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Purse seine fishing in a two-species fishery is viewed as a semi-Markov
process. Activities of a vessel during a fishing day are assigned to five
states : searching, successfully setting on either species, and unsuccessfully
setting on either species. Searching for fish schools is assumed to be a
Poisson process. Transition probabilities are defined in terms ofspecies den-
sitiesin the fishing area, the chance that a sighted school iscaptured, and the
chance of relocating an escaped school. Waiting time in the search state
is determined by school density in the fishing area and search rate of
the vessel. Waiting times in the remaining states depend on numerous
factors such as vessel characteristics and weather. With results from
renewal theory, expectations of the number of successful sets on each
species during a time interval of arbitrary length are approximated.
Numerical comparison with exact results from a simpler fishing model
indicates the approximation from renewal theory for the expectations
to be excellent. Several examples are given to demonstrate the model’s
utility. It can be used to develop abundance measures for the two species
which account for temporal changes in efficiency of the vessels, dead time
after a school is encountered while the vessel is not searching, and the
fact that two species are being exploited simultaneously.

1. Introduction

1.1. THE PURSE SEINING PROCESS FOR TUNA

The purse seine fishery in the eastern tropical Pacific Ocean primarily exploits
the yellowfin and skipjack populations. These tunas occur in schools near
and at the ocean surface in at least a coastal zone extending from the Baja
California peninsula to Peru and Chile. Densities of the two species vary
temporally and geographically from time-and-area strata containing one
species alone, to others containing mixtures of the species.

A purse seiner seeks strata in which tuna are expected to be abundant.
Upon entering an area the vessel travels along searching for fish, usually
during only the daylight hours. When a school of significant size is sighted,
the vessel attempts to encircle it with a net. The school may be captured
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by the set or escape. The term ‘set’ used in this paper refers to the activity
of a vessel when attempting to capture a sighted school of fish. The time
spent in a set depends, among other things, on success or failure of the
set, size of the school captured (Bayliff & Orange, 1967), and probably on
multifarious factors such as weather, ocean conditions, the vessel crew and
vessel characteristics such as speed, net length and size. If the school escapes,
the vessel retrieves the net and pursues the school, provided it is sighted
again. Otherwise the search for a new school begins unless there is insufficient
light to continue. If a school is captured, the vessel remains in the set until
the catch is on board even though nightfall is past. Purse seining in this tuna
fishery is conducted, roughly speaking, in the manner described above but
has many variations not mentioned. The actual fishing process probably
does not deviate sufficiently from the idealized version to invalidate the
stochastic model of purse seining developed on the basis of this conception
of the process.

1.2. MOTIVATION FOR THE MODEL

In a general sense motivation for development of a stochastic model of
the fishing process known as purse seining stems from two observations.
First, there is a need to develop improved indices ofthe density of fish stocks,
for fisheries in which gear is inactive for significant portions of the fishing
day while engaged with the catch. The usual density measure is catch per
unit time, where time comprises both active and inactive periods. Such
measures do not index truly the abundance of fish, since proportions of
active and inactive time change with density. Second, there is increasing
awareness that in multiple-species fisheries currently-employed abundance
measures are inadequate. Rothschild (1967) has developed improved popu-
lation density measures for a multiple-species long line fishery, but little
else has been accomplished in this direction.

Specifically, this model was developed because of a need for improved
measures of yellowfin and skipjack abundance in the eastern tropical Pacific
Ocean. The monitoring of these tunas’ population densities from data of the
baitboat and purse seine fleet shares the above-mentioned difficulties. This
study was precipitated, however, on discovering that the efficiency of purse
seine vessels generally appeared to be increasing. Improvements in the purse
seine fleet which have come to our attention are two: a trend to reduction
oftime spent in sets, i.e. inactive time; and a trend to increasing probability
for vessels to capture schools of tuna once sighted.

As evidence for the reduction of time in sets, we present here two figures
taken from a report by Bayliff & Orange (1967). They sampled from log
book records of IATTC (Inter-American Tropical Tuna Commission) paired
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observations of time spent in a set on either species, and the catch size.
Time spent in a set for either species seemed to be a linear function of the
catch size. Hence the linear regression equations illustrated in Figs 1 and 2
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FI1G. 1. Regressions for the years 1961-1966 of the durations of the sets on the quantities
caught in them for skipjack.
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FIG. 2. Regressions for the years 1961-1966 for the durations of the sets on the quantities
caught in them for yellowfin.
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were computed for the two species. Analysis of covariance indicated the
apparent differences between years were highly significant (P < 0-01) for
both species. In general, time in sets appears to have decreased in recent
years for at least large catches.

