cessation of

harvesting.

Fishing in a sanctuary :

The effect of introducing fishing to the sanctuary at the harvesting rates
of the Cape Peninsula (moderate fishing rate) and Dassen Island (heavy
fishing rate) is in both cases a slight reduction (-7 %) in population size

and number of harvestable size (-45 %) but with a reasonable catch of 339 -
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FIGURE 6.7 : The results of ceasing harvesting of J, lalandii at the two
fishing grounds as simulated by the lobster constant recruitment model.
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FIGURE 6.8 :

The results of fishing J.

by the lobster constant recruitment model.
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FIGURE 6.9 : The results of changing fishing pressure on J. lalandii from a
"heavy" harvesting rate (F) at sanctuary, Robben Island as simulated by the
lobster constant recruitment model.
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FIGURE 6.10

The results of changing the minimum catchable

size using
"moderate"” and "heavy" harvesting rates of J. lalandii at the sanctuary,
Robben Island as simulated by the lobster constant recruitment model. The
vertical broken 1line shows the present minimum catchable size (89 mm
carapace length). :
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Table 6.5 : Tuned values of monthly J. lalandii egg/larval mortality from
the lobster constant recruitment and stock-recruitment models

MODEL ' CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND

o]

Constant recruitment 1.076 0.978 1.109

Stock-recruitment
relationship ) 1.135 1.089 1.110



355 tons per annum (Fig. 6.8). The effect of changing fishing effort from
the heavy fishing pressure shows that the yield may increase with a large
increase in harvesting rate (Fig. 6.9), Under heavy fishing pressures the
mean size ‘oi‘ individuala in the catch (not illustrated) is slightly

reduced.

Changing the minimum catchable size has different results with different
fishing mortalities (Fig. 6.10a). Under both fishing intensities the number
harvested increases with a reduced minimum catchable size and decreases
when the minimum size is increased. The trend in population numbers is
opposite. Using the heavier fishing pressure (Feata = 0.399, Piegate = |
0.056) the harvested mass is greatest at a minimum catchable size of 70 mm
whereas at moderate fishing intensity (Faaie = 0.342, Fieare = 0.002), the

mass caught is largest at 80 mm minimum catchable size. Decreasing the
minimum catchable size causes a drop of approximately 20 mm in mean size of

individuals in the catch and vice versa (Fig. 6.10b).

B. HITH A STOCK-RECRUITMENT RELATIONSHIP

TUNING

The tuned parameter values and the stable age-frequency distributions from
the constant recruitment model were used as input into this' model which
incorporates a linear stock-recruitment relationship. The‘ only tuning
parameter, lobster egg/larval mortality, was tuned to three significant
figures for each area (Table 6.5). The Robben Island values are very
similar in both models, whereas for the other areas the tuned values of the
stock~recruitment model are somewhat higher and the trend from area to area
does not follow that of the constant recruitment model. Compiete steady
state was not attained but aimul’ations were run for 100 years. The output
varied by no more than 4 % of the calculated values (Appendix G). The
simulated size-frequency distributions are the same as in the constant

recruitment model and therefore so are the sex ratios of different size
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Table 6.6 : Results of the sensitivity analysis on the 1lobster stock-
recuitment model. The range of figures show male (M) and female (F) lobster
values. An arrow indicates the trend in numbers after 100 years of

simulation, the magnitude of which ranges from negligible to a rapid
increase/decrease,. :

SENSITIVITY OUTPUT (% OF TUNED VALUE)

PARAMETER DIRECTION
\ . OF
TOTAL NUMBER  NUMBER OVER NUMBER MASS TREND
MINIMUM HARVESTED HARVESTED
CATCHABLE SIZE
M F M F M F
‘CAPE PENINSULA
. Natural +20% 1] 1] 1] 1] 1] 0 0 d
mortality -20% 107 107 108 107 108 107 108 T
Fishing +20% 98 100 90 - 100 103 120 101 T
mortality -20% 102 100 114 100 96 80 99. T
Eggs +20% 238 232 224 172 221 170 221 1
-20% 36 37 38 53 39 54 39 1
“Fast" growth 401 415 510 1547 . 500 1506 600 T
"Overall" growth 234 238 270 790 266 776 292 T
DASSEN ISLAND N
Natural +20% 0 0 0 0 0 0 0 . {
mortality -20% 10t 10" 101° 108 107 108 101° T
Fishing +20% 97 98 92 96 104 109 102 i
mortality -20% 103 102 111 104 94 90 97 T
Eggs +20% 296 289 277 227 273 223 271 o T
-20% 27 28 30 38 30 39 31 i
"Fast" growth 243 24y 286 279 283 275 299 T
"Slow" growth 31 31 24 7 24 7 22 {
ROBBEN ISLAND
Natural +20% 0 0 0 0 - - - i
mortality -20% 10 101%° 101 107 - - - T
Eggs +20% 322 318 300 251 - - - T
-20% 25 25 27 33 - - - i
*Overall"” growth 55 54 51 46 - - - {
"Slow" growth 24 23 19 3 - - - !



classes ‘and the sex ratio in the population as a whole, of harvestable
individuals and in the catch. The stable tuned output after 100 years was
used as input in all further simulations, and the tuned output was also

used for comparison with the endpoint values of further 100-year

simulations.

SENSITIVITY ANALYSIS

Sensitivity of the model was tested against the same parameters used in the
constant recruitment model (Table 6.6). vThese simulations did not attain
complete stability, the population showing either a consistent increasing
or decreasing trend with time. Natural mortality has the largest effect,
ranging from a reduction in numbérs to almost zéro to numbers 9 orders of

magnitude higher than tuned.

TESTING DIFFERENT HARVESTING STRATEGIES

The 1lobster populations in the following simulations did not 1level off,
even after 100-year simulations, therefore iricreasing or decreasing

tendencies after 100 years are indicated by arrows in all figures.

Change in fishing pressure :

Fig. 6.11 shows the results of simulations in which fishing pressure was
altered at the two fishing grounds. The.results at different fishing
pressures are the same as in the constant recruitment model for the Cape
Peninsula. At Dassen Island, heavy fishing pressure on females results in
reduced population numbers and a smaller increase in harvest. The mean size
of individuals in the catch (not illustrated) is slightly reduced with

increased fishing pressure.
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FIGURE 6.11 : The results of changing fishing pressure on J. lalandii at
the two fishing grounds as simulated by the lobster stock-recruitment
model. Arrows indicate the increase/decrease in population numbers after a
simulation period of 100 years. If there is a changeover in the
increasing/decreasing trends, this is indicated by a dotted vertical line.
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FIGURE 6.12
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FIGURE 6.13 : The results of changing fishing pressure on J. lalandii from
a "heavy" harvesting rate (F) at the sanctuary, Robben Island as simulated
by the lobster stock-recruitment model. " Arrows indicate the
increase/decrease in population numbers after a simulation period of 100

years.
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Harvesting of males only :

Since the standing stock of lobsters in the stock-recruitment model depends
on the number of females in the population, a simulation was carried out to
test the effect of outlawing the harvesting of females at the two fishing
grounds (not illustrated). In the Cape Peninsula ground this made no
difference to population numbers or the mass harvested because female
fishing mortality is low. At Dassen Island, however, the total population of

l‘obsters increased by 20 ¥ while the harvested mass was larger by 15 %.
These results are based on the assumption that the legislation affects all

parent stocks from which recruitment is derived.

Change in minimum catchable size :

The same trends in number and mass harvested are shown at both fishing
grounds for different minimum catchable sizes (Fig. 6.12). Both show an
optimal harvested mass at the current minimum catchable size of 89 mm
carapace length. The change in population numbers is different in ea<_:h area
at small minimum catchable sizes, having a more marked effect at Dassen
Island where fishing pressure on females is greater. The results of both
models are similar for the Cape Peninsula, whereas the patterns at Dassen
Island are different using the model incorporating the stock-recruiment
relationship. The changes in mean size of individuals in the catch (not

illustrated) are similar to those of the constant recruitment model.

Cessation of harvesting at fishing grounds :

Stopping fishing at the Cape Peninsula had the same effect using this model
and the constant reqruitment model. However, at Dassen Island t‘:he increase

in population numbers with no fishing is marginally greater than in the
constant recruitment model because a larger number of females are available

to produce more eggs (not illustrated).
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FIGURE 6.14
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Island as simulated by the 1lobster stock-recruitment model. The
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length). Arrows indicate the increase/decrease in population

numbers after a simulation period of 100 years.
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Fishing in a sanctuary :

The change in population numbers with introduction of fishing to the Robben
Island sanctuary at moderate and heavy fishing intensities {not
illustrated) is simil‘ar to that of the constant recruitment model. A yield
of 318 - 333 tons per annum is predicted, slightly lower than that
estimated by the constant recruitment model. In this model the smaller
harvest was produced at the heavier fishing rate (and higher female fishing
mortality). Changing fishing& pressure from the heavier harvesting rate
leads to an increase in number and mass harvested with increased fishing
pressure which is less using this model because the total pépulation is
reduced (Fig. 6.13) . As with the constant recruitment model, the mean size

of individuals in the catch is slightly reduced with increased fishing

pressure (not illustrated).

If the minimum catchable size is changed (Fig. 6.14) the results of the two

- models are similar at the moderate fishing mortality rate (Faaie = 0.342,
Fiemarte = 0.002) although the optimal minimum catchable size is slightly
larger (83 mm) using the stock-recruitment model. Reduction of the minimum
catchable size below the present level leads to a sharp decrease in
population number, number harvested and the mass harvested at'heavy fishing
pressures. This is the opposite trend to that shown by the constant
recruitment model which predicts an optimal minimum catchable size of 70
mm. Both this and the constant recruitment model predict similar decreases
in the mean size of individuals in the catch when the minimum catchable

size i8 reduced (not illustrated).
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DISCUSSION

In the constant recruitment model, Dassen Island, which has the densest
lobster ©population has the lowest egg/larval mortality. Robben Island,
having the sparsest population has proportionately heavier egg/larval
mortality and the Cape Peninsula is intermediate. The mortality rates may
differ because there are differing periods of larval drift to each area and
differences in the 1larval settling potential of each area. Natural
mortality of the adult size classes increases from the Cape Peninsula to
Dassen Island to Robben Island. This is to be expected from the model since
this sequence shows an increase in growth rate. There is heavier natural
mortality in all size classes in areas of faster growth, compensating for
the more rapid growth through the size classes,. Female fishing mortality
(F) was much less than first estimated. This is not unexpected because the
number of females harvested is 2 to 3 orders of magnitude lower than that

of males (see Table 4.14),

The most interesting effects of different parameters on lobster population
size structure are those of growth and fishing. Mortality rate and the
mortality-size distribution have little effect. The second peak of the

size~frequency distributions for both sexes, representing newly~maturéd
adults, ié formed by the reduction in growth rate once individuals reach
maturity O 60 mm carapace length). The second peak may be ‘emphasized
because there aré two sets of growth data (f‘br Jjuveniles and adults) from
different sources, and there is a sharp drop in annual increment at the
onset of maturity (see Fig 2.2). The height of the second (adult) peék is

inversely related to the rate of growth, and is more mabked in females
because their growth rate is slower than that of males. This explains the
sequence in peak height, following the profression from sloweat (Cape
Peninsula) to fastest (Robben Island) adult growth rates in the tuned size-

frequency distributions (Fig. 6.1), Harvesting individuals larger than the
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minimum catchable size has a very marked influence on population size
composition. The number of harvestable-sized individuals is greatly
increased if there is no exploitation of the legal size classes and the
entire distribution is flattened (Fig. 6.4). This explains the tuned male
"size-frequency distribution at the sanc,t,uary (Robben Island) not declining
as markedly as the other male distributions. A change in fishing pressure
at .the fishing grounds should also alter the balance between harvestable
and non-harvestable individuals and therefore change the size structure of

the population.

The model incorporating a linear stock-recruitment relationship does not
reach steady state because there is no density limitation of females, thus

control of population fecundity is unconstrained. An approximately stable
state was attained in the tuned simulations because the mortality of
females balanced recruitment. However, any change which alters the equality
results in the model population being unable to reach steady state. The
stock-recruitment model is thus far more sensitive to parameter change than
the constant recruitment model because it is density-independent. The
inability of the stock-recruitment model to reach steady state makes it
less useful for management. Nevertheless, it is interesting to compare the

results of different harvesting strategies using this model with those of
the constant recruitment model. If more females are removed by fishing in
the stock-recruitment model this results in reduced recruitment a‘nd
consequently a smaller harvest than predicted by the constant recruitment
model. At the Cape Peninsula the annual fishing mortality of females is
negligible (0.002) and the results of the two models are very similar. At

Dassen Island the annual fishing mortality of females is higher (0.056)

although still small compared to that of males.

The similarity between the two models with change in fishing pressure is’

caused by the small number of mature females that are harvestable. From

59



simulations, only 5.7 % (Cape Peninsula) and 6.7 % (Dassen Island) of all
mature females are shown to be of legal harvestable size. Table 6.3 shows
that only 0.06 % (the Cape Peninsula) and 3.4 ¥ (Dassen Island) of catches
are comprised of fémales. This prevents drastic collapse or explosion in
the 1lobster population with increased or decreased fishing mortality, as
would otherwise be expected with such simulations. All Dassen Islénd
simulations in which more females are harvested (increased fishing pressure
and a lower minimum catchable size) lead to reduced harvest being predicted
by the stock-recruiment model. Conversely, cessation of, or decrease in
fishing, harvesting of males only, or increase in minimum cavtchable size
results in greater recruitment leading to a greater increase in population
numbers being predicted by the stock~recruitment model at Dassen Island
than the constant recruitment model. The introdﬁction of fishing to Robben
Island and changing the fishing intensity and minimum catchable size
results in little difference between models if female fishing mortality is
s;mall. Increasing fishing pressure or decreasing the minimum catchable siz.e
at Robben Island with heavy fishing mortality rate results in smaller
increases in harvest as compared to the predictions of the constant
recruitment model, in response to the reduced total fecundity of fewer

females.

The lobster model based on constant recruitment provides useful information
about the harvesting strategies of lqbsters. The yield estimates are all
sustainable because they are based on stable simulation output. Differences
in growth and fishing mortality rates at two fishing grounds and a
sanctuary give wide scope for exploring management strategies by modelling.
Increased fishing pressure does not appear to improve harvest for the
increased effort in either area, especially at the Cape  Peninsula where
growth is slower. Doubling the current effort at Dassen Iéland (where

lobsters &row at the estimated "overall" growth rate) may increase the mass
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harvested by approximately 13 % with a large reduction in catch per unit
effort. Cessation of fishing at either area causes a larg8e 250+ %)
increase in numbers of larger individuals and the overall population

increases by a maximum of 25 %.

Off the Cape Peninsula the current minimum catchable size gives the best
yield in terms of mass harvested, but at Dassen Island the optimal minimum
catchable size >is somewhat smaller (70- mm carapace length). This leads to
an increase of approximately 35 % in harvested mass whereas the number
harvested is increased to more than 300 ¥ of the present Dassen Island
catch. The mean size of individuals in the catch is reduced from 96 mm to
less than 80 mm. If the fast-growing lobster population at Robben Island
were to be exploited, a harvest of at least 340 tons per annum would seem
sustainable with little change in the overall population number. A large
.amount of fishing effort would be required to increase the mass yield by an
additional 12 % or the number harvested by 30 %. The optimal minimﬁm
catchable size off Robben Island appears to be smaller than thé present
minimum size although this changes with different fishing pressures. Using
a reduced fishing effor’; (Faate = 0.342, Fienate = 0.002) the model
predicts a catchable size closer to 80 mm than the current 89 mm although
the increase in mass harvested is marginal (3 %). The number harvested
increases by approximately 30 ¥ and the mean size of indivi&uals caught is
- reduced from 95 mm to 91 mm. At higher fishing mortality (Faaie = v0.399,

F tamare = 0.056) a minimum catchable size even smaller (70 mm) would appear

to be optimal. The mass harvested might increase by 10 % while the number
caught would increase by almost 90 % with the mean size of individuals

caught being reduced from 98 mm to 79 mm.

61



CHAPTER 7

Lobstér-mus sel models



The simulations have been divided into two sections : those in which
lobster and mussel recruitment is assumed to be constant and those in which
a linear stock-recruitment relationship is used for lobsters.

R E LA LIPS e s e

A. WITH‘CONSTANT RECRUITMENT

TUNING

The interaction between lobsters and mussels is such that the growth rate
of 1lobster adults ( 60 mm carapace length) is dependent on Wdssel
availébility, whereas juvenile lobster growth is constant throughout. The
vfast" adult growth rate was used as input in this model for all areas and
mussel availability was used to slow this growth rate to that appropriate
to the Cape Peninsula and Dassen Island lobster grounds where growth is
slower thaﬂ at Robben Island. In the case of Robben Island, where lobsters |
grow optimally, it was tuned with the minimum number of mussels adequate to
maintain this natural growth rate. Most of the tuned parameter values from
the two single-species constant recruitment models of lobster and mussel
populations were used in the lobster-mussel model for each area. Predation
by lobsters is one form of mussel natural mortality and rerﬁoves a large
portion of the model mussel population. Therefore, zero mussel natural
mortality was used except in the last size class which is not subject to
predation.” The number of mussels was altered by adjusting mussel eg&g
mortality (to three significant figures) so that the growth rates
approximated those of each area (Table 7.1). Mussel egg mortality values do
not show the same trend from area to area as in the mussel model, and all
values are somewhat larger than the corresponding figures in the mussel

model.
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TABLE 7.1 Tuned values for parameters of the
recruitment model which
models except for

lobster-mussel
retains the tuned values of the single-species
mussel egg mortality which is its tuning parameter.
Values in parentheses below each area name give the total population of
lobsters in each area. Mussel egg mortality values in parentheses are
values from the mussel single-species model.

constant

PARAMETER ORIGINAL

VALUE

TUNED VALUE

CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND

at spawning
(EGGMOR)

(66 450 240) (146 245 106) (6 550 123)
Mussel model
Eggs per 9.735 x 10'* 2.762 x 10'® 2.762 x 1013 2.762 x 10*?
spawning (EGQG)
Lobster model
Eggs per 1.488 x 10'?2 0.688 x 10'2 0.688 x 1012 0.688 x 1012
spawning (EGG)
Monthly egg/ 1.000 1.076 0.978 1.109
larval mortality
Monthly natural
mortality
(male/female)
7 0.008/0.008 0.006/0.006 0.011/0.010 0.006/0.008
8 0.008/0.010 0.005/0.008 0.014/0.012 0.008/0.011
9 0.008/0.015 0.005/0.010 0.015/0.013 0.011/0.016
10 0.008/0.019 0.006/0.011 0.016/0.014 0.015/0.021
11 0.010/0.023 0.006/0.012 0.017/0.015 0.018/0.024
12 0.015 0.007 0.018 0.020
13 0.019 0.007 0.019 0.022
14 0.023 0.008 0.020 0.024
 Female monthly 0.038 0.0002 0.007 -
fishing mortality
(FIS)
Lobster-mussel model
Mussel egg 11.550 10.965 10.305 11.388
mortality (13.084) (11.199) (11.982)



TABLE 7.2 : Ratio of total lobster population to mussel population at each

area as calculated from the original population estimates and as smulated
by the lobster-mussel constant recruitment model.

AREA GROWTH RATE LOBSTER/MUSSEL RATIO
CALCULATED. TUNED
(x 107Y (x 107
Cape Peninsula "SLOW" ' 2.4 4.2
Dassen Island "*QVERALL" 0.8 3.7
Robben Island "FAST" 0.5 2.5

FIGURE 7.1 : Size-frequency distributions of A, afer populations from the
Cape Peninsula, Dassen Island and Robben Island as simulated by the
lobster-mussel constant recruitment model and compared fto the observed
distribution from Robben Island (D.E. Pollock, unpublished data).
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TABLE 7.3 : Percentage of optimal ("fast") growth rate calculated from the
appropriate growth rates and simulated for the Cape Peninsula ({("slow"

growth) and Dassen Island ("overall" growth} using the lobster-mussel
constant recruitment model.

AREA PERCENTAGE OF OPTIMAL GROWTH IN DIFFERENT SIZE CLASSES

7 8, 9 10 11 12 13 14

MALES :

Cape Peninsula

- tuned 78.2 59.1 53.7 46.7 225 10.1 100.0 100.0
- calculated 71.4 61.5 50.0 45.5 40.0 33.3 25.0 20.0

Dassen Island

- tuned 100.0 98.0 98.0 89.8 67.0 51.5 45.3 33.1
- calculated 85.7 80.8 75.0 72.7 70.0 66.7 62.5 60.0

FEMALES :

Cape Peninsula

- tuned 78.2 59.1 53.7 46.7 22.5
- calculated . 60.0 66.7 50.0 57.1 60.0

Dassen Island

- tuned 100.0 98.0 98.0 89.8 67.0
- calculated 80.0 83.3 100.0 100.0 100.0

TABLE 7.4 : Maximum ages and corresponding maximum sizes for male and ,
female lobsters at the Cape Peninsula and Dassen Island as estimated by the

appropriate growth rates at each and when modelled using the lobster-mussel
constant recruitment model.

AREA MALES FEMALES
AGE MAXIMUM AGE MAXIMUM
(years) CARAPACE (years) CARAPACE
'LENGTH (mm) LENGTH (mm)

CAPE PENINSULA
- calculated 58 140 100 110
- tuned 54 140 100 105

DASSEN ISLAND
- calculated 30 139 . - 63 110
- tuned 34 139 70 110



The Dassen Island and Robben Island simulations were stable after 100 years
but the Cape Peninsula took 150 years for the output, including the growth
rate, to stabilize. Tuned values for the lobsters differed by less than 20

%2 and in most cases only a 2 % difference was found. Since altering the
number of mussels was the only way of tuning the model without changing the
population size structure of the lobsaters, the mussel population numbers
vary considerably from the values calculated originally ({Appendix Q).
However, the ratio of lobster numbers to mussel numbers, an indication of
mussel availability to predators, keeps the same tendency to decrease with

increasing growth rate as that calculated (Table 7.2).

The mussel size-frequency distribution differs bet;veen areas with t?he
greatest impact of lobster predation occurring around the Cape Peninsula
and least at Robben Island (Fig. 7.1). The number of mussels in size
classes 5, 6 and 7 (Cape Peninsula) and & and 7 (Dasssen Island) are
reduced to 2zero because predation exceeds availability in these classes.
The distributions are similar to that observed at Robben Island (D.E.
Pollock, unpublished data). Table 7.3 shows the growth rate of each sex as
a percentage of the “fast" rate, and computed from the ratio of mussels
required to mussel avéilability in the model populations of the Cape
Peninsula and Dassen Island grounds. This shows that the gro’ﬁth increments
calculated by the model in these two areas are not exactly equivalent to
those of the given "slow" and "overall" estimates of growth. In the Cape
Peninsula area male size classes 13 and 14 grow optimally becausa there are
s0 few individuals cémpeting for food in these classes. The Robben Island
population Srows "fast” and therefore has 100 ¥ growth in each size class.
The model sets a maximum age for each sex equivalent to that attained at
the "slow"” growth rate. If growth is reduced below the "slow" rate then it
is assumed that the lobsters will never attain maximum size. Table 7.4
shows that at the slower growth rates estimated by the model, the maximum

ages and sizes are similar to those calculated from the age-length
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TABLE 7.5 : Results of the sensitivity analysis on the lobster-mussel
constant recruitment model. The range of figures show male (M) and female
(F) values. The rate of growth is indicated as "fast" (F), "overall" (O} or
vslow" (S). If the growth rate is slowed to less than the determined "slow"
growth, it is assumed the maximum size cannot be reached so the sizes
reached by the maximum ages (58 and 100 years for males and females,

respectively) are shown.
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distributions.

The 1lobster size-frequency distributions at thev Capé Peninsula and ‘Dassen
Island changed slightly from those simulated by the lobster single-species
model because their appropriate growth rates are not exactly as calculated.
Consequently, fhe lobster sex ratios in different size <c¢lasses, the
'Vpercéntage of males in the population, of harves£ab1e size and in the
catch, are also marginally different from those of the lobster model_. In
the lobster-mussel model, the stable tuned values canriot be used as input
for> f‘urther simulafions because all runs must commence wi_th a "fast" growth
rate which is reduced according to food availability. The 100-year »runtime
for Dassen Island and Robben Island and the 150-year runtime for the Cape
Peninsula, used in tuning were used in further simulations and the stable
endpoint values in further simulations compared with the those of the tuned

Aoutput.

