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ABSTRACT

A discrete-difference model for moult-type fisheries based on Scotia-Fundy
Lobster fisheries is described. The objective of the model is to enable
management options to be evaluated in terms of future landings, and future
(discounted) revenues. Any number of management regulations can thus be
compared through an estimate of their "net present revenues".

The model also enables the age structure of lobster populations to be
determined after successive iterations together with the relative yields in
weight as a function of lobster carapace length given different management
scenarios. These results are used to determine annual yields and revenues
during successive years.

The principal model control variables are cullsize, (i.e., carapace length
at first possible capture or retention), and the annual rate of exploitation.
The model is parameterized with sex-dependent functions of annual moult
probability, weight and maturity; all functions of size. A population
size-frequency structure is needed to initialize the model.

Keywords: Moult-fisheries, lobster, lobster fisheries, fisheries policy.

RESUME

On décrit un modéle & différences discrétes pour les pécheries d'espéces a
mue fondé sur la péche du homard dans la région de Scotia-Fundy. Ie modéle en
question vise a permettre l'évaluation des options de gestions en égard aux
débarquements futurs et aux recettes futures (actualisées). On peut comparer de
la sorte n'importe quel nombre de réglements de gestion au moyen d'une
estimation des recettes actuelles obtenues sous leur régime.

Le modéle permet également de déterminer la structure d'age des populations
de homard aprés des itérations successives et les rendements relatifs en poids,
fonctions de la longueur de la carapace, dans différents scénarios de gestion.
Les résultats obtenus servent 3 déterminer les recettes et les rendements
annuels successifs.

Les principales variables de contrdle du modéle sont la taille de sélection
(p. ex.: longueur de la carapace d la premiére capture possible ou 3 la
rétention) et le taux annuel d'exploitation. Le modéle est paramétré selon des
fonctions qui dépendent du sexe et également de la taille: probabilité de mue
annuelle, poids et maturité. On a besoin de connaitre la fréquence par taille
de la population pour initialiser le modéle.

Mots—clés: Espéces & mue, homard, pé&che du homard, politique sur les péches.
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1. Introduction

Formulation and evaluation of policy options for the management of a
fishery requires that the respective costs and benefits of the different options
can be determined. In this way, either the requirements for an optimal policy
may be determined, and/or the costs of a sub-optimal policy identified. To do
this, a model that can determine the yields and revenues for different values of
the control variables is usually required. In lobster fisheries, these usually
are the minimum carapace size at which a lobster can be retained, the total
number of traps allowed (i.e., the praduct of number of licensed fishermen and
the trap limit per licence), and the length of the fishing season.

A management action that increases future benefits fram a fishery by
reducing irmediate and near-term catches will change the temporal distribution
of cash flow. Thus additional, but deferred benefits should be discounted to
account for the fact that future additional revenues will not accrue for an
elapsed time pericd. What are appropriate social discount values is the subject
of an extensive literature (e.g., Treasury Board 1982); in this model 10% is
used but any value may be specified.

The model described here is a conventional discrete-difference yield-per-
recruit model that accounts for growth by size specific moult increments. In
this regard, the model is similar to that developed by Caddy (1979) and subse-—
quently modified by Campbell (1985), but differs in that trajectories of yield
can be followed as conditions (e.g. recruitment, cullsize, rate of exploitation,
etc.) are changed over successive years. In this regard, the model outputs
appear similar to those obtainable from the model described by Ennis and
Akenhead (1978). A second program uses the yield by lobster size classes fram
successive annual harvests to determine revenues by size grades for the
successive years, both in constant, and discounted, dollar values.

The models are written in Borland's Turbo Pascal, version 4, in contrast to
the models of Caddy, Campbell, Ennis and Akenhead, which are written in
Fortran. The model should run on any PC-AT that supports Turbo-Pascal. Because
of the software's powerful text editting facilities, programming is easier if
parameters are changed directly in the program using the edit option of the
software's integrated environmment facility. Despite this, most basic control
variables are set by a user prompt and response procedure.

The number of possible model control combinations that one may wish to
investigate is large, e.g., changes, or trends, in recruitment, growth, fishing
mortality, rate of maturation, etc., during a simulation. To attempt to handle
even some of these through a menu-prompt manner would make program use awkward.
However, because of the structured design of the program, users with a basic
knowledge of Turbo-Pascal should have little difficulty in modifying the soft-
ware to obtain particular outputs they may require. Users wishing to do this
are encouraged to contact the author for assistance.

In lobster fisheries, regulations often protect egg-bearing lobsters. This
is done on the assumption that reduced exploitation of these lobsters will
contribute to future recruitment. Thus this model handles males and females
separately. Female lobsters, as modeled, may be immature, mature and
non-berried or berried.



2. Population Dynamics

An arbitrary number of lobsters, separated by sex, ers (males of age one,
and size s) and I],g (immature females of age one, size s) are recruited to the
fishery as a simulated population. These lobsters are allocated to a range in
size, fram the user-specified minimum fishable size to the next smallest size to
that at which a minimum sized lobster becomes on moulting. For example, if the
minimum length at capture is 81 mm, and such a lobster beccmes 94 mm after
moulting, then the initial population number is divided into 13 size classes for
their first year in the simulation, i.e., 94 - 8] = 13 size classes in the first
age group, or,

Mjrgize = initial number of recruits

L2/s = Livss
where L1, = minimum size considered in model.
La,g = size of crustacean after moulting, whose premoult size

is Li,ge.
With a minimum (model) size at first capture of 81 mm and corresponding post
moult size of 94 mm for a lobster with a premoult size of 8lmm, and 100 000
recruits, then the numbers at age 1 in the size classes 81-93 would be,

My, = 100 000 = 7692
94 - 81

buring the fishing season an age class is subjected to a total mortality:

Z2r = (Mg + Fq) s
where: Mg = daily instantaneous natural mortality rate,
Fg = daily instantaneous fishing mortality rate,
s = length of fishing season in days.

The number of animals in a group that survive to the end of the fishing season
will be, 7
Ng = N e°f

where,

N initial number of animals.

During the closed season, the group will be subject to only natural mortality,
and the instantaneous natural mortality during this period will be,

Mc = Mg (365 - s)
The number of animals at the start of the second year will be,
Ny = Nfe_MC

Thus, Nisl Ni e-Zfe—Mc



The model starts at the opening of the fishing season with a full
camplement of recruits then a closed season follows. Moulting occurs at the end
of the closed season. Figure 1 shows a schematic of this process.

Figure 1
Zg = Fg + M 2c = M
Fishing Season Closed Season
365 days
s days 356 - s days

For those lobster that in year y have an age class of "age" a, and size s, on
transistion to their next year,

Ny+lrs+l = Nyrg Pg

In this case a fraction Pg of the animals moult, increasing in size to s+l. For
those that do not moult,

Ny+lls = (1 - Ps) Ny,s

where,
Py = fraction of animals of size s that moult,
Ny+1rg+1 = numbers oflobsters of size s that moult to the next size
s+l, in year vy + 1,
Nytlrg = numbers of animals that do not moult on becoming a year

older and thus remain the same size.

Thus the numbers of animals that recruit in year zero (indicated as subscript y)
change in size as follows:

Year: 0 1 2 3 4
Nyrg — = Ny+lrg — Nyt+2rg —= Ny43,5 — Nyigog
Ny+1rs+1—> Ny+2rg+1— Ny43rs+1— Ny+arg+]
Ny+2r5+2— Ny+3,540—> Nysgrgt2
T~~~ ™~
Ny+3rs+3-—" Ny+4s5+3
\

Ny+4r5+4
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The size of an animal at the nth moult is that size attained after that
number of moults by an animal with an initial size s.
The number caught at any age and size is:

Z

An unequivocal interpretation of models descibing the rate at which
lobsters moult is difficult. For example, Campbell (1985) gives models that
determine the "proportions moulting annually at different carapace lengths.”
But what subsequently happens to the lobsters that do not moult at a given size

is not clear. If the proportion of lobsters moulting one year is P, does
that imply that of the animals that do not moult, Ny (1 - P) P moult the
following year, or alternatively, is it P (or [1 -P ] if P is greater

than 0.5)? Further, it is most likely that the proportion of lobsters of a
given age and size mouting in a year changes with age; insufficient biological
information is available to explicitly answer these questions. Code for both
moult models is described in Section 4.13.

The yield in kg is obtained from the numbers caught using a weight-at-size
function (see Section 3.6),

Yyrs = cNyrs Ws
where W=asbP

The yield at size is required for the revenue model because the price/lb
received for lobster depends of their size.

The proportion of females that are mature at a given size increases with

size. After each moult, the expected number of mature animals at a size s, is
determined by

Nmrs = Do (Ig + Og + Bg)

where
Npmrs = expected number of mature animals at size s,
Do = probability of a female being mature at size s,
Ig = number of immature animals at size s,
Og = number of mature non berried animals at size s,
Bg = number of berried animals at size s.
Thus,

Is = Nnrs =~ Os - Bg
In this model, mature lobsters in year y, become berried in year y +1, i.e.,

By+1 = Oy

The number of mature, but non-berried lobsters at size s is thus

Oy+1rs = Nnryrs — By+lrs
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Implicit in this is that lobsters first carry eggs in their second year of
maturity, and are then berried in alternate years. These assumptions are not
held in all situations but are considered reasonable for Scotia-Fundy.

3. Model Parameterization
3.1 Introduction

The program is parameterized in two ways; (1) type declared constants (a
Pascal. feature, see Table 1 and, (2) user entered constants. Deciding what sho-
uld be a menu-prampted parameter and what a declared constant is a little arbit-
rary as it depends on the focus of the research, e.g., one analysis may be
concerned with the cullsize chagnes keeping fishing mortality constant; in
another study, cullsize may remain constant while another parameter is varied.

Requiring all parameters to be user—-entered would make the program unwield-
ly. However, the reverse is not true as the "Integrated Enviromment" of Turbo
Pascal makes program changes easy. Thus large amounts of code necessary to
prompt for, and check input, can be avoided. A campromise, with parameters
being declared both ways has been used in the program. Non-trivial users should
aim to operate entirely within the integrated enviromment mode for parameter
specification.

The user-entered variables in the biological model are:
Julian date of opening of fishing season,
Julian date of season closure,
Annual rate of exploitation in period prior to simulation,
Annual rate of exploitation during simulation,
Cullsize prior to simulation pericd,
Cullsize during simulated period.
All other parameters are declared as fixed or variable constants.

The third manner of program initiatization is through program code. For
example, Campbell (1985) gives as a model for growth per moult,

Ly 4+ = yIP (1)
In an earlier paper (1983) he uses a linear model,
Ly + 1 =y +DbL (2)
In Pascal, Equation 1 is coded (for males) as
NextM[size] = round (exp(ln(amoultM) + bmoultM * 1ln (size))).
Equation 2 is coded (for females) as
NextF[size] = round(amoultF[size] + bmoultF[size] * size)

To switch from one to another, both code could be included and bracketsl used
to “"comment out", that which is desired to be null ccde.

1/

Braces are used to create comments in Pascal, such code is not compiled.




Table 1
Type Declare Constants

Lines 1 - 13 show examples of type declared constants in the main program.