The trend toward higher probabilities of setting successfully on a sighted
school of tuna is indicated by IATTC log book records which include data
on numbers of successful and attempted sets. These data can be stratified by
numerous classifications. We have chosen, for illustration, two portions:
first, for fishing area 2 (defined by Shimada & Schaefer, 1956) the ratio of
successful sets to total sets attempted, regardless of species, has been com-
puted for each year from 1962 through 1966 (Table 1); and second, for all
fishing areas, the ratio of successful to total sets attempted on yellowfin
associated with porpoise has been computed for the same years (Table 2).
Improvement in vessel efficiency over these years is patent from these ratios.

TABLE 1

Ratios ofsuccessful to total sets in area 2 regardless o fspecies

Year Ratio

1962 0-515

1963 0-516

1964 0-566

1965 0-607

1966 0-626
T ABLE 2

Ratios ofsuccessful to total sets over the entirefishery
for yellowfin associated with porpoise

Year Ratio
1962 0-455
1963 0-485
1964 0-533
1965 0-655
1966 0-655

In this paper abundance measures are developed which take into considera-
tion improvements in the purse seine fleet, the fact that this is a multiple-

species fishery, and the observation that purse seiners spend a significant
amount of time in sets.
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2. A Semi-Markov Process Model for Purse Seining

Activities of a tuna purse seine vessel may be divided into five operations
or states: So = searching, S+= being in a successful set on yellowfin tuna,
S2 = being in an unsuccessful set on yellowfin tuna, §3 = being in a success-
ful set on skipjack tuna, and S« = being in an unsuccessful set on skipjack
tuna. Possible transitions between states which a vessel may assume during
a day are indicated by arrows in Fig. 3. Every possible sequence of fishing
activities can be obtained from Fig. 3. For instance, a vessel could begin

Fig. 3. A schematic representation of the two-species purse seining process. (S0 = search
state, Ax = state of successfully setting on yellowfin tuna, S2 = state of unsuccessfully
setting on yellowfin tuna, §3 = state of successfully setting on skipjack tuna, = state of
unsuccessfully setting on skipjack tuna.)

searching, discover a yellowfin tuna school and set unsuccessfully, be unable
to relocate the escaped school, return to the search state, discover and capture
a skipjack school, and thereafter continue searching without finding any
more schools. This particular sequence of activities can be represented
symbolically :

So~yS2-~80">-8-"50.

2.1. WAITING TIMES IN THE STATES

Time spent in a state is considered a random variable with distribution
depending on the siate occupied and, in some cases, the next state entered.
In the model, time spent in S2 and » may depend not only on these states
but also on whether the process proceeds to the search state, to the successful
set state, or even remains in the unsuccessful set state, thus allowing for
changes in behavior of either fish or fishermen after entry into an unsuccess-
ful set state. Fishermen may decide, for instance, to make a more cautious
and time-consuming approach to the next set on a relocated school, following
a failure.

The density function, mean, and variance of time spent in the search
state, denoted by /, po and Og, respectively, are obtained by the following
theoretical considerations. Consider a large area of size 4 in which there
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are K schools of fish distributed randomly, i.e. if a vessel can search through
an area of size a of 4 per unit of time and finds all schools in a, we say
that schools are randomly distributed if in searching time ¢ the probability
that k& schools are discovered, is given by the familiar binomial density
function,

= i-/
for 0 < k£ < K. If K is large and (a/A)t is small,

riD s fe -1, (2)

where 4 = (a/A)K. From well-known results of the Poisson process,
E(k) = At 3)
Var(k) = At 4)

W aiting time between discoveries, u, is a random variable with the negative
exponential distribution. Again from studies of the Poisson process, it is
known that

f(u) = Ae~*u u> 0 (5)
ko =\ (6)
L=jr (7

Thus if schools arerandomly distributed in the area of size A,distribution
of waiting timein the search state isnegativeexponential with mean and
variance determined by school density in the area and the vessel searchrate.