SENSITIVITY ANALYSIS

Sensitivity analyses on the lobster-mussel model involved testing all the
parameters tested in the lobster and mussel models, the optimal number and
kilojoule requirement of mussels ‘'by 1lobsters and the . number of
unobtainable mussels to * 20 ¥ of their values. Of the lobste‘r—-mussel model
parameters only the sensitivity to kilojoule value of mussel flesh was not
tested. Comparison of this sensitivity analysis to those of the single-

species models gives an indication of the sensitivity of this model to its

structure, which includes the change in lobster growth rate. The output
used is the same as in the two single-species models but the maximum age
and the corresponding size of lobsters were also noted (Table 7.5). A 20 %

change 1in parameter values tended to change growth rates to the extremes,
caused by either an excess or a shortage of mussels. This results in

different numbers of individuals in various size classes being subjected to
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FIGURE 7.2 : The effect of different intensities of predation from d.
lalandii populations at the Cape Peninsula, Dassen Island and Robben Island
on A. ater population size structure as simulated by the lobster-mussel
constant recruitment model. This is compared to the size distribution
resulting from linearly decreasing mortality with A. ater size (tuned
distribution from mussel single-species model for all areas, see Fig. 5.1).
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the size-based parameters for different periods of time with consequent
changes in population numbers. Of the lobster parameters, a 20 % reduction
in natural mortality caused the most substantial changes to the growth
rate, slowing it so that no individuals attained harvestable size. Of the
mussel parameters, reducing the number of eggs spawned or increasing the
egg mortality had an equally large effect. In all three areas the number of

unobtainable mussels made no difference to growth rate or other output.

EFFECTS OF PREDATION ON POPULATION SIZE STRUCTURE

Predation may have a marked effect on the size composition of the prey
population (Fig. 7.2). Depending on the predation intensity, some size
classes may have substantially reduced numbers whereas a linearly

decreasing natural mortality with size does not result in such marked

declines in larger mussel size classes.

TESTING DIFFERENT LOBSTER HARVESTING STRATEGIES

Simulations were carried out to investigate changes in lobster harvesting
strategies at both fishing grounds, the Cape Peninsula and Dassen Island
and the sanctuary, Robben Island. 'i‘he three areas have different lobster
growth rates and the fishing pressure at the two fishing grounds differs.
The annual fishing mortality of the Cape Peninsula is smaller (Faate =

0.342, Fienate = 0.002) than that of the Dassen Island fishing g&round

(Faate = 0.399, Fienaie = 0.056).

Change in fishing pressure :

Simulations were carried out in which fishing pressure was increased and
decreased at the two fishing grounds (Fig. 7.3a). At different fishing
pressures, especially at fishing mortalites close to the tuned F valubes the

trends are not smooth. A large increase in fishing pressure 1leads to
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FIGURE 7.3 The results of changing fishing pressure at two fishing
grounds in terms of J. lalandii and A. ater populations and J. lalandii
harvest (a) and J. lalandii growth rate (b) as simulated by the lobster-
mussel constant recruitment model.
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TABLE 7.6 : Fishing pressures (as percentages of tuned fishing mortalities)
which show a change from one growth rate to another at the two fishing
grounds using the lobster-mussel constant recruitment model.

FISHING MORTALITY GROWTH RATE YEARS TO REACH
MAXIMUM SIZE
(MALE/FEMALE)

CAPE PENINSULA

100 % (tuned) "SLOW" ‘ 54/100
+ 25 % "SLOW" 58/87
+30 % © "FAST" 23/60

DASSEN ISLAND
@

-5 % | " SLOW® | 58/80
100 % (tuned) - "OVERALL" 34/70
+ 5% | "FAST" 22/60




FIGURE 7.4 : The results of changing the minimum catchable size at the two
fishing grounds in terms of J. lalandii and A. ater populations, d.
lalandii harvest (a and b) and J. lalandii growth rate (c) as simulated by

the lobster-mussel constant recruitment model. The vertical broken line
indicates the present minimum catchable size (89 mm carapace length).
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stabilization with a slightly reduced mean size of individuals in the catch
{not illustrated). At intense fishing pressures the predation of mussels by
the reduced lobster numbers is less and large mussel populations develop.
At both fishing grounds there is a very sharp changeover point from 6ne
growth rate to another (Table 7.6). At the Cape Peninsula, a 5 ¥ change in
fishing mortality results in the growth rate changing from “slow" to
"fast". At Dassen Island, a 5 ¥ decrease reduces the growth rate from the
"overall" estimate to "slow" and an equivalent increase results in a "fast®
growth rate. Fig. 7.3b shows how the growth rate of each size class of
lobsters (same for males and females) is affected by a change in fishing

pressure.

Change in minimum catchable size :

Simulations in which the minimum catchable size of lobsters was increased
and decreased from the pfesent size (89 mm carapace length) were carried
out at the two fishing grounds and showed populatién trends which were not
smooth (Fig. 7.4a). As the minimum catchable size is reduced, more lobster
are fished and predation by lobsters on mussels is decreased, allowing
larger mussel populations. There is a difference between the Cape Peninsula
and Dassen Island in terms of mass harvested. As minimum catchable size is
reduced, the mass harvested at the Cape Peninsula increases to a peak (86
mm minimum catchable size) and then decreases when the minimum catchable
size is reduced further. At Dassen Island, the mass harvested shows an
inverse s-shaped curve with minimum catchable size, the maximum harvest
occurring below .70 mm minimum catchable size. The mean size of the
individuals in the catch is increased/decreased with increase/lowering of
the minimum catchable size, respectively (Fig. 7.4b). Mean sizes of
individuals in the catch fluctuate around the present minimum catchable
size when the lobster growth rate is changing. The effect of changing the
minimuh catchable size has major consequences for the growth rate | (Table

7.7). In the Cape Peninsula area, a 1 mm change in the minimum catchable

66



TABLE 7.7 : Change from one growth rate to another at different minimum
catchable sizes at the two fishing grounds using the 1lobster-mussel
constant recruitment model.

MINIMUM CATCHABLE GROWTH RATE YEARS TO REACH
SIZE . MAXIMUM SIZE
: (MALE/FEMALE)

CAPE PENINSULA

89 mm (tuned) "SLOW" 54/100
87 mm *SLOW" 58/82
86 mm "FAST" 23/60
DASSEN ISLAND

90 mm "SLOW" 58/81
89 mm (tuned) "QVERALL" 34/70
88 mm "FAST" 22/60



size causes the lobster growth rate to change from "slow" to “fast". At
Dassen 1Island, a 1 mm change on eithér side of the present minimum
catchable size results in either a slower or faster growth rate than the
tuned growth rate. Fig. 7.5c shows how the growth rate of each size class
(same for both sexes) is affected by a change in the minimum catchable

size.

Cessation of harvesting at fishing& grounds :

The effect of ceasing‘ harvesting at both fishing grounds is an increase in
total lobster numbers with more males over the minimum catchable siz;e, and
a reduced mussel populatioh (Fig. 7.5a). The growth rate slows down at bofh
fishing grounds so that the maximum carapace lengths of 140 mm (males) and
110 mm (females) are not reached.. In the Cape Peninsula area, maximum sizes
of 103 mm and 87 mm were attained for males and females, respectively. The
growth rate was not as slow at Dassen Island, males and females reaching
maximum sizes of 123 mm amd 103 mm, respectively. The number of females
over the minimum catchable size was reduced to zero (Cape Peninsula) and 17
% (Dassen Island) because their growth rate is so slowed down that many do
not reach harvestable size (89 mm). Fig. 7.5b shows how the growth
increments in each size class (same for both sexes) are reduced when

fishing is stopped.

Fishing in a sanctuary :

Fishing in the present sanctuary, Robben Island, shows the same effects for

lobsters as using the single-species lobster model because the growth rate

remains optimal (see Fig. 6.8) even though the numbef of mussels is

increased approximately three —fold. Likewise, the effects of changing

fishing pressure or changing the minimum catchable size are tht\a same as
simulated by the single-species lobster model because optimal growth is
maintained (see Figs 6.9, 6.10). Changes in predation pressure on mussels

with changes in lobster population size result in the mussel population
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Percentage of

FIGURE 7.5 : The results of ceasing harvesting at the two fishing grounds
in terms of J. lalandii and A. ater populations (a) and J. lalandii growth
rate (b) as simulated by the lobster-mussel constant recruitment model.
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increasing or decreasing. Reducing fishing pressure and increasing the
minimum catchable size causes the mussel population to decrease to its
present size. The number of mussels increases by a maximum of 25 %‘ with
increased fishing pressure on lobsters; a reduced minimum catchable size of
62 mm indirectly r‘esqlts in the mussel population increasing two-fold from

the population levels at the current minimum catchable size.

B. WITH A LOBSTER STOCK-RECRUITMENT RELATIONSHIP

i

TUNING

The tuned parameters of the lobster-mussel constant recruitment model were
‘used as input values and only lobster egg/larval mortality used to tune
this model to give growth rates appropriate for each apea. Stability was
not reached at Robben Island but the model for this area was tuned with a
simulation time of 100 year‘é until no slowing of the growth rate occurred.
The appropriate "slow" growth rate was tuned for the Cape Peninsula model
using a 250-year simulation time. Even after a simulation of 500 years, it
was not possible to attain a stable growth rate approximating the observed
growth rate of Dassen Island because growth rate fluctuates in response to
.. both mussel availability and changing lobster recruitment. Tﬁe populations
of Dassen Island were therefore not simulated using this stock«recrﬁitment
model. The tuned egg/larval mortality value for Robben Island is the same
a3 in the constant recruitment model while that for the Cape Peninsula is’

slightly larger than the value for the other two models (Table 7.8).

Tuned lobster output differed by no more than 11 ¥ from the calculated
values but for the mussels there is a large difference (Appendix G). Table
7.9 shows that the ratio of lobsters to mussels remains high for the slower

growing lobster populations in both models. The size-frequency
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TABLE 7.8 : Tuned values of monthly egg/larval mortality from the constant
recruitment and stock-recruitment models.

PARAMETER CAPE PENINSULA DASSEN ISLAND ROBBEN ISLAND

Constant recruitment
lobster and lobster- 1.076 0.978 1.109
mussel models

Stock~-recruitment 1.135 1.089 1.110
lobster model

Stock-recruitment
lobster-mussel 1.146 - 1.110
model '

TABLE 7.9 : Ratio of total lobster population to mussel population at each
of the areas modelled using the stock-recruitment model (S-R) compared to
the constant recruitment model (C).

AREA GROWTH RATE LOBSTER/MUSSEL RATIO

CALCULATED TUNED (©) TUNED (S-R)
(x 1079 (x 1079 (x 1074
Cape Peninsula "SLOW" 2.4 4.2 4.y

Robben Island "FAST" : 0.5 2.5 2.0



TABLE 7.10 : Results of the sensitivity analysis on the lobster-mussel
stock~recruitment model. The range of figures show male (M) and female (F)
values. The rate of growth is indicated as "fast" (F), "overall"” (0) or
*slow" (S). If the growth rate is slowed to less than the determined "slow"
growth, it is assumed the maximum size cannot be reached and the sizes
reached by .the maximum ages (58 and 100 years for males and females,
respectively) are shown. i
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FIGURE 7.6 : The results of changing fishing pressure in the Cape Peninsula
fishing ground as simulated by the lobster-mussel stock-recruitment modelin
terms of J, lalandii and A, ater populations and J. lalandii harvest and (a
and b) and J. lalandii growth rate (c) .
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distribﬁtions and therefore the sex ratio in different size classes for the
Cape Peninsula and Robben Island are approximately the same as in the
constant recruitment model .as are the percentages of males in the
population, of catqhable size and in the catch. Fractional differences in
each size class have caused slight changes from the constant recruitment
model in the increments for "slow" lobster growth at the Cape Peninsula

using this model.

SENSITIVITY ANALYSIS

The sensitivity analyses of the same parameters as 1in the constant
recruitment model (Table 7.10) show that any parameter .that causes the
growth rate to be increased to a "fast" rate at the Cape Peninsula or ’co.
remain at this optimal rate (Robben Island) has the greatest effect on
numbers. These simulations do not reach steadyi state and all show
decreasing 1lobster numbers and increasing numbers of mussels. Of the
remaining parameters which result in stable output, a decrease in lobster
natural mortality has the greatest slowing effect on growth so that neither
sex reaches harvestable size (89 mm carapace length). When slower &rowth
rates are input there is a large drop in lobster numbers and an increase in

mussel numbers.

TESTING DIFFERENT LOBSTER HARVESTING STRATEGIES

Change in fishing pressure :

A change in fishing pressure results in no sudden changes in growth rate at
the Cape Peninsula and the output is thus more stable than in the constant
recruitment model (Fig. 7.6a). The mussel and lobster populations remain
fairly consistent at any fishing intensity. Only a marginal increase in
harvest is shown at a large fishing mortality. There is a slight reduction
of the mean size of the individuals in the catch (not illustrated) at heavy

fishing mor’calities. Fig. 7.6b shows how the growth rate of different-sized
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FIGURE 7.7 : The results of changing the minimum catchable size at the Cape
Peninsula fishing ground in terms of J. lalandii and A. ater populations
and J. 1lalandii harvest (a and b) and J. lalandii growth rate (c) as

simulated by the lobster-mussel stock-recruitment model. The vertical
broken 1line indicates the present minimum catchable size (89 mm carapace

length).
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lobsters of both sexes is marginally affected by the. change in fishing

pressure. The growth rate is "slow" at all levels although at zero fishing

it slows slightly more so that males reach a maximum size of only 123 mm as

opposed to the normal 140 mm. At 300 ¥ of the present fishing mortality the

‘male growth rate is equivalent to the "overall" estimate of growth,

Harvesting of males only :

A harvest which excluded the capture of females was simulated, but it made
negligible difference (¥ 1 %) to the population numbers and harvested mass

and there was no change in the growth rate (not illustrated).

Change in minimum catchable size :

The total populations of lobsters and mussels remain fairly constant when
the minimum catchable size is altered at the Cape Peninsula (Fig. 7.7a).
The' number of lobsters harvested is highest at the smallest minimum
catchable size (62 mm carapace length) while the mass harvested is largést
(although only by a small percentage) at a minimum catchable size just
above 70 mm. The mean size of individuals in the catch is reduced at this
70 mm minimum catchable size (Fig. 7.7b). For males fher‘e is further
reduction of the "slow" growth rate so that maximum size is not reached at
legal sizes well below and above the present minimum catchable size of 89
mm. At minimum catchable sizes of less than 70 mm and above 107 mm, males
reach maximum sizes of 128 mm and 123 mm, respectively. The effect on
growth rate is greater on males than females because it is the sizes
greater than the f‘ema.les maximum size that are most affected. Fig. 7.7c
shows how the growth increment differs in each size class (same for both

sexes) with different minimum catchable size regulations.

Cessation of harvesting at fishing grounds :

The cessation of harvesting at the Cape Peninsula had 'very little effect on

the total 1lobster and mussel populations, although the percentage of
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FIGURE 7.8 : The effect of ceasing harvesting in the Cape Peninsula fishing
ground in terms of J. lalandii and A. ater populations (a) and J. lalandii
growth rate (b) as simulated by the lobster-mussel stock-recruitment model.
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harvestable males is increased (Fig. 7.8a). The growth rate is reduced
slightly so that males reach a maximum size of 123 mm compared to 140 mm.
Female growth is affected little because the growth rate is only reduced in

the larger size classes above female maximum size (Fig. 7.8b).

Fishing in a sanctuary :

In all simulations in which fishing took place at Robben 1Island (not
illustrated) the results are the same as using the lobster model based on a
stock~recruitment relationship because the optimal growth rate is
maintained (see Figs 6.13, 6.14). In all simulations there is a general

increasing trend in lobsters and a decrease in mussels after 100 years of

‘gsimulation. The number of mussels is increased by 150 to 200 % when

lobsters are harvested at Robben Island because of the reduced lobster
population and consequent decrease in predation. With increased fishing

pressure the mussels may increase by an additional 30 %. When the minimum
catchable size is reduced below the current size of 89 mm carapace length,

the 1lobster population becomes very small and mussels may increase four-
fold in standing stock. Reducing fishing pressure and increasing the
minimum catchable size causes the mussel population to decrease to the

present level with no lobster exploitation.

DISCUSSION

The main purpose of this model is to investigate the harvesting strategies
of 1lobster at areas in which the rates of growth of this species vary in
response to the abundance of their prey, mussels., It is based on the
assumption that the growth rate of diffefent—sized lobstera is directly
affected by the availability of mussels of correct size. The relative

proportions of mussels of different sizes consumed: by different-sized

lobsters need to be correct for the model to be realistic. However, the

i
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FIGURE 7.9 : Size composition and total number of A, ater from each size
class in the diet of different-sized J. lalandii calculated from the data
of Griffiths and Seiderer (1980) and size-frequency distributions of model
lobster populations from the Cape Peninsula, Dassen Island and Robben

Island.
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exact numbers consumed are not important since the model is tuned by
adjusting the overall number of mussels. Using the availability of mussels
to tune the growth rate of lobsters at each area results in mussel
abundance at these areas differing from those calculated, but dces not’
‘detvract from the main. objective of. the model: Most important is that the
ratio of 1lobsters to mussels is highest in afeas of slowest growth as a
result of there being less food for more predators and vice versa. The
difference between the calculated range of growth rates for each lobster
size class and that computed by the model is a result of two features. It
is .assumed in the model that the grqwth of males and females of the same
size are equally affected and the rate of growth is only dependent on
mussel availability. The two factors are not entirely realistic but are

simplifications of the natural situation.

The Cape Peninsula lobster population has the greatest impact on mussels
reducing numbers in some size classes to zero. The Dassen Island 1lobster .
population does so but to a lesser extent (Fig. 7.1). The individuals which
reach the largest size ciass may be considered to have reached a "refuge in
size" from predation (Paine, 1965). At Robben Island the drop in mussel
numbers in the‘larger size classes is less marked because there 1is less
predation pressure. The observed mussel distribution from Robben Island
(D.E. Pollock, unpublished data) shows a strong decline in numbers with
increase in size, and over 90 ¥ of individuals are less than 10 mm.
However, as sugg@ested in Chapter 2, variability in growth and natural

mortality rates have profound effects on population size structure.

Fig. 7.9 shows both the size composition and the total number of mussels
from each size class consumed by a single lobster (estimated from the data
of Griffiths and Seiderer, 1980) and the tuned size-frequency distributions

of lobster populations from each area. Lobster size classes 7, 8 and 9 have
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the largest number of individuals and would consume most mussels from size
classes 2 and 3. Lobster size class 10 has fewer individuals but this class
consumes the most mussels, also mainly from size classes 2 and 3. If the
mussel size-frequency distribution is treated as the dependent variable,‘
comparison of the lobster size-frequency distributions.shows that the Cape
Peninsula population would consume most of these smaller sizesvof mussels
followed by the Dassen Island and Robben Island populations. Therefore it
is not unexpected that heavy exploitation of these small mussel size
classes leads to the great reduction in numbers in the larger classes shown
by the model distributions. Penney and Griff‘ifhs (1984) found that prey
size preferences by various predators may profoundly affect prey population
size structure particularly by depleting prey within the preferred size
range. Pollock (1978) and Griffiths (1981) also observed that J. lalandii
can obliterate A. ater beds rapidly through predation. The model confirms
that differing natural mortality in the form of predation or other 1losses

can Zreatly alter the siz:e structure of the mussel population.

The lobster~mussel models with different lobster recruitment patterns both
produce some unstable or irregular results, but for different reasons. When
a constant recruitment pattern is used, fine tuning is required to reach
growth rates appropriate for each area. If the ratio of lobsters to mussels
results in a change in lobster growth rate, this occurs over; a very narrow
range of parameter values as shown by the sensitivity analysis (Table 7.5).
In the model in which a linear stock-recruitment relationship is assumed,
density-dependence resulting from the influence of mussel availability on
the lobster growth rate creates a stability which was absent in the single-
species stock-recruitment model. In the density-dependent situations,
changes in growth rate are "smoothed" so that there are no sharp cutoff
points between very different rates. However, use of the stock-recruitment
model 1is limit;,ed since any change leading to optimal lobster growth being

achieved ({(such as in all the Robben Island simulations) causes density-
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independence in recruitment and a model unable to reach steady state. The
output from both models is discussed, bearing these f‘eatures in mind, but
only the "realistic" situations used as beneficial model results in terms

of management policy.

Using the constant recruitment model the trends of the Cape Peninsula and
Dassen Island populations of lobsters and mussels are very sensitive close
to the present fishing mortality value (when fishing mortality is changed)
and near to present minimum catchable size (when this is altered from 89 mm
carapace length). A 5 % change in fishing mortality or a1 mm change in the
minimum catchable size retards or accelerates the growth rate to either
extreme. The constant recruitment model suggests that with increased
fishing one could attain a harvested mass some 20 ¥ higher at Dassen Island
or approximately 30 % higher at the Cape Peninsula. In both areas the
number harvested increases by approximately 30 % with a slight reduction in
mean size of individuals in the catch. At this heavy fishing intensity the
mussel population would increase very rapidly. Optimal minimum catchable
size predicted by the constant recruitment model is 86 mm or < 70 mm for
areas of "slow" growth (Cape Peninsula) and the "overall" growth esfimate
(Dassen Island) respectively, wit';h the mussels reaching very large
population sizes at both of these limits. However the sensitivity of the
model in terms of growth rate places some doubt on the usefulness of the
results. Both models indicate that cessation of fishing at fishing grounds
results in increased lobster numbers and heavier predation with fewer
remaining mussels. This retards the lobster growth rate (of males in

particular) so that maximum size is not reached.

Neither model gives more information about introducing fishing to Robben
Island and thereafter changing the fishing policy than the density-
independent single-species lobster models, because growth rate remains

optimal. However, the fluctuations in the mussel population in response to
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the intensity of predation can be monitored. Any harvesting strategy that
reduces lobsters causes an increase in the mussel population, and vice
versa. The sustainable catch of at least 340 tons per annum at Robben
Island is probably an underestimate for two reasons. Firstly, if fishing
were introduced, the number of individuals dying from natural mortality
would probably be reduced. Secondly, the growth rate estimated here is
Based on the optimal recorded growth but this may not be the fastest
possible rate. An excess of mussels may lead to even faster growth rates

which may result in a larger catch.

The 1inconsistency of the trends of the constant recruitment model reduces
its value as a potential management tool. The.simulations which are most
informative are those simulating the harvesting strategies of the slow-
growing Cape Peninsula lobster population with the stock-recruitment model,
because optimal growth is not achieved. The yields estimated with different
harvesting strategies are sustainable because they are based on stable
output. The lobsters, in particular the females, show no sudden changes in
the growth rate when fishing intensity or the minimum catchable size was
altered. Both predator and prey populations maintain stability in these two
sets of simulations. A marked reduction or increase in fishing 'pressure or
a smaller or larger minimum catchable size may cause slight retardation or
acceleration of male growth, respectively. Increase in fishiﬂg pressure to
above double the present harvesting rate would make little difference (< 10
%) to the masa harvested although a 20 ¥ increase in the number caught
{(with a slightly lower mean size of catch individuals) could be expected.
If the minimum catchable size were changed to 70 mm only a 7 % better yield
in terms of mass is predicted. A corresponding 70 % increase in the number
harvested would be expected but the mean size of the catch would drop from
95 mm to 80 mm. in terms of mass is predicted. A corresponding 70 %
increase in the number harvested would be expected but the mean s;ize of the

catch would drop from 95 mm to 80 mm.
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Economically, the 1ideal state for a fishery is to have a maximal
sustainable harvest, while ecologically, it should have the 1least
disruptive effect con the ecosystem. There is evidence that predators may
determine the structure and productivity of a system (Mann, 1981). If
increased exploitation of a predator species is under consideration, it is
essential to consider components of other trophic levels that may be
affected. Mann (1981) suggests that exﬁloitation should be controlled so
that stocks are not severely stressed, thereby gZuarding against ecosystem
changes that may be irreversible. There may be chain reactions such as that
believed to have occurred in a Nova Scotia kelp bed ecosystem (Breen and
Mann, 1976; Mann, 1981; Wharton and Mann, 1981). Overexploitation of
. lobster (Hommarus americanus) in this area reduced the population so that
their prey, urchins (Strongvlocentrotus droebachiensis) increased.
Overgrazing by urchins led to destruction of the kelp (Lammanaria

longicruris, L. digitata and Argarum cribrosum). Lobster were then

subjected to a reduced food supply and increased predation as a result of

lack of shelter from the kelp, and their population decreased further.