PROGRAM L(OB35; [LFAS 35, 36, 38, two cullsizes, 19 Dec 1988]
[SR+, SU+]
Uses Dos,Printer,Crt,Listnums;
1 Const
2 anoultM : real = 1.717;
3 bmoultM : real = 0.912;
4 amoultF : real = 2,107;
5 boultF ¢ real = 0.864;
6 apropM : real = 1.76;
7 bpropM : real = -0.0084;
8 apropF : real = 1.95;
9 bpropF : real = -0.0097;
10 awtM : real = 0,0000566;
11 bwtM : real = 3.078;
12 awtF : real = 0.001525;
13 bwtF : real = 2.8612;
14 M annual : real = 0.1;
Table 2

Examples of Program Declared Constants

These can be subsequently changed in the main program. For example, if the
fishery subsequently took canners, the start size could be changed to 70mm.

15 Firstyear = 1989;
lée Lastyear = 1998;
17 Startsize = 81;
18 maxage = 5

19 maxsize = 160;



3.2 Mortality
3.2.1 Natural Mortality

As is common for most fisheries, the natural mortality (M) of American
lobster (Homarus americanus) is not well detemmined. The most commonly quoted
value is 0.1 (e.g., Caddy 1979, Campbell 1985). The basis for this value is the
analysis of Thamas (1973). However Botsford et al. (1986: 72-73) note that
there are substantial reasons to doubt the methods used to obtain them, and that
"their questionable nature is an important issue in light of the critical
dependence of yield-per-recruit results on them."

Botsford et al., in their analysis, use a value of M = 0.15, but with no
other justification. Vetter (1988) reviews the consequences for fishery models
of incorrect choice of M. 1In general, higher estimates of M lead to lower
estimates of maximum yield or maximum possible yield-per-recruit, higher
estimates of the optimal fishing mortality (i.e. catch them before they die),
and lower estimates of the optimal size at first capture, Botsford et al.
(1988) found that using an M = 0.18 gave a long term [annual] increase in yield
with their model of 6.8%, but this fell to 4.8% if an M = 0.2 was used.

3.2.2 Fishing Mortality

Values for fishing mortality are required to initialize the age-size
structure population, and as such would represent the rate of fishing applied to
the population prior to the start of the simulation. Fishing mortality is
specified in the model as the annual rate of exploitation (A). The annual
instantaneocus fishing mortality is then obtained by,

F=-1n (1 - A)

3.3 Growth Functions
Two forms of moult functions are commonly specified for the American
lobster. An exponential model is given by Campbell (1985) for the Bay of Fundy:

1.717Lg 9.912, and

Males: Lm + 1

Females Ly + 1 = 2.107Ly 0.864,

Linear models specified by Campbell (1983) for the Bay of Fundy are:
Males: Lm + 1 = 10.10 + 1.04Ly

Females: immature Ly 4+ 1 = 9.60 + 1.04Lm

Females, mature Ly + 1 = 18.0 + 0.95Lm

Miller, Moore and Pringle (1987, Table 1) list other coefficients for linear
lobster growth models.

3.4 Moult Frequency
Table 3 lists moult frequency models, by Lobster Fishing Area. Note that these
are interpretted as a proportional model.




3.5 Female Maturation

Table 4 lists models and coefficients for the probability of maturity for female
lobsters as a function of size.

3.6 Size-Weight Functions
Size-weight functions for males and females are given by Campbell (1985):

Males W = 5.66 x 10~/ L 3,0780 (kq)

Females W = 1.525 x 1076 12,8612 (kq),
where lengths are measured in cm. Other length-weight functions are given by
Miller et al. (1987).

3.7 1Initial Population Age-Size Structure

A major objective of the model is to determine what happens to catches and
revenues when a population that has been fished under conditions of one set of
mortality and cull sizes is subsequently fished at a different rate of
exploitation and minimum carapace size. To investigate this an initial
frequency-at-size matrix is established using the appropriate cull size (which
together with natural mortality determine size at entry to the fishery) and
fishing mortality which determines numbers at subsequent ages. The size
frequency matrix is then fished under the new conditions and the changes in
yield characteristics determined.

Although the model has not been so written, it can be easily modified so
that the initial population structure is taken from a real population, or any
arbitrary size frequency distribution could be used. 1In this case, results for
the first phase of the simulated exploitation could reflect how well (or poorly)
the model assumptions describe the past fishery.

3.8 Recruitment

The model assumes a constant recruitment of 10 000 males and 10 000 females
each year. The code can be simply changed to model any assumption about
recruitment one wishes. For example, a stochastic process, or trend, or some
combination, could be applied to the numbers that recruit each year to examine
the consequences of different assumptions of variable recruitment. Multiple
recruitment within a year would be possible but would require programming
changes.

3.9 Fishing Seasons

The model is structured with a two phase annual cycle; first a fishing
season, then a closed season. Moulting and increase in age occur at the end of
the closed season. The model could be easily modified by an appropriate loop to
handle any number of fishing and closed seasons within a year. An appropriate
array would be necessary to store the open and close days, or equivalently the
season lengths. These would then be accessed through an appropriate variable in
the main program loop.

3.10 Grade Prices

Clearly any set of prices used for the differing sized lobsters will be
arbitrary, especially as they will vary in response to changes in the relative
supply of the different grades. Development of an acceptable demand-supply
function should be the next objective of any future model extension.
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TABLE 3

PROBABILITY OF MOULT MODELS

LFA MODEL SOURCE
33, 34-38 Males 1.76e 0+0084L  conobell (1985) or
Miller et al., (1987).
Females 1.95¢ 09997l Campbell (1985) or
' Miller et al. (1987).
28-32 Both sexes 2.59¢ 0*014L yiller et al 1987
27 Both sexes 3.77e2°%1°L  puve 1986
TABIE 4
PROBABILITY OF MATURITY; FEMALES
LFA MODEL SOURCE
34-38 1 Campbell and Robinson (1983) or
1+ e23.23—0.214L Miller et al. (1987).
33 1 Campbell and Robinson (1983)
1+e 14.23-0.14L cited by Miller et al. (1987).
28-31 1 Campbell and Robinson (1983)
1+ elO.4 - 0.112L
27 1 Miller et al. (1987)

1+ e21.8 - 0.258L
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4. Biological Model Structure
4.1 Introduction

Figure 2 shows the relation of the different program modules. Procedures
1-6 are executed once to initialize the population; procedures 7-13 are executed
for each year of the simulation. Full details of the program code are given in
Appendix I. '

4.2 GET PARAMETERS
This procedure handles the user-specified variable setting for the
program. By successive prampts, the user is asked to enter:.

1. A name for the simulation (up to 80 characters). This is echoed by
the Fiscal module that processes the output fram the bioclogical model.

2. Julian dates of the opening and closing days of the fishing seasons.
These should be entered as a pair separated by a blank.

3. The annual rate of exploitation to be used in initializing the
population structure. This must have the form O.nd where nd is any
number of digits. This would be the same when initializing the
population as when it was being exploited.

4, The annual rate of exploitation to be used in the simulation is also
0.nd

5. The cull size that is to be used in initializing the population
structure. This would be the cull size used prior to any change in
fishing regulations.

6. The future cull size.

7. The name of the output file. This must conform to DOS requirements,
i.e., the name can have up to 8 characters plus a 3 letter extension
separated by a period.

8. Length-age frequency distributions can be printed by appropriate
responses to the prampt; the initial, final, or both, population
structures can be listed.

4,3 SET VARIABLES

This procedure calculates the size of a lobster after its next moult. It
also calculates the proportion of lobsters that will moult as a function of
size. Unlike the output of the model of Ennis and Aikenhead (1977), there is a
one~-to-one correspondence between premoult and post-moult sizes. The model of
Ennis and Aikenhead results in a prespecified distribution of post moult sizes
for a given pre-moult size. The program could be easily modified to account for
such a moult model if it could be parameterized.
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Figure 2

Main Program Procedure Structure

GET_PARAMETERS

SET VARIABLES

SET POPULATION ARRAYS

RECRUIT

5 | INITIALIZE MALES 6 INITIALIZE FEMALES
| |
7 SET_YIELDS TO_ZERO OVIGEROUS
8 RECRUIT
1
| |
9 HARVESTM 10 HARVESTF
| l
|
10 HARVEST TO FILE
11 MOULT } - OVIGEROUS
12 WRITE_NUMS REPEAT
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4.4 SET-POP-ARRAYS~-TO-ZERO
Turbo-Pascal does not initialize declared variables to zero. This

procedure sets the age~size frequency arrays for male, immature female, mature
female (non-berried) and berried females to zero.

4,5 RECRUIT

This procedure takes an arbitrary, but program specified, number of animals
(10 000) and assigns them to the age one male and immature female age~size freg-
uency arrays. The minimum size is specified by the constant "startsize" specif-
ied as a constant in the variable declaration code of the first procedure decla-
ration. The next moult size for a lobster of startsize is determined
(Nextsize), and the 10 000 lobsters are equally assigned among the (Nextsize -
startsize) size frequencies. For example, with a startsize of 8lmm,
Nextsize [81] = 94 mm, thus 10 000 animals are allocated to the 81 to 93 mm size
classes.

For females, the proportion of mature female lobsters in the size range
startsize to NextsizeF-1 is next calculated, and the numbers of immature and
mature females so determined. It is assumed that no berried lobsters of age
one (i.e., the first year of the simulation) exist. The procedure RECRUIT is
called in two places; first in the program initialization and then for each year
of the simulation. Should any change in recruitment, e.g., a trend or stochas-
tic process be desired, it could be handled in this procedure. Alternatively,
frequencies otherwise determined could be read from a file. '

4.6 INITIALIZE MALES and INITILAIZE FEMALES

These procedures establish a population structure using the variables
0ld cull_size and Pre_rate_of exploitation, that represents the conditions of
the populatlon prior to exp101tat10n by the model. By determining the annual
survivors, the numbers at successive ages are determined, and from the propor-
tion moulting, the numbers in subsequent size classes. The number of age
classes considered in the simulation is specified by the constant maxage, and
the total number of size classes (in lmm increments) by startsize - maxsize +
1. While survivors may occur in the largest age and size classes, under most
conditions their numbers are negligible.

The INITIALIZE FEMALES procedure differs from that for the males in that it
determmines the numbers of mature and berried females. The logic used to do this
is shown in Figure 3. Mature females that survive alternate annually between
being berried and non berried. Newly mature lobsters do not beccome berried in
their first year of maturity. 1In reality, berried lobster may be berried in
succesive years and immature lobster may be berried in the first year they
mature (Per comm. D. Pezzack, Benthic Fisheries and Aquatic Division, Scotia-
Fundy Region, Department of Fisheries and Oceans). However, the model as coded
does not account for this. If parameters were available the program can be
easily modified to account for such maturity transformations.

During fishing seasons, lobsters are subject to natural and fishing
mortality (Fg+Mg). Between fishing seasons, they are subject only to natural
mortality (Mq). :

4.7 OVIGEROUS
This procedure determines the numbers of lobsters that should be mature at
a given size, and as necessary, reduces the number of immature females lobsters
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Figure 3

Program Logic for Maturing or Mature Females

In RECRUIT:
Irmature[l,size]

Immature[l,size]
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and increases the number of mature female lobsters. It is called during model

initialization and during each year of the model simulation. Because males are
fished irrespective whether mature or immature, state of male lobster maturity

is immaterial to the model.