Distributions,means and variances of waiting times in the set states for a
given time-and-area stratum seem to depend on manifold factors such as
ocean conditions, weather, vessel properties, and the fish themselves. These
distributions and their moments cannot be determined from theoretical
considerations but may be determined by sampling duration of sets from
vessel log book records. To complete the notation on waiting times, let the
density functions, means, and variances of waiting times spent in St and S3
be denoted by glf g3, (i3, o\ and a3, respectively. Further, we denote
the density function of waiting time spent in S2 given S; is the next state,
by g2iwith mean n2i and variance o2ifor i = 0,1 and 2. Similarly the density
function of the waiting time in S+ given Si is next visited is g4i which has
mean fi4i and variance a4i for i = 0, 3 and 4.
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2.2. TRANSITION PROBABILITIES

To complete the model we need the probabilities of passing from one
state to another given a transition has occurred. For unsuccessful set states,
a transition may occur without the process having left these states. We shall
denote the transition probability of passing from state i to statej by ny.
If we let

vz = probability of successfully setting on a school of species z once

sighted,
Kz = number of schools of species z in the area of size 4,
z= 1,2

and K = Kt+ K2, then provided the purse seine vessels are not selective

for either species

%02 = ~K N~ VIV

®)

%03 — g V2l

s = K N
If a school of species z escapes a set and is relocated with probability #z,
21 = ¥ivi>
43 v2s
22 = rji(i-vi),
f144 = ~2(1 V2)>
ftzo = 1— 1»
140 = ~-~pi2-
The remainder of the transition probabilities all have a value of zero.

For a given density combination of the two species, values for the
parameters of the waiting time distributions, and values for the transition
probabilities, we should like to compute the expected catch of the two
species for a given amount of fishing time. We shall denote by N;(?) the
random number of entries into S¢ during a time interval of length ¢ given
that the process starts in the search state. Now Nx(¢#) and Nz(?) are of
particular interest since they represent the number of schools captured by
the seiner during the interval. It seems difficult to derive exact expressions
for the expectations of N#(z) and N3(t). However, if one considers the
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sequence of recurrence times for S;, /T ", Ti@),...] where TW is the random
length of time between the rath and (ra+l)st entry into state i, these
random variables form a renewal process (Smith, 1958). If we augment the
sequence with the first passage time from So to S/& | Toi, Tfl}, T"2),...] we
have a general renewal process as Perrin & Sheps (1964) noted for a somewhat
similar process. From the study of the cumulants of the general renewal
process by Murthy (1961), the mean of N;(#) given the process begins in
So is given by the approximation,

t t(2) t

E o] =- +f 2- -, do
m o] L#™ o )

where xu is the mean recurrence time to §j,
x0i is the mean first passage time from So to S¢
and is the second moment about the origin of Tu.

The task of computing the expected number of entries into S; given the
process begins in So is reduced to determining xt, x0i and r(2). Pyke’s
method (196la,6) is used to compute these expectations. We begin by
displaying Pyke’s Q-matrix for this problem.

0 ~oi(l-e M) 7102(l-¢ Xy ~03(l-e¢ A) 7o ~—~" \‘
t
fegx(u)du 0 0 0 0
0
t t t
n2oj g20(u)du n2i f 92i(«)dw n22f g22(11) du 0 0
0 0 0
t
[03(w)du 0 0 0 0
0
t t t
7140 f 040(«) du 0 0 n43 f 843(u)du K44 fg.iM du
0 0 0
(11)
where qu = probability that, given the purse seiner is in state i—1, it will
pass directly into state j —1 within ¢ units of time after entering state i—1

fori=1,...,5andj = 1,..., 5.