The relationship between growth of lobsters and availability of their prey

is well documented both locally for Jasus lalandii and Aulacomya ater

(Newman and Pollock, 1974b, 1977; Pollock, 1979; Pollock and Beyers, 1981;
Pollock et al.,, 1982) and for other species (Kurata, 1962; Witham et al.,
1964; Chittleborough, 1975, 1976). These interacting predator and prey
spécies are the most abundant benthic carnivore found in kelp beds (Field
et al.,, 1977; Velimirov et al., 1977) and the largest sessile component of
benthos (Pollock, 1979), respectively, on the west coast of South Africa.

The importance of maintaining stability of these two species should

therefore not be underestimated as they may have profound . influences on
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other trophic levels, effects which have not been modelled. The models have
shown the effects that different parameters have on population size
composition. Growth and fishing, in particular, can alter the size
structure of a lobster population to a degrge. The effects of growth and
predation on the muésel prey population may cause great changes to the size
composition of the population. The size structure of the prey population is
highly variable and the intensity of predation may have large effects on
mussels and therefore on other ecosystem components. The use of such a
variable populatibn >size composition .in estimation of exploitation by

mussels on another species must be regarded carefully.

Population parameters and recruitment

The collection of data for population parameters provides a comprehensive
-compilation of information about a species, synthesises a large portion of

research carried out on the given species and highlights areas in which
data is lacking. Growth is an important parameter in fisheries biology,

having a profound effect on the harvesting strategy of a species. Therefore
an attempt was made to combine a number of existing data sets on growth in
order to obtain overall growth estimates and ranges for both J. 1lalandii

and A. ater. Growth of both J. lalandii and A. ater was found to be very

slow and highly variable. There are inadequacies in the data sets for the
two species (such as recruitment rates and natural mortaiity rate of
mussels). These are difficult to quantify and are highly specific to>
particular areas. The quality of the data is sufficient for the level of

resolution of the model and this has been satisfactorily confirmed by the
sensitivity analyses. Using these analyses, unexpected results highlight

1 any irregularites in the model structure, providing information on the
extent to which one can interpret the simulations and can also help

determine the controlling processes in a population or system.
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A central problem in population dynamics models is that of recruitment.
Hancock (1980) questions the validity of restrictions which preserve

spawning stock. Such restrictions assume that there is a relationship

between parent stock and recruitment, but no good correlations between
lobster stock and' number of recruits have been shown. Morgan (1980)
suggests that populations may be 1limited by habitat, and not by
recruitment. However, both of these authors acknowledge that for most
populations, limiting factors are unknown and conservative treatment should
force manégement to assume that egg production is an important factor. Only
sub-populations of the entire South African west coast stocks of J.
lalandii and A. ater were modelled (in the areas of the Cape Peninsula,

Dassen Island and Robben Island). The assumption of constant recruitment to
each of thése_ sub-populations is possibly not completely unrealistic.

Recruitment depends on the whole populations of these two species as there
is wide larval dispersal and the area of substrate suitable for settlement

of larval recruits at each area sets an upper 1limit for each sub-
population. However, if recruitment at all fishing grounds is reduced by a
new harvesting policy, recruitment to each sub-population may also be
limited. As a protection against this, sanctuaries protect some sub-

populations that produce a number of recruits and the present fishing
season does to some extent protect females as they moult during the season

and there is restriction on harvesting soft-shelled and berried females.

The models and their limitations

In building models, one has to balance complexity in making thé model more
realistic against simplicity which facilitates interpretation. Simple
models. do not account for all factors but more complicated multi-species
models either tend to produce what is intuitively obvious or follow
directly frqm the assumptions and they may demand too much from the data
(Gulland, 1979). In such models it is therefore diff’icult to distinguish |

between the model ef‘feéts and "real” ones. Nevertheless Gulland (1979)'
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suggests that the careful use of multi-species models can provide useful
guidance 1in fishery management and may result in better decisions than
those based on a single-species apprcach. Measures to control exploitation
range from regulations based on empirical reascning to comprehensive
management policies involving detalled studies of the population dynamics
of the species for use in quantitative models to describe the fishery

{Hancock, 1980).

Four models of lobster populations, each differing in complexity, were
formulated to investigate optimal exploitation of J. 1lalandii. The models
are all age-based models using a simple conversion factor for using length-
based parameters as functions of age. This is neccessary for Crustacea as
ageing is difficult in such slow growing species. First there is a single-
species model in which constant recruitment and growth are assumed. This
was then expanded to include a stock-recruitment relationship. The next
step was enlargement of the single-species constant recruitment model to
include a mussel-dependent &rowth function for lobsters. The final stage
was incorporation of a stock-recruitment relationship for lobsters into
this two-species model. Of these four models the most simple and the most
complex models provided the most practical management information without
complications that cause instability and necessary fine-tuning. The single-
species model incorporating a stock-recruitment relationship was unstable
due to a lack of any density-dependence to regulate reproductive output.
The 1lobster-mussel constant recruitment model required fine-tuning and
marginal changes in parameter values caused rapid retardation or
acceleration of the lobster &rowth rate. Use of the lobster-mussel model
incorporating a stock-recruitment relationship was also limited as only
simulations in which maximal lobster growth was not attained yielded stable
results with density-dependence being maintained by means of the mussel

dependent growth rate. Thus results for the fast-growing Robben Island
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lobstér population produced no more information than the single-species
models because mussel availability does not retard lobster growth at Robben
Island. The effect of lobster exploitation of the mussel pobulation was

explored in the stock-recruitment model of;b the Cape Peninsula sub-
populafions. However the prey population was very stable under conditions
of varying harvesting strategies so no further interpretation is attempted,

except to bear in mind the large effect predation has on population size
structure. The simplest model, that of a single lobster population in which

constant recruitment and growth are assumed, produced the most conclusive
information for the whole spectrum of areas, growth rates and harvesting

rates modelled.

- The recommendations and discussion of managerﬁent of lobsters are based on-
the results of the simulation models and depend on the validity of the
concepts and assumptions which surround the models. A limitation of‘ the
models is .that each model is tuned once for each area and subsequent
simulations only involve changes in one parameter. Therefore biological
factors inclﬁding intrinéic changes in populations such as the changing
natural mortalify with increase/decrease in fishing mortality are not
accounted for. A population which is subjected to exploitation may
compensate for increased mortality by means of accelerated recruitment
rates and faster growth (Graham, 1943; Rounsefell and E;/erhard, 1953)
although this may be more difficult to achieve in -slo'w-gr‘owing species
(Heydorn et al., 1968). The results presented do not indicate the period it
would take for stocks to stabilize if harvesting policy were altered. It is
difficult to distinguish between initial fluctuations as the model adjusts
to parameters and the natural response of the populations. Changes in
parameters such as growth rate would take many years to be realized in
future stocks. However, the results all indicate yields that would be

" sustainable in the long-term.
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Optimal harvesting strategies

An important feature shown by all of the lobster models is that the results
of the sensitivity analyses in which a range of lobster Srowth rates were
applied to each area, confirm that a faster growth rate does yield a better

harvest. Therefore any policy which results in thé growth of lobsters being
accelerated, all other factors being equal, should yield a larger harvest.

A broader view for management is obtained by using different areas of
varying species abundance with differing growth and harvesting rates and
different recruitment patterns. Only the simulations of the single-species

constant recruitment model and the lobster-mussel model for the Cape
Peninsula populations incorporating a lobster stock-recruitn;ent

relationship produced valid results useful for management.

The changés in present harvesting strategy which were tested include
changing fishing pre;ssure and altering the minimum catchable size at two
fishing grounds, the Cape Peninula and Dassen Island. For interest the
effect of prohibiting fishing was explored in existing fishing grounds but
this did not make a substantial difference to the populations. Optimal
harvest can be measured in terms of either number caught or harvested mass.
The mean size of individuals in the catch is associated with this, and may
" have economic implications because there may be an optimal marketable size.
Any increase in fishing effort or decrease in minimum catchable size at any
area causes an increase in the number of lobster harvested, however small.
Optimal harvest in terms of these models is therefore taken as the largest
harvested mass and. thereafter the number caught and mean size of
individuals in the catch can be considered. Changes in fishing pressure
were investigated using€ the models and these produced curves equivalent to
Beverton and Holt (1957) yield per recruit curves because recruitment is
constant or with very little fluctuation because of the small female
harvest. All simulations showed that no increase in the fishing effort

currently being employed at either of the two fishing grounds appears to be
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warranted for the small increase in harvest.

A lobster-mussel model formulated by Seiderer et al. (1982) was based on

the 1length distributions of the populations and constant recruitment was
assumed. The effect of reducing the minimum catchable size from the current
89 mm to 70 mm was tested. They concluded that this would inérease lobster
yield by 24 ¥ as a result of an accelerated lobster &rowth rate.‘ Their
maodel may be compared to the constant recruitment lobster-mussel model
‘ presented here although this is based on the age distribution of " the
population. This present model predicts the same results in a population

growing at the "overall" estimate of growth, showing that the yield would
increase by 25 ¥ at a minimum catchable size of 70 mm. However, the results
predicfed by this model should be viewéd with caution because there were
sharp changes in growth rate, a feature also found in the Seiderer et al.

(1982) model.

The &rowth rate and intensity of fishing effort affect the choice of
optimal minimum catchable size. For the smaller harvesting rate of the
slow-growing Cape Peninsula lobster population, the single~species constant
recruitment model predicts that the present minimum catchable size (89 mm
carapace length) is optimal. However, using the lobster—mussél model with
variable recruitment, a minimum catchable size of approximately 70 mm would
yield a slightly hetter (+ 7 ¥) harvested mass. A large (+ 70 %) increase
in the‘ number caught could be expected. The mean individual size of the
catch may drop from 95 mm to 80 mm, possibly making some of this harvest
leas marketable. At the larger harvesting rate and faster growth rate of
the Dassen Island population, an optimal minimum catchable size of 70 mm or
sligﬁtly less produces a better harvested mass ‘by approximately 35 ¥. The
number caught increases by more than three times that currently harvestéd.

The mean size of individuals in the catch decreases from 96 mm to less than
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80 mm but the large increase in number and mass harvested may be worthwhile

in spite of the drop in mean size of individuals in the catch.

If fishing were introduced to the sanctuary, Robben Island, a sustainable
harvest of at least 340 tons per annum is predicted by the lobster constant
recruitment model at the current minimum catchable size and would appear to
have 1little effect on the population, In this area in which lobsters grow
fast, a minimum catchable size in the range 70 to 8‘0 mm 18 predicted as
optimal depending on whether exploitation is heavy or moderate. Under
moderate exploitation, the 80 mm minimum catchable size causes an increase
in harvested mass that is marginal (3 ¥) while the number caught may be
increased to 30 ¥. The consequent reduction in the mean size of individuals
in tk;e catch is small (35 mm to 91 mm). The opi;imal 70 mm catchable size
predicted under heavy exploitation rate results in an increase of
approximately 10 ¥ in harvested mass with a corresponding increase of 90 %
in numbers caught. The mean size of indi?iduals in the catch is reduced

from 97 to 79 mm.

The difference in optimal harvesting policy for sub-populations which have
different g&rowth rates and are exploited at different f;shing pressures
complicates decisions when a single harvesting strategy has to be applied
to the entire lobster population spanning a number of fishing grounds. An
extension of the models to include economic factors would be useful in
producing results of optimal harvesting strategy‘based on a bhalance between
the equally important socio-economic implications and biological

conaiderétions. Three conclusions about harvesting strategy can be drawn
from the model simulations. Firstly, no increase in fishing effort would

provide an increase in yield in accordance with the increased effort. Thi‘a

finding reflects that of Newman and Pollock (1977) who wused yield per
recruit curves for male J. lalandii based on the population dynamics of

Dassen Island. Secondly, exploitation of lobster at the present sanctuary,
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Robben Island would yield a substantial harvest with no obvious adverse
effect on the population. The last and most complicated management decision
is that of choice of avminimum catchable size, Ideally a two-dimensional
set of combinafiéns of all possible harvesting rates and minimum catchable
sizes at each of the growth rates would give the optimal harvesting
strategy for each area. Newman and Pollock (1977) sugg@ested that lowering
of the minimum catchable size from 89 mm to 80 mm would maintain or
increase the equilibrium yield per recruit of males, depending on the
relative magnitudes of growth and natural mortality. For females, with a
much reduced growth rate, an increase in yield per recruit could also be
expected at the reduced minimum size. Based on the assumptions of the
models presented here, an initial observation is that the present 89 mm
minimum catchable size appears to be appropriate for slow?growing lobster
such as occur in the Cape Peninsula ground. With greater fishing effort, a
smaller minimum catchable size is optimal. A minimum catchable size of 70
mm, somewhat smaller than the current one of 89 mm, and an annual
harvesting mortality of approximately F = 0.4 would be optimal in terms of
harvested mass. Choice of a minimum catchable size closer to BO mm at an
annual harvesting rate of aproximately F = 0.34 would probably yield a
harvest that is optimal in terms of both mass and number harvested if a
large mean size of individuals in the catch provides better ﬁarketability.
This conservative minimum catchable size would cause the least change to
other components of the ecosystem, effects which havevnot been modelled. In
addition it would allow females to spawn before they are of catchable size
as sexual maturity is reached at approximately 70 mm (Heydorn, 1965) and
would therefore guard against a possible reduced recruitment caused by

"recruitment overfishing".

84



AKNOWLEDGEMENTS



ACKNOWLEDGEMENTS

I would like to thank Professor J.G.. Field (MBRI), the supervisor of the
project for useful discussions and advice; Dr D.S. Butterworth (UCT) for
his valuable assistance with the modelling; Dr D.E. Pollock (SFRI) and Dr
C.L. Griffiths (MBRI) for use of their data and their advice; Mr A. Barkai
(MBRD), Dr J.HM. David (SFRI), Mr AH. Fricke (NRIO) and Mr P. Zoutendyk
(NRIO) for use of their unpublished data. Financial support from the South
African National Committee for Oceanographic Research through the Benguela
Ecology Prog&ram is gratefully acknowledged. I would also like to thank the
Computing Servic.e of UCT for their cooperation and help during the course

of this project.

85



REFERENCES



REFERENCES

BACKUS, J. (1960). Observations on the growth rate of the spiny lobster.

Calif. Fish and Game 46: 177-181

BAIRD, R.H. (1966). Factors affecting the growth and condition of mussels

(Mytilus edulis L.). Fish. Invest., Lond, Ser II 25: 1-33

BERRY, P.F. (1971). The. biology of the spiny lobster Panulirus homarus

(Linhaeus) off the east coast of southern Africa. S. Afr. Assoc. mar.

biol. Res., Invest. Rep. 28: 1-76

BERRY, P.F. (1978). Reproduction, growth and production in the mussel Perna
perna (L.) on the east coast of South Africa. S. Afr. Assoc. mar. biol.

Res., Invest. Rep. 48: 1-28

BEVERTON, R.J.H, HOLT, S.J. (1957) On the dynamics of exploited fish
populations. Fish. Invest. Ser 1II Salmon Freshwater Fish G B Minist

Agric. Fish. Food. 533 pp.

BEYERS, C.J. DE B. (1979). Stock assessment and some morphometric and

biological characteristics of the rock 1lobster Jasus lalandii on
Marshall rocks, its main commercila fishing area off South West Africa,

1971-1974. Investl. Rep. Sea. Fish. Br. S. Afr. 117: 1-26

BOWEN, B.K., CHITTLEBOROUGH, R.G. (1966). Preliminary assessments of stocks
of the Westarn Australian crayfish, Panulirus cygnus George. Aust. J.

Mar. Freshwater Res. 17: 93-121

BRANCH, G.M., BRANCH, M.L. (1981). The Living Shores of southern Africa.

Struik, Cape Town. 272 pp.

BRADBURY, J.H. (1977). Growth rates of Tasmanian rock lobster Aust. CSIRO

Div. Fish. Oceanogr. Circ. 7: 32 pp

86



BRADSTOCK, C.A. (1950). A study of the marine spiny crayfish, Jasus
lalandii (Milne-Edwards) including accounts of autospasy. Zool. Publ.

Victoria Univ. Wellington 7: 1-38

‘BREEN, P.A.,, MANN, KH. (1976) Changing 1lobster abundance and the

destruction of kelp beds by sea urchins. Mar. Biol. 34: 137-142

BURKENROAD, M.D. (1951). Measurement of the natural growth rates of decapod

crustaceans. Proc. Gulf. and Caribb. Fish. Inst. 25-26

CHITTLEBOROUGH, R.G. (1975). Environmental factors affecting growth and
survival of juvenile western rock lobsters Panulirus longipes (Milne-

Edwards). Aust. J. Mar. Freshwater Res. 26: 177-196

CHITTLEBOROUGH, R.G. (1976). Growth of juvenile Panulirus longipes cygnus

George - on coastal reefs compared with thosé reared under optimal

environmental conditions. Aust. J. Mar. Freshwater Res. 27: 279-295

CHITTLEBOROUGH, R.G., PHILLIPS, B.F. (1975). Fluctuations of year-class
stength and recruitment in the western rock lobster Panulirus 1longipes

(Milne- Edwards) Aust. J. Mar. Freshwater Res. 26: 317-328

COOK, P.A. (1978). A prediction of some possible effects of thermal
pollution on marine organisms on the west coast of South Africa, with

particular reference to the rock lobster, Jasus lalandii. Trans. R. Soc.

S. Afr. 43: 107-118

DU PLESSIS, A.J. (1977). Larval development, settlement and growth of the
black' mussel Choromytilus meridionalis in the Saldahna Bay region.

Trans. R. Soc. S. Afr. 42: 303-316

FIELD, J.G., JARMAN, N.G., DIECKMANN, G.S., GRIFFITHS, C.L., VELIMIROV, B.,
ZOUTENDYR, P. (1977) Sun, waves, seaweed and lobsters : the dynamics of

a west coast kelp bed. S. Afr. J. Seci. 73: 7-10

87



FIELDER, D.R. (1964). The spiny lobster, Jasus lalandei (H. Milne-Edwards),

in South Australia. 1. Growth of captive animals. Aust. J. Mar.

Freshwater Res. 15: 77-92

FORD, R.F (1977). Growth patterns of lobsters. Cirec. Div. Fish. Oceanogr.

CSIRO. 7: 83-102

GEORGE, R.W. (1958). The status of the "white" crayfish in Western

Australia. Aust. J. Mar. Freshwater Res 9: 537-545
GRAHAM, M. (1943). The Fish Gate. Faber and Faber, London. 196 pp.

GRIFFITHS, C.L., KING, J.A. (1979a). Some relationships between size, food
availablility and energy balance in the ribbed mussel Aulacomya ater.

Mar. Biol. 51: 141-149

GRIFFITHS, C.L., KING, J.A. (1979b). Energy expended on growth and gonad

output in the ribbed mussel, Aulacomya ater. Mar Biol. 53: 217-222

GRIFFITHS, C.L., SEIDERER, J.L. (1980). Rock-lobsters and mussels -
limitations and preferences in a predator-prey interaction. J. exp. mar.

Biol. Ecol. 44: 95-109

GRIFFITHS, R.J. (1977). Reproductive cycles in littoral popuiations of
Choromytilus meridionalis (Kr.) and Aulacomya ater (Molina) with a
quantitative assessment of gamete production in the former. J. exp. mar.

biol. Ecol. 30: 53-71

GRIFFITHS, R.J. (1981). Population dynamics and growth of the bivalve
Choromytilus meridionalis (Kr.} at different tidal 1levels. Estuarine

Coastal Shelf Sci. 12: 101-118

GULLAND, J.A. (1979) An overview of applications of operations research in
fishery management. In: NATO symposium on applied operations research in

fishing 1: 155-172

88



HANCOCK, D.A. (1980) Introduction, Part II Management In: Cobb, J.S.,
Phillips, B.F. (eds) The Biology and Management of Lobsters, Acedemic

Press, New York p. 181-188

HANCOCK, D.A, EDWARDS, E. (1967). Estimation of annual growth in the

edible crab (Cancer pagurus L) J. Cons. perm. int. Explor. Mer. 31:

246-264

HEYDORN, A.E.F. (1965) The rock lobster of the South African west coast,

dasus lalandii (H. Milne-Edwards). 1. Notes on the reproductive biology

and the determination of minimum size limits for commercial catches.

Investl. Rep. Sea Fish. Br., S. Afr. 53: 32 pp.

HEYDORN, A.E.P. (1969a). Notes on the biology of Panulirus homarus and on

the length/weight relationships of Jasus lalandii. Investl. Rep. Sea

Fish. Br., S. Afr. 69: 27 pp.

HEYDORN, A.E.F. (1969b). The rock lobster of the South African west coast
Jasus lalandii (H. Milne-Edwards). 2. Population studies, behaviour,
reproduction, moulting and migration. Investl. Rep. Sea Fish. Br., S.

Afr. 71: 52pp.

HEYDORN, A.E.F.,, NEWMAN, G.G., ROSSOUW, G.S. (1968). Trends in the

abundance of West coast rock-lobster, Jasus lalandii (Milne-Edwards).

Fish. Bull, S. Afr. 5: 1-10

HIATT, R.W. (1948). The biology of the lined shore crab, Pachygrapsus

crassipes Randall. Pac. Sci. 2: 135-213

HICKMAN, V.V. (1945). Notes on the Tasmanian marine crayfish, Jasus

lalandii (Milne Edwards). Pap. Proc. R. Soc. Tasmania. 27-38

HUGHES, J.T., MATTHIESSEN, G.C. (1962). Observations on the biology of the

American lobster Homarus americanus. Limnol. Oceanogr. 7: 414-421

89



JONES, R. (1974). Assessing the long-term effects of changes in fishing
effort and mesh size from length composition data. Cons. Int. explor.

Mer, Document CM1974/F:33, 13 pp. (mimeo)

YKANCIRUK, P. (1980). Ecology of juvenile and adult Panuliridae (spiny
lobsters) In: Cobb, J.S., Phillips, B.F. (eds). The Biology and

Management of Lobsters Vol. II, Acedemic Press, New York p. 59-96

KENSLER, C.B. (1967). Fecundity in the marine spiny lobster, Jasus
verreuaxi (H. Milne-Edwards) (Crustacea : Decapoda : Panuliridae) N. Z.

d. Mar. Freshwater Res. 1;: 143-155

KURATA, H. (1962). Studies on the age and growth of Crustacea. Bull.

Hokkaido Reg. Fish. Res. Lab. 24: 1-115

KUTHALINGHAM, M.D.K.,, LUTHER, G. and LAZARUS, S. (1980). Rearing of early
juveniles of spiny lobster Panulirus versgicolor (Latreille) with notes

on lobster fishery in Vizhinjam area. Indian J. fish. 27: 17-23

LAZARUS, B.I. (1967). The occurence of phyllosomata off the Cape with

particular reference to Jasus lalandii. Investl. Rep. Sea Fish. Br., S.

Afr. 63: 38 pp.

LEWIS, R.K. (1977). Studies on juvenile and adult stages of western

populations of southern rock lobster (Jasus novaehollandiae) in the

southeast region of South Australia Aust. CSIRO Div. Fish. Oceanogr.

Circ. 7: 36pp

MANN, K.H. (1981) Management of resources in the coastal zone : Laminaria

and lobsters in Nova Scotia. Lindberg lecture series, Mar. Biol. Lab.

16 pp.

MARCHESSEAULT, G.D., SAILA, S.B. and PALM, W.J. (1976). Delayed recruitment
models and their application to the American lobster (Homarus

americanusg) fishery. J. Fis. Res. Board. Can. 33: 1779-1787

90



MAUCHLINE, J. (1976). The Hiatt growth diagram for crustacea. Mar. Biol. 35

: 79-84

MAUCHLINE, d. (1977). Growth of shrimps, crabs and lobsters - an

assessment., J. cons. int. explor. mer. 37: 162-169

MILLER, R.J., MANN, K.H., SCARRATT, D.J. (1971). Production potential of a
seaweed-lobster community in eastern Canada. J. Fish. Res. Board.

Canada. 28: 1733-1738

MORGAN, G.R. (1972). Fecundity in the western rock 1lobster, Panulirus
longipes cyg&nus (George) (Crustacea : Decapoda : Panuliridae). Aust. J.

Mar. Freshwater Res. 23: 133-141

MORGAN, G.R. (1977). Aspects of the population dynamics of the western rock
lobster and their role in management. PhD Thesis, University of Western

Australia.

HORGAN, G.R. (1980). Population dynamics of spiny lobsters. In: Cobb, J.S.,
PHILLIPS, B.F. (eds) The Biology and Management of Lobsters, Vol. II.