4.8 SET YIELDS TO ZERO.
Prior to harvest, the arrays storing the yield in weight by size category
and sex (male, immature female and mature female) are set to zero.

4.9 HARVESTM :
This procedure harvests the male lobsters whose numbers by age and size are
stored in the array Males. The conventional models are used:

survivors = initial number * e‘zf.
Catch in numbers at the end of the season is determined by,
c =Fg/ 2¢ (1 - e 2£) * initial numbers

Should the lobster size be less than the cull size, the fishing mortality is set
to zero; likewise it is set to zero for periods outside fishing seasons.

4,10 HARVESTF

This procedure is similar in function to HarvestM. The immature and mature
lobsters are harvested and their numbers correspondingly reduced. The numbers
of berried lobsters are subjected solely to natural mortality during the harvest
period (fishing season). The numbers of lobsters harvested are multiplied by
their weights at size and the catches of immature and mature lobsters are stored
in the arrays YieldI[size] and YieldO[size] respectively.

4,11 HARVEST-TO-FILE
The procedure writes to the user-specified disc file the yield by weight
for each size class of males, immature females and mature females.

4,12 WRITENUMBERS

This procedure, when called, writes the age-size frequencies to the line
printer for each of the four lobster classes modeled; males, immature, mature
and berried females. The procedure calls LIST-AGESIZE. Should it be desired
that these numbers be written to disc, the writeln statements in LIST-AGESIZE
should be modified.

4,13 MOULT

This procedure moves lobsters from one age and size to either the next age
(a+l) and the same size (i.e., those lobsters that did not moult), or the next
age and next size (s+l), i.e., for those lobsters that do moult, as determined
by the moult model

A simple fractional moult model can be used. 1In this case, a specified
fraction of all lobsters at the same size moult. Implicit in this model is that
some lobsters of a particular year class never moult and their numbers in a year
and size class simply decline from year to year fram natural mortality. Thus if
60% of an age class moulted each year, the numbers at the initial size would be
(ignoring mortality) as follows: '
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Numbers at initital size

Year 1 10 000 recruits

Year 2 4 000 survivors at age 2 and still at the initial
size.

Year 3 1 600 survivors at age 3

Year 4 640 survivors at age 4

Year 5 256 survivors at age S.

At the end of n years, (1-p)" lobsters will still have the same size
(ignoring mortality) as in the year they recruited to the fishery.

An alternative moult model has been progammed in which the numbers of
animals moulting each year is not a proportion of the remaining numbers at size
but rather the proportion of the original numbers, adjusted for mortality. 1In
the case above, with "flush" or "rolling wave" type moulting, a probability of
moulting = 0.6 and ignoring mortality, then the numbers at age and size would
be: :

Year Numbers at size
1 10 000
2 4 000

3 0

Should 30% of animals moult each year, then the numbers of a year class remain-
ing at a particular size with a "rolling wave" type moult model (ignoring
mortality) would be as follows:

Year Numbers at size
10 000
7 000
4 000
1 000
0

U W DN -

In this model after [truncate(l + 1/proportion moulting)] years, all
lobsters would be flushed through to the next larger size class. This moult
model involves considerably more coding as a shadow array must be maintained to
track the numbers of lobsters that must moult for each year class entering the
fishery. These shadow arrays, one for each class of lobster, must also be
adjusted for natural and fishing mortality as appropriate.

In the case of female lobsters, the moult procedure is also where mature
non-berried female lobsters are switched to berried lobsters at the end of the
closed season, and berried lobsters are switched to mature non-berried female
lobsters.

Table 5 shows an example of the output of the Biological Model. The code
for this model is not given in this report.

5. Revenue Model Structure
5.1 Introduction

By separating the algorithms for calculating revenues from those required
to determine yields by size, different market assumptions can be examined
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Table 5
An example of the output fram the Biological Model.

The first line is a coamment line echoing run identification characters
entered by the user. The data on the second line are: initial cull size, final
cull size, maximum size in the simulation, year simulations start, and year
simulation stops. The third line gives the year of the first annual results
The subsequent rows give the numbers caught at the respective carapace sizes.

LKA 27, 2 rates ot exploitation 70/85 dayé = bl

70 70 LbU  1Y8B9 1998 -0.00
1989
CL Males Immature Mature
70 lo6.7 174.06 4.1
71 175.2 i81.8 b.b
12 184.1 188.8 7.4
73 193.3 1yb.4 9.9
14 202.8 201.5 13.1
75 212.7 206.9 17.3
1o 222.9 Z211.3 22.8
77 233.4 214.3 29 .8
18 244.3 215.7/ 38.0
79 255.6 215.0 49 . b
8u 91. 12.8 19.9
81 120.8 89.6 32.1
82 u.u 84.9 38.8
83 129.3 19.3 46.4
84 132.8 142.9 4.4
85 1l36.3 6b.9Y bzs.'/
86 139.8 58.° fu.8
87 143.3 5l.6 18.5
88 l46.9 44,7 85.5
89 150.4 38.4 9l.0
90 v.U 11.5 35.3
91 159.7 4,7 18.7
U U 9

92 Sb. 4. 19.
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without requiring the biological computations to be repeated. This model reads
the file created by the biocleogical model. Figure 3 shows the logic structure of
the model. The procedures 2-5 are repeated twice; the first iteration analizes
the status quo or initial variable conditions, the second iteration analizes the
alternative set of management variables. An example of the output of this
program is given in Table 6.

5.2 GET FILE _

Procedure GET-FILE prompts for the name of the user-specified output file
fram the biological module. It assigns the file unit, then appends and resets
it. ’

5.3 SET-VARIABLES

This procedure sets the arrays which accumulate the weights and revenues by
grade to zero.

5.4 GET-DATA
This procedure reads the output from the biological model for processing.
The first record reads the following variables:

minsize: minimum size at which the crustaceans enter the fishery.

cullsize: size of animals at which they are recruited to the fishery
(Knife—edge recruitment).

maxsize: maximum age of animals considered by model. Animals older
than maxage "fall off the edge" of the population matrix.

yearstart: the first year of the simulation.
yearstop: last year of the simulation.

Rate—-of-Exploitation: Annual rate of exploitation used in biological
model. Recorded for information purposes only.

Each subsequent line (from minsize to maxsize) consists of:
- cephalothorax size
- catch of males (kg) at this size
- catch of immature females (kg) at this size
- catch of mature females at this size

These lines are processed through a number of loops that correspond to the
different grades:

canners to 80 mm cephalothorax size,
chix 8l - 89 mm,

quarters 90 - 95 mm,

halves 94 - 104 mm,

selects 105 - 119 mm,

Jumbos greater than 120 mm.

5.5 REVENUES
This procedure assigns revenues to the respective grades. The prices per
1b are declared as constants at the start of the "Revenues" procedure. Revenues
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Figure 4

Program Logic for Revenue Model

Declare variables

GET FILEs

SET VARIABLES

GET DATA

WEIGHT

EXIT
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Table 6

An example of output fram the Revenue Program.

LFA 34 days = 147/ a = V.83, 8Ll/8Y

cullsize= 81 REVENUES
Year Canners Chix (@uarters Halves Selects Jumbos 'otal Discounted
1 0 21625 13803 7124 4742 726 48020 48020
2 0 21625 13804 1124 4764 696 48012 4464
3 0 21625 13803 1126 4713 683 43010 39678
4 0 21625 134803 7126 4714 685 45012 36072
5 0 21625 13803 1126 47173 Y2 4801V 32191
(3 0 21625 13803 1126 47134 682 43010 29810
7 0 21625 138U3 1126 4713 b¥Z 4301V 21100
by U 21625 13803 1146 411734 by /. 4801V 24631
9 0 21625 13803 1126 41173 bY2 4801V 22391
10 ] 21625 13803 1126 4113 by < 43010 2U361

480112 324513
Total discounted over a twenty vear period .........

449621
WEIGHT
.Year Canners Chix Quarters Halves Selects Jumbos Total
1 0 5767 3451 1187 611 11; 11194
2 0 5761 3451 1187 680 107 11192
3 0] 5761 3451 1188 682 Lu5 11192
4 0 5761 3451 1188 682 105 11192
5 0 5767 3451 1138 682 105 11192
b U 5767 3451 1188 682 105 11192
1 0 5767 3451 1188 682 10y 11192
8 0 576’1 3451 1188 682 1oy 11192
9 0 5761 3451 1188 682 1ub 111974
10 0 5767 3451 1188 682 ©1oY 11192
111923
cullsize= 35 REVENUES
Year Canners Chix Quarters Halves Selects Jumbos l'otal Di1scounted
1 0] 1287/6 13803 1126 4773 b82 39260 39260
2 0 12876 18434 14397 47173 682 51163 46512
3 0 12876 19060 15505 1682 682 558U5 46120
4 0 12876 19130 15644 8239 1065 56955 42191
5 0 12876 19138 15661 8324 L3uu 57298 39135
6 0 12876 19138 15661 4323 L300 LYFAL] 355771
1 ] 12876 19138 15661 8323 1300 57298 32343
Y 0 12876 1913y 15661 4323 L300 51294 29403
9 0 12876 19138 15661 8323 1300 51798 26130
10 ] 12876 19139 15661 8323 L30U 571298 24300

546971 362112
Total discounted over a twenty year period .........
511444
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Table 6 Continued

W iIGHT -

Year Canners Chix Quarters Halves Selects Jumbos Totait
1 U 3434 3451 Liyy b¥Z Lu» B4doY
2 0] 3434 4609 2399 bY< lub L1229
3 U 3434 4/b5 2584 LUy lub 11945
4 U 3434 4783 26071 INNN lb4 12164
5 0 3434 4784 ZblU LLyy ZUU L2211
6 U 3434 4184 ~ Zbly 1189 20U L2211
7 V] 3434 4734 261U l1lyy Z0U L2211
8 0 3434 4784 261U 118Y 200 12217
9 ¢ 3434 4784 2610 1189 20U L2210

10 0 3434 4784 2610 1149 200 12217

117540

are calculated by multiplying the catch in weight by grade by the corresponding
prices, for each year. The annual revenues are calculated by summing these
values. This procedure also discounts future revenues, i.e.,

Ri =Rp (1+ a1,

where R} = revenue in first year of simulation,
Rj = revenue in the ith year,
d = user-specified discount rate.

The discount rate is declared as a constant in the main program. Two total
discounted revenues are calculated, one for 10 years, the other for 20 years.
The 10 year value is given by

10 S
Ti9 = Ri (1 +d)?
i=1

The 20 year value is given by

20 .
Tog = T10 + Rjg (1 + d)~2
i=1

Revenues are not calculated past 10 years. However, no matter what cull
size increase is chosen, model outputs usually stabilize by year 4 or 5 when
only one change in the cull size is undterken. Thus Rjg can be safely taken as
an equilibrium revenue value under the new management conditions. Table 6 shows
an example of the revenue outputs from the model.
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5.6 WEIGHT

This procedure lists the catch in kg by grade for the period of the simula-
tion, naminally 10 years. Note that this represents the yield fram 20 000
recruits, 10 000 of each sex.