Let us denote by G: and Gs the Laplace-Stieltjes transforms of gx and g3
and by G20, G2X, G22, G40, G43 and G44, the Laplace-Stieltjes transforms
°f #20> ff2u & :2>1%o» ff+3 and "~44- The Laplace-Stieltjes transform of the
negative exponential distribution with parameter X is designated by F and
equals X/(X+s) where s is the variable of the transform. We now define the
matrix R (script g in Pyke’s notation) as follows:
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"o 01 F Noa 703 F T4 F
Gi 0 0 0 0
R = Aypr20 r21r21 m22022 0 0 (12)
Cs 0 0 0 0
70 G40 0 0 Tas Gz 7144744,

Pyke has shown that the Laplace-Stieltjes transforms of the probability
distributions of the first passage times from Si_ 7 to Sj_u and of the recur-
rence times for S ;-i are given by the elements 4¢ and hu, respectively, of the
matrix H (his matrix script g) where

H=R({/-A)-1[d/-R)-1]-1 i= luo. 5; 3= 1,...5, (13)
where d4d = (SSyajy) and 64/ is the Kronecker delta. So, for example, At/ is
the Laplace-Stieltjes transform of the probability distribution of the recur-
rence time for S0, while A:2 is the Laplace-Stieltjes transform of the proba-
bility distribution of the first passage time from So to S¢. From the properties
of the transforms we can compute the moments of the recurrence and first
passage times as follows:

ds
(14)

s> - d2 U
2 ds2 ij

These expressions are somewhat lengthy but are presented in an appendix
as a computer program. A dictionary is included to translate FORTRAN names

into symbols used here.

2.3. THE NEYMAN MODEL AS A SPECIAL CASE

Neyman (1949) developed a stochastic model for purse seine fishing for a
single-species fishery. He assumed that each sighted school which was set
on was captured, and that time spent in the set state was a constant. The
searching process was assumed to be a Poisson process. Our five state model
collapses to a two state model: So = search state, S+ = set state. The process
occurs as follows: So -* St -> §0. Density for waiting time in So is given
by equation (5) where X is defined in equation (2) with K representing the
number of schools of the single species in the area of size 4. The waiting
time probability density for Sx is degenerate at ;i the constant set time.
Transition probabilities are: noo = 0, nor = 1, nio = 1 and nir = 0.
The Laplace-Stieltjes transforms of waiting time distributions in the two
states are: for S0, Xf(X+s) and for .S", e-MS. Then we have
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11—
Q= few) du
-0
where g (u)=1{\ " is the density for waiting time in the set state.
o elsewhere
0 e
R = X-hS 9
e #S 0
V- .e - -
A+s A+s
H =
O-HS e-
ATs
1
i +A
2u R
r(2> -
2 + T +7
i
Toi

X!
When mean first passage and recurrence times are substituted into (10) we
can compute the expected number of schools captured by time ¢ for any
pair of parameter values by the resultant equation,

EpVio] S p - + A

1+

We recall that with no interruption in searching, average time spent between
school sightings is 1/A. Time spent in the inactive set state at each sighting
is 5. One might guess intuitively the expectation of the number of entries
into the set state, to be equal to the first term on the right-hand side of the
equation. The second term is in fact insignificant when considering the
expected number of successful sets per day with practical values for Aand f.

Neyman developed an exact expression for the expectation of this simpler
model. Several numerical comparisons, based on the assumption that a set
lasts exactly two hours, were made between the results from Neyman’s
formulations and those from the semi-Markov model. The parameter X
was allowed to vary between 0-050 and 0-300, a realistic range for the tuna
fishery in the sense that the expected number of sets during a fishing day
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computed from the model covers fairly well the range of sets per fishing day
in the actual fishery. Expected catches computed by the exact formula of
Neyman and those computed by the approximation from general renewal
process theory agree almost perfectly (Fig. 4). Values computed by Neyman’s

4 =0-15

mZm.

0 0 20 30 40 50
Time (hr)

FI1G. 4. Numerical comparison of the expected number of successful sets predicted by
Neyman’s model (dots) and the semi-Markov process model (lines) at three densities.
The fixed waiting time in the set state was 2 hr.
formula oscillate about the lines obtained from the semi-Markov model.
Naturally we are not interested in the comparison much beyond 12 hours,
the length of the fishing day. It appears that the approximate formulas for
the expected number of schools captured are satisfactory.

3. Utility of the Model

The model lends itselfnicely to theoretical studies of changes in parameters
of the process. We consider several examples to illustrate information
which can be derived from the model.