Ecology and Management. Acedemic Press, New York, p. 189-217

L

MORGAN, G.R., PHILLIPS, B.F.,, JOLL, L.M. (1982). Stock and recruitment

relationships in Panulirus cygnus, the commercial rock (spiny) lobster

of Western Australia. Fish. Bull. U.S. 80: 475-486

MOSSOP, B.K.E. (1922). The rate of growth of the sea mussel (Mytilus edulis
L) at St. Andrews, New Brunswick; Digby, Nova Scotia; and in Hudson

Bay. Trans R. Can. Inst. 14: 3-22

MUNRO, J.L. (1974). The biology, ecology, exploitation and management of

Caribbean reef fishes. Univ. West Indies Zool. Dep., Res. Rep. 3: 1-57

MUUS, K. (1973). Settling, growth and mortality of young bivalves in the

Oresund. Ophelia 12: 79-116

g1



NEWCOMBE, C.L. (1935). A study of the community relationships of the sea

mussel Mytilus edulis L. Ecology 16: 234-243

NEWMAN, G.G. (1973). Assessment and management of scme marine stocks in

Southern Africa. PhD Thesis, University of Stellenbosch. 268pp.

NEWMAN, G.G., POLLOCK, D.E. (1971). Biology and migration of rock lobster

Jasus lalandii and their effect on availability at Elands Bay, South

Africa. Investl. Rep._Sea Fish. Br. S. Afr. 94: 24 pp.

NEWMAN, G.G.,, POLLOCK, D.E. (1974a). Biological cycles, maturity and

availability of rock lobster Jasus lalandii on two South African fishing

“grounds. Investl. Rep. Sea Fish. Br., S. Afr. 107: 16pp.

NEWMAN, G.G., POLLOCK, D.E. (1974b). Growth of the rock lobster Jasus

lalandii and its relationship to benthos. Mar. Biol. 24: 339-346

NEWMAN, G.G., POLLOCK, D.E. (1977). The population dynamics of the rock
lobster Jasus lalandii on two South African fishing grounds. ICSEAF.

Coll. Sc. Pap., Madrid 4: 175-187

PAINE, R.T. (1965) Natural history, limiting factors and energetics of the

opisthobranch Navanax inermis. Ecology 46: 603-619

PATERSON, N.F. (1969). The behaviour of captive Cape rock lobsters, Jasus

lalandii (H. Milne Edwards). Ann. S. Afr. Mus. 52: 225-264

PEACOCK, N.A. (1974). A study of the spiny lobster fishery of Antigua and

Barbuda. Gulf., Caribb. Fish. Inst. Univ. Miami, Proc. 26: 117-130

PENNEY, A.L., GRIFFITHS, C.L. (1984) Prey selection and the impact of the

starfish Marthasterias glacialis (L.) and other pedators on the mussel

Choromytilus meridionalis (Krauss). J. exp. mar. Biol. Ecol. 74: 19-36

PHILLIPS, B.F.; JOLL, L.M.; SANDLAND, R.L. and WRIGHT, D. (1983).

Longevity, reproductive condition and growth of the western rock

92



lobster, Panulirus cygnus George, reared in aquaria. Aust. J. mar.

freshwater Res. 34: 419-429

POLLOCK, D.E. (1973). Growth of juvenile rock lobster Jasus 1lalandii.

Investl. Rep. Sea Fish. Br., S. Afr. 106: 16pp.

POLLOCR, D.E. (1978). Growth and production rates of the rock lobster Jasus
lalandii (H. Milne-Edwards). PhD Thesis, University of the

Ritwatersrand, 226pp.

POLLOCK, D.E. (1979). Predator-prey relationships between the rock lobster

Jasus lalandii and the mussel Aulacomya ater at Robben Island on the

Cape West Coast of Africa. Mar. Biol. 52: 347-35%6

POLLOCK, D.E. (1981). Population dynamics of rock lobster, Jasus tristani

at the Tristan da Cunha group islands. Fish. Bull. S. Afr. 15: 49-66

POLLOCK, D.E. (1982). The fishery for and the population dynamics of the
west coast rock lobster related to the environment in the Lambert's Bay

and Port Nolloth areas. Investl. Rep. Sea Fish. Br., S. Afr. 124: 57 pp.

POLLOCK, D.E. and AUGUSTYN, C.J. (1982). Biology of the rock lobster
Panulirus gilchristi with notes on the South African fishery. Fish.

Bull. S. Afr. 16: 57-73

POLLOCK, D.E.,, AUGUSTYN, C.J. and GOOSEN, P.C. (1982). The rock lobster

Jasus lalandii and its environmental biology on the Saldanha-Columbine

fishing ground off the Cape West Coast, 1978 - 1981. Investl. Rep. Sea

Fish. Br., S. Afr. 125: 30 pp.

POLLOCK, D.E. and BEYERS, C.J. de B. (1981). Environment, distribution and

growth rates of the West Coast rock-lobster Jasus lalandii (H. Milne-

Edwards). Trans. R. Soc. S. A_f‘r. 44. 379-400

93



POLLOCK, D.E. and ROSCOE, M.J. (1977). The growth at moulting of crawfish

Jasus tristanivat Tristan da Cunha, South Atlantic. J. cons int. mer.

37: 144-146

RICKER, W.E. (1958). Handbook of computatons for biological statistics of

fish populations. Bull. Fish. Res. Board Can. 119: 1-300

ROUNSEFELL, G.A., EVERHART, W.A. (1953). Fishery Science, its Methods and

Applications. Wiley and Sons, New York, 444pp.

SEED, R. (1969)., The ecology of Mytilus edulis L. (Lamellibranchiata) on

exposed rocky shores II. Growth and mortality, Oecologia (Berl) 3: 317~

350

SEIDERER, L.J.; HAHN, B.D. and LAWRENKCE, L. (1982). Rock—Lobsters; mussels

and man : a mathematical model. Ecol. Model. 17: 225-241

SHEARD, K. (1962). The Western Australian Crayfishery 1944-1961. Paf.erson

Brokensha, Perth 107pp.

SILBERBAUER, B.I. (1971). The biology of the South African rock 1lobster
Jasus lalandii (H. Milne Edwards). 1. Development. Investl. Rep. Sea

Fish. Br., S. Afr. 92: 70pp.

SMALE, M.J. (1978). Migration, growth and feeding in the Natal rock lobster
Panulirus homarus (Linnaeus). S. Afr. Assoc. mar. biol. Res. Investl.

Rep. 47: 1-56

SMITH, F.G.H. (1950). Caribbean spiny 1lobster investigations. Proc. Gulf

and Caribb. Fish. Inst. 128-134

STREET, R.J. (1969). The New Zealand crayfish Jasus edwardsii (Hutton

1875). An account of growth, moulting and movements in southern waters,
with notes on reproduction and predators. Fish. Tech. Rep. N.Z. Fish.

Res. Div. 30: 53 pp.

qy



SUCHANEK, T.H. (1978). The ecology of Mytilus edulis L. in exposed rocky

intertidal communities. J. exp. mar. Biol. Ecol. 31: 105-120G

THEISEN, B.F. (1973). The growth of Mytilus edulis L. (Bivalvia) from Disko

and Thule District, Greenland. Ophelia 12: 59-77

THOMPSON, R.J. (1979). Fecundity and reproductive effort in the blue mussel

(Mytilus edulis), the sea urchin (Strongylocentrotus droebachiensgis) and
the

snow crab (Chinocetes opilio) from populations in Nova Scotia and

Newfoundland. J. Fish. Res. Board. Can. 36: 955~964

VELIMIROV, B., FIELD J.G., GRIFFITHS, C.L., ZOUTENDYK, P. (1977) The

ecoldgy of kelp bed communities in the Benguela upwelling system.

Analysis of biomass and spatial distribution. Helgol. wiss. Meeresunters

30: 495-518

VRANCKX, R. (1973). Evolution du stock de langoustes sur les fonds de peche

des iles Saint Paul et Nouvelle - Amsterdam de 1962 a 197G. Bull. Mus.

Natl. Hist., Nat. Ecol. Gen. 155: 193-203

WHARTON, W.G., MANN, K.H. (1981) Relationship between destructive grazing

by the sea urchin, Strongylocentrotus droebachiensis, and the abundance

of American lobster, Homarus americanus, on the Atlantic coast of Nova

Scotia. Can J. Fish. Aquat. Sci. 38: 1339-1349
WICKENS, P.A. and GRIFFITHS, C.L. (1985). Predation by Nucella cingulata

(Linnaeus, 1777) on mussels, particularly Aulacomya ater (Molina, 1782).
Veliger. 27: 366-374

WITHAM, R,, INGLE, R.M,, SIMS, H.W. (1964). Notes on postlarvae of

Panulirus argus. Q. J. Fla, Acad. Sci. Quart, J. 27: 289-297

YOUNG, J.Z. (1950). The Life of Invertebrates. Clarendon Press, London

g5



APPENDICES



DOCUMENTATION FOR PROGRAM "GROWTH"

A. PROGRAM SPECIFICATION

Growth simulation : This program (stored in "SIMUL*MODEL.GROWTH" on a
Sperry 1100/81) generates a age-length distribution from a set of monthly

or daily growth increments for different size classes.

B. INSTRUCTIONS FOR USE

1. Input Specifications :
The following is a runstream for program execution.

@RUN,Z/N RUNID,ACCOUNT-NO,SIMUL,TIME,PAGES
@ASG,A MODEL.

@ASG,CP FLOBMEAN.,F50

@ASG,T TEMP*GROFILE.

@ASG,A BMDP*83.

@USE 12.,TEMP*GROFILE.

@USE 13.,FLOBMEAN.

@XQT MODEL.GROWTH

FEMALE LOBSTER - MEAN GROWTH
10. 160 D 10 10

11. 0.02261

12. 0.02817

13. 0.03838

14, 0.03442

15. 0.01070

16. 0.00548

17. 0.00343

18. 0.00274

19. 0.00192

20. 0.00137

21. @BMDP*83.BMDP BMDP6D

22. /PROBLEM TITLE IS "FEMALE LOBSTER - MEAN GROWTH".
23. /INPUT VARIABLES ARE 2.

CONOVEW P

24, FORMAT IS "(1X,I3,7X,F6.2)".
25. /PLOT YVAR IS LENGTH.

26. XVAR IS YEARS.

27. /END

28. @ADD TEMP*GROFILE.

29. @FIN

The data (lines 9 to 20 in this runstream) should be entered as follows :

CARD 1 : HEADING (STARTING IN COL 2, UP TO 60 CHARACTERS)
CARD 2 : THE FOLLOWING FOUR DATA ITEMS SHOULD BE SEPARATED BY ONE
BLANK.

1) THE NUMBER OF SIZE CLASSES FOR WHICH THERE IS DATA
2) "D" FOR DAILY GROWTH RATES OR "M" FOR MONTHLY RATES
3) RANGE OF A SIZE CLASS
4) STARTING LENGTH

CARD 3 + : GROWTH RATES FOR EACH SIZE CLASS STARTING WITH THE
SMALLEST CLASS, ONE PER CARD
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The files "SIMUL*FLOBMEAN" and "TEMP*GROFILE" are output files.

2. Qutput format :

There are three forms of cutput : a table (Example 1) giving lengths at age
(years), a BMDP plot of the distribution and a file (in this case

- "SIMUL*FLOBMEAN™) containing only the lengths of different age classes.

Example 1 :

FEMALE LOBSTER - MEAN GROWTH

YEARS LENGTH
0 10.00
1 18.24
2 28.06
3 41.20
63 109.69

3. Restrictions on Generality :

Only daily or monthly growth rate data can be input.

Only yearly age classes are output.

4. Run _Time :
The prog&ram may take up to 20 seconds to run for a simulation such as this

where an age of 63 years is reached.

C. CONCEPTUAL OVERVIEW

The algorithm is described in Chapter 2. Since data are not always
available for the whole size range of an individual, a starting length for
growth can be specified. However the subsequent age-length distribution ié
therefore not true and time for the individual to reach this starting
length must be accounted for in order to yield representative ages. Two
files are created by the program. One is a temporary file for use by BMDP

for plotting and the second, containing only the lengths of different ages
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is for further use in for example, the program "FREQ" (see Appendix E and

F), and as storage for incorporation into a data file.

D. PROGRAM DESIGN

vThe program comprises one FORTRAN routine with two main sections of
calculation. The first calculates the time taken to grow through each size
class. The second determines the length of each age class. The output is
written to two files, one for BMDP and one for further use, and a printout

of a table and a BMDP ploft of the results is made.

E. PROGRAM CODE

The FORTRAN IV code for the program written for a SPERRY 1100/81 is given

in Appendix B.
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INTEGER RANGE
] RALGL OF A SIJE CLASS
INTEGER 1TIME
INTEGER TIME TAKEN TO GROA& THROUGLH A S1ZE

-
E] CLASS

INTEGER TOTTIM(uISD)
b4 CUMULATIVE TIMpg TAKEN TO GROW THROUGCH ALL
o SI1Z2E CLASSES

INTEGLR YEAEKS
o COUNTEFR OF NUMBER OF YEARS TAKEN TQ GROW
] THFCLGH S 1ZE CLASSES

REAL TIME
- REAL TIMI TAKEN TO GRCW THROUGH A S12E CLASS
INTEGER S1ILS
. NUMELF OF STZE CLASSES FOF FHICH THERE
1S DATA

LR ]

REAL STALEN

= ’ STARTING LENGTH
REAL LENIGILU)

ARFAY CONTAINING CALCULATED LENGTHS COF

-
o EACH S12Zt CLASS
REAL GROWTH(SD)
* ARRKAY CONTAINING GROWTH KATES OF £ACH
° S1ZE CLASS
REAL SLOPE
2 SLGPE OF LINI DFRAWN BETREEMN ACL-~LENGTH
o PCINTS AT UPPEKR ANC LGWER LIMITS OF A S1ZE
- CLACSE
REAL YINT
L ' Y- INTERCEFT OF LINE DRAYN BETWLEN AGE-LENGTH
L] PCINTS AT UPPER AND LOWER LIMITS GF SIIE
L] CLASS
REAL LENWAGE
L] LENCTH AT YEARLY INTERVALS
REAL YTIME
L] NUMELRE OF MONTHS OR DAYS IN A NUMBER OF YEARS
CHARACTER® &S HEAD
° HEAL ING
CHARACTER® I- TIMINT
L4 INDICATOR AS TO MONTHLY OR DAIJLY GROWTH DATA
o e camm A a R e ne - -e EEmE-- .- - - L e etk e e -- -
% FORMAT STATEMENTS
B o Y e . = e e S M S N YR 4 e = " A - o e - = e -
S FORNIMAT ¢ 1}
15 FORMAT (A&C}H
2t FORMAT (1H],A8T7)
ac FORMAT (/,7," YEARS LENGTH "4/ ¢ ====- —mmen=? /)
4 FORMAT (12531X,A0,31Y412,1X,F2el)
=31 FOFMAT (°* C* 37X, 6e2)
&5 FORMAT (1X,13,7%X,Fbe2}
75 FORMAT (Fée2)
B e - e - > - - ————— - -~ - o - . - - " - ™ W W = .
2 QFEN OQUTPUT FILES
B e e - = P Y T = P T W T W ™ D T W R n R D R WP T -
OPEN (12}
OPEN (13)
B o o o - . D e e e -
- READ IN CATA
£ o - - " - T . - L P T D A Y T A . R B = . . . " - -
READ t#,15) HEAD
READ (®,4%) SIZES, TIMINT, FANCEL, STALEN
READ (£,5) (GRGHTH(]), | = 1,51ZES}
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[ P L T P R R R R T R ]
» FRINT HEACINGS AMC INITIALIZE VAFRIABLES
B e e —m e mm A oo mAe S eSeme—memm.mmmamammem——m————————————— —————
U0 47 I = 0,5%
4z TOTTIMCI) = &
» ITIME = O
YLARS = 9
WRITE $98,2%) HEAD :
WRI1TE aa 3%) :
WRITE »55) STALEN
LEN(G) = STALEN
LEN(L) = STALEN
YEARS = 1
G memmmmammmme—— e e —ceme e ———————  em e mmmmmme—————mmmee———— ———-
* CALCULATE CUMULATIVE TIME TO GRCW THROUGH EACH
» SIZE CLASS
B e o s o s e = . T T e = > = = = = = = . T = = = -———-—
GO 20 1 = 1,S12€%
TIME = ({INTUSTALLN/RAMGE) + [J}ePANGE — LEMGI = I1)}/GRGATHUID
ITIME = TIME
LF CTIME oGT. ITIMED ITIME = ITINE + |
LENCI)= GRCATHUII#ITIMC ¢ LLAt! )
TOTTIMEI) = TOTTINCI = 13 + ITIME
2z CONTINUE
2 - = = . . " = e e W G S W W W ke e e - - ——— -
® CALCULATE UPFCR LENGTH LIMIT OF EACH AGE CLAS3
= ANC PRINT OUT RESULTS
£ e - . WP S = - W S W W W e e e e - ———— -
€0 30 I = 1,512ES -
SLOPE = (LEN(I) - LENCI = 1))/(TOTTIMCE) = TOTTIM(L = )}
YINT = LENCI) - SLOPESTOTTIM(])
1.0 IF (TIMINT .EQ. '0%) YTIME = YEARS®8364.2%
IF (TIMINT .EQe °*M7) YTIMC = YEARS®]2
IF SYTIME +LTe TOTTIF(I}) THEN
LENAGE = SLOFESYTIME =+ YINT
WRITE (12,&5) YEARS, LENAGE
WRITE (%,565) YEARS, LENAGL
WRITE (13,75) LENAGE
YEARS = YZARS + 1
¢oTo 10C
ENDIF
2c CCNTINUE
W m . . = e - -— - e - = . e - -
s ) CLGSE QUTFUT FILES AND END
B o mmr moneaE Ed — ME WE TEEw w e D - - L UD D AR G WP AP SR N R T ED AR R R WP b W B T W WD A R Sm R D W e
cLOS
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A. PROGRAM SPECIFICATION

Lobster - mussel models : This program (stored in SIMULAMODEL.LOBMUS on a
SPERRY 1100/81) is designed to run simulation models of a 1lobster and

mussel population, separately and together with species interaction.

B. INSTRUCTIONS FOR USE

1. Input Specifications :
The following is a runstream for program execution.

@RUN,Z/N RUNID,ACCOUNT-NO,SIMUL,TIME,PAGES
@ASG,A MODEL.

@ASG,A CAPELOB.

@XQT MODEL.LOBMUS

L

50

1

@ADD CAPELOB.

@FIN

CENoWEWN

The data (lines 5 to 7) are defined as follows :

CARD 1 : The letter "L", "M" or "B" depending€ on whether the 1lobster,
mussel or lobster-mussel model is required. :

CARD 2 : The number of years for which the program is to be run.
CARD 3 : A ™, "2", "3" or "4" depending on whether no stock-recruit
relationship, a 1linear, Beverton and Holt or Ricker stock-

recruit relationship is required.

The file "SIMUL*CAPELOB" is the name of the data file (Example ’U. Data must
entered into this file in the following order :

CARD 1 : TITLE (UP TO 50 CHARACTERS)

CARD 2 + : DATA FOR EACH PARAMETER/VARIABLE MUST BE PRECEDED BY A LINE
WHICH CONTAINS THE FOLLOWING INFORMATION :
1. PARAMETER/VARIABLE NAME (UP TO 9 CHARACTERS)
2. FIRST DIMENSION STARTING IN COL 11
3. SECOND DIMENSION AFTER ONE BLANK
FOR ONE DIMENSIONAL PARAMETERS/VARIABLES, THE VALUES MUST BE
ENTERED ONE TO A LINE. FOR THO DIMENSIONAL PARAMETERS/VARIABLES
VALUES IN ALL OF THE COLUMNS (SECOND DIMENSION) OF EACH ROW
(FIRST DIMENSION) MUST BE ENTERD ON ONE LINE.
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Example 1 :

ROBBEN ISLAND - 80 MM CATCH SIZE LIMIT
MLOBNUM 22 1
3440000000

3293300
2519800

NUMOPTEAT 14 8
65 166 79 14 0
15

000
48 182 96 3 000

All of the parameters/variables must be entered regardless of the model
being used. Chapter 4 indicates the acronym for each parameter/variable.
They must be entered in the following order : MLOBNUM, FLOBNUM, MLOBLEN,
FLOBLEN, MLOBMOR, FLOBMOR, MLOBFIS, FLOBFIS, MLOBGRO, FLOBGRO, LOBMASS,

LOBEGG, LOBDENDEP, LOBCATLIM, NUMOPTEAT, KJOPTEAT, MUSKJ, MUSNUM, MUSLEN,

MUSMOR, MUSGRO, MUSDENDEP, MUSLEFT, MUSEGG, MUSEGGMOR.

Data for a lobster sanctuary must be entered with zero fishing mortality
(MLOBFIS and FLOBFIS). The minimum catchable size must be entered with the.
correct size in order for the program to calculate the number of
individuals over the catchéble size. For lobsters, the number of age
classes must be equal to or less than the number that will be created by
the input growth rate. If this is not done, the individuals in older extra
classes will accumulate in the last class and the numbers will not balance
in the end. If mussel growth rate is changed the mussel age-frequency - and

age-length distribution must also be changed so that there are the éorrect

number of age classes for the growth rate.

2. Qutput Format :

There are three types of output depending on the model which is being run.
These are given in the form of tables and graphs, the latter only for

simulation times of 100 years or less.
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Mussel model :
Tables -
annually : population number

at end of simulation period : size-frequency distribution (number
and ¥ number)
age-frequency distribution

Graphs -

annual population number
size-frequency distribution (number and log number)
age-frequency distribution

Lobster model :

Tables -

annually : population number {males, females and total)
number over minimum catchable size "
number harvested "
mass harvested

at end of simulation : male and female size-frequency distribution
(number and ¥ number)
male and female age-frequency distribution
percentage males in each size class

Graphs -
annual population number {(male, female and total)
" number over minimum catchable size "
" number harvested "

mass harvested

male and female size-frequency distributions (number and lo£ number)
male and female age-frequency distributions "
percentage males in each size class’

Lobster-mussel model :

In addition to the output of the 1lobster and mussel models, annual
tabulation of the percentage of optimal growth rate in each size class for

males and female is printed.
3. Guide to error messages :

In the case of the upper length limit of one age class exceeding the

proceding age class limit, the following error message is output :
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"FOR FEMALE LOBSTERS THE GROWTH RATE OF AGE CLASS § IS SLOWER THAN THAT OF

AGE CLASS 8.
CONSEQUENTLY THE UPPER LENGTH LIMIT OF THE 8 YEARS OLDS (85.9) EXCEEDS

THAT OF THE 9 YEARS OLDS {85.5)

AAARKKAKRKKKRRKRRARARRRARARAKRXAX EXECUTION HALTED AAAAXAAKAAKARAKAAK KK KKK AAK K

3. Restrictions on Gveneralitz :

The following parameters are set as constants in the program but can easily
be changed and the program recompiled -

Maximum ages of 58 and 100 and 39 years for male and female 1lobster .
respectively and mussels.

Maximum sizes of 140, 110 and 80 mm for male and female 1lobster and
mussels respectively.

Age of lobster maturity is 70 + mm.
Month of moulting is 10 {October).

Lobster open fishing season is months 11 to 12 and 1 to 6 ie : November
to June.

The maximum number of years for which the model can handle graphics is
100 years but longer runs are possible although no graphical output will be
produced.

4. Run Time :

The following run times are minimums for 100-year runs on maximum growth

rate :

Lobster-mussel model : > 8 minutes
Lobster model : > 7 minutes

Mussel model : > 1 minute

C. CONCEPTUAL OVERVIEW

The program is designed so that either of the three models can be run by
simply changing one line of input. The concept of the model is explained in
Chapter 3.

D. PROGRAM DESIGN

1. Overall description :

The program, of 2500 lines, is written in Pascal and is self-
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contained in that it handles data input and the output in both tabulated
and graphical form is produced by the program. Regardless of the ‘model
required, data for both lobsters and mussels is entered but only the

relevant data is used.

2. Data structures :

The data structures are all explained in the declaration section of the

program.,

3. Inter-relationship among procedures :

MAIN|
[INITIALIZE] LOBFINAL
MUSFINAL
FINIALIZE
e
N \
\ 4 A 4 \ 4
{READDATA| {LOBMAIN] [LOBCALC] {LOBEAT| {GROWTHEFFECT] MUSMOVE
v \ 4 ' '
[FRACOVERLIM| | [MUSMAIN| [LOBMOVE] [MUSCALC] SETUPGRAPH
| ,
READVAR |FRACAGEINSIZE} ~ |GROWTHRATERROR| {MAXMIN] [DRAWGRAPH]|
DRAWFILLER

4, Function of each procedure :
Input procedures -

At the beginning of a run, READDATA reads in a variable name and dimensions
from the input file for each input parameter/variable, and calls READVAR
which reads in the actual data values for the pa‘rameter/ variable. Six array
sizes are specified and the data read into the applicable one. READDATA

also sets the maximum age of the lobsters and mussels according ¢to the
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input.