5.7 Revenues from Rolling-Wave Moult Model

Table 7 lists output from the Program LOB2 (Appendix IV) which process the
output fram the "Rolling Wave" moult-type model (Appendix III). These results
are slightly different to those from the Proportional Model in that the biol-
ogical model calculates the catch and its camposition for an increase in cull-
size over a range of new cullsizes, e.g., from 8lmm to 10lmm. The program also
lists the Net Present Value summed over 20 years for the succesive cull size
options. This is shown in Table 8.
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Table 7

An example of output fram LOB2, the revenue model for the "Rolling Wave"
moult model. This model determines the fishery results for a sequence of cull

sizes, e.g., fram 8lmm to 101lmm.

SUMMARY OF 20 YEAR DISCOUNTED REVENUES BY CULLSIZE

cullsize (mm) 20 year discounted value
81 239680
82 242157
83 247175
84 254630
85 262201
86 269879
87 277645
88 285562
89 293580
90 301691
91 309010
92 317970
93 328496
94 339149
95 _ 345784
96 348553
97 348931
38 349121
99 349109
100 348811

101 348285
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Table 8
An example of output fram LOB2, the revenue model for the "Rolling Wave"

moult model. This part of the output summarizes the annual results disconted
over a 20 year period after a change in the moult size.

REVENUES BY CATAGORIES for CULLSIZE = &l

Year Chix Quarters Halves Selects Jumbos Total Discounted

1990 20908 13246 8664 6427 7179 50024 50024

1991 20908 132456 8664 6427 786 50031 45482

1992 20908 13246 8664 6427 786 50031 41348

1893 20908 13246 8664 6427 786 50031 37589

1994 20908 13246 8664 6427 786 50031 34172

1995 20908 13246 8664 6427 786 50031 31065
20 year discounted total = 239680

CATCH BY SIZE CATAGORY

Year Chix Quarters Halves Selects Jumbos Total

1990 5575 2311 1444 918 120 50024

1991 5575 3311 1444 918 121 50031

1992 5575 3311 1444 918 121 50031

1993 5575 3311 1444 918 121 50031

1994 5575 3311 1444 918 121 50031

1395 5575 3311 1444 918 121 50031

REVENUES BY CATAGCRIES for CULLSIZE = 82

Year - Chix Quarters Halves Selects Jumbcs Total Discounted

1930 18912 13246 8664 6427 779 48028 48028

1991 18912 15382 8664 6427 786 50171 45610

1992 18912 15696 8664 7215 786 51273 42374

1993 18912 15704 8664 7511 786 515717 38751

1994 18912 15704 8664 7576 316 51672 35293

1995 18912 15704 8664 7583 837 51700 32102
20 year discounted total = 242157

CATCH BY SIZE CATAGORY

Year Chix Quarters Halves Selects Jumbos Total

1990 5043 3311 1444 918 120 48028

1991 5043 3846 1444 918 121 50171

1992 5043 3924 1444 1031 121 512173

1993 5043 3926 1444 1073 121 51571

1994 5043 3926 1444 1082 125 51672

1995 5043 3926 1444 1083 129 51700
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Appendix |

Program listing ot the Biological Model.

PROGRAM LOB27/; {LFA 27/, 2 cullsizes, b Jan 88, proportional moult!

{SR+,U+}

uses Dos,Printer,crt,listnums;
const

amoultM : real = -0.27; iall Miller etc 871}
bmoultM : real = L.Ll5>;
amoultF : real = 4.67;
bmoult¥F : real = 1.U;
apropM : real = 3.71;
bpropM : real = -U.UlY;
apropf : real = 3.717;
bpropkF : real = -U.UlY;
awtM : real = 0.UUUb6b;
bwtHM : real = 3.078;
awtF : real = 0.001525;
bwtF : real = Z.8blZ;

M annual : real = 0.1;
Firstyear = 1989;
Lastyear = 1998;
startsize = 70;

maxage = 5;

maxslize = 16U;

Type

agesizeA = arrayll..maxage,startslze..maxsize] ot real;
sizevec = arrayl{startsize..maxslzel oL real;

var

ch,print_inlt_s1lzes,print_tfinal_slzZes : char;
age,cullsize,day,1i,1,tinish,nexts,season,size,
closeday,new_cullsize,ola_cullsize,openday,start,year : lnteger;
Fday,¥F simulation,Mday,Z,Pre_rate _of_exploitation,
rate_ ot exploitation : real;

Males, .l mmature,Mature,derried, poptreq : ageslzeA;
Pmature,propM,propk,weightM,weighty,yleldM,yleldl,yleld0:sizeVec;
nextl,nextM : arraylstartsize..maxs1ze| ot 1nteger;

tapel,tape? : text;
yr,mon,dy,dywk,hr,min,sec,secluy : word;

tilenamel : string(lli;

run_name : stringtsul;

PROCEDURE ST YLELDS TO_1LERO;

BEGILN
For size
BEGIN

yieldM(size]
yieldllsizel
yleldOlsize)

1= startslize to maxsize Do

U;
0;
u;
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END; ({sizet
END;
PROCEDURE GET _PARAMETERS;
BEGIN
ch := 'p';
Repeat
Clrscr;
Goloxy(1lu,1);
writeln('Enter name of simulation for LKA 27');
writeln; '
readln(run_npame);
GoToxy(Z2,5);
write('Enter Julian date of opening day of season ?');
Gotoxy(62,5);
readlin(openday);
Gotoxy(2,7);
write('Enter Julian date of closing day of season? ');
Gotoxy(62,7);
readln(closeday);
Gotoxy(2,9);
write('kEnter rate of exploit. during previous time period ?');
gotoxy(62,9);
readln(Pre_rate_ot_exploitation);
gotoxy(2,11);
write('kEnter annual rate of exploitation tor the simulation 7');
gotoxy(62,11);
readln(rate_of _exploitation);
gotoxy(2,13);
write('knter old cull s1ze in millimetres ?');
gotoxyl(e2,13); '
readln(old_cullsize);
1f old_cullsize < startsize Then
Begin
writeln('startsize to big, change startsize 1n constant declarations');
halt;
end;
gotoxy(Z,1%);
write('kEnter future cull size in millimetres ¢');
gotoxy(62,15);
readln(new_cullsize);
if new_culisize < startsize ‘'hen
Begin
writeln('startsize to big, change startsize in constant declarations');
halt;
end;
gotoxy(2,17);
writeln('Enter output file name as abcdetfgh.abc ¢');
gotoxy({62,17);
readln(filenamel);
Assign(tape?,filenamel);
Rewrite(tapel);
writeln(tape2,run_name);
gotoxy(2,19);
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write('Enter y it you want a list of the initial size ftrequenciles ?7');
Gotoxy(6Z,19);
readln(print_init_sizes);
Gotoxyl(z,21);
write('knter y it you want a list of the tinal size trequenclies ?');
Gotoxy(b2,21);
readin(print_tfinal_sizes);
Gotoxyl(2,23);
writeln('Enter any character to proceed; enter "B" if there 1s an
error'j;
readlni(ch);
Until Not ((ch = 'B') or (ch = 'p'));
end;

PROCEDURE SKET_VARIABLES;

Begin
For size := startsize to maxsize Do
Begin
NextM(sizel := round(exp(ln(amoultM)+bmoultM * Ln(size)));
NextF(sizel := round(exp(ln(amoultF) + bmoultk * Lnisize)));
propMisize] := apropM * exp(bpropM * size);
If propMisize| > L 'Then propMisizel := l;

propflsize] := apropk * exp(bpropl * size);
1f prop¥lisize)] > 1 Then propFisizel := 1;
Pmaturel(size] := 1 / (1l + exp(2L.8 - s1ze * 0.258));
weightMisize] :=(exp(Ln(awtM) + bwtM * Ln(size)))/LluuU;
weightFlsize] :=(exp(Ln(awtk) + bwtF * Ln(size)))/100y;
End; “is1zet

F_simulation := Ln(l/(l-Rate_ot_kxploitationj});

Mday := M_annual/365;

1f openday > closeday then season := closeday + 365 + L - openday
Else season := L + closeday - openday;

writeln('length of season = ',season,’' days');

Fday := F_simulation/season

End; {set_variables}

PROCEDURE RECRUI'T; {sets up lst age <class size <change only if
nonconstant}
Begin
For size := startsize to (nextMlstartsize] - 1} Do
Malesi{l,sizel := lUUUU/(nextM{startsize] - startsize);

For size := nextM(startsize] to maxsize Do Malesl(l,size] := U;
For size := startsize to (nextFistartsizel - L) do

Begin

lmmature(l,s1zel := 10000/ (nextlklstartsize] - startsize);
Mature(l,size) := [mmaturell,si1ze| * Pmatureisize];

Immaturell,size] := lmmatureil,sizel - Mature (l,size];
End;

For size := nextFlstartsize| to maxsize do
Begin

lmmaturell,sizej :=
Maturell,size| := U,
Eng;

knd;

u;



PROCEDURE OVIGEROUS;
var
expected mature,new_mature
Begin
expected mature:=Pmature(size]*(lmmature{age,size|+Maturelaqge,slze|
+ Berriledlage,sizel);

real,

Lf expected_mature > Berriedlage,sizZe] + Maturelage,sizel 'then
Begin _ ‘
new_mature expected_mature - Maturelage,size) - Berriedlage,size|;
Mature(age,size} new_mature + Mature{age,sizel;
Immaturelage,sizel:=Immaturel(age,size]-new_mature,
END;
END; {ovigerous}
PROCEDURE SET_POP_ARRAYS 'O ZERO;
Begin
For size
Begin
For age
Begin
Males(age,size] := 0;
[mmaturelage,sizel
Maturelage,size]
Berriealage,s1ze|

+= startsize to maxsize Do

1 to maxage Do

=0y
1= 0;
. U;

End;
End;

{age}
{sizet

End;

{set_pop_arrays_to_zerot}

PROCEDURE [NITIALISKE MALES;
Var
nexts integer;
Fday,survivors
Begin
Fday := (Ln(l/(1l-pre_rate_ot_exploltation)))/season;
For age := 2 to Maxage Do
Begin
For size
Begin
Nexts := NextM(size];
LE Males(age-l,sizel > U 'then
Begin
survivors := Maleslage-1,size] * exp(season¥*(-kFday
survivors := survivors * exp((Jbb-season) ¥ -Mday),
Maleslage,size] Maleslage,slize| + survivors * (1 - propMlsize]));
Lf Nexts <= maxsize Then
Maleslage,nexts| Maleslage,nexts} + survivors * propMisizel;
{ males > U |
islze}

real;

startsize to maxsize do

- Mday));

End;
End;
end; {age}
END; {init males

PROCEDURE INITIALISE _FEMALKS;
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var
nexts : integer;
Fday,survivors : real;
Begin
Fday := Ln(l/(lL-pre_rate ot _exploitation))}/season;
For age := 2 to maxage Do
Begin
For size := startsize to maxsize do
Beg1in
Nexts := NextF[size];
{bring immature through}
1t Immaturelage-1,size] > 0 Then
Begin

survivors := lmmaturefage-1,size] * exp(season*|-kday-Mday));
survivors := survivors * exp((365-season) * -Mday);
Immaturelage,size):=lmmaturelage,sizel+ survivors * (L - propkrisizel);

If Nexts <= maxsize Then

Immaturelage,nexts] := lmmaturelage,nexts]| + SUrvivors *propkisizel;

End; fimmature>u}
lBring Berried throughi
It Berriedlage-i,sizel > U ‘then

Begin
Survivors := Herriedlage-l,s1ze] * expl3bb * -Mday);
Maturelage,size} := Maturelage,slze) + Survivors * (L - proprisizelj;

If Nexts <= maxsize 7Then

Maturefage,nexts) := Maturelage,nexts] + Survivors * proprislzel;

End; {berried>V}
{bring mature through!
[f Maturelage-1,size] > U 'Then

Begin
survivors := Maturelage-1,size] * exp(season*(-rday-Mday)},
survivors := survivors * exp((36b-season) * -Mday),

Berriedlage,sizel] := Berriedlage,size] + survivors * (1 -proprlsize));

[t Nexts <= maxsize Then

Berriedlage,nexts]:=Berriedlage,nexts)+survivors * propklsizel;

End; {mature>u}
1f immaturelage,size] > 0 'I'hen OVIGEROUS;
END; {size}
END; 1{tor aget
end; {lnitialise _numbers!