3.1. EXAMPLE 1

We examined the influence of changes in setting time (pj) and probability
of making a successful set (vt) on the first species, when the second species
is absent from the fishing area or ignored by the fishing vessels. Setting times
were assumed to be constants rather than random variables. Setting time in
the unsuccessful set state was taken to be 30 minutes. The probability of



220 J. J. PELLA

relocating an escaped school was taken as zero. The expected number of
successful sets for a 12-hour fishing day at a large number of parameter
pairs (jiu VjJ was computed by the computer program. The loci of points
in the (Bu vl)-plane at which equal values for the expected number of
successful sets would be obtained, are indicated for several levels of the
expected value by the lines in Fig. 5. The increasing degree of upward tilting

0-900'

0-700"

0-500"
0 4

o ¢

er — 0-300-

$ 0-2
0 1 2 3 4 5 6 7 8 9

Mean setting time on first species (/¢,)

FIG. 5. Expected number of successful sets on the first species in 12 hr, as a function of
the mean setting time in the successful set state and the probability of successfully setting
on the first species. Additional parameter values chosen in the computation are given
in the text.

of the lines with increasing values for vls and the virtual absence oftilting at
low values of vxindicate that the time in a set is relatively unimportant when

the probability of making a successful set is low, but becomes critical when
that probability increases.

3.2. EXAMPLE 2

We examined the effect of changes in the probability of setting successfully
on the first species (vj, on the expected number of successful sets in a fishing
day of both species. The expected number of successful sets on both species
as a function of v+ was computed under two density combinations:
(Ai, A2) = (0-100, 0-225) and (0-100,0-100). Setting time in the successful
set state for either species was taken to be a constant of two hours, and the
setting time in the unsuccessful set states was taken to be a constant of one
hour. Expectations were computed assuming that an escaped school of
either species would not be relocated. The expected number of successful
sets in a 12-hour day are plotted in Fig. ¢. Although the lines appear nearly
linear, they are slightly curved—those for the first species are convex upward
while those of the second species are concave downward. The expected
number of successful sets on the first species increases nearly in proportion
to changes in the probability of successfully setting on that species. The



PURSE SEINING IN A TWO-SPECIES FISHERY 221
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Fig. 6. Expected number of successful sets on each species in 12 hr at two density
combinations, as a function of the probability of successfully setting on the first species,
with the probability of sitting successfully on the second species fixed at one.
Additional parameter values chosen in the computation are given in the text.
S— —Ai = 0-100, X2 = 0-225 j-mmmrmmev - Xi = 22 = 0-100.
important feature is, however, the influence which the density of each species
has on the expected number of successful sets of the other. The apparent
abundance (schools captured per day) of the first species for any particular
value of vt is lower when the second species is more abundant, i.e. when
X2 = 0-225. Further, as the probability of successfully setting on the first
species increases, the apparent abundance of the second species declines.

3.3. EXAMPLE 3

The primary use of the model by IATTC will be the development of
improved measures of yellowfin and skipjack abundance. The basis for such
indices can be introduced best by a third example. We computed the expected
number of successful sets of each species for many density combinations
(Ais X2), taking the probability of making a successful set on either species
as one, and the waiting time in the successful set states as a constant of two
hours for either species (Fig. 7). The lines indicate the loci of points in the
({1, 22)-plane at which the expected number of successful sets is 0-5, 1*0
and 1-5 for a 12-hour period. One can interpolate between them for other
levels of expectation. Now for any pair of densities (X7, X2), it is simple to
determine the corresponding expected number of successful sets of each
species. On the other hand, if the expected number of succesfsul sets of each
species was known, we could, say from Fig. 7, determine the densities of the
two species, provided the means and variances of waiting times in the set
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states and the transition probabilities, were those used in computing the
figure.

0-225
0-200
0'175

150
S 0150 *00

0125

0050

0 025 0075 0125 0-175 0-225

Density of second species (A2)

F1G. 7. Expected number of successful sets on each species in 12 hr for various combina-
tions of densities Gb, A2) of the two species. Additional parameter values chosen in the
computation are given in the text.—————-—-—- species 1; ———— = species 2.

The above procedure is essentially that which can be used to develop
indices of abundance for the two species assuming the vessels operate
independently. Estimates of the means and variances of waiting times and
of transition probabilities for area-time strata can be determined from log
book records, and these estimates can be set equal to corresponding para-
meters in the model. The observed average numbers of successful sets in a
fishing day per vessel in the strata may be set equal to their expectations
defined in equation (10). The two equations for the two species in each
stratum can then be solved for and X2 by an iterative scheme suitable for
a high-speed electronic computer, rather than by the inverse graphical
approach. These resultant density estimates account for the time spent in
sets, probability of making a successful set on each species, and competition
for the gear by the two species—the sort of indices were originally intended
to develop.