General procedures -

FRACAGEINSIZE, called monthly for each model, determines the relative

proportions with which an age class falls into size classes for lobsters

and/or mussels.

FRACOVERLIM, called monthly for the lobster and lobster-mussel models,
determines the fraction of each age class that falls over the minimum

catchable size.

GROWTHRATERROR is called if an error occurs in the 1lobster-mussel model
when one age class has a slower growth rate than its preceding class so
that its 1length limit is lower than this preceding class. Execution is

halted once an error message has been printed out.

Graph procedures -

MAXMIN determines the upper and lower limits of a set of values in order to

give a range for a graph axis.
DRAWFILLER writes out a given character a specified number of times.

SETUPGRAPH, called at the end of a run, sets up an array with values to be
inser:ted onto a graph and then calls DRAWGRAPH to implement this. DRAWGRAPH

plots a graph with specified titles, axis values etc.

Lobster - mussel procedures -

LOBEAT, called monthly in the lobster-mussel model only, determines the

number of mussels that can be consumed by lobsters.

i

GROWTHEFFECT, called annually in the month before moulting in the lobster-
mussel model, determines the number of kilojoules, in terms of mussel
flesh, available for lobster consumption and changes the lobster growth

rates accordingly.
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Lobster procedures (called only in the lobster and lobster-mussel models) -

LOBMAIN, called monthly, calls FRACAGEINSIZE for both males and females and

determines the number of individuals of both sexes in each size class.

. LOBCALC, called monthly, does all the calculations that determine thg

change in numbers of lobster individuals of both sexes and implements the
annual increase in size of each age class at the -hoult and calls
‘GROHTHRATERROR if necessary. It also determines the maximum age which may

change with change in growth rate.

LOBMOVE,‘ called each year, determines the number of eggs spawned according
to either constant recruitment or a linear, Beverton and Holt, or Ricker
stock-recruit curve. The number of individuals and the upper length 1limit
of each age class are moved to the next age class. The total number, the
number over the catch size limit and the mean catch size of each sex and as

a total are calculated.

Mussel procedures (called by mussel model only) -

MUSMAIN, called monthly, calls FRACAGEINSIZE and determines the number of

individuals in each size class.

MUSCALC does all the monthly calculations that determine the change in
number and size of mussels in each ag&e class. GROWTHERROR may be called.In

particular months, constant recruitment occurs.

MUSMOVE is called each year to move the number and length limit of each age

class into the proceding one and to determine the total number of mussels.

Main procedures -

The main procedure calls INITIALIZE to write out headings and do the intial
calculations. It 1loops monthly for the specified number of years calling
all the relevant procedures depending on the model, to do the necessary

calculations. It then sets up some arrays for initial graphs and calls
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HUSFINAL, LOBFINAL and FINIALIZE which call the procedures for printing out

graphs and print out headings and output information.

E. PROGRAM VALIDATION
Each computation was checked with test data.

One error procedure was included for the case when one age class may

overtake another.

F. PROGRAM CODE

The PASCAL code for the program written for a SPERRY 1100/81 is given in

Appendix D.
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(303$$¢$¢$33$ﬁ¢30$tﬂﬁ3¢0=¢0#0§¢u83)
(Oﬁﬂﬁﬁﬂﬂttﬂnﬂﬁﬁﬁtcﬂtﬂﬁﬁ00¢$ﬂ¢ttﬁ‘#)

(22 LE-3
{s= PEIGRAM "LCEMUS™ 33}
{an 20)
(oe FUCK=LOUSTER - MUSSEL MOCLL oo
{on za)

(:00003300000000#60000030330000020)
(0B#OU0300&00‘0'60000003‘20000000‘)

(000#0080030000#00‘00030000300#‘&08020‘00‘00¢$0°0°‘0°0830030.00Bﬂ030000800008#08'0&‘030000‘0)

{¢andostattco0ndss])
(a3 CECL2RATIONS #)
(uuncanccneacan‘u)

CPROGFAM MAIN C(INPUT,0UTPUTI S

[
i
[&]
LAEZL 993
{z s)
{2 s}
(s )
CUNST
MEAXAGE = cg3
{8 MAXIMUM NUMgElk OF MELL LOESTER ALK CLASZES %1}
FrAXACGE = Ll
- (2 MAXIMUM RUMBLR OF FLMALE LOESTLR AwE CLASSES
MLLCBS 2 = 14
(s NUMEBEF OF MALE LOGESTER 122 CLASLHES a)
FLCES1Z = 113
(s NUMEER OF FEMALE LOBSTER SIZE CLASSES 2)
MAXMUSAGE = 39,
(s NUMEEK OF MUS3EL AGE CLASSES =)
MUESTZ = 83
(s NUMEGLF OF MUSSEL $I7Y CLASSESL =)
LCE JUVLEIN = 133
(s SET LPPEF LLLGTH LIFMIT OF 21
{s FIRST LCESTiK AGE CLASS =)
MCULT = 15:
s MONTH GF THL MGULT 2}
LCEFSEAL = 1:
LCEFSEAL = 6
(o FIRST AND LAST MCNTHS OF FIRST )
(8 LOBSTEK F15HING SEASCh ®)
LOCFSEAZ = 113
LOCFSEAY = 123
(¢ FIRST AND LAST MONTHS CF SECCNL w»)
(3 LOESTER FISHING SEASCN =)
SI1Z5TEF = |
. . (s RANGE CF A LUEBSTLE CR FRUSSEL S1ZIZ CLASS =)
T LCEMATSIEZ = as
(s LOESTER S1ZE AT MAILRITY =)
PAGESI]IIE = 623 .
. (s NUMBEF OF LINSS PER OUTFUT FAGE =)
GRAHE [GHT = 5C.
{s HEIGHT OF UUTHFUT GRAFPH )
GRAWIDTH = 1C0Q:
te NICTH CF CUTFUT GRAFH )
VAFNAMES]2E = 9
(s NUMPLE OF CHARACTEFS IN A VARIABLE NAMz 2}
MFSIZMINZ = 233
. . . (s SUM CF NUMLLE OF MaLL ANL FEMALE 2)
;’ . (s SI2ZE CLASSES = I FUF AN ARRAY )
I te INCICATING THE CHAKGE IN GROGWTH KATE e}
LOESTERS _GNLY = 'L
MUSSELS _OhLY = "m*;
POTH_LCESTERS_MUSSELS = °'G'3
v (& THE APOVE AlL MLOUICATCHRS AS TO Tnt =)
' . (& TYPE CGF MOCCL REGWUIFEL #)
MALL_LOUSTELR = g
FEMALE_LOLSTER = *F*3
TCTAL _LUPSTERS = 'T°*;
LILSTER = L3
MUSSEL ERRE A
(* THL AHOVE ARE SYMEOLS FCR THE CUTFUT =)
(& GRAFHS ®)
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LUEAGETITLE = PLOBSTER ACL tYRS) '3
LCEMAFMASTITLE = ‘'HARVESTELL (TChs) '3
LCLHMARTTLE = ! HARVEITLD '
LCELIMTITLE = ' OVCR CATCH L1 v
LCCPMASTITLE = 'MASS OF LCLETE '3
LCENUMTITLE = YNUMEGES COF LCHES v
Lot SIZETITLE = TLOBSTER SI1ZE | '
LCGTITLE = * {NATUYAL LuUG A
MUSAGETITLE = 'MUSSEL ACE YR 13
MUSNUMTITLE = *UMDEF OF MUSE bR
MUSSIZETITLE = THMUSSEL S1it (& ]
SEXPATTITLE = YPLRCENTAGE MAL '3
TIMETITLE B TIMECYEA '3
(s THE ABOVE aRe TITLES FOR THD OUTPUT
{s UWRAFHS 32) ’
(]
{3
i
TYPE
LCBAGE _ARFAY = ARKAY [l..FMAXAGED GF REALS
LOBSIZ_ARRAY = AFRRAY [ le«MLCBSIZJ OF REAL:
MUSAGE _ARKAY = ARRAY [lesMAXMUSAGEJ OF REALS
MUSS1Z_AGRAY = AERAY C[1..MU35122 OF REAL:
LGGAGE _MUSSIZ _ARRAY = ARRAY [1e-FFAXAGE 41 ++MUSSIZI OF REALJ
LCESIZ_MUSSIZ_ARRAY = ARRAY L foeMLIBS1Z,1eeMUSSi2] OF REALS
LCEAGE_LGESIZ_ARRAY = ABRAY ClosF MAXAGE 51 »«MLOBSIZ3 UF PEAL:
MUSAGE_MUSSI2Z _ARRAY = ARKAY £1esMALMUSAGE ;1+4MUSSIZI OF REALS
MAXAGE _AFRAY = ARRAY (J..FFAXAGE] OF REAL:
MAXLOBS1Z_AFRAY z AknAY CG».eMLUBS122 OF REAL:
MAXMUSS1Z_ARRAY = ARRAY LD.sMUSSIZ] OF FEALS
MAXAGE_MAXSIZ_ARRAY = APRAY CleaFMAXAGE 31 +.MLOBSIZ] OF PEALS
VAFRKAME _ARFAY = ARRAY ClesVARNAMESIZED OF CHARS
GRAKE IGHT _ARRAY = AFERAY [CesGRAMZIIGHTI OF REALS
CHAQATA_AFRAY = AKRAY [l+eGRAWIDTH, 1..113 OF REALS
GHEPH_ARRAY = ARRAY [lesGRAHBIICHT ;1..GRAWIDTHI OF CHARS
GROWTH_ARRAY = ARRAY [leeMF51ZMINZ23 CGF REAL:
GECLARATICN: =)
GF ARRAYS =e)
VAR
(s GLNK-RAL =}
AGE ¢ INTEGER;
(s DUMMY KNUFMBER OF AGE CLAS3ES )
CHARAC © CHAR;
. (8 ONE QUTPUT CHARACTEF =»)
CCUNT @ INTEGER]
(s INTEGER COUNTLF FOR GURAFPH QUTPUT =)
Cly DZ : INTEGERS
te FIRST AMO SZCOND OIMUNSICNS QOF )
: (o INPUT VARIABLES #»)
CATAARR : MUSSII_AFRAYS
(& QUMMY ARRAY IRTO JHICH INFUT 15 READ =)
CATAMAT : GRADATA_ARRAY: :
te MATRIX STCRING DATA FOK OUTFUT =}
CATAVAE : REAL: :
te DUMMY VARIABLE 1KTO WHICH INFUT IS Reky
pCeL ¢ INTEGERS
(s INDICATCF AS TG WH1CH CCLUMN GF 3)
(¢ THE DATA MATRIX HCLDS THE YALULS 2)
ts FOR THE PARTICULAR GFRAFH KEGUIRED =)
CUM : CHAR:
(s DUMMY VARJIABLE INTC WHICH A& ELANK 9}
te 1S RKEADL =)
CUMLENL, CUMLENZ © REALG :
(e CUMMY LCBSTEF CGF MUSSEL LENGTHS s}
CUMLOQUFPAC 2 LCLAGE_LOEBSIZ_ARRAYS
(s DUMMY FPACTION OF aGL CLASS IM A 2)
(o PARTICULAR LOGSTER S1ZL CLASZ 2)
CUMMUSFEAC ¢ MUSAGE_MUSSIZ_AFRAYS
(6 DUMMY FFACTION CF AGE CLASS IN A =)
te PARTICULAR MUSSCL SIZE CLASJ °)
FIRSTNG : INTEGER3]
(s NUMBER USED IN GKAFH AXES QUTPUT =)
FRAC ¢ MAXAGE _MAXS1Z_ARRAY;
(e DUMMY FRACTION OF AGE CLASS IN A =)
(e PARTICULAR SIZIE CLASS =)
FRACLEN ¢ LOBAGE _ARRAY:
{s QUMMY LENGTH CF A LOESTER o)
: te OR MUSSEL AGE CLASS e)
FRACLOP ! LOBAGE _LOBSIZ_ARRAY;
(s DUMMY FRACTION OF ACGL CLASS IN A s)
(s PARTICULAR LOBSTER S12ZE CLASS *)
FRACMUS : MUSAGL_MUSSIZ_ARRAY:
te DUMMY FRACTION OF AGZ CLASS IN A s).

Gh2 I CHAR:

GRAPAT : GRAPH_ARRAY:
CRCUWTHCHANGE ¢

MeXVALUE, MINVALUE :

GROATH_ARRAY

REAL S

PARTICULAFR MUSSEL S1ZE CLASS #)

TYPE OF GRAPH REQUIRCDL =)
MATRIX STORING PUINTS ON A GRAPH o)
INUDICATOK AS TO BWHETHER Tht GARGHTH =)
RATE GF A PARTICULAF MALE OF FEMALE o)
LOBSTER SIZE CLATS WAS CHANGED =)
MAXIMUM AND MINIMUM VALUES *)

OF A PAPTICULAR VARIABLE *}
FOR GRAPH LIRITS =)
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INT o REALS
{% INTERVAL EETHLEN Y=-4AxIS POINTE )

LA, LS 3 INTEGER:
{o COUNTER FCF NUMEGEUR CF LGESTER AGL e}
{o AND SIZE CLASSES RESPECTIVELY *}

LAl ! LOEAGU_APRAY:
(s DUMMY FLGEAGE AFKAY o}

LAMSS @ LOBSIZ_MUSSIZ_ARFAYS
{e DUMMY MLCESIZ MU3S51Z ARRAY &)

LtN : MAXLOBSIZ_ARFAYS
(o UPPER LENGTH LIMIT CF SI.LL CLASSES =)
{2 FOR LOBSTERS OR MUSSELLS o)

LIM ! GRAHEIGhT _ARFRAY:
LINE ¢ INTEGER?

te VALUES OF POINTS ON Y-AXIS 2)

{e COUNTER FOR NUMBLR CF LINES QUTPUT =3

LS2 2 LOHESIZI_ARKAY;
9 DUMMY MLCB5IZ ARKAY 9)
MA, M5 I INTEGERS
{o CCUMTER FCK NUMEIR OF MUSSLL AGE AND =)
ts S1ZE CLASSES RESPECTIVELY ¢}

MAZ T MUSAGE _ARFAYS
(e DUMMY MUSAGE ARRAY =)

MAX, MIt : REAL:

{e UFFER AND LOWSK SIZE LIFITS OF e)
: t® CACH AGE CLASS FUR LUESTERS CR MUSSELS5 =)
MCDEL i CHAR:
wHICH GF THE THREE =)

te INCICATOR AS TC
{es MODELS 15 REQUIRED »)

MONTH * INTEGERS
to MONTHLY COUNTER =)

vSY I MUSSIZ_ARRAY
(s DUMMY MUSSII ARRAY #)

NUM1, NUM2, NUM3, NUMAY s INTEGER:
{» INTEGER COUNTERS =)

NUMS, NUM6 [ REAL,
te REAL COUNTERS =)

S ¢ INTEGERS
{5 DUMMY COUNTER FOR EITHER NUMBER OF »2
(¢« LOBSTER OR MUS:ZEL SIZE CLASSES 9}

s1Z : INTEGER:
(o DUMMY NUMBER GF SIZE CLASSES )

SPACE I REALS
¢« NUMBER OF SPACEZ LETWEEN LACH %)
(s POINT ON X-AXI5 =)

SPEC : CHARZ
s INDICATOR AS TQO WHETHER o)
« THERE IS AN EKFGR 1h THE o)

¢ GROWTH FATE OF A MALL Ot 3}

& FEMALE LOBSTER OR A MUSSEL =)

(s INDICATCP AS TO LOBSTER >
(e OF MUSSEL ¢}

SFECIES : CHAFR:

TIME @ INTEGEF:
(s COUNTER FOR THE KRUN TIME 2)

TIMLS : REALS
(¢ NUMBER CF TIMES A CHARACTLR @)
(s 1S TC €E PRINTED )

TITLE ¢ ARRAY [i+-501 OF CHAF
(e TITLE OF DATA o)}

TYFEARR : CHAR:
(e INDICATOR AS TQ ThHL SIZE CF THE ARRAY =)

UFPERX, LOWERX : REALS
(e UPPER AND LOWER LIMITS OF X=-aX1S )
UPPERY, LOWERY [ REALS
(s UPPER AND LOANER LIMITS CF Y-AX1S =2}
VALUE : REALS
(e DUMMY YALUEL OF A VARIAELE »)

VARE ¢ REALS
to DUMMY YARIAGLE o)

VARNAME ¢ VARNAME _ARRAYS
(o INPUT VAKIABLE NAME 3)

X,¥ ¢ INTEGER: '
(s COUNTERS FOR X=- AND Y- AXES »)

XAX IS i REALS :
(¢ RANGT BETWLEN UPPEF ANC LOVER o)

te LIMITS OF X=AX1S5 @)

XY.1UTH ¢ INTEGEFR: ’
(e NUMBER OF FGINTS ON THE #)

. (o X=AXIS 22

XTITLE, YTITLE : CHAE3S
(o X- AND Y=AXIS TITLES @)

YCARS © INTEGER:
(s NUMBER OF YEZARS FOK WHICH THE MOUEL =)
(» [S TC RUN =)

GRO ° LOBSIZ_ARFAYI
LL~0EPENUCENT ANNUAL =)

(o DUMMY MUSS
INCREMENT )

ts GROWTH

LGEMATUR : REALS
(e LOESTER SPAANING STGCK )

LOLCATLIM : REAL:
(s LOBSTER CATCH SIJE LIMIT &)

(e LOBSTER DENSITY CEPENDENT o)
(e FACTOR AFFECTING MORTALITY 2]}

LOGDENDEP : REALJ

LOBEGG : LOBSIZ_ARRAYS

(¢ DEPENDING ON STOCK=-RECRUIT °)

(e RELATIONSHIP I o)

(s [ = CONSTANT NUMEER OF 9}

{2 £G6S SPAWNLD ANNUALLY =)

te IN FIRST COMPARTHMENT 2)

(e 2 = FECUNDITY COF UIFFERENT = 2)
te S1Z50 FEMALES »)

(* 3,4 - [N FIRST TaC COMPARTHELNTS )
(2 THE COQEFFICIENTE OF )

(s DENSITY INDEFENDENT ANL @)
[£] DEPENDUNT  H@RTALITY =)

{» FOF ETVERTON AND HOLT t3) o)
{* ANC RICKER (4) »)
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LOtEGGMCR I REALS

LOEFREQ I LOBSIZ_AFRAY:

LCEGRGO © LOBSIZ_ARRAY:

LOELEN : MAXLOBSIZI _AFRAY;

LCBLIMFRAC ! LOBAGE_ARRAY;

LCUMASS I LOBSIZ_ARRAY:

LOEMEANCAT : REAL:

LCENUM © LOBAGE _ARRAY:

LOENUMEAT @ LOBSI1Z_MUSSIZ_ARFAYS

LUBSEXRAT IREALS
LCETOT : REAL:

LCETOTLIM ¢ REALS

LCCTOTMASHAR © REAL:

LCBTOTNUMHAR : REALS

MAXLOBFREG, MINLOSFREG : REAL:

MAXLOELIM, MINLOBLIM :© REAL:

MAXLOBMASHAR, MINLOBMASHAR ! REAL:

MAXLOBNUM, MINLGBENUM : REAL:

MAXLOBNUMHAR, MINLOBNUMHAR { REALS

MAXLOGLOBFREQ, MINLOGLOBFREQ I REALS

KAXLOGLOBNUM, MINLOGLOBNUM : REAL:

MLGRO, FLGRO : LOBSIZ_ARRAY;

MLLEN, FLLEN : REAL:

MULNUM, FLMNUM : REAL:

MLNUMHAR, FLNUMHAR ! REALS

FLOBAGE, FLOBAGE { INTEGEKS

MLOEFRAC, FLOLUFRAC ! LOBAGE_LCBSIZ_ARRAYS

MLOBFREGQ, FLODFREG : LOBSIZ_ARRAYS

MLOBF 15, FLOBFIS I LOBSIZ_ARRAYS

MLOPGRO, FLOBGRO : LCBSIZ_ARRAYS

MLOELEN, FLOBLEN : LOBAGE_ARFAY;

MLOKLIM, FLOBLIM { REALZ

MLCHLIMFRAC, FLOBLIMFRAC : LCBAGE_ARRAY;

MLOPMOR, FLOBMOR : LOBSIZ_ARFAY;

MLOBMEANCAT, FLOBMEANCAT I REAL.

MLOCNUM, FLOENUM : LUBAGE_ARRAY;

MLOGNUMHAR, FLOBNUMHAR : REAL:

YLOUBPERCENT, FLOBPERCENT I KEAL:

172

LOBSTER MONTHLY EGG MORTALITY <)
CUMMY NUMEZR GF LGESTERS @)

IN EACH SIZ2E8 C(LASE #1)

DUMMY ANNUAL UkOWTH [NCFPEMENT o)

UPPER LENGTH LIMIT GF “ACH LCESTER =)
S1ZIE CLASSE o)

FRACTION OF £aCH LLLSTLR SEZL CLASS #)

THAT IS OVER THE CATCH S1ZE LIMIT 2)
WHOLE NET MASS OF LOUSTIRS =)
IN EACH SIZE CLASS =)

IN A YEAR o)

MUAN SIZE OF TCTAL CATCH
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MLOBTGT, FLOBTOT © REALS
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ts
TOTELGG : REALS
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{»
(o MUSSELS )
MAXLOGMUSFREG, MINLOGMUSFREG ! REALS
. R t
(o
MAXLOGMUSNUM, MINLOGMUSNUM 1 EEAL:
{n
(o
MAYMUSFREG, MINMUSFREG © REAL
(o
(=2
(=
MAXMUSNUM, MIMMUSNUM [ REAL:
[E
{s
. MLEN @ REALS
{se
(o
MNUM I REALS
(»
(o
MSLEN - MAXLOESIZ_ARRAY:
(e
{s
MUSAGE : INTEGER:
(*
MUSDENDEP : REAL:
) (
. (s
MUSEGG : REAL:
(=
{n
(&3
MUSEGGMQOR : REALS
(=
MUSFRAC : MUSAGE _MUSSIZ_ARRAY:
(e
{2
MUSFREQ @ MAXMUSSIZ_ARRAY.
{*
MUSGRO : MUSSIZ_ARRAY:
{s
{s
MUSLEFT : REAL?
(=
(e
MUSLEN ¢ MUSAGE _ARRAY3Q
(e
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USMOR : MUSSIZ_ARRAY: .
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(=
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OVER THE ®MOLEL TIME PERIOC =)
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PHROCECURE READVAR INUMY
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VAR LA
VAR LS2Z
VAR MA3
VAR MSHY
VAR LAMSS
VAR VARE
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LAFRAY;
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beervesdiviatesnusenn
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BLGIN
NuML = 1S

REFEAT
IF (TYFEARF <> gt
THEN
BEGIN

N
FOR NuM2 := 1 T0O pz CoO

1
READ (DATAARECNUM

21
WRITE (DATAARRCNUMZ

)i
33

(MODEL = ‘L") AND (huL™4 > 1
MODEL = "#'1) AND (NUMH4 < 186

ASE TYPEARR OF
"1 ¢ LAICNUM
vz LS 2INUN
'3.
lql
.5'

[ WY ] W)
2 desvrmame
[en =}
x

esvassese
X
N3
b (8]
[al
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NC
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END

SE :

CASE TYPEARR OF
P LALDNUMED
r2° LS2CNUMILD
*3° MAILCNUIMD ]
tyr MSYLhNUME D
g FCR NUM2Z
ot LAMSSEN

END:

VARG = D

NUM] = NUM1l =+ ]
UNTIL (NuMl = tC1]
IF (TYPEARR <> '

EL

H o nn

oQoc

AZ AP BB
Y ]
MNMT XTI

PEY = TP,

0o

asssesnee
= T2 B
NOC <
LN DI

DATAAFRCNUMZ3S

P C s

AT ffoevecnee
P -

LTI

>

.