PROCEDURE HARVESTM (Fmort : real);

var
Fday,numdead : real;
Begin
For age := 1 to maxage Do
Begin
For size := startslze to maxsize Do
Begin
If Malesiage,sizel>VU Then
Begin
It size < cullsize Then rday := 0 klse kaay := kmort;
numdead := Maleslage,slzel * (L - explseason*(-tday-Mday)));

yleldMisize]:=yieldMlsize]+(rFday/(kday+tMday))*numdead*welghtMis1ze);
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Malesliage,s1ze] := Maleslage,s1ze| - numdead;
Maleslage,size] := Maleslage,s1zel] *exp((3b5-season)*-Mday);
End; {males»>V}
End; itor size}
knd; {for aget
end; tharvestM}

PROCEDURE HARVES'I'EF {(kmort : real),;

var
Fday,numdead : real;

begin
For size := startsize to maxslze Do
Begin

1t size < cullslze 'l'hen Fday := U Else kaay := Fmort;
For age := 1 to maxage bo
Begin
numdead := Immaturelaqge,sizel * {1l - explseason*(-kday-Mday))),
vieldI[sizel:=yieldI[sizel+ (#day/(¥FdaytMmday))*numdead*welghti(size];
Immaturelage,size] := lmmatureiage,size! - numdead;
Immaturelage,sizel := Immaturelage,sizel * expl(3b>-season)*-Mday);
numdead := Maturelage,size) * (1 - exp{season*(-kday-Maay)));
yieldOlsizel:=yieldOlsizel+{(Fday/{(Fdayt+Mday)) * numdead *welgntrlsize);
Maturelage,size] := Maturelage,size} - numdead;
Maturelage,size] := Maturelage,sizel * expl(3b>-season)*-Mday),
Berriedlage,size) := Berriedlage,size] * exp(-Mday*365);
End; {tor age!
End; ffor sizel
end; {tharvestl'}
PROCEDURE HARVEST TO _FILE,;
var
size : integer;
Begin
It year = tirstyear Then
writeln(tapeZ ,startsize:4,cullsize:4,maxsize:4,tirstyear:o,lastyear:o,
Rate_ot _kxploitation:y:Z);
writeln(tapeZ,year);
writeln(tapeZ,' CL Males Immature Mature total'),
For size := startsize to maxslze Do
writeln(tapeZ,size:3,yleldMlsize}:1lyu:l,yleldlIls1ze]:ly:1l,yleldui-
sizei:lu:l);

End;
PROCEDURE MOULT;
vVar
nexts : lnteger;
Begin
For age := maxage DOWNTO 2 Do
Begin
For size := startsize to maxsize Do Malestiage,size] := U;
For size := startslze to maxslze Do

Begin
nexts := nextMisizel;
1t Maleslage-l,sizel > U Then
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Begin

Maleslage,size):=Maleslaqe,s1ze|+Malestage-1,51zel* (L -propMlsizel);
[t nexts <= maxslze ‘I'nen :
Maleslage,nexts):=Maleslage,nexts |+ Maleslage-1l,s1ze} * propMisizel;
End; { males > U }

end; { size } _
For size := startsize to maxsize Do Ilmmaturelage,slze) := U;
For size := startsize to maxslze Lo
Begin
If Immaturelage-1,sizel > 0 Then
Begin
nexts:= nextF[size];
Immature(age,size} := Immature{age,size) + lmmaturelage-1l,sizel

* (L-propr¥isizel),;
{f nexts <= maxsize Then
Immaturelage,nexts] := lmmaturelage,nexts) + lmmaturelage-1,size]
* proprisizel;

End, t num > U }
enda; {size}
For size := startsize to maxslze Do Maturetage,size] := U;
For size := startsize to maxslze Do
Begin
1t Berriedlage-1l,size) > U Then
Begin
Nexts:= nextklsize|;

Maturelage,size) := Matureiage,slze) + Berriediage-.,slze) %
: (l-proprisizel);
It nexts <= maxsize ‘lhen
Maturelage,nexts):=Maturelage,nexts)+Berriediage-1,s1zel*propkislzel;

End; {berried>ui
end; {sizel
kor size := startsize to maxsize Do Berriedlage,size) := 0,
For size := startsize to maxsize Do
Begin

Nexts:= nextF(size];
If Maturelage-1l,size] > 0 'Then
Begin
Berried(age,size) := Berried{age,size| + Maturelage-1,s1ze] =x
(1 - proprisizelj;
[t nexts <= maxslze Then
Berriedlage,nexts):=Berriedlage,nexts)+Maturelage-1,sizel*propklsizel];
knd; { mature > U }
It Immaturelage,s1ze] > 0 Then OVIGEROUS;
end; 1 size }
knd,; t{agel
Ena; {MOUL'T}
PROCEDURE LIST AGESLYE (var poptreq : ageslzeA; ch : char),
vVar
1,size :integer;
tot : reail;
Begin
Case ch Of
'"M' : write(lst,' Male age composition 'j;
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'[' : write(lst,' Immature rFemale age composition '),
'0' : write(lst,’ Mature lkemale age composition ');
'B' : write(lst,' Berried Female age composition ');
End;
Writeln(lst,': ',year};
Writeln(lst,' CL 1 2 3 4 5 total'});
For s1ze := startsize to maxsize DO
Begin
write(lst,size:4},
For i := 1 to maxage - 1 Do

write(lst,popfreqli,size):9:2);
write{lst,popfregimaxage,sizel:9:2);
tot := U,
For i := 1 to maxage Do tot := tot + poptreqii,sizei;
writeln(lst,tot:9:4};
end;
End; {listtreq:

PROCEDURE WRITENUMS;

BEGLN

ch := 'M';

LIST_AGESIZE (Males,ch);

ch := '1’';

LIST_AGES{Zk (lmmature,ch),
ch :='0';

LIST_AGESIZE (Mature,ch),
ch := 'B';

LIST_AGESIZE (Berried,ch);

END; {Writenums}

Begin imain procedure}
GET_PARAMETERS;

SET_VARIABLKS;

SET_POP_ARRAYS T0_ZERO;

RECRUIT;

INITIALISE MALES;

INITIALISE_FEMALES;

{If (print_inlt_sizes = 'y') or (print_init_sizes = 'Y') l'hen WRITENUMS;!
For year := firstyear to lastyear Do
BEGIN

cullsize := old_cullsize;

SET_YIELDS_TU_ZERU;

1t year > firstyear l'hen RECRUI'T;

writeln('year = ',year,' cullsize = ',cullsize};
HARVESTM(kday);

HARVES'I'F (Fday) ;

HARVEST_TO_FKFILE;

MOULT;
knd; {yeart

For year := tirstyear to lastyear Do
BEGLN

cullsize := new _cullsize;

SET_YILELDS_TO_ZERO;

RECRUL'T;

writeln('year = ',year,' cullisize = ',cullsize);
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HARVES'IM(Fday);
HARVESTF (Faay);
HARVEST 'O _FILE;
MOULT;
knd; {yeart
If (print_tinal _sizes = 'y') or {(print_tinal sizes = 'Y') Then WKLITENUMS;
close (tapei);
writeln('finished')
end.
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Appendix II
Revenues Program.

PROGRAM LOB2S53; {processes data from LOBl - 2 cull sizes}
{$R+,U+}
uses Printer,crt;
const
discount = 0.1;
type sizevec = arrayl[60..200] of real;
var
cullsize,maxsize,number of_ years,size,year : integer;
lasty, total, twenty,total_discounted,rate_of_Exploitation,sim_year,
total nondis,totyearW : real;
yieldM, yieldl,yieldO : sizevec;
tapel,tape?2 : text;
cannerW,chixw,quartw,halfw,marketW,selectw, jumboW,cannerR,chixR, -
quartR,halfRr, '
selectR, jumboR,totalM, year_discounted, totall,total0 : array(1l..20]
real;
filenamel : stringlll];
run_name : stringl[80];
PROCEDURE GET_FILE;
BEGIN
writeln('enter input file name');
readln(filenamel);
writeln(Lst,'file being processed = ',filenamel);writeln(lst);
Assign(Lst,filenamel);
Append(Lst);Reset(tapel);
Readln(Lst,run_name);
writeln(run_name);
END;
PROCEDURE SETVARIABLES;
var
year : integer;
Begin
For year := 1 to 20 Do
Begin
totalMlyear]
totalllyear)
totalOlyear]
chixwlyear] := 0;
quartwlyear] := 0;
halfwlyear] := 0;
selectwl[year] := 0;
jumbow[year] := 0
cannerW([year]
marketW[year]
End;

1]
nonon
OO O
~e “e we

nou
[= =% 1]
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of



PROCEDURE GET_DATA;

var
annual,cl,minsize,size,yearstop,yearstart : integer;
total : real;
line : stringl40];

Begin

Readln(tapel,minsize,cullsize,maxsize,yearstart,yearstop,rate_of-

_Exploitation);

If maxsize > 200 Then
Begin
write('maximum size > 200, fix t!tt!ti'); halt;
End;

number of years := 1 + yearstop - yearstart;

If number_of_years > 10 Then

Begin
write('mecre than 10 years, fixttilit!litt'); halt;
End;
For year := 1 to number_of_years Do

BEGIN

readln(tapel,sim_year);

Readln{tapel,line);

For size := minsize to maxsize Do

Begin

Readln(tapel,cl,yieldM(size],yieldll[size],yieldO[size]};

totalM[year] := totalMlyear] + yieldM[size];
totalllyear]) := totalllyear] + yieldIlsize];
totalOlyear] := totalO[year] + yieldO[sizel];
End;

If minsize < 81 Then
For size := minsize to 80 Do

cannerwiyear] := cannerw[year]+yieldM[(size]+
yieldOlsizel;
For size := 81 to 89 Do
chixwlyear] HE chixwlyear] + yieldMisize]

yieldo[size]l;

For size := 90 to 95 Do

quartwlyear]l :=  quartwlyear] + yieldM[sizel

yieldOisize];

For size := 96 to 104 Do

halfw[year]:=halfw[year] + yieldM[size]

yieldOlsizel;

For size := 105 to 119 Do

selectw(year] 1= selectwlyear] + yieldMlsizel
yieldo[size];
For size := 120 to maxsize Do
jumbow[year] :=  Jjumbowlyear] + yieldM(size]

yieldO(size];
End; {year}
End;

+

yieldI[sizel

yieldIlsize]

yleldIlsizel

yieldI(size]

yieldI[size]

yieldI{size]

PROCEDURE REVENUES;
const
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cannerP : real =
chixP : real = 3.