The author wishes to thank Professor Gerald J. Paulik and Dr James Joseph
for their comments on the manuscript.
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List of symbols used in the text and their FORTRAN equivalentsf

Text symbol(s)

aV -V
AKI’AKI
Vi, v2

Fu AB
B20ee>"44
<o, (11, C3

ff20° e« o> 244
n0l,. .., TH4

F, (?!,..., G4

[ ;1 c
dr
d~sG 44

IL
ds2 o ds
a2

TT ~12! >me++’ 07 ~44!
oit 0 os

02 , d2

2
d> k22 0 ds

£[7(12)], £[IV2(12)]

N4 4

FORTRAN name(s)
LAMDA
LAMDAIL, LAMDA?2

NUI, NU2
MUO, MUI, MU3
MU20,..., MU44
SGMO, SGM1, SGM3
SGM20,..., SGM44
PI01,..., Pl44

F, G1,...,G44

DF, DG 1,...

DG44

D2F, D2G1,...,

D2G44

DHI12,..., DH44

D2H22, D2H44

ENI, EN2

t All other Fortran names are intermediate steps in determining the expected number
of schools of each species captured and are defined in terms of the above variables.
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SJROSPFLLAST/2T?P/80T$SCP/CO0PSIMS.
SSc¢T,WIDFOIIT
PROGRAM SFINFR
REAL LAMDAI *LAMDA2 .LAMDA »NUI >NU2»MUO0, MUI, MU20 »MU3 >MU40,
I MU21 ,MIJ43 «MU22 MUA4
TYPF DOIIBLF AAI121,A4771,AA7T27 AAT41,AA44r , AA442 AT2,A32
JA42,>A52»A24,A34, A4A,A54 A17,A14 DAAI2I,DAAT4] tDAA22I

1
2 ,DAAAAT.DAA?22.DAAAA?,D?A121,D?A141 ,D?A221»D7A441,D?A
3 222>D2A442,DA12,DA14,DA22>DA44>D2A22»D2A44,D2A12,D2A1
A 4»DH?2,D2H22> DHAA >D2HAA,DA32,DA42,DAS52, DA2A. DA3A.DASA
5 ,DHI2,DHI14

C STATEMENTS FOR READING IN PARAMETER VALUES
READI5SO0,1)P121,P143,P122,P144

READI 50.1 > .vin,MU3»MU20,MU21»MU22 »MUAO . MUA3 »MUA A
READI 50.1)SGMI1.6GM3.SGM20 »SGM21.SGM22. SGMAO.SGMA3»S6M44
NU2=0.99099

20 READI 50,1 ILAMDAI.LAMDA2
DO 10 1=1,11
READI 50,1 INUI
c EVALUATION OF LAPLACE-STIELTJES TRANSFORMS  OF
C DISTRIBUTIONS OF FIRST PASSAGE TIMES BETWEEN STATES

LAMDA=LAMI9AI+LAMDA2
MUO=1+/LAMOA

DF=-MUO

D2F=?2./LA«DA«*2

DG1 =-MIII

D2G1 =SC.M1**2+MU1**2
DG3=—NIJ3
D2G3=SGM3**24MU3**2
DG?20=-MU?0
D2620=SGM20**2+MU20%#7
DG21=-MII?1
D2G21=SGM21**2+MU21**2
DG??=-M|17?
D2G??2=SGM?2*»2+MU22%*2
DGAO=-MUAO
D2GAO=SGMAO**2+MUAO**2
DC.44=-MU44
D7GA4=SGM44*» 24 MITAA**2
DG43=-M|143
D7G43=SGM43**7+MI1J43**7

P10 1=LAMDAI*NUI/LAMDA
PI02=LAMDAI*I1.-NUI)/LAMDA
PIO3=LAMDA?*NU?/LAFDA
PI04=LAMDA2*I 1.-NU2)/LAMDA
PI120=1.-PI12?-PI171
PIAO=1,-PIA4-PI A3