H
+ 1))
)

THEN
WRITELN:
WRITELNS
ENRD S
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(s ZsET=cTs=SS=STECLESIESE o)
(s PROCEDQURE READDATA =)
(# z==sz=zscazc=sz=== s)

PRCCECURE READDATAS

BEGIN
NUMY = C4
WHILE NOT EOF 0O
BEGIN
NUMY 1= NUMY 13
FOK NuM3 = 1 TO VARNAMESIZIE CC
geGl!
READ (VARNAMELNUM3IT) S
YRITE (VARNAMECNUM3]D:
END
KEAD (CURMIQ
REAGLN (D1, DU, D2):
WRITELN (D1,02):
LF (NuUM4 = 1)
THEN
MLOBAGE = D13
1IF (NUmY = 22
THEN

HE
MUSAGE := Ul3
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READVYAR
READVAR
READVAR
READVAR
REAL VAR
READVAR
REAUVAR
READYAR
READVAR
READYAR
READVAR
READVAR
FEAC VAR
READYAR
REACVAR
KEADOVAR
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READVAR
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PEHOCEDURE FRACAGE INS12E {SPECIES
AGE

iNUMY,
{NuMY4,
{NUMY,,
{NUMY,
(NUMY,
(UMY,
{NUM 4,
(NUMY,
(NUMHY,
{NUM Y,
{NUMY,
(HUMAY
{NUM4,
(NUM4,
(NUM Y,
(NUMHY,
(NUM Y,y
INUMY,
TNUMY,
tRNUMY,
{NUME,
(NUF 4,
INUM Y,
{hUMY,
{hNUMa,

oacacncnoans:nnnn:actnttennotneunu

$1%, MLOSNUM, LSZ» MA3, MSH, LAMSE, n
t1t, FLOENUM, L3532, MAd, MSH, LAMSE, VARG, D
vit, MLOBLEN. LSZ, MAZ, M54, LAMSS, VARG s o
vy, FLUPLEN, LSZ, MA3, HMSY, LAMSS, VARG 0
€20, LAl MLOBMOR, MAJ, MSY, LAMSS, VARG, D
12%, LAl FLOGMOR, MA3, M54, LAFSS, VARG 3]
vi', LAL MLOEFIS, MA3, MSY, LAMSS, VARG, D
120, LAl FLOBF IS, MAZ, MSH, LAMSS, VARG, 4
*1', LAIL, MLCBLGRO, MAJ, MSH, E VARG, b}
oY, LAY, FLOBGRO, MA3, MSH -y VARG 0
*2%, LAL, LOEMASSy MA3, M5y, N VARG, s}
2%, LAl LOEEGG MAd, MSH, LAMSS, VARG s D
6%, LALS LSZ» MAZ, MSH AMSS, LOELLNUEF s D
"'y LAL, 1S2, MAD, MaH, LAMSE LOBCATLIM, O
15, LAl LSZ, MAd, HS4, NUMGFTEATs VARG, bl
*2', LAL, K JCPTEAT, MAJ, MSu, LAMSS, VAR E, o]
gty LA, LSZs MAZ, MUSKJy LAMSS, VARG, 3}
v3', LAY, LSZe MUSNUMy MSH, LAMSG, VARG » o
"3, LAL, P52 MUSLEN, MS4, LANSS, VARG, ]
vy, LAY, L3Z MAZ, MUSMOR, LAMSD, VARG s 3}
Tyv, LAl LSZ s MA 3, MUSGRCy LAMST, VARG, o]
'y LALS L3 MBI, M54, LAMSE, MUSDENLEP, O
5%, LAl LSZ» #al, MY, LAMSS . MUSLEFT 4 D
Tet, LAL L3532, MA3, LEL LAMSS, MUZECG, o
"'y LALS LSZ, MAT, KS4, LAMSS MUSEGGMOR, O

daR
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{s UGENERAL PFOCEDURES *)
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(030#003004!!0#0‘
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B EE)

MIN H
MAX H
yAR FEACLCE ¢
VAR FRACMUS :
514 H
LEN :
BLGIN
IF (MIN <> MAX]
THEN
PEGIN
FOR S := 1 TG 312 0o
BEGIN
FRACLAGE ,51 = 43
IF ({MIN >= LENLZ - 11) AND (MAX <= LENLCSIM)
THEN
FRACCAGE,SJ = L3
1IF ({MIN <= LENLSIY ANC (MIN >= LENCS = 13} AKC (MAX >=
THEN
FRACLAGE LS &= (LERLZT - MIN)ZIMAX = MINDI
IF t(MIN <= LENCS = 13) AND (MAX <= LENLS3) AND (MAA 2=
THEN
FRACCAGL 5] 1= (MAX = LENLS = L1J)/7(NAX = MINYS
IFT((HIN <= LENLS3J) ARC (MIN <= LENES = 11) ANL tMAX D=
HEN
FRACCAGE , 91 = (LLNCS] = LENCS = PI1)/Z(MAX = MINDQ
ENDC3S
FOP S 1= L TG SHZ DC
1F (SFECIES = L)
THEN
EEGIN
FRACLOBLAGE,S3 = FRECLAGE +537
1¥F tts1Z = FLOUSIZ) AND (5 > FLOESTZ))
THEN
FRACLOBLAGE 451 == T3
END
sL
FRACMUSCAGE S = FRACCAGZ 45135
£ND
ELSE
BEGIN
If (SPECIES ~ ")
THEN
FRACLOEL AGE ,S1Z3 1= 1
CLSE
FRACMUSL AGE ,S123 = 13
ENG 3
£05
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Py CCECURE FRACOVERLIM (FFRACLLN
VAR LOEGLIMFRAC

LCPAGE _AREAY
LOBAGE _ARRAY

GLCIN
FOE LA := 2 TO FLOEAGE Lo
FEGIN
1F (FRACLENLLAJ <= LOBCATLIM)

THEN
LOBLIMFRACTLAL 3
IF IFRACLENLLA - )
THEN

H
LOECATL IM)?

LOSLIMFRACCLAD 2= 13
IF ((FRACLENCLA - 13 < LCECATLIMY AND tFEACLENILATD > LOECATLINMD)
THEN
LCBLIMFEACILAT &= {FRACLTZNILAT - LGBCATLI”!/(FFACLEN[LQI - FEACLEACLA = 1313
ENC S
[ M

(ﬁﬂ‘ﬂ000000033333803ﬂﬂﬂﬂﬂ#ﬂﬂﬂﬂtﬂﬂﬂﬂ#U#ﬂﬂﬁ'ﬂ'ﬂﬂﬂtﬂ“tﬂOttﬁﬂﬂtﬂﬂtuﬁétﬂtéﬂtﬁbtﬂctttﬂtﬂcﬁtutﬂnﬂﬂﬁ)

PLCCILURE GROATHRATLFROK {GUMLENL © F2aL
DUMLENZ ¢ RIAL

Aut ;O INTIGEER R
SPEC 1 CHAR}:

FLGIN

WRITELN
IF (SPEC = '1°*)
THEN
WRITE ('FOR MALE LOBSTERS ')
1F ISPEC = *'2°)

. WRITE ('FOR FEMALLE LOUWSTERS ') 3
1F (SPEC = '3}

WRITE U'FOR MUSSELS ')}

WRITELN ('THE GROWTH RATE OF AGE CLASS * LAGLIZ24" IS SULOWER THAN THAT CGF ',
¢ AGE CLASS °*,(AGE = 1)tiatet s

WRITELN (TCONSEGUENTLY IHS UFFER LENGTH LIMIY OF THE '",(AGE = 1)1,
' YEAR CLCS (', OUMLLNL:5 12,0 EXCEEDRS THAT OF ThE *,
AGE:2," YLAR CLDS (°*, DUMLENZISIZ,%2 %0

WEFITELNG

wHITC ('euttutaaeacuaeaaasaesacsaasaao‘acac:aectuaneaaesaaaoauaat');
WRITE (°® CXECUTION HALTED *)i
KR ITELN ('.coctaastatcaaaazeosuoaotooteoaceaauoneaatoacaeaaaaacae-c'):
GOTQ 99

[N o

'EEE D]
(auuesat-acuta-eauea:uuc-caceouoocoo=aut=oeeeatavaaaaoaooaaoaaasaosaacaca:aeuaaatataoccn L

(nengetoasessascsscna)
(2 )
(¢ CKAFH FRCCEDURES 3)
(2 a)
(330808¢26000008008RSS])

(2 ==::=:==_:===::== =)
(¢ PRCCECURE MAXMIN *)
(s == .)

PROCECURE MAXMIN (VALVE i REALS
VAF MAXVALUE : REALS
VAR MINVALUE @ KCAL):

ELGIN
IF (VALUE > MAXVALUE)
THEN
MAXVALUE $= VALUES
IF (LTIME = 1) CR (TIME = (YEARS + 1)1}
THEN
MINVALUE &= VALY

IF (VALUE < MINVALUE

HEN
MINVALUE = VALUES
LMD
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PrOCECURE CRAWFILLER (CHARAC 1 CHAF,
TIVCS i REald S
tLCInN
wurYy 1= N4
CRHILE tNUMS <> TIMES) co
ELGIN
WRITE (CHARAC)I
NUME 1= NUME 4+ 13
END S

‘neecaﬂstccntt:utaaonneao.tcetmtﬂtoua::ouoeenonoseecnonas¢esnatvsauuonnc:u:ﬂsnsoana:oont:aocc)

°)
*)
a)
FLOCECURE CRAWGRAFH (YTITLE CHA S
XxTITLE i CHARS
AWICTH & INTEGERDYS
EcGIN
SPACE := TRUNCC(GRAWIOTH = XEX15)/ZXAX1S)E
VELJTE t°* 1200
BEABFILLER ©72%,0(YaAX1S - 1)=eSFACC + XAX{3 + Z))%
LFITELNG
FOE ¥ = GRAHEIGHT 00«NTC 1 CUO
BEGIN
IF (Y = (GHAHEZIGHT/ 1))
THEN
CASE YTITLE CF
A VCY,C T,y 1 REITE (LOBNUMTITLLD,LINCYI, 233
D D WRITE (LOBMASTITLELIMCY,'2%0:
e P WPITE (SEXRATTITLE,LIMLYT,*s’)3
L D FYRITE (LOSSIZeTITLE,LIMEYI,, 2]l
G,k P WRITE (MUSNUMTITLE,LIMEYI1, =')3
ENGS
IF Y = (GRAHIIGHT/Z = 1))
THEN
CASE YTITLE OF
g s rRITE fLOBLIMTITLE,LIMCYI, 2% )3
C’ P WRITE (LOUHAFRTITLESLIMUY],'»')3
et 1 WEITE (LCEHARMASTITLE JLIMCYI,'2"13
vUr 'k D OEEITE (LCGTITLE,LIMLY 1,203
TAYLYLY,CF Y, G, PHY I WFITE (* *:]8,LIMEYT, °'=")3
ENLL S
IF ¢(Y <> GFAHEIGHT/Z) ANC (Y <> (GRAHEIGHTZ2 = 11 1)
THEN
BRITE (' *:1@,LIMCYI, =t
WRITE (GRAMATL Y1123
X = 23
CHILE tXx <> {XAXIS + 1)) CC
LEGIN
DRARFILLCR (' °*,5PACE}S
PRITE (GRAMATLY,X3):
X = X + 1t
END S
WEITELN ('s')3
CNE S
VELTE (' ":3C,'s1%):
NUPE = L3
PHILE (NUM& <> (XAXIS = 1)) 0O
ELGIN
DRALFILLER (°2',SPACEDS
WRITE (°1°):
NUME = NUME + LG
ENL S
WRITELN ('e") 3 .
LINE = 523
CASE XTITLE OF
vt LU, "M L BEGIN
ARFITE (°* "i31)3
IfF (Xx¢IDTH <= 5C3
THEN
BEGIN
FIRSTNO = 23
CCUNT := ¥®IDTH LIV ICsS
If (COUNTs®|D <= X®IDTH)
THEN
COUNT := COUNT + I3
APITZ €°1°)3
FUR NUM3 = 1| TO 2 DO
SEGIN
FOR NUMI 2= 1 TO CCUwT CO
IF f4tRUMIsle = XVNICTH) <= 1) AANC
(LIXRIDTH = NUMI®LI3) < G} CR (NUMI = 2)))
THEN
BEGIN R
IF C(INUMISIC = XMIDTHY <> 1uJ}
AND ((XRIDTH = RUMIEIslIL} <> <)M}
THEN .
BEGIN
IF (NUM3 = 1)
THEN
CEGIN
IF (nUML = 1)
THEN
FOR NUMZ := FIRSTNO TG »¥wllTH CO
BEGIN
CRABFILLER (* *,SPACc):
eRITE (NUMZILDG

.. 1o}
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ELLe
FUR UMz 1= 1 ¥
LA IGTH=-CuM Ll ~1)8l_+})
CLUIN
UhAWF ILLER (" "yuf
ASTTE LINUMLE - 1223
END s
it
1F (huUM3 = 23
THLR
CEGIN
1F ((XWILTH = humielT) >=
ThE k.
FGR NUMI = FIFSTAD TG 9
VEGEHN

CEALFILLLF ' ",5PACL):
WRITL (NUMZZIE)S

LND
ELSE
FGF MUMI 1= FIaSTRO TO
(AAI10TH = #UMialT) LG
EEGIN
DFANFILLLR €' *,SPeCLYS
WRITE (RNUMZIIL1DS
LU
END:
END
EL5E
BEGIN
tF (NUMD = 1)
THEN
EEGIN
LRAWFILLcF (% *,¢FACE)
WRITL (4RUML = 1351}
Enl
LLee
GEGIN
CRARFILLEF ' * ,LFACEDS
WRITZ (*.%))
Ehis
NG
END
ELE
CEGIN
IF C(NUMi = 1) OR (FIRSTNC = T))
THIN
FORP NUMZz 2= FIRSTNOC TQ ¢ DO
ZEGIN
DEARFILLER (' ' L SFACEDS
WRITE tnuPillds
END
ELSE
FOR NUM2 1= i1 TQ 10 GO
BEGIN
CRAWFILLLUR (° *LSFACE Y
WRITC (tnuml o~ 1)1}
END 3

SPACE) )Y

U
M
LEITE (°'c*)3
FOR NUML 2= 1 TO XWICGTH ply 1C BO
BEGIN
IF te{xXWIpTH = (NUMIelD DIV S5)e3) >= $2
THLN
BEGIN
IF (NUM3 = 1)
THLN
SEGIN
WRITE (° *i4).
WEITE (RNuellld}s
CRITE (* *i4)a
WRITE (NLMLIZIDS
ZND
ELSE
HEGIN
WRITE ' *:1423
WRITE ('L
ERETE (% ':i4)3
WFITE (°*5"):
END
END
£LSE
tEGIN
[F (NUM3 = 1}
THEN
BEGIN
IF (NUMl = 10)
THEN
EEGIN
WRITE o MR I
ARITE €*1%)8
LNC
ELSE
BEGIN
WRITE (' *i4)e
WRITE (NUMII1DS
END
NG
ELSE
BEGIN
GRITE (7 214D
WRITL 'L
END
ENOD:
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Lt
1fF (XWIC
THLN
LEGI
nk
Ll
L ND &
ARTTELNS
I[F (x7IT
THUN
WRITOLN (¢ TI&5,TIMETITLE)D
LLEZE
IF (XTITLE = L")
THe A
CRITIULN (' '186U,L0BAGETITLED
ELSE
AFITEUN {° *26u,MUSAGETITLED S
LINE 3= LINE =+ 33
<ND 5
TE, M : SEGIN
wFITE (* ‘*ized:
NUME = |
AHILE (hUM& <> (XAXIS + 1)) DO
REGIN
BRITC (NUMeelC133IC)a
IfF (NGMS < 13D
THEN
ChABFILLEF (" *,tSPACE - 4))
el3c
DRAWFILLER (° *,(SPACE = 5313
NUME = NUMS + 13
END S :
ARTITELNG TRITELNG wRITELNG
PFOAXTITLE = *F73)
THEN
WEITELN (% *15 ), LGUSIZETITLE]}
LLEE
GRITZLN (Y *1e ,MUSSIZETITLEDS
LIKE 2= LINE + 43
EMD 3
IS8 VA
FOK AUMY := 1 TO (PARGESIZE = LINEDY OO
WRITELNG
Znes

(ﬁﬂcﬂa‘tﬁ#ﬂ‘t‘ﬁt‘tt‘3000000000000060t‘ﬁﬂt#ﬂttt#tﬁttﬂﬁnﬂeﬁﬂttﬁﬁ#c0tttﬂﬁtﬁt‘ﬂ‘ﬁﬂtttﬂ#tatﬁﬁGcﬂﬂt)

ZzTITS Tz STIIT === o)
lt PEUCLLCURE ScTUFG APH )
{¢ s======= == 9)

PrQCEDURE SETUFGRAPH (GRA CHAF
UPFERY REALS
LOWERY KLAL S
UPPERX KEAL:
LORELRX HEAL S
oCOL INTLGES S
YTITLe CHAF
XFITLE CHAF S
X% IDTH IMTLCER DY S
FEGIN
CASE XTITLE OF
VY LU, MY D XAXIS = TRLNCUIUFFERY = LOYERXD S
éF','H' c YAYIS := TRUNC ((UFPERX = LOWERXDI/1.)
[N
FCR Y 3= | TO CFAXIDTH DO
FOR X := [ TO GRAHTJIGHT CO
GRAMATLXY,Y] = * '3
LimMEel = -1 .
LIMCID = LOWELPYS
INT $= {(UPPERY = LCGERYI/Z(CRAHEICKT = 1)1
FOR NUML = 2 TC GRAHEIGHKHT CO
X LIMENUMI] = LIMONUML - 13 + [KTS
R
WHILE ¢X <> (XAXI3 + 1)} LC
BLCIN
FOR Y 3= | TO CRAHEIGHT UC
CASE GP& CF
*1' ! EEGIM
IF (t(PATAMATEX,LLCLY > LIMLY = 113) AND
(GATAMATLX,CCCL Y <= LINMCYIN)
OF ((DATAMATLX,LCOLI) > LIMLGRAHEIGHTD)
AND (Y = GFAWL ICHT) )
THEN
GRAMATLY,X] $= MALL _LOBSTERSS
If (((DATAMATLX,CCCL + 11 > LIMLY = 1]) AND
(DATAMATLX,CCOL + 13 <= LIMfYIN)
GF ((DATAPATCX,LCOL + 13 > LIMUGRAHEIGHTI)
AND (Y = GRAHEICHT) )
THEN
GRAVATLY,X] = FEMALC_LOBSTERSS
IF (CCGATAMATEX,CCCL + 23 > LIMLY = [3J) AND
(CATAMATLY ,0COL » 23 <= LIMCY]I))
OR C(CATAMATLX,LCO0L + 2] > LIMLGRAHEICGHT )
ANU (Y = CKAKEIGHT}))
THEN
GFAMATLY, ¥ = TAL_LOBSTERS:
ENDS
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v2* 1 EEGIN
1F t4(CaTarkATU X, tC0LY > LivLY = 131 AND
{CATAMATLX,LCOLZ <= LiMtyn)
OF ((CATAMATL A,C0CCLY > LIMCGRAREIGHT )
AND {Y = CHAMEICHTI))
THELM
CRAaNETLY,Y1 o= MALE _LCESTERSS
IF ((4DATamMAT X, i0CoL ¢ 1»3 > Lirgy - 13y AKD
SDATAMATUX  (LCCL + 103 <= LiMCY2)}
Of ((DATARATLX,LCOL + 13 > LIMCGRAHEICGHT D)
AlbD (Y = GRAHEIGHT})
THcNM
GFAMATLY,X] 5= FEMALE _LCBSTERSS
il
*3% T ELGIN
iF (U{CATAMATO X, LCLLT 2> LIMCY = 13 AD
(OATAMATEX ,CCCLD <= LimLYI))
OF ({TATAIATLYX,LCCLT > LIMLGLRAHEIGHTI)
AND Y = GFAHEICHT) )
THEM
GEAMATLY,Xx2 &= AL _LOBSTERS .
END S
tur 3 ECGIN
1F (CLDATAFATLX,LCILY > LIMLY = 13) AND
{LATAMATLY,LCCL D <= LiMCY3)}
UP 1{DATAMATLRZ,LLOLD > LIMCCRAHEIGHT I
AND (Y = CRAKEICHTI D)
THEN
GRAMATIY,X1 1= MUSSELS
EhC 3
ChD 5
X 1= X + 13
TNC
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(n @)
e FOCKF=-LCESTER = MUSSEL PROCEDURES 2)

ts %}
(Gﬂﬂﬁ‘ﬁﬁﬂOﬂﬂﬂﬂﬂ‘ﬂ‘ﬁﬂO‘Qﬁﬁﬁtﬁﬁlﬂﬂﬂﬂﬂcﬂ)

===z ®)

FROCECURE LOBEATS .
ELGIN
FOR MS 1= 1 TO MUSSIZ DO
LCETOTEATIMES 1= i
FCF L3z= 2z TO MLGBELZ DU
Fop MSi= 1 TC PUSSIZ UO
eesls : . gEWCLEDS
"LO[‘NUHEAT[LE,"SJ = N\.«'FOFTLﬂTCLS,'S]OﬁLOBr- @ LE :
- LEsr3d 1 NUMCPTLATLLS,MSI=FLOBFREGILE DS o ]
[bg%8$2%¢ggga’:i]LOuTGTLXYEN%J LS REATCLS.ME1 + FLUGNUMEATLLESMS IS
ATE
Fop #Si= 1 TC MUSSIZ 0O
BECHM £ N 15 FT)) THENW
1% lLOETOTEAT["'.‘S] > VU’;FFLC["‘:,‘(I - MUSLE }
EEGIN ]
FoR LS 1= £ TO mLuLslZ GO
1F (LbETQTEAT[P’i] <> ) THLEN ‘
eLLls 3 € S LW MS CMUSLLFTIZLOLTOT A TLNS I}
"y ATLLS VS = MLOL‘.P'UHE“‘(LJ VS_“HUSFFLHE_P'_,Jn(l < - ¢ s i
?tgétgngnléts:usi e rLoﬁ§urEATCL5:usjenusrﬁauLMsJe«1-nu;Lzr1x/Loe1c1LA1cn:J.
AT .
LOETCTEATEPST t= MUSFREGLF3IeLL = MUSLEFTY S
IND 3
L 3
ChG:
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(2 = sz=z==z===Z=S2==2 e)
(o F UFE (:‘C\‘Z‘THCFFE(T %)
{ta = ======:===:==:== %)
S V F (SPEC T (HARS
FI OCECUKE GROWTHEF ECT SEE U D R _akkays

LOENUMEAT o LQFS!Z_HUSSIZ_AFRAY;

<1l i INTEGEFRS

LULFELG S LGESIZ.AFRAYS

LOLGFO : LCESIZ.AFRAYS

vAR GRO X LOCEIZ_ARFAY):

LLGEN

FOF LS = 2 TG pMLOoUSiZ OO
LOEKJEATLLSD = 23

FCP LSi=® 2 TOTSIEch“ oo
FGR MS: 0 3 .
GLCDKJEA:‘CLS] sz LOEKJEATILS] * MUSKJCMS JOLOENUMERTCLE ,ME 33
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FoF L3:= 2 TO S1Z GO
REGIN )
lFT(‘LOErECLELS] <> ) AND (LOGEKJEATILSI < KJOPTEATLLSIOLOEFRLLLLEDD )
HEN
EEGIN
CRQTLST = LOBGROLLS JetLCEXKJEATOLS I/ (KJOPTZATILSISLCELFREGLLS YD,
IF (SFEC = '2")
THEN
GFO#THCHANGELLS - 13 2= LOEKRJEATELSI/(XJOPTEATLLE J9LODFRECCLE D)
ELSE
GRCATHCHANGELLS + (MLOESIZ - 23] = LOCKJUATOLS I/ (KRJCFTEATILE JeLOEFREWILE DY S
£ M0
EL5E
GROLLSE]Y = LOBGROCLSIS
END G
£a0:
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(o ROCK-LOBSTLE PROCEDURES =)
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(00 ACHALBBRADAIVLIVEAVTAZTARY )

{9 ===zz=sz=====x=Z=== a)
{8 PFOCEDURE LOEMAIN =)
{8 ==== &)