2.81;
75;
quartP : real = 4.0;

halfP : real = 6.0;
selectP : real = 7.0;
jumboP : real = 6.5;
Begin -
For year := 1 to number_of_years Do
Begin
cannerR[(year] := cannerP * cannerWlyearl;
chixR[year] := chixP * chixwlyear];

quartR[year] := quartP * quartw(year];
halfR[year] := halfP * halfW[year];
selectR[year] := selectP * selectWlyear];
jumboR[year] := jumboP * jumbowl[year];

End;

total_discounted := 0;

total_nondis := 0;
writeln(Lst,'cullsize= ',cullsize,’ REVENUES');
writeln(Lst,'Year Canners Chix Quarters Halves Selects Jumbos Total
Discounted!');
For year := 1 to number_of years Do

Begin

total:= cannerR[year] + chixRlyear] + quartR[year] +
halfR{year] + selectR[year] + jumboR[yearl];

total_nondis := total_nondis + total;
year_discounted(year] := total / exp((year - 1) * 1n (1 + discount));
total_discounted := total_discounted + year_discountediyear];

writeln(Lst,year:3,cannerRiyear]:8:0,chixR[year]:8:0,quartR(year]:8:0,
halfR[year]:8:0,selectR[year]:8:0,jumboR[year]:8:0,total:9:0,yea-
r_discounted(year}:9:0);

End;
writeln(Lst,'
l)’.
writeln(Lst,'
',total_nondis:16:0,total discounted:9:0);
lasty := year_discounted[year];

twenty := 0;
for year := 1 to 10 Do twenty := twenty + lasty / exp(year * ln(1l + discount));

writeln(Lst,'Total discounted over a twenty year period .........
I)’.

twenty := twenty + total discounted;

writeln(Lst,"

',twenty:16:0);

PROCEDURE WEIGHT;
var
total,total_weight : real;
Begin
total_weight := 0;
writeln(Lst,’ WEIGHT');
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writeln(Lst,'Year Canners Chix Quarters Halves Selects Jumbos Total');
For year := 1 to number_of_years Do

Begin
total:=cannerW(year] + chixWlyear] + quartW[year]
+ halfW[year] + selectW(yearl +
jumboW([year];

total weight := total weight + total;
writeln(Lst,year:3,cannerWiyear]:8:0,chixWlyear]):8:0,quartWiyear]:8:0,

halfWlyear]:8:0,selectWiyear]:8:0,jumboWiyear]:8:0,total:9:0);

End;
writeln(Lst,' '),
writeln(Lst,' ',total_weight:16:0);
writeln(Lst,' ');writeln(tape2,' ');
End;

Begin
GET_FILE;
SETVARIABLES;
GET_DATA;
REVENUES;
WEIGHT,
SETVARIABLES;
GET_DATA;
REVENUES;
WEIGHT;
Close(tapel);
writeln('finished')
end.
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Appendix llia

Code tor "Kolling-wave" moult model.

PROGRAM LOBL;

{$R+,U+}

uses Printer,crt,listnums,setvars;

PROCBDURE SET_YIBLDS_TO_ZERO,

BEGIN

For size := startsize to maxsize Do
BEGLN
yleldM(sizel
yieldl(size]
yieldG(size] :
END; {size}

U n
o oo
~e we we

KND;
PROCEDURE SET_ VARIABLES;
Begin
For size := startsize to maxsize Do
Begin
NextMlsize] := round(exp(ln(amoultM)+bmoultM * Ln(size)));

NextF(size] round(exp(ln(amoult¥) + bmoultF * Ln(size))),
propMisize] := apropM * exp(bpropM * sizej,

[t propMlsize] > L Then propMisize] := 1;

propflsize] := apropF * expl(bproplk * size);

[f propt(size] > 1 Then propFisizel := 1,

Pmaturelsize] := 1 / (1l + exp(43.23 - size * U./Z14));
welghtM(size) :=(exp(Ln(awtM) + bwtM * Ln(slze)))/L1UuU;

welghtkisize] :={exp(Ln({awty) + DWtF * Ln{(size)))/1luuU;
End; {size}!

writeln('kEnter output file name');

readln(fllenamel);

Assign(tapeZ,tilenamel);

Rewrite(tapez);

write('enter rate ot exploitation 'j;

readin(rate_ot_exploltation);

F_simulation := Ln(l/(l-Rate_of Ekxploitation));

Mday := M_annual/s3bb;

If openday > closeday then season := closeday + 365 + 1 - openday
Else season := 1l + closeday - openday;
writeln('length ot season = ',season,' days');

Fday := F_simulation/season

End; {set _variables}

PROCEDURE RECRUI'T; {sets up 1lst age class slze change only
nonconstant}

Begin

it
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For s1ze := startsize to (nextMistartsize| - 1) bo
Begin
Malesll,size) := 100U00/(nextMistartsize) - startsize);
transM(l,size] := Malesll,sizel * propMisizel;
End;

For size := nextM[startsize) to maxsize Lo
Begin
Malesl|l,size] := 0;
transM(l,sizel := 0;
End;

For size := startsize to (nextFlstartsizel - 1) do
Begin
Immaturell,size] := 10000/ (nextlk|startsize] - startsize);
Mature{l,size]) := [mmature(l,size) * Pmaturel(slze);
lmmaturel(1,size) := lmmaturell,size) - Mature ll,s1ze];
transill,size] := propFlsizel * Immaturell,size];
transO(l,size] := propFlsize] * Maturell,slze];
End;

For size := nextlk{startsize] to maxslize do
Begin

Immaturell,size] :=
Maturell,size) := U;
translll,size] := 0;
transO(l,s12ze| v;
knd;
End;
PROCEDURE OVIGEROUS;
var
expected _mature,new_mature : real;
Begin
expected mature := Pmaturelsize] * (lmmaturelage,size] +
Maturelage,slze| + Berrledlage,sizel);
It expected mature > Herriedlage,size] + Maturelage,slzej 'l'hen
Begin
new_mature := expected mature -~ Maturelage,slizel - Berriedlage,size],
Maturelage,size]| := new_mature + Maturelage,size];
transO(age,size] := transOlage,size] + (new_mature/lmmature(age,size])
: X transllage,size];
transllage,size] := translilage,size] - (new_mature/lmmaturelage,size])
* transilage,size];

Immature(age,sizel:=Ilmmature{age,size]-new_mature;
END;
END; {ovigerous}

PROCEDURE SET POP_ARRAYS TO_ZERU;

Begin
For size := startsize to maxsize Do
Begin
For age := 1 to maxage Do
Begin

Maleslage,size) := 0;
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Immature(age,size] := U;
Maturetaqge,size} := U;
Berriedlage,size] := U;
transMlage,size} := U;
transilage,size] := U;
transviage,size] := U;
transslage,size] := U
End; tage}
End; islze}
End; {set_pop_arrays_to_zero}

PROCEDURE INITIALISE_MALKS;

var
nexts : integer;
Fan,survivors,moulters : reai;
Begin
{Set up age-sl1ze trequency distribution}
Fan := Ln(l/(l-initial Fmort)),

For age := 2 to Maxage Do
Begin
For size := startsize to maxsize do
Begin

Nexts := NextMlsizel;
It Malesfage-1,s1ze) > 0 ‘then
Begin
survivors := Males[age-1,size] * exp(season*(-kday - Mday));
moulters := transM{age-1l,size] * exp(season * (-Fday - Mday));
survivors := survivors * exp((3b5-season) * -Mday);
moulters := moulters * exp((365-season) * -Mday);
Maleslage,size] := Maleslage,slze| + survivors - moulters;
If moulters < 0.5 * survivors
Then transMiage,sizel] := transMlage,slze]) + moulters klse

If moulters < survivors ‘then transMlage,slze)j:=transMlage,slze]
+ survivors - moulters,

lf lE-10 < moulters - survivors fYhen

writeln{'lN M m>s ',slze,’ ',moulters - Survivors),

lf Nexts <= maxslze 'Then

Begin
Males(age,nexts] := Maleslage,nexts) + moulters;
transMiage,nexts) := transMlage,nexts| + propMlinexts| =
moulcers;
END;
End;
knd; {size}
end; iage}

END; tinit males
PRUOCEDURE IN[TIALISE FKMALKS;
Var
nexts : integer;
Fan,survivors,moulters : real;
Begin
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{Set up age-slze frequency dlstributlont
Fan := Ln(L/(Ll-1n1tial kFmort));
kor age := 2 to maxage Lo
Begin
For size := startslze to maxslze do
Begin
Nexts := Nextlklisizej;
{bring immature througn!
If Immaturelage-1,size) > 0 Then
Begin
survivors := lmmaturelage-1,size) * expl(season*(-kday-Mday));
moulters := transllage-1l,sizel * exp(season*(-Fday-Mday)};
survivors := survivors * exp((3bb-season) * -Mday);

moulters := moulters * exp((3b65-season) * -Mday);
lmmaturetage,size] := Immaturel(age,size] + survivors - moulters;
[f moulters < U.5 * survivors

‘Then transl{age,size] := transl(age,size] + moulters mlse

[f moulters < survivors Then transif{age,size):=transllage,s1ze]
+ survivors - moulters;
If LE-10< moulters-survivors Then writeln('IN LM m>s ',51ze,’

',moulters - survivors);
If Nexts <= maxsize 'Then

Begin
lmmaturetage,nexts] := lmmaturelage,nexts| + moulters;
transiiage,nexts|:= transllage,nexts) + proprinexts| * moulters;
END;

Enq; {immature>u!

iBring Berried through!
[f Berriedlage-1,size) > U ''hen

Begin _
survivors := Berriedlage-l,s1ze! * expl3bb * -Mday};
moulters := transBlage-i,sl1ze| * exp(3bb * -Mday),
Maturelage,size} := Maturelage,slze} + Survivors - moulters;
[t moulters < 0.5 * survivors

Then transOlage,slze] := transOtage,sizel + moulters mise

[t moulters < survivors Then transOlage,size]|:=transOlage,s1ze]
+ survivors - moulters;
[f 1E-1U< moulters-survivors ''hen writein('IN B m>s ',size,’
', moulters,' ',survivors);
[f Nexts <= maxsize ‘lhen
Begin
Maturelage,nexts] := Maturelage,nextsi + moulters;
transOlage,nexts}:=transOlage,nexts) + propFinexts) * moulters;
End;
End; {berried>0}
ibring mature throughj
1t Maturefage-1l,s1ze) > { 'Then
Begin
survivors := Mature(age-1,s1ze] * exp(season*(-kday-Mday});
moulters := transvlage-l,s1ze] * exp(season*(-kday-Mday));
Survivors := sSurvivors * exp((3bb-season) * -Maay);
moulters := moulters * exp((3b>-season) * -Maay);
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Berried(age,size] := Berriedliage,size| + survivors - moulters;
If moulters < 0.5 * survivors
Then transB(age,size) := transBlage,s1ze| + moulters klse