AA121 =PI 01 *11.-P122 14P102*P121
Ako1=11.-Plo2)* 11.-P103)-P12*Pi20

AA222=PI104*(PI43+PIAD)

AATAI=PIO03*11.-P144)+P104*P143

AAA41=11.-P1 A4)* I1.-PI PI)-PI04*P140
AA442=PI02*( PI.21+PI120)
A22=AA221*%(1.-PIAA)-AA222*%1 1.-P122)
A32=1-P103#P121 +PI21 +PIO0O1*PI201*I1.-PIAA I—
IP121*0104*PIA3-PI 04*PI140*P 121

A42=1IP1O1 *11.-PI122)+P102*PI 211 *11.-PI4A)

AS2=(PIAF+PIAOL*(PIO1*(1.-PI22)+PI102*%PI121)



PURSE SEINING IN A TWO-SPECIES FISHERY

Xe)

A24=(P103*(1.-P144)+P104*P143>*(1.-P122)
A34=(PI21+P120)*(P103*(].-P144)+P104*P143)
A44=AA441%(1.-P[22)-AA442%<] -P144)
A54=(-PI101*PI43+DI43+P103*P140 )* (1.-P 122)-
IPI43*PI02*PI21-P102*PI20*P143
AI2=AA121%<1.-P144)

Al4=AAT41%(1.-P122)
DAAI21=-PI01*PI22*0G?2+PI01*<1.-P122)*DF+
1PI02*PI21*DG21+PI02*PI21*DF
0AA141=-PI103*PI44*DP>44.+P103*n .-P144)*RF+
IPIP4*PI43*DG4 3+P104*PI43*0F

DAA221=(1.-PI22 1 *(-P103*D63-PI103*DF)+(1.-P103)*
1(-P122*0G?2)-P102*PI120*DG20-PIO?*PI20*DF
DAA441=(1.-P144)*<-P101*DGI-PIO1*DF)+(1.-P101)*
1(-p 144*%00)44 )-P 10 4*P 140*DG40-P 104 *P 14 0*DF
DAA222=PI04*(PI143*DG43+0G3*PI43+P [40*DG40)+
1(P143+P140)*PIP4*DF
D4A442=P102*(P121*0G21+0G 1 *P121+P120*DG20)+
L(PI21+P120)*P102*0F
D2A121=-P10I1*PI2?*02G22-PI01*PT22*0G22*DF
1+PT0O1*(1.-P122)*02F-PI0O1*0F *P122*D022+P102*
2P121*D2G21+P10?*PI21*DG21*DF+PIO2*PI21*D2F+
3P102*°121*0OF*DG21
02A141=-PI03*P144*D2G44-P103*PI44*DG44*DF
1+P103*(1.-P144)*02F-PI03*0F*P144%0G44+P104*
2P T4A*D?G434D 104 %P 14 :1*0G43*r>F +P104*P1 43*02F+
3P 104*P143*0%*00,4-3

A 02A221 =(1.-r>122)*(-P103*02G3-PI03*0OG3*DF
1-P103*OpF-PI03*DF*DG3)+(-P102*DG3-PI03*DF!*
2(-P122*00221 +<1.-°103 1*(-P122*D2G22)+ (-Pl122*
3DG22)*(-P 11’ *DG3-PI03*DP)-P102*P12n*D2G20
4-P102*P120*r)G?0*PF-P102*PI120*D2F-P102*
3PI12 0*OF*DG20
02A44) =(1 .-0 144)*(-DIO1*02G 1-P101*RGI*DF
1-PIO1*i>2F-P 101*0F*DG1 )+ (-P 101*DG 1-P10 1*DF)*
2(-P 144 *%00-44 1+ (1.-P 101 )*(-P144*D2G44) +(-P144*
3DG44)* (-P101*OG 1-PI PI*0F)-P104*P140*D2G40
4-P104*PIA0O*0G40*RF-P104*PI40*R2F-P104*
3P14 0*DF*0G40
02A222 =PI»4* (P143*D2G43+PI4P*r)G43*DG3+0G3*

IP 143*DG43+02G3*PI4A +P140*D2G40) + (P143*DG43
2+00)3*P 143 +P140*0G4n )*PIn4*0F +( PI143+P140)*
3P104*02F+DI04*0F*(PI4P*0G43+P143*0G3+