_pFGCEfURE LOEBMAINS

2LGIN
FCR LS 2= 2 Tu MLCESIZ LO
LCGBLENLLS] = LS®SIZISTEP:
FCP LAS= 1 TO &LOPAGE CC
EEGIN
IF (LA = 1)
THEN
EEGIN
1§ (MCNTH = MOULT)H
THREN .
#“IN 1= LCEJUVLEN
MIN = 0
[ o]
ELSE
FIN $= PLOGLENCLA - 133
MAX 1= MLOCLENCLAT
FEACAGE INCIZiE (LCBLSTER, LA, MIN, MAX, MLOBFRAC, CUMMUSFRAC, MLOLSIZs LOLLENDS
END S
FCS LA := | TGO FLOEAGe BO
BLEGIN
IF tLA = 1)
THEN
BEGIN
1F (MCNTH = MQULT)
THEN
MIN = LCBJUVLEN
ELSE
MIN = U
End
ELSE
MIN = FLOCLENLCLA =~ 13:
MAX = FLGELENCLAI:
FRACAGE INSIZE (LOBSTER, LA, MIM, MAX, FLGEBFRAC, DUMMUSFRAC, FLOLSIZ, LOELENDS
END 3 ,
FOR LS $= § TO MLOESIZ GO
BECIN
MLOEFREGLLST (= T35
FLOEFREQLLS] = ri
ENO S
FCP LS := | TO MLOESIZ DO
BEGIN
" FOP LA = | TO FLOEAGE CQO
CLCIN
MLOEFHFECELSD 1= MLOLFREQULLES] » MLOBFRFACLLASLSI*HLOBNUMILATS
IF (MLCEFREWLLS I <
THEH
MLCEFREGLLEI = (3
FLOCFEEGLLSDY = FLCLFREQLLZT + FLOUFRACCLA,LSIeFLOGAUMTLADS
IF (FLOEFREWLLSED < 1)
THEN
FLOEFREGWCLSD o= 73
ENC S
END I
ErD s
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FPFOCEDURE LOECALC:

“LGIN
LoeToTLIM = G
MLoELIM = L3
FLocLIM = 23
IF (MCHTH = MOULT)
THEN
BEGIN
MLOEAGE .= HHAXAG;.
FLOBAGE = FMAXAGE
END
LA = 13
whILE (LA <= FMAXAGE) EC
EEGIN
MLOENUMHAE 1= O3
FLOENUHPAR = I3
mLNUM D G
FLNUM := [V
MLLEN I= L
FLLEN = L3
FCR LS:= 1 TO *®LOBSiZ DO
BEGIN
MLNUMEAR 1= 55
FLNUMHAFR ©=® T3
IF (L(MUNTH >= LOBF3EAL) AMND (MONTH <= LOLFIZAZI} OR
((MONTH >= LOEFSEAJ) AND {MONTH <= LOBFSZIA4IY) THEN
CCCIN
MLNUM 1= HLNUM + PLCuFRA:[LA.LS]#FLOLNUMLLﬁanxP(-(LL[LENFLF#“LCLVC‘CLJ})
af{{i - MULCELIMFRACCLAOJ} <+ MLCGELIMFRACLLAD # EXF(=MLCBFISLLST)):
FLMNUM, = FotlP o+ rLCaFiAc[Lﬂ.LS]aFLOENUN(LAlﬂexF(-(LuPL'NULPnFLOhNLkLLJ]!
s{t] =~ FLCELIMFRACTILAT) + FLGELIMFRACLLAD = SAP -t LOBFISLELD))
IF fUIMLUEL IMFRACOL A32MLOCFIZILE] + MLOEMGRELS DY <> (1}
AND {LUFCATLIM < MLOBLENLLAZY) THEN
MLNUMHAR = HLGELI”FPAL[LAJvMLOEFIS[LE}I(MLOEMO&[LS] *
HLCiLlHFRAL[LAJcMLOPFiSLLSJI:MLOEFH&((LA SLSI2MLOLKUMLLAD
w(]=- EXP (-~ (LCBCEMDEP®MLCRMORLLS )Vt (] = MLOBLIMERACC LA D)
+ MULCBLIMFRACLLAD = EXP(=MLCBF1STLS51)) S .
IF ({{(FLCELIM FzﬁC[LA]tFLOEFlS[LSJ + FLOBMORELSI) <> O}
AMND (LOECATLIM < FLOBLENCLAID) THEN
FLNUMHAR = FLuELlMFRACELAijLOBFISCLS]/(FLOEHOP[LS] +
FLoeLiMFRACELAJOFLOEFl<[L<J)ﬂFLO”FRAC[LA,LSJ#FLOENUM LA]
:(I-LXP(-(LOBEENDEP‘FLOBHOP[LS])lﬂt(l - FLOEBLIMFRACCLAD)
+ FLOELIMFRACCLAD » EXP(=FLOBFLISLLSI) )
MLOENUMEAR MLOGNUMHAR + MUNUMMARS
FLOENUMHAR = FLOBNUMHAR -« FLNUMHARS
LOSTOTMASHAR t= LOETOTMASHAFR + {MLNUMHAR + FLNUMMHAR 2L OEMASSLLSTS
ENL
el SE
CEGIN
MLMUM 1= MULNUM « MLCBFRACLLA,LS JeMLOBNUMILADYEX - (LUKCENCEFsMLCGUMCORELL 2D
FLNUM 1= FULNUM + FLCUFRACLLA, LSJ¢FLCBNLP[LAJ EXP(=(LUECENDEFeFLOLMCPLLS D)
ENC 3
IF (MONTH = HOULT)
THEN
EEGLIN
1F C({MLOELTNLLRD = 3 AND {MLOFLENCLA=)2 > LCBLINILS=1])
AKD (MLOELEWNCLA=1] < LCALENCLSIMY
THEIN
BEGIN i
MLOBLENLLAD 2= MLOBLENCLA-L1I:
MLOBFRACLLASLS I o= 13
[ A
IF ((MLGFOLLSI <> T) AND (MLOSFFRACOLA,LLS]T <> [
THEN
IfF ((LCBLENCLST - MLCGELENCLAJY/MLGFGOLS] < {1}
THEN
CECIN
IF {LS <= (MLUESIZ = 1)}
THEK .
MLLLN := (LOELENCLSI — MLGELENCLAZ) PLGRULLS + 1]e
(1 - (LCELENCLSI = MLGBLENC CLAJ)I/MLGLRCLLS D)
ELst
MLLEM := LOBLLNLLSD = MLOPLEMNCLAIDSY
CND
ELTE
MLLEN = MLGROCLSIDS
IF (L5 <= FLOCSIZ)
THEN
EEGIN
IF ((FLUELERCLAT = 2) AND (FLOLL LENCLA=1] > LOBLEMILS-1T)
X ANC (FLCELENLLA=13 < LOELENCLSII 13}
THEN .
BEGIN
FLOGLENLLAD 3= FLOELENCLA=-13:
FLOEFRACELALLSY 2= 13
END S
lFT(éFLGFOKLSJ <> G) AND (FLOBFRACCLA,LS] <> 51
HEN
BEGIN
IF C((LGBLENCLS3D - FLOBLENCLAJI/FLGROCLS] < i
THEN
CEGIN
IF (LS <= (FLOBSIZ = i1}
THEN
FLLEN $= (LOBLEN[LLS] = FLCBLENCLAJ) FLGROLLS ¢ 112
(] - (LCBLENLLS] =~ FLOEBELENCLAD)/FLGROLLS I
€LSE
FLLEN 2= LOBLENCLS] = FLOELENCLAIDS
ENC
ELSE
FLLEN := FLGROCLSI:
EMNO
) END S
aD o
END S
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1F (LA <= MLOQE 8GE)

MLOBNUMLLAZ I= MLsNUMG
IF (MLODNUMCLAL < {1

THEN
mLoprurtLal = 2y
IF (LA <= FLCEAGL)
THEN

FLCUNULUMDLAS

1F (FLOLNUMODLAZ
THEN

FLOLNUMLLAZ = o1

= FLAUV:
1}

A ss

IF CtLA <> 1) AnD €L CuCAaTLIM < <
1F (LOBCATLIM > MULOBELUNLLLA = I
THEN
FLOLMOANCAT 2= YLCEMEAANCAT + MLCOENUMHAR = (LGUCATLIN »+
(MLGULLANLLAZ = LOECATLIMIZZD

CLENCLATNY THEN
33

<t
MLOEMZIANCAT 1= MLCEMLANC

AT + MLOGONUMKAR o (BLGeLoniLA - 1T ¢
(MLGTLLACLAD = MLOQBLENCLA = 131)72);5
IF (LA <> 1) #AD {LCICATLI™ < FLIOELLNILAD)) THLEN
1F (LUGCATLIM > FLCLLENLLA: - 13)
THEN
FLOEMEANCAT = TLUEMEANCAT + FLCENUMHAR = tLCLCATLIM =
- (FLCLLLMLAT - LOECATLIMI/ZZ)
fLeC
FLGUMZENCAT 1= FLOGMLAPCAT + FLCLMUMBRAFR o (FL LCCGLuNTLA - 12 »
(FLCLL=MLAZ = FLCBLENCLA = 1133743
MLOUTOTNUFHAR 1= MLOETCTARUNHAR o MLLEXNUMHAF S
FLOETCTNUMHAP = FLOUTOTHUMHAN » FLOENUMHAF
IF (MOMTH = MOULT)
THEHN
REGIN
IF (LA <= MLOEAGL)}
THEN
BLGIN
MLCPLEMILAT 2= PLOLLENLLAZ » MLLENS
IF (LOBLeMCLAZ >= gOcLL"LP’LOLSlZ])
THEN
GCeGlh .
MLOBAULE 1= LES
MLCBLLNCLAZ = LCBLENIMLCBSIZIS
EnC
1F TILA = MMAXAGL) ANG (MLUEAGE = MMAXAGL))
THEN
MLOBAGE 1= LA
NG
IF (LA <= FLUBAGE}
THEN
CEGIA
FLOBLERILAD = FLCLLEADLA ] + FLLEWRS
IF (FLCELERTLAD >= CELINLFLCESIZ)
THEN
EEGINM
FLOBAGE = LA:
FLOGLENLLAD = LOLLENCFLOESIZIS
ND 3
IF ((LA = FMAXACL) AND (FLOBAGE = FMAXACE))
THEN
FLOBLAGE 1= LAS
ENGS
END S
IF (C€LA = FLCEAGE) AMD (LA <> FMAXAGE))
THEN
LA o= FHRAXAGE = 13
LA = LA + 13
IND S
FCR LA := 2 TO FLOLAGE DG
CEGIN
lFT((MLLLLEN[L‘ - 131 > MULOULENCLAJ) AND (LA <= MLOEAGE)D)

.

GROVTHRATEFRUR (MLOGLULLMULA =~ 1), MLOELENCLADL, LA, 1%
IF t(FLGELENCLA = 11 > FLGFLENCLAD) AND (LA <= FLOELAGD))
THEN
GRCOVTHRATERROK (FLOCLLNLLA = 13, FLCELENCLAZ, LA, LV I

THUMHAE = MLOBTOTWUMHAR + FLCRTOTNUMKAP
£ica

(200830220 RRGIRIADND 2000 IABRIVBEICCBIBY uacuc:canaaaauecnnoouac:cvuuvuunccueoccntuccuuncncccv)

(o = === B)
(s PFCCLLUSI LCLMGVE =)
{2 =====cz=zpz==zz=xz 3)

FeUCEDURE LOBMOVE:

FLCIN
LCEMATUR = 0O}
TUTEGG = T3
FORP LS o= LOEMATSIZ TQ mMLubLSIL DO
LGEMATUR $= LCBMATUR + FLULFRECEL3] + MLOBFREGOLSING
CASE RECRUIT (F
1 3 TOTEGG = LOLEGGCL 113 :
2 ! FOR LS = LOUMATSIZ TO FLCLSITZ D0
TCTEGG = TUTEGG + FLUBFELGLILSD » LGLEGGLLSI:
3 ! IF (LCEMATUR <> Q)

ELSE
TOTLGG = T3
4 * TOTEGG := LOBZGGC1J e LOBMATUR & EXP(=-LOFEGGLZ] * LOBKATUR)S
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MLOUETOT 1= 03
FQP LA := MLOLAGE COWNTO 1 ¢o
BEGILIN
1F (LA = 1)
THEN

MLOENUMC 13 = TOTLGG/23
1f (LA = MLOGAGE)
HEN
MUOEBNUNLMLCOBAGED &= MLOLMNUMIMLOBAGE J MLOBNUMIMLUGAGE = 133

{F (tLA <> 1} AND (LA <> MLUFAGE })
THENM
MLOENUMECLAZ *= MLOENUMILA = 133

IF (LA = 1}
THEN
MULOELENLLAJ 1= LOBJUVLENG

IF (LA <> 1)
THEN
MLOBLENCLAD 1= MLGBLEARCLA - 133

1F (LA <> 1)
THEN
MLGETQT = MLOBTOT = YLOENRLMOLAD:

FOR LS := 2 TC MLOR31Z CO
MLOBLIM = MLOELIM » HLGEL}MFFAC(LA1°HLOENUNCLA]ﬂFLOEFhAC[LA.Lb):

€ND S
FLOBTOT = (3
FCP LA := FLOEAGE COwnNTO | DC
GEGIN
IF (LA = I}
THEN
FLOBENUML 1 = TOTEGG/Z:
IF (LA = FLCBAGE)
THEN

FLOGNUMCFLCBAGE] 2= FLOBNUMIFLOBAGET * FLOBNUMLFLOBAGE = 113

IF (LA <> 1) ANC (LA <> FLOBAGE )
THEN
FLOENUMOCLA3 = FLOBNUMILA -~ 137

1F (LA = )
THERN
FLOELENCLAD = LOBJUVLENS

IF (LA <> D)

THEHN .
FLOBLENCLAZI 1= FLOBLENCLA - [
1F (LA <> 1)

THE
NUMLLA 23
0

FLDBLIPFFACCLA)‘FLOENUHLLAJOFLCkFRLCCLA.LS]:
END G

LCETOT == MLOELTOT + FLOBTOTS
LOETOTLIM = PLOELIM FLObLL IS
IF (FLOBTCTRUMHAF <> J)

THEN
MLOEMEANCAT = MLOCMCANCAT/MLCETCTNUMHAR
ELSE
MUOEMEANCAT I= Jaus
IF (FLOBTCTRUMRAR <> u}
TH

EN
FLOEMEANCAT 2= FLOEMEANCAT/FLGETOTNU”HAR
TLS5E
FLGBMEANCAT o=
IF L(MLOBTOTNUMHAR

HEN
LOBMEANCAT I= (HLUBH[ANCATONLCRYCTNUVHAR + FLOBMCANCATSFLUBTCTRUMHARY/
(MLOEBTCTNUMRAE » FLOGTOTNUMHARY

vels
+ FLOUTOTNUMHARY <> 2

LSt
LOBMEAKCAT 1= Cel3i
geD3
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FFOCECURE MUSHAING
CLCIN

FCF MSi= T TO MLS
SLENIMSI I= M3

FOR MAI= | TO MUSAGD DO
EEGIN
IF (MA = 1)
THEN
BEGIN
{F (FOKTH = U)

t= MUSLENTMA - 133
rex = MUSLENOMA
FRACAGEINSIZE (MUSSEL, Ma, Flih, MAX, CUMLOEFSAC, MUSFRAC, MUSSIZI, ¥SLENDS
£NC S :

FOR s (= 1 T
PUSFREQLMST 2
FCR MA T
FCh ™
EGEMED + NU;FRACE”A.FS]OHUSNUH[MA]:

=z
AC
-
- T

ERC S

{oowd 0'9‘00000003800BO‘.B#UO‘#OBEGOO OBQO0303058388338#00#’#03800330230#‘03‘008000ﬁﬁﬁﬁotccaﬁﬁt)

(
(s PRCCLOUPL
ts

FFOCECURE MUSCALCH

EEGIN
FGF MAI= 1 TC MUSAGE vO
BEGIN
MKUM = O3
MLEN I= C3
FOR MSi= | TO MUSS1Z UC
BEGIN
IF (MODEL = 'M°*)
THEN
MNUM 1= MNUM ¢ MUEFPACENA.HS]°PUSNUH[MA]°£XP(-HUSDLHEEFOMUSMOF[HEJ)
cLSE
{F (MUSFREGLMSI <> o)
THEN
MNUM 2= MNUM +» MUSFRACONMA, M5 JeMFUSNUMIMAge(] - LOUBTOTEATLNMS]
/FUSFREC[H")ﬂEKP('HUbC = NDEP2MUSMORLYM53) 3
IF (MUSFRACLMA,MS]I <> )
THE N .
If ((MSLENLMS3 - FUSLLNLMAJ}/MUSGROCMSI < 1
THEN
EEGIH
IF ('3 <= (MUSSIZ =~ 1))
THEN
MLEN o= (FSLEN[H?J - MUSLLNCMAT) * MULGROCHM + 13%
(1 = (MSLINLMS5I - MUSLENIMAJI/MUSGRGLHMSD)
ELSE
MLLCN = MSLLNLM3] - MUSLENCMAZD
CNG .
ELSE
MLEN = MUSGFCIMTIS
END S

MUSKUMIMA] = FMNUM

1F (PUSNUKMIMAT < 1
THEN

MUSNUMLNMAT 1= 75

MUSLENCMAZ = MUSLENIMAD + MLENS
1IF (MA <> 1)

THEN

EEGIN :
1F ((PUSLENCMA = 13 > MUSLENIMA]) AND (MM <= PUSAGED)

HCON
GHONTHFATLRRNOR (MUSLENCMA - 131, MUSLENIMAD, A, '3%):
ENC ’ :
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ENC 3

IF (({MONTH = 4) GR {MONTH = &1}

THEN 0y .
MUSAUMCID 3= MUSNUML1I + MUSEGCRPEXF{~MUSEGGMOR) ]

A0S

(cooeoooonno:eontaoctcoatooooncoososcaseec:aaooacoaoooooona:anoaocoazoucutncaacc:aeooveazcaaac)

$ =zszzxSz=zzzz===z==x J}
§» PRCCECURE MUSMOVYE =)
{8 s==zzzzz=z===2=s=233= 0)

FHOCECURE MUSMOVE:

CLGIN

MUSTOT I= 3.
FQF MAI= MUSAGE CC®NTO 1 DO
EEGIN
IF (Ma = 1)
THEN

MUSNUML 12 = MUSEGGOEXF(~MUSEGGMOR)

IF tMA = MUSAGE)
THEN
MUSNUMLMUSAGE]T = MUSKNUMIMUSAGE] + MUSNUMCMUSAGE - 13;

IF (U(MA <> ) AND (MA <> MUSEGEY)
THEN
MUSNUMIMAD = MUSNLUMLMA - 12:

IF tra = })
THEN
MUSLENC 1] I= MUSGROUI3®12:

{F (MA <> 1)

THEN
MUSLERTIAT 1= MUSLUENIMA - 13

MUSTCT + MUSNUMIMAZDS

(]

HUsSTOT &
CEND
| A0 3

(nonootcaooocnccoaooccooonoooanc:otoconacoccaa:oootaaaaﬁo:oonséaoccacooccoocnoooooctocouanc)
'(t‘ﬂ‘8‘#000‘9‘3‘30‘0080‘0030000000&000303000ﬁ3‘#‘0:00030##003030839‘30900008000033030000030l

R E LR R RERIRERES R RN

t= %)
{e MAIN PHGCEOURES )
(= =)

(RS2 EEERIREESERER TN}

FHEOCECURE IMITIALIZE?

LiGinN
FCACLNS
REAULN (MOCEL):
READLN (YEARS)S
READLN (RECFUIT) S
FOR NUM] = | TG 49 DO

CFITELNG

CASL HODEL CF

P WPITC (°RCCK LOBRSTEF MOLLD

'N' S YWRITE ('MUSSEL MQLLL : R
* RRITE (°ROCK LOBSTLF=MUS

.

MCW

» M
julr 4

[a |
=D LEwrn=N M

*NQ STOCK=RECFULIT')?
*LINEAR STOGCK=-RECRUIT?®
‘OEVEFTON+HOLT STOCK-RE
*RICKER STOCK~-FRECRUIT

-7 EM
om TZ7
Y
a
:®m
vewu

=N
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CASE MOLEL OF
LY ! BEGIN . . .
- WEITELN (' TiME NUMEER OF LOESTERST,
' NUME i VER CATCH LIMITY 0 N
' KUMBER ® STED MASS HA?Vg‘:;u').
WRITELN (' (YEARZ) FEMALLS TCTAL',
it MALES 3 TOTAL .
: ' MALES FEME joTAL (TONSIP) G
WRITELN ('-=---- soToToITil ToIooIIiit ToTITIIITIIIIIIUIINLI L,
D e ————————- e m o mm e a - ————— PR
LCBMALING
LINU 1= 43
END S
*M* 1 BEGIN .
WRITELN (*TIME {(YELAFS) TOTAL NO CF HUSSELS nhi
WEITELN f{'vemswemmoromes ~ose-c-oecc—-o=-- P
MUSMAING
LINE := 23
ENDS
e D DECGIN
WRITELN (' TIME (YEART) ", VI4N,'HAXIMUM 2GE CF “ALeS, FIMALES (YE#RS) 'S
BRITELN ('escmemamremcacecaceec e ceeea—srememeo—— o= ',
B e v v v o W S D am e e Ew e e - e s Ay W - - - - - [ . "
P o mor - - e e o r m W wm - . wn - - l);
WRITELNS
WRITELN (* *:7%,'PEFCLNTAGE OF OFTIMAL GFO#TH RATZ [N UACH 51 CLAST Y,
%/ SIZE LLAS3 ()
WRITELN (*~-ccmmmu- B e —-—--- R e ammmememt,
| [P I - . - -__-_--,---_-__-__-_--!’
[ SRR R R
WETTELNG
WRITELN (° HUMEEFR COF LOBSTERS®,
’ NUMEER COVER CATCH LIMIT ‘s
' HUMGER nARVESTELL MAUS HARYESTLD HUMEER CF )3
WRITELN €° MALLS FEMALES TOTAL",
MaLES FEMALES TGTAL ',
'tﬁLES FLMALLS TCTAL (TONS HU;~EL -
VRITOLR ('ecommememee B L P LR e R
D o s o o - m o A  m n v TS L W D S s AP W R A N Em e W e R am dh oy R W 4 Mm AR AT A A e e __i‘
| - - W .. - - . W e A W P A -'):
WRITELN ('emreccsewmwnmacaa B D .
o S
LOLMAING
MUSMAIN
LINE = 13
END:
ENC G
WEITELNG WRITELNG
LINE = LINE + 23
FCR NuML = I TO IT DO .
FOR NUMZ 1= 1 TO GRAWIDTH (O
DATAMATCNUMI ,NUMI] = C:
ENG 3

(8‘000300“005000300000'0000300033330‘00900039.003300c‘ﬂ#ﬂﬂu3403803330ﬂ==09$°#3'03°0808ﬂ2$03)

{8 ===z=z=z=z====zzzxz==== ¢)
t3 PRCCICURe FINALIZE =)
(% czz==z==s==zs=ss==cz== s)

F+tCOCECURE FINALIZCS

PLGIN .
IF (MODEL <> "M%}
THEN
BEGIN ]

SETUPGRAFH (*1°,MAXLOUNUM,MINLOANUM JYEARS ;U ,1,"A", " 1*,YLAFS) S
SETUPGRAPH ( "}' MAXLUBLIM,EFNLOELIM,YEARS , 0,458, 1", YEARS) S
SETUPGRAPH ¢ '1' ,MAXLGLMUMHRFE JMINLCENUMHAR ,YEARS,C37,"'C", "1, YEARS) S
SETUPGRAPH ( *3' ,MAXLOBMASHAR ;,MINLOEMASHAR ,YEARS 4Oy lu,,Lle®, 1% ,YEARS )]

1F (MODEL = 'U")
THEN
SETUPGRAFH (*4°® MAXMUSNUM HMINMLSNUM,YZARS,0,11,°G*,'1*,YEARS)
END S ’