If moulters < survivors Then transBlage,sizej:=transBlage,size]
+ survivors - moulters;
[t 1E-10< moulters-survivors Then writeln('IN O m>s ',6size,'
' ,moulters,' ',survivors);
If Nexts <= maxsize ‘Then
Begin
Berriedlage,nexts] := Berriedlage,nexts] + moulters;
transB{age,nexts):=transHlage,nexts) + proprinexts) * moulters;
Ena,
End; imature>V}
1t immaturelage,size] > U ‘Then OVIGEROUS,;
knd; {s12ze}
End; {itor agei
End; {lnitialise numbers:

PROCEDURE HARVES'TM (kFmort : real);

var
day, numdeaa : real;
Begin
For age := 1 to maxage Do
Begin
For size := startsize to maxslze Do
Begin '
1f Maleslage,size]>0 YThen
Begin
If size < cullsize Then Fday := 0 Klse Fday := Fmort;
numdead := Malesl{age,slze] * (1 - exp(season*(-Fday-Mday)));

yleldMlsizel:=yieldMlsizel+(Fday/(Faay +
Mday) ) *numdead*weightMisize};

Males(age,s1ze) := Males(age,sizel - numdead;

transMlage,size) := transMlage,size]*exp(season*(-kaay - Maay));
Males{age,size] := Maleslage,s1ze| *exp((3bb-season)*-Mday);
transMlage,s1ze} := transMlage,sizej*exp((3b5-season)x*-Mday);

End; {males>V}
kna; iftor size}
End; {tor aget
end; iharvestM}

PRUOCEDURE HARVES'IF (kFmort : real);

var
kday,numdead : real;
beglin
kor size := startsize to maxslize Do
Begin
Lf size < culisize 'l'hen kaday := U klse lkday := Fmort;
For age := 1 to maxage Do
Begin
numdead := lmmaturelage,slze) - Immaturelage,size]

* exp(season * ( -kday -Mday));
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yleldlisize] := yleldlisize) + (kday / (kFaay + Maay)) x
: numaeaa * welghtrislze};
Immatureiage,size] := lmmaturelage,si1zel - numdead;
transilage,size) := transllage,size) * explseason * (-tday-Mday));
[t 1k-10 < translilage,s1zel - lmmaturelage,slze} ‘lhen

writeln('HARV ',age,' ',s1ze,’ ',immaturelage,sizel,' ',
transliage,sizel);
Immaturelaqge,slze] := Lmmaturetage,slzej * expl((3bb-season)*-Mday);
transilage,s1ze] := transilage,s1ze| * exp((3bb-season)*-Mday);
numdead := Maturelage,slze)|-Matureliage,size] *
exp(season *( -lkday - Mday));
yieldOlsize] := yleldOlsizel| + (Faday/(laay + Maay)) * numdead
* welghtFlisizel;

Maturelage,slze] := Maturelage,sl1zel - numdead;

TransOlage,size]| := transOlage,size]| * exp(season * (-fday - Mday)),
Maturelage,slze} := Maturelage,size] * exp((3b5 - season) * -Mday);
transOlage,slze] := transUlage,size] * exp((3bb - season} * -Mday},
Berried(age,size] := Berried(age,slze| * exp(-Mday * 3b5);
transBlage,size] := transBlage,size] * exp(-Mday * 36b5};

End; {tor age}
End; {for size}
end; {harvestF}
PROCEDURE HARVEST 'TO_FKILE;
var
size : 1nteger;
Begin
1t year = tftirstyear ‘Then
writeln(tapeZ,startsize:4,cullslze:4,maxs1ze:4,tlrstyear:b,lastyear:o,
rate_ ot wmxplioltation:g:z);
writeln(tapeZ,year);
writeln(tapez,' CL Males ilmmature Matcture totali'),
For size := startsize to maxslze Do
writeln(tapeZ,size:3,yleldM(s1ze):1lU:l,yleldlisize}:1U:1L,
yleidulsizel:ilU:1),;

knd;
PROCEDURE MOULTM;
var
age,nexts : integer;
Begin
kor age := maxage DOWNTO ¢ Do
Begin
For size := startsize to maxslze Do Maleslage,sizel := U;
For size := startsize to maxsize Do transMlage,s1ze| :=0;
For size := startsize to maxsize Do
Begin

nexts := nextMlsize];
[f Maleslage-1,s12e] > U Then
Begin
lf transMlage-1,size) < 0.5 * Maileslage-l,s1ze] Then
Begin
If nexts <= maxsize Then
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Males[age,nexts) := Maleslage,nexts] + transMtage-l,slize];
Maleslage,sl1ze] := Maleslage,slze} + Maleslage-l,slze| -
transMlage-1L,s1ze};
[f nexts <= maxslze 'hen
transMlage,nexts} := transMlage,nexts) +
transMlage-1L,s1zej * propMinexts!;
transMlage,s1ze) := transMlage,slze) + transMlage-1l,s1ze];
kEnd
Else
BEGIN
If transMlage-1,size] < Maleslage-l,size] then
Begin
1t nexts <= maxsize 'Then
Maleslage,nexts| := Maleslage,nexts| + transMlage-iL,slze};
Maleslage,slze) := Maleslage,slze) + Maleslage-1l,s51ze} -
transMlage-1,s1zel;
[f nexts <= maxsize ''hen

transMlage,nexts|) := transMlage,nexts]
+ transMlage-1,slze| * propMlnexts;);
transMlage,slze} := transMlage,slze} + Maleslage-l,slzei -
' transMlage-l,s1ze},
End;

END; {else}
lf 1k-10 < transMlage-l,size]) - Malesl|lage-1,s1ze] Then
writein('MM m>s ',slze,’'’',transmlage-i,sizej-Maleslage-L,s1ze));
It (transMlage-1,s1ze] >= Maleslage-1,s1ze)) AND
{nexts <= maxslze) Then

Hegin

Males{age,nexts| := Malesiage,nexts] + Maleslage-1,s1zej;

transMlage,nexts) := transMiage,nexts] + Maleslage-L,s1ze| *
propMinextsj;

End;

End; { num > U}
End; tsize}
knd; tage}
end; {moultM}

PROCEDURE MOUL'T [MMATURE;

var
age,nexts : 1integer;
Begin
For age := maxage Downto Z Do
Hegin
For si1ze := startsize to maxslze Do Llmmaturelage,slzel := U;
For size := startsize to maxsize Do transiliage,sizel := U;
For size := startsize to maxslze Do
Begin
It Immatureiage-1,s1ze] > U Then
Begln

nexts:= nextkilsizel;
lt transllage-1,s1ze) < U.5 * lmmaturelage-i,slzel Then
Hegin
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[t nexts <= maxslize ‘Ihen
lmmaturelage,nexts/:=lmmaturelage,nextsl+transilage-1,s1ze];
lmmatureiage,sizel:=lmmatureiage,sizel+immaturelage-1,size|

- transliage-1,sizei,
transltage,size) := transiltage,size) + transiiage-l,s1izej|;
1t nexts <= maxsize ‘l'hen
transltage,nextsj:=transltage,nextsi+propkFinexts)*translitage-1,sizej;
kEnd
klse 1t transliage-1,size] < lmmaturetage-1,size] then

Begin

lt nexts <= maxsizZe Then

Immaturelage,nexts]:=immaturelage,nextsl+ transllage-1l,size];

Immaturelage,size):=lmmaturetage,size)+ lmmaturetage-1,sizel

- transllage-1,size];

It nexts <= maxsize Then
transllage,nexts] := translliage,nexts] +
propFinexts| * transllage-l,sizel;
transilage,sizei := transllage,size] + immaturelage-.,size]-
transllage-i,s1izel;

knd;
lf 1E-6 < transiiage-1l,size| - lmmaturelage-1,s1zel Then
writeln('MlL m>s ',age,' ',size,' ',transllage-l,sizej:7:¢,’
',lmmatureiage-1,s1zej:/:2),
It (transilage-i,size)>=lmmaturelage-1,size]) AND
(nexts <= maxsize) ‘Then
Begin
[mmature(age,nexts):=immaturetage,nexts)+immatureiage-1,size];
transitage,nexts| := translltage,nexts| +
proplkinexts] * lmmaturelage-l,size];
Ena;
knd;
end; {sizet
knd; iaget
End; {imoult_immaturet
PROCEDURE MOULT_BERRI1ED;

var
age,nexts : integer;
Begin
For age := maxage bownto 2 Do
Begin
For size := startsize to maxsize Do Maturelage,size} := U;
For size := startsize to maxsize Do transOlage,size! :=U;
For size := startsize to maxsize Do
Begin
It Berriedlage-1l,size] > U Then
Begin

Nexts:= nextk¥(size],;
1f transBlage-1,size] < U.5 * Berriediage-1,s1ze} Then
Begin
Maturelage,size]:=Maturetage,size) +Berriedlage-1,s1zej}-transh
fage-1i1,s1ze];
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[t nexts <= maxslze Then
Maturelage,nexts] := Maturelage,nexts] + transbdlage-1,s1ze];
Matureiage,sizel:=Maturelage,slze)+Berriediage~-L,s1ze|- transH
lage-1,s1ze];
transOlage,s1ze] := transOlage,s1ze] + transBiage-l,slze];
It nexts <= maxsize Then
transoOlage,nexts):=transOlage,nextsj+proplk(nexts)*transslage-1,s1zel;
End
Else If transBlage-l,size] < Herriedlage-1l,sizel 'lhen
Begin
It nexts <= maxsize Then
Maturelage,nexts] := Mature[age,nexts] + transdlage-1l,sizel;
Maturelage,size] := Matureiage,size) + Berriedlage-l1,s1ze|
- transHdlage-.l,s1ze];
It nexts <= maxsize Then
transOlage,nextsj:=transylage,nextsj+propklnexts)*transtlage-1,s1ze]l;
transOlage,s1ze) := transviage,slze| + Berriedlage-l,s1ze]
- transbBlage-.,s1ze}l;
End; '
1t 1r-1U0 < transBlage-l,slzel - Herriedlage-l,s1ze] ‘lhen
writeln('MB m>s',slze,'’',transBlage-1,s1ze)-derriedlage-1,s1zel);
It (transBlage-1,s1zZe] >= Berrledlage-l,s1zei) AND
(nexts <= maxslze) ‘lhen

Begin
Maturelage,nexts) := Maturelage,nexts) + Berriediage-l,slzel;
transU(age,nexts| := transolage,nexts| + proprinexts) ¥
Berriedlage-1,size];
knd;
End; tberried>0!

end; isizet
End; {age!
End; t{MOULT_BERRIED!