IF (MOBEL = °F")
THEN
SETUPGRAPH ('4 % MAXMUSNUM,MINMUSNUM YUARS 0,1 ,°G", 1" ,YEARS)S

FOR NUM} (= | TG i3 DO
FCR NUMZ = § TO GRAVIDTH DO .
CATAMATOCNUMZZNUMI] = U3
LINC3

(0.‘.03‘.“.‘000.000.0000’0000039..00.‘.000#030000.‘000080030.G‘0000‘0‘.0000‘.80“0‘0.80#0‘0)
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{= a)
(] ik LCEF INAL %)
(B3 zzzss=E===== &),
PEOCECURE LCCGFiNALS
ELGI
“FlTLLN (*MALL 5128 FROGUENCY CISTFIBUTICR *,
YFEMALET  STZE FROLULNCY DISTRIEUTION®)S
BRITELN {'ecrmrerc s me s e e R dadadak 'y
.......... ----_—---——----————------'):
CRITELNS
WREITSLN (° LLMGTH 7 LIS
' LENGTH 10y
VRITELN {7 == - "
e - -ty
LRITELN S
MLOEPERC
FLOLPEKRC
{F t~LOPp THEN
MLCETO
IF (FLOGb THEN
FLOETO 1
WRITELN PLLUbLLENCI I, '.VLCUF‘EGLIJ.
* LOLLENL132I2:0,° *LFLOEFREGCETD S
FCR LS 2 GEslZ ULO
EEGIN
IF (LOBLENCLESD <= 110) THIN
1F CLS3 < 1%9) THEN
1E {{FLOCFPzQILSI/MLOETCTSL 20 > 15) ANC (FLOLFSUQCLLI/FLCETOT2 g0 € Qo) THL'
SEITELN (° CLLCLLENCL3382:C," '1& ;MLOLFHEGOLZ ], GMLOLFREGLLE I/ZNLCLTOT S
YooY Iis,LNBLENCLETIZIn, " FLCEFREGILS ], '.FLOJFH:ILL JZFLOGLTOT= 1 D422
IF ({HLOEBFReCGLLSI/ELCETC TS > 131 AND (FLULOFSEWLLZI/FLO0ETOT=1CT > 1011 THLN
WEITELN ¢° *LLOLLENCLS TS 22T, "I MLOLFREQLLS]," ', ,MLOLFRELLLEI/MLCULUTOT |
Voot e LOBLENCLETIZIC, ! "I9,FLNOFREQILSI. ', FLOEFFCLEL - 3/FLCGTOTo I D 422)
IF ((MLOBFFENOLSI/MLOETCT#ISC € 121 AnD (FLOLFREWELZI/ZFLOLTCTSEUY < 141 THON
LRITELAN (7 *LLOLLLNCLSIS 22U " *I6,YLOLFREGUCLS ], P SMLOGUFFEUCL3I/MLC=TOTe
YV )5 ,LOULENCLEDIZIL, " Y9, FLOCFREWLLS ], ' WFLULFELUWCOLS3/FLOLTOTl _Ciui )
1F ((FLOEFFEGULSJI/ZMLOLTGTa1I 0D < 1L) AND (FLCEFFEGCLLJ/FLCLTUTciJ? > 1Ly THekl
WRITELN (° *LLOELCKLLS] Sy Y16 ,MLOULFREGLLS],® ' MLCEFRERILSI/MLOETUTS
Yt 1Y,L0ULEMNLLEII3IT, " S ,FLOBFREGLLS]," PLFLOEFRLOLLSI/FLCETUT» U 4!
E£NE
eLst
WRITELN (' *,LOBLENCLSII2IG,* 'I6,4MLODFREQLLE], ' yMLOGFREGLLS J/MLGETCT |
"4 ,LO0ELENCLS2:2:C,° *I9,FLOLFREQILED,” *LFLUNFREGLLEIZFLOETUTO 1 E24924)
ELSE
APITELR €' ' LOULENLCLSIIZIS," *LMLOBFREGOLS 3, 'y MLULPREWLLSI/ZMLOBTCOT®IC 0
MLOLPERCENT 1= MLOBFEARCLRET + MLCEFRIGLL3I/ZFLCBTCT=ICYS
FLOGPLPCENT = FLOEPERCENT + FLOBFREGWULSIZFLOBTOT=210CS
DATAMATLLS,13 = MLGBFRLGLLS]S
DATAMATCLS,23 = FLOBFREGLLSIS
MAXMIN (MLOCFREGQOLS D, MAXLOEFREYy MINLGEFREG) S
IF (MLOEFRETECLST] <> 0}
THEN
CATAMATLLSE ,33 1= LNI(MLOUFFEQCOLS TS
MAXMIN (CATAMATCLS,33, MAXLOGLCEFREG, MINLCGLOEFREG)S
1F ALOBLEN[LS] <= 1i9)
)
BEGIR
MAXKIN {FLUEFREGLLS ], MAXLOBFREG, MINLUBFREGES
1F (FLOUFRELOQLLS] <> &)
THLHY
CATAMATCLS,43 1= LN(FLOLFREGLLST)S
MAXMIN (DATAMATLLS,93, MAXLOGLOBFREG, MINLCGLOEFREL)S
ENC 3
EANG S
SRITELNG .
WhITELN (° "22€, (", MLOCPURCENTISIZ2,") ", *I139, (", FLOLPEFCENTISZIZ,")" )0
FCF AUML 2= 1 TC 42 DO
LRITELNG
1F (YLARS <= iCC)
THEN
L CGIN
SUTUPGRAPH ("2° MAXLOBFREG MINLCBFFIG,LOELENIMLUESTIZI 25143 A%, 'F " ,C )
SETUPCRAPH ('2' ,MAXLOGLOCFREG 3 MINLOGLGRFREG,LODLENCMLORS1.T4242,5,%J% " F',003
END
WEITELN (' PALE AGe FFEQUENCY DISTRILUTION LN
. FEMALE AGE FFEGQULANCY CISTEIBUTION')S
SRITELN (' ~eccccrcremcecaccrccmoenn—a .- L
v PR S T
WRITELNG
RRITELN °* AGE LEKGTH NUMEER v,
' oAGE LENGTH NUMBER®)
WRITELN ¢° - - LR vy
’ .- —————— m—m——t)
WRITELNS
LINE = 63
MAXLOENUM 1= J;
MINLOENUM = 33
FOR LA = | TQ FLOLDAGE DQ
BEGIN
IF_{LA <= MLOBAGE)
THCM
BEGIN
WRITELN C° YLLAXZ, " '."LOELCNELAJiH:I,' *eMLGENUMCLAD,
. ] LTy LAIZ, " *JFLOBLENCLAJZ4:1, JFLOBANUMELA D)
CATAMATCLA,S] = MLOENUMCLAZS
MAXMIN (MLOBNUMLLAJ, MAXLOBNUM, MINLOBENUM):
IF (MLOBNUMCLAL <> )
THEN
© CATAMATCLA,73 1= LN(MLOCGNUMCLLAZ)Z
MAXMIN (DATAMATCLA 7], MAXLOGLOBNUM, MINLOGGLGENUM) S
CND
LSE
KFITELN €* "IS2,LA2," JFLOELENCLAZZYL," S rLOLHNUMILADY S
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e

ehUMCLASS
PFAALCENUM,

DATAMATLLA 63
MAXMIN (FLGuhU
IF (FLOLNUMLLA
THEN
DATAMATCLA,81]
MAXMIN (CATAMATLILA
L IME LINE + 15
IF (LINE > PAGES3I12
THEN
LINE

: LO
M J, MINLOENUMY S
3 2

)

=

LNtFLSGNUMCLA D) S
387y MAXLOGLOSWNUM,

[

MINLOGLIUNUM )

.-
.=

;= LINE FACESTIES

END 3

FCH HUME = 1 TO (PAGESIZE - LINE =+

WKITELN
IF (YCARS <= 130}
THEN
DEGIN
CTLPGRAPH (7
ETUPGRAPH {7
END S

lil’
£,

',MnxLGb“UM,niNLQENUP FLOBAGE ,2,5,
St UMAXLOGLOBNUM,,MINLCGLO3NUM,FLOBAGE

<
£

WA

LOESTER SEX PATIOS*)S

P Tt L R I 3

LRI TELN
WEITLLN
WEITELNS
PEHCENTAGE MALZISY)

P e e |

LENGTH

TIMLODFREGCL + FLODFREGLLS3Y <> )
THEN
LCESEXFA
ELSE
LOESEXRA
DATAMATLL S, 1
IF (LUBLENCL
THEN
WRITELN
ELSE
WRITELN

CEFRELOLS 3/ (MLOBFREGLILST + FLOBFRELLOLSII2ECL

T
T 0
J Cb
5 15

LOBLENDLET:3iL," " JLGESEXRATISI L)

' ', LOGLENLLS3:.:3,' *SLUBSEXRATIOIND G

O, LOBLENEMLOBSIZII 0,1, 5" 4F*,30:

ERDI

(ssn a‘a“ﬁﬂ‘ﬂﬁﬂﬂﬂ‘ﬂ300".#“‘3‘00ﬁﬂﬂ#ﬂ‘833ﬂ‘ﬂ“ﬂﬂ“ﬂ‘ﬂ“ﬂﬂtﬂﬂﬁﬂ‘ﬁﬂﬂ‘ﬂﬁOﬂﬁﬂﬁﬂﬁcﬂﬂﬂﬂtﬁﬁﬁﬁﬁﬂﬂﬂ)

PHOCECURE MUSF.INAL:
BEGIN
FOR NUMI = | TC 1T DO
FOR NUMZ = [ 7O GKFAWIDTH DC

DATAMATCNUMZ ,NUMI] := Ci
WRITELN ('MUSSEL SIZE FREGUENCY DISTRIEUTION®);
BRITELN ('eccccmemece-cmacce—cececesnmeama=at)]
WRITELNS .
WRITELN (° LENGTH NUMBER %)
WRITELN (°* —————— e -y
WRITELNG
MUSPERCENT := 03
If (MUSTOT = C) THEN
®USTOT = 13
FGR MS = 1" TQ MUSS1Z DO
EEGIN
er(HuSFREQcHSJ/HUSTOToloo < 10
HEN
RRITELN §' *,MSLENCMSII2:C,"* '  JMUSFREGIMSI,* ¢ MUSFREGIMSI/MUSTOTSLIOLIYIL)
ELSE ) )
WRITELN ('  *,MSLeNLMEII2:E,"° ' MUSFREQEMS),*  * MUSFREGEIMSI/MUSTOT®1G0:I4:12):
MUSPEFCENT := MUSFERCENT+ MUSFREQUM3I/MUSTOT#ICUS
DATAMATLMS,13 := MUSFREGLMSI:
IF (MUSFREGIMST <> )
THEN
CATAMATCME ,2) 1= LN(MUSFREGLMSI)S
MAXMIN (MUSFRECCI*SJI, MAXMUSFREQ, MINMUSFREG!S
MAXMIN (DATAMATCMS:23, MAXLOGMUSFREW, MINLOGMUSFRECGD:
END S
wRITELNG
WRITELN (' ":Z2&6,°(*,MUSPERCENTISIZ.*)")]
FOF NUM] := | TC 45 C
WRITELNS
IF (YEARS <= 139G}
THEN
BEGIN
SETUPGRAPH ("4° JIAXMUSFREG M INMUSFREGWMELENIMUSSIZI, 151, %G, "t y2) 3
SETUPCRAPH (°'4',MAXLOCHMUSFFEGs MINLGGHUSFREGMSLENCHMUSS123,0925 K5 K 3ud i
END 3
WRITELN (*MUSSEL AGE FREGUENCY DISTRIBUTION®DS
tRITELN ('-----------—-----—---—----—------ ):
WRITELNS
®RITELN (°* AGLT LENGTH NUMBER ') i
WRITELN (°* -—- —————— ——————t)
WRITELNS
LINE := &3
MAXMUSNUM 3= @3
M INMUSNUM $= O3
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FOP MA = 1 TO MUSAGE C0O
PEGIN >
HRITELN (F taMAT L, * JMUSLENLMAII3IL," Y LaMUSAUNE
CATAMATL[MA, 3] = MUSNUMIMAZL;S
iF (MUSNUMIMAL <> 2)
THEN
DATAMATOMA 443 1= LN(MUSNUMIOMAZ) S
MAXMIN {MUSNUMIMA T, MAXMUSKUM, MINMUSNUM)S .
MAXMIN {DARTAMATIMA,43, MAXLOGMUSNUM, MINLCGMUSNUMI;
LINE 2= LINE * 13
IF (LINE > FAGESIZES
THEN
LINE 2= LINE - FAGESIZES
END
FGF NUML = | TO (FAGESIZE -~ LINE =+ 2) DO
CRITELNG
IF (YEARS <= [T}
THEN .
EEGIN
SETUPGFAFH §°4% (1maxXMUSHUP M IAMUSNUM ZVUSAGE 40,2, THY, M,
SETUFGRAPR { '4' ,MAXLOGMUSKNUM , MIMLCGMUSNUM,MUSAGE, Tyd,t
END 3
EnG S

HAJYS

L:
L]
’

-:"
. -
R s

g
oM

[

m

[EEEX-NE 22 R-R-R-E-R BB E-2-E-3J sttatnanosnat‘:anaaaoacunuaacnuocnaacnooatunuéﬁnazanannc:vu:cucasonaunoaa)

LLGIN

te ¢XtCUTARLE STATEMINTS OF MAIN PFCGRAM =)

INITTALLZES

FCP TIMEI= | TG YZIA&RS CO
GEGIN
FON LS = | TG MLODSDZ UG
#“LGROILS] = MLOLGROLLZS
FOR LS := § TG FLOZS!IZI bC
FLGFOLL3Y = FLOBGPOLLSIS
FCR NUMI = | Tu MFSIZMING €
GFOWTHCHANCELNUMTY = Qe
MLOETOTKUNHAR 1= Ui
FLOGTOTNUMHAR 1= 43
LCETQTMASHARE := (3
MLOEMEANCAT = 27
FLOUMEANCAT = 33
FOR MCNTH.= | YO 1Z DO
CASL FUCEL JF
'L ¢ LEGIN
FRACCVIRLIM (MLOELEN, MLOSLIMFSAC)HS
FRACOVERLIM (FLGLLEN, FLCBLIVMFPAC)S
LOECALC:
LOLMAINS
ENC.
fnY ! BEGIN
MUSCALC:
FUSMAINS
END G
TEY D PEGIN
FRACOVERLEM (MLGULEN, MLOELIMFRAC)S
FRACOVERL{M (FLOELEN, FLCELIMFFRAC)S
LOEEATS
1F (MONTH = (MGULT = 1))
TREN
CE£CIN
GROATHEFFECT (*2°*,MLCENUR MLOENUNMEAT ML U
GRONTHEFFEC ('3',FLGBNUH FLOBNUN[AT.FL
ENG S
LOUCALC:
LOEMAING
MUSCALC S
MUSMALIN:
ENDS
END
MONTH = U3
CASE MKQUDEL CF
'L ! EEGIN
LOLMOVE S
LCEMAING
ARITELN (TIMEI4,* *yMLOBTCT,,FLUETOT,
LOETQT ,MLOCLIMFLOCLIM L CHTOTLIM,
MLOE TOTNUMHAK ,FLCLTOTNUMHAR yLOBTCTNUMHAR ,LOCTCTHASHAFR) ;
IF {YEAKS <= 1CL)
THEN
EEGIN
CATAMATLTIME, 1] = MLOBTOTS
DATAMATLTIME, 2] 1= FLOBTOT!
LATAMATCTIME,31 = LCETOT
CATAMATCTINE 340 2= MLOSLIM]
DATAMATCTINME .5 = FLCBLINMS
CATAMATCTIME ;63 3= LCBTOTLINMS
CATAMATCTIME 473 = HLOETQTHMUMHAR G
CATAMATCTIME 483 3= FLOBTOTMUMMAR]
CATAMATOUTIMC 9] i= LULETOTANUMHARS
CATAMATLTIME,IC] 2= LOBTOTMASHARS
ENC3
LINE = LIKE + }3
END
*M® I PECIN
MUSMOVE S
MUSMA[NS
VEITELN (TIME 3§ &,° *, MUSTGT):
IF (YLARS <= [UL)
THEN
BECGIN
DATAMATLTIME 12 1= ™US5TOT:
ERC
LINE = LINE « |3
ENE S
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END 3
1§ ((MOCEL =
THEN

LEGIN

WRITELNS
WRITELN

(LINE > PAGESIZED
ThON
L INE

1f

: LINE = PAGE

(LINE < FAGESIZE

FOR MLML f= L T
“RITELNG

WRITELNG WRPITEULNG

1F

({YEARS <= THE
FINALIZE:
IF (MODLL <>
LOBFINALG
(MCOEL <>
MUSFINALS

IF 1C.)

M} THE

1F *LY) THE

.
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Eh

ICC
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A. PROGRAM SPECIFICATION

Calculation of age frequency distribution . This program (stored in
"SIMUL*MODEL.FREQ" on a SPERRY 1100/81) generates an age-frequency
distribution from a percentage size frequency distribution, a total
population number and an age-length distribution {(computed by the program

“GROWTH™.

B. INSTRUCTIONS FOR USE

1. Input Specifications :

The following is a runstream for program execution. \

@RUN,Z/N RUNID,ACCOUNT-NO,SIMUL,TIME,PAGES
@ASG,A MODEL. :
@ASG,CP DASMUSMEAN.,F50

@ASG,T TEMP*AGEFILE.

@ASG,A BMDP*83.

@USE 12.,TEMP*AGEFILE.

@USE 13.,DASMUSMEAN.

@XQT MODEL.FREQ

MUSSEL - MEAN GROWTH - DASSEN ISLAND AGE FREQUENCY
10. 27395000000 8 33 10 0 0 O

M. 9.7

12. 7.07

13. 0.054

14, 0.014

15. 0.038

16. 0.178

17. 0.506

18. 0.440

18. 6.55

20. 16.17

21. 29.46

WoONOWMEWN S

49, 79.25

50. 79.99

51. @BMDP*83.BMDP BMDP6D

52. /PROBLEM TITLE IS °'MUSSEL - MEAN GROWTH - DASSEN ISLAND AGE

FREQUENCY’
53. /INPUT VARIABLES ARE 2.
54. FORMAT IS '(I13,F20.0Y.
55. /VARIABLE NAMES ARE YEARS, NUMBER.
56. /PLOT YVAR IS NUMBER.
57. XVAR IS YEARS.
58. /END
59. @ADD TEMP*AGEFILE.
60. @QFIN
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The data (lines 9 to 50 in this runstream) should be entered as follows :

CARD 1 : HEADING {STARTING IN COL 2, UP TO 60
: CHARACTERS)
CARD 2 : THE FOLLOWING DATA ITEMS SHOULD BE

SEPARATED BY ONE BLANK
1) TOTAL NUMBER IN POPULATION
2) NUMBER OF SIZE CLASSES
3) NUMBER OF AGE CLASSES
4) RANGE OF EACH SIZE CLASS
5) LOWER LENGTH LIMIT OF FIRST SIZE CLASS
6) LOWER LENGTH LIMIT OF FIRST AGE CLASS
75 STARTING AGE

CARD 3 + : PERCENTAGE FREQUENCY IN EACH SIZE CLASS,
ONE PER CARD

CARD (4 + NO. OF SIZE CLASSES) : UPPER LENGTH LIMIT OF EACH AGE CLASS, ONE
PER CARD

In this runstream, the last set of data points {upper length limits) start

on line 19. The files, "SIMUL*DASMUSMEAN" and "TEMP*AGEFILE" are output

files.

2. Qutput Format :

There are three forms of output : a table (Example 1) giving the age-
frequency distributions, a BMDP plot of the distribution and a file (in
this case, "SIMUL*DASMUSMEAN") containing only the number of individuals in

each age class.

Example 1 :

MUSSEL - MEAN GROWTH - DASSEN ISLAND AGE FREQUENCY

THE GIVEN DATA PRODUCES THE FOLLOWING AGE LENGTH DISTRIBUTION :

AGE CALCULATED NUMBER
1 25421422848
2 1638349056
3 14772992

32 18799232

33 12919808

3. Restrictions on Generality :

Only yearly age classes are output.

4, Run Time :
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The program may take up to 20 seconds to run if 100 age classes are

involved.

C. CONCEPTUAL OVERVIEW

The algorithm is described in Chapter 4. Since frequency data are not
always available for the whole size/age range of an individual, a starting
length for the size frequency distribution and for the first age class can
be specif‘ied. Two files are created by the progfam. One is a temporary file
for use by BMDP plotting and the ‘second, containing only the number of

individuals in different age classes is a storage file for incorporation

into a data file.

D. PROGRAM DESIGN

The program comprises one FORTRAN routine en.compassing three main sections
of calculatioﬁ. The first calculates the cumulative size frequency
distribution. The second determines the cumulative number of individuals in
each age class and the third calculates the absolute number in each age
class. The output is written to two files, one for use by BMDP and one for
further use, and a printout of a table and a BMDP plot of the results is

made.

E. PROGRAM CODE

The FORTRAN IV code for the program written for a SPERRY 1100/81 is given

in Appendix F.
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. INTEGER S1IZCLS
s NUMBER OF SIZE CLASSES S
INTEGER AGE
o NUMBENY OF AGE CLASSES
: INTECER FIRAGE :
- FIPST AGE CLASS
INTEGER RANCGE
» FANGE CF ZACH SIZE CLASS
INTCGER SIZ(0:ZC)
® UFPEF LENGTH LIMIT OF EACH S1ZE CLASS
’ INTEGEP A,S
= CCUNTLAS FOR NUMEER OF AGE ANL SiZE CLASSES
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RUAL FREQ(2C)
a FERCENTAGS FPLGUENCY IN EACH SIZt CLASS
REAL LEN(C:ZL23D)
® UFPER LENGTH LINIT OF EACH AGE CLASS
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s MUMEER GF INDIVIDUALS IN EACH AGE CLASS
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a FORMAT STATEMENTS
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5 FORMAT ()
6r FCFMAT (ALT)
[ FORMAT (/:/.' AGE CALCULATLC NUHEER’,/,
& -——- P vl
24 FORMAT (/,/," AGE SMOCTHEL NUMIER',/,
& 1 e O A ]
3¢ FORMAT (13,F2C.0?
4 FORMAT (1H]1A60)
5 FORMAT (FZi0.0)
g—--------------------—-------------------------------------------------
. CFEN QUTIPLTY FILES

g------------------—---------_--_-----_-------—-_---------------__---_--

GPEN (12)
OPEN (13
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A READ IN DATA

.----------_-----_-----------_-------_---------------------------_---__-

NCE, STASIZ, STARGE, FIFAGE
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APPENDIX G : TUNED OUTPUT FROM ALL MODELS

CAPE PENINSULA
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- CALCULATED MODEL
-MUSSEL LOBSTER LOBSTER INTERACTION INTERACTION
CONSTANT STOCK~ CONSTANT STOCK~-
RECRUIT~- RECRUIT- RECRUIT- RECRUIT-
MENT MENT MENT MENT
Number of lobsters
(excl. larval stages)
x 109 :
Males 31.079 30.853 31.491 30.579 31.036
Females 35.372 36.995 37.653 36.515 37.036
Total 66.451 67.848 69.145 67.094 68.073
Number of lobsters
-of catchable size
(x 109 :
Males 4724 5.065 5.156 5.154 5.240
Females 1.094 0.490 0.492 0.562 0.574
Total 5.818 5.555 5.647 5.716 5.814
Number of lobsters
harvested (x 109 :
Males 1226.600 1151.800 1171.700 1173.400 1193.600
Females 0.982 0.674 0.676 0.772 0.790
Total 1227.600 1152.500 1172.300 1174.200 1194.400
 Mass harvested
(tons) : 530 527 536 530 539
Mean size of _
catch individuals 94.0 95.0 95.0 94.8 94.8
(mm)
Number of mussels
(X 1019 ;. 2.740 2.740 15.940 15.590



DASSEN ISLAND

CALCULATED
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MODEL
'MUSSEL .LOBSTER LOBSTER INTERACTION
CONSTANT STOCK- CONSTANT
RECRUIT RECRUIT RECRUIT
MENT MENT MENT
Number of lobsters
- (excl. larval stages)
(x 109 :

' Males 65.581 67.085 65.144 64.775
Females ~ 80.664 81.422 78.834 80.545
Total 146.250 148.510 143.980 145.320
Number of lobsters
of catchable size
(x 109 :

Males 7.684 7.691 7.465 9.075
Females 1.470 1.395 1.348 1.870
Total 9.154 9.086 8.813 10.945
Number of lobsters

harvested (x 109 :

Males 1762.900 1735.000 1683.800 2048.100
Females _ 46.130 60.760 58.720 81.620
Total 1808.700 1795.700 1742.500 2129.800

. Mass harvested ,

(tons) : 830 834 809 1011

Mean size of .

catch individuals 96.0 95.6 95.6 96.6
{mm)

Number of mussels

X ’1_0“5 : 18.048 18.040 39.586



ROBBEN ISLAND

CALCULATED

oL 00T 1985

MODEL
MUSSEL LOBSTER LOBSTER INTERACTION INTERACTION
CONSTANT STOCK- CONSTANT STOCK-
RECRUIT RECRUIT RECRUIT RECRUIT
MENT MENT MENT MENT
‘Number of lobsters
(excl. larval stages)
(x 109 :
Males 20.810 20.881 20.585 20.881 20.467
Females 20.751 21.578 21.275 21.578 21.152
Total 41.560 42.459 41.860 42.459 41.620
Number of lobsters
of catchable size
(x 109 :
Males 6.136 6.070 5.989 6.070 5.954
Females 0.414 0.408 0.403 0.408 0.401
Total 6.550 6.478 6.392 6.478 6.355
. Number of mussels
(X 109 : 8.248 8.245 16.977 21.343
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