PROCEDURE MOULT_MATURE;

var
nexts : integer;
Begin
For age := maxage bownto ¢ Do
Begin
kor size := startsize to maxslze DO Herrieaiage,slze) u;

For size := startsize to maxsize Do transBlage,silze} :=y;
KFor s1ze := startsize to maxsize DO

Hegin

Nexts:= nextkisize!;

1f worktranslage-1l,s1zel < U.b * worknumtage-1l,s1zel Then

Begin
Lt nexts <= maxsize ‘'hen
Berriedlage,nexts| := Berrliedlage,nexts|
t+worktranslage-1,sizel;
Berriediage,slze) := Berrlediage,slzZe! + worknumiage-1i,slze}

- worktranslage-l,s1ze];
transBlage,s1ze| := transBlage,slze| + worktransiage-l,s1ze}l;
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[f nexts <= maxsize 'l'hen
transBlage,nexts) := transblage,nexts + proprlnexts)
X worktranslage-l,slzet;

knd
e It worktranslage-1,s1ze] < worknumlage-.1,sl1zel then
Begin
1f nexts <= maxsize ‘hen
Berriedlage,nexts| := Berriedlage,nexts]| + worktranslage-l,slzel;
Berriediage,si1ze] := Berriedlage,slze} + worknumlage-l,slze|

- worktransiage-1,s1zel;
It nexts <= maxslze ‘'hen

transBlage,nexts| := transblage,nexts] + propklnexts) +
worktransiage-l,s1ze|);
transBlage,sl1ze| := transbBlage,slze] + worknumiage-l,slze]
- worktransliage-1,s1ze);

knd;
1k-10< worktranslage-1l,size) - worktransiage-1,size] Then
1teln('MM ms ',s51ze,’ ',worktranslage-1l,s1ze| >
anslage-l,s1zel);
(worktransiage-1,s1ze] >= worknumliage-1i,size])
AND inexts <= maxs1ize) Then
Begin
Berriedlage,nexts) := Berriedlage,nexts| + worknumlage-i,size];
transBlage,nexts| := transBlage,nexts] + propklnexts|
¥ worknumlage-1,sizel;
knd;
lmmature(age,sizel > U Then OVIGEROUS;

end; isize!}

knd;
End; t
PROCED
BEGLN
ch :=

{age:
MOUL'T'_MATURE }

URE WRITENUMS; {saved to tile lnitnum.qats

lM!;

L1ST_AGES1ZE (Males,ch);

ch :=

'1';

L1SY _AGESLZK (lmmature,ch};

ch :=

OUI;

L1ST_AGESlZk (Mature,chj};

ch :=

IB".

L1ST_AGES1ZE (Berried,ch);

END;

twritenums}

PROCEDURE DBBUG,

var
size

! 1nteger;

totm,tot1,toto,totb,totf : real;

BEGIN
totm

=U"

toti:=0;

toto:=
totb:=
For

U;
0;
age := 1 to Maxage Do
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Begln
For s1ze := cullslze tOo maxslze Lo
Begin
{ totm := totm + maleslage,slzel;
toti := toti + immaturelage,sizel;!
toto := toto + maturetage,sizel};
totb := totb + berriedlage,sizel;
end;
end; iaget}
{ totf := toti + toto + totb;}

writeln(lst,year:b,toto:Lll:3,totb:ll:3);
END; {debug!
Begin {maln procedure}
SET VARIABLES,
For cullsize := startsize '1'0 stopsize Do
BEGIN
For year := tlrstyear to lastyear Do
BEGLIN
SKT Y1kELDS 1O _4ERO;
If year = tirstyear ‘Then SET_POF_ARRAYS 'I'U_ZBRU,
RECRUIT;
writeln('year = ',year,' cullsize = ',cullsize),
It year = tirstyear ‘then INIILALLSE MALES;
If year = tirstyear 'Yhen INITIALLSKE FEMALES;
{WRITENUMS ; }
HARVESTM(Faay);
HARVESTF (Fday) ;
{ HARVEST TO KILK;}
MOUL'TM;
MOULT_IMMATURE;
For age := 1L to Maxage Do

Begin

For s1ze := startsize to maxsize Do
Begin
worknumlage,size) := Maturelage,slze];
worktranslage,size} := transOlage,slzel;

knd; ({sizej
End; taget
MOUL'T_BERRIED;
MOULT_MATURE;
knd; iyear}
End; {cullsize}
close (tapel);
writeln('tinishea’)
enda.



APPENDLX 111 D
'hls unit declares all the variables used by LUBFLSH.PAS.

UNL'l SETVARS,;
INTERFACE
const

amoultM : real = 1.717;
bmoultM : real = U.9Y4Z;
amoultF : real = 2.107;
bmoultF : real = 0.864;
apropM : real = 1.7¢;
bpropM : real = -0.0U84;
apropF : real = 1.95;
bpropF : real -V.0097;
awtM : real 0.000566;
bwtM : real = 3.078;
awtl : real 0.001525;
bDwtEF : real 2.8b612;
M_annual : real = 0.1;
initial_kmort : real = 0U.¥;
openday :integer = 335;
Firstyear = 199U;
lastyear = 1995;

Closeday : integer = L1>Z;
startsize = 44,
stopsize : lnteger = 1Ul;
maxage = §, {# year classes 1n tlshery atter recruitment!
maxsize = 17/V;

Type
ageslzeA = arrayll..maxage,startsize..maxslzel ot real;
SilzevVec = arraylstartsize..maxslze]| Or real;

var
ch : char;
age,day,1,J,t1n1sh,nexts,season,size,cullsize, start,

year
Fday,F_simulation,Mday,Z,rate ot exploitation,

gtotm,gtott
Males, mmature,Mature,Berrled,transM,transl,trans0O,transs,

poptreq,worknum,worktrans
Pmature,propM,propF,weightM,weight¥,yleldM,yieldl,

¢ agesizeA;

yleldl : sizevec;

nextF,nextM : arraylstartsize..maxsize| of 1nteger,
tapel,tape? : text;
yr,mon,dy,dywk,hr,min,sec,seclUy : word;
filenamel : stringllil];

IMPLEMENTAT 10N

End.
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APPENDLX [LL C

This unlt 1s used to llst length trequency data 1t the caillng code
in LUBFLSH.PAS 1s 1nvoked.

unit Listnums;
INTERFACK
uses setvars,crt,bos;
PROCEDURE L1S7T AGES1Zk( poptreqg : agesizea; var ch : char);
PROCEDURE L1S'T _SIZEVEC( tregvec : slzevecC );
IMPLEMENTATI1ON
PROCEDURE LIST AGESLZE;
var
i,size :integer;
tot : real;

Begin
{writeln('carapace age');
Writeln('length L 2 3 4 5 total');
For size := startsize to maxsize Do
Begin
write(size:4);
For i := 1 to maxage - L Do

Write(poptreqii,sizel:Y:3);

Writeln(poptregimaxage,sizei:%:3);

kEnd;
Writeln('enter key to continue');
Repeat untill Keypressed,;
Read(ch); ¢
Assign(tapel, 'initnum.dat');
GetDate(yr,mon,dy,dywk);
Getfime(hr,min,sec,secliy);
It (year = 1988) and (ch = 'M') ‘'hen Rewrite(tapel) Kise Append (tapel);
[f (year = L1%88) and (ch = 'i') ‘then

writeln(tapel,yr,' ',mon,' ',dy,’' ’',hr,' ',min);

Case ch Ot
'M' : write(tapel,'’ Male age composition ');
'I' ! write(tapel,' lmmature kFemale age composition ');
'0' : write(tapel,’ Mature Kemale age compositilon ');
'B' ! write(tapel,' Berried Female age composition ');
End;
Writeln(tapel,': ',year);
Writeln(tapel,' CL 1 2 3 4 5
total');
For size := startsize to maxsize Do
Begin

Write(tapel,size:4);

For 1 := 1 to maxage - | Do Write(tapel,poptreqli,sizel:9:%);
Write(tapel,poptreqgimaxage,sizel:9:2);

tot := U;

For 1 := 1 to maxage Do tot := tot + poptreglii,sizel];
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Writeln(tapel,tot:9:2);

End;
Close (tapel);
End; {listfreq}
PROCEDURE LIS SLZIEVEC;
var

size : 1integer;
Begin

For size := startsize to maxsize-1 Do
wWriteln(size,' ', treqvecisizel:9:2);
knd; flist sizevec}
End.
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APPENDIX LV

This program calculates revenues and welgnts trom the output trom
LUBL.PAS listed in Appendix 1ll.

PROGRAM LOBZ; {processes data trom LOUBLt
{SR+,U+}
uses Printer,crt;
const
discount = U.l;
startsize = 81,
stopsize = 1lUL;
maxsize = 170,
tirstyear = LY3U;
lastyear = 1995;
type sizevec = arraylstartsize..maxslze] ot real;
var
cullsize,maxslzeck,slze,year : 1lnteger;
total_discounted,rate_ot_kxploltation,total,totyearw : real;
summary_rev,yieldM,yieldl,yieldO : sizevec;
tapel : text;
cannerW,chixw,quartw,haltw,marketw,selectw,jumbow,chixRk,quartR,
halfR,selectR, jumboR,totalM,year_discounted,totall,totalo
: arrayltirstyear..lastyear) ot real;
PROCEDURE GET_FILE;
Begin
Assign(tapel, 'report.dat’');
Append(tapel};Reset(tapel)
kEnd;
PRUCEDURE SETVARILIABLES;
var
year : 1integer,
Begin
For year := flrstyear to lastyear Do
Begin
totalMlyear] := U
totalllyeari := U
totalulyear] := U
chixwlyear) v;
quartwiyear) := U;
haltwlyear) u;
selectwiyear] := 0;
jumbowlyeari := U;
cannerw|year|
marketw(year})
End,
Ena;

PROCEDURE GET_DATA (startsize : 1nteger);

e we

-

noi
[l =]
~e e



52

var
annual,cl,minslze,slze,yearstop,yearstart : lnteger;
total : real;
line : stringl4y],
Begin Readln(tapel,minslze,cullsize,maxsizeck,yearstart,yearstop,
rate of kxploitation});
[f cullsize <> startslze Then
Begin
Write('startsize does not match cullsize, fix !!1lltt'); halt;
End;
It maxsizeck <> maxsize Tlhen
Begin
Write('maximum sizes don''t match, tix !!titit'); hait;
Endg;
If yearstop <> lastyear Then
Begin
Write('tinish year <> yeart, fix!ilit!itit'); nhalt;
End;
It yearstart <> firstyear ''hen
Begin -
Write('start year <> tirstyear, tix!!!iiitit'); halt;
End,;
For annual := firstyear to lastyear Lo
Begin
Readln(tapel,yearj;
Readln(tapel, line);
For size := minsize to maxsize Do
Begin
Readln(tapel,cl,yieldMlsize],yleldllsize],ylelalis1ze]);
totalMlyear] := totalM(year] + yleldMisize];
totall(year] totallilyear) + yieldllisizel;
totalO(year| := totalOlyear! + yleldOlsizel,
End;
For size := startsize to 8Y Do
chixwlyear] := chixwlyear| + vyieldM(size] + yleldilsize| +
yieldaul(size];

FFor size := 90 to 95 Do
quartwlyear) := quartwlyear) + yieldMisize| + yieldllsize] +
yieiaGlsize],
For size := 96 to 104 Do
halfwlyear]:=haltwlyear] + yleldMlslize| + yieldIisize| +
yleldU[s1ze]);
For size := 105 to 123 Do
selectw|year] := selectwlyear) + yieldMls1ze] + vyileldllsize] +
ylelduls1izel,
For size := 124 to maxsize Do
jumbowlyear] := Jjumbowlyear] + ylelaMislize] + yieidllsize] +
yleldOlsizel;
t For size := startsize to §Y Do
cannerw(year] := cannerwlyear| + yleldMisize] + yleldlisize] +
yielduisizel;
For size := 90 to Y5 Do

o