4P140*0G4P)

D2A442=P102*(PI21*D2G21+PI2 1*DG21*DG1+DG1*

IP 121*DG21+02GI*PI21+P120%02G20) +(PI21*0G21

2+0GI*PI21 +P120*DG20)*PIO2*DF+.[PI121 +P120)*
3P102«02F+DIO2*DF*(PI121*DG21+PI121*DG1+

4P120*0G20)

0A12=-PI44*0G44*AA121+().-P1 44)*0AA1?1
DAI4=-P122*0G22*AA 141+ 11.-P122)*DAA141
DA22=-P144*0G44*AA221+ (1.-P | 44)»0AA221+P122*0G22*AA222-
1 ().-P122)*DAA222
DA44=-P122*DG2?*AA441+(1.-P |1 22)*DAA441+P 144" 0G44*AA442-
1 (1.-P144)*0AA442-
D2A22=-Pl144*0G44*0AA221-PI144*AA221*02G44+(l.-P144)*02A2
I 21-DAA221*PI44*DG44+PI22*DG?2*DAA2?2+PI22%AA222%P2G2?
2 —(1m—P1221*D2A222+0AA222%P122%0G2?
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D2A44=-P122*0622*DAA441-P | 22*AA441*D2G22+ <1.—P| 22 )#1)2A4
1 41-DAA441*P122*DG22+P144*0644*DAA447.+PI44*AA442*D2G44
2 - (1.-P144)*02A442+DAA442 PI44°0G44
02A12=-P144*D2G44*AA]21-P144*0G44*DAAI?I+(I.-P144)*
102A121-P144*0644*0AA121
D2A14=-PI22*D2G22*AAI41-P1?22*0G22*DAA141+< |.-P 122 )*
1D2A141-P122*DG22*D4A141

DH22=(1./A22)* (A12*DG1+0A12-A12*0A22*{1./A22))
D2H22=(A12/A22)*D2G1+DG1*(1./A22**2)* (A22*
10A12-A12*0A22)+< |./A?2)*D?A12+DA12*<I./A?22%*2)
2»(A22*DG1-1."DA22)-(1./A22**2)*(A12*02A272+
3DA22*0A12)-A12*DA272*(1./A22**4)*<A22**2*

4DG1-7.*’ .*A?:>*DA?2)
DH44=(1./A44)*(A14*DG3+0A14-A14*DA44*(I./A44))
D2H44=(A14/A44)*D2G3+DG3*<1 ./A44**2)* (A44*
10A14-A14*DA44)+(1./A441"02A14+DA14*(1./A44**2]
2*(A44*DG3-1."DA44)-(1./A44»*2)*(A14*D2A44+
3DA44*0A14)-A14*DA4A*(1,/A44**4)c(A44*"2"
4063-2.%1."A44%0A44)
0A32=(-PI103*PI121*0G21-PI0O3*P121*DG3-P103*PI21*
IDF+P121*0G21+PI01*P120*DG20+PI01*PI20*DF 1*

2(1.-P 1441+ (-P144%0644)*(-P103*P121+P121+P101*PI20)
3-P121*PI04*P143*D643—PI121*PI104*P143*DG3—PI21*P104*P 143
4*DF-PI04*PI40*P121*0G21-P104*PI40*P121*0G40-PI104*P[40*
5P121*DF-PI21*P104*P143*DG21
DA42=(1.-P144>*(P101*(-P122*DG22)+(1.-P122)*P101*
1DF+PI102*P 121*DC-21+P102*P121*0F >+ (P101*(1.-P 122)
2+P102*P121)*ID63-P144%0644-P144°063)
DA52=(P143+P140)*(PI101*(-P122*D622)+(I.-P122)*

IP 101*DF+P102*P 121*062 1+P [02*P 121*0F )+ (P 11)1*1
21.—P122)+P102*P121)*(P143*DG43+P143%063+P140%0640)
DA24=(1+—P122)*(P103*(—P144*DG441+ (1-—P1441*P 103"
10F+P104*PI43*DG43+PI104*PI43*DF)+<P103*(I.-P144)
2+P104*P143)*(061-P122%0622—P122*0G 1)
DA34=(PI21+P120)*(PI03*(-P144*0G44)+(1.-P |44)*
1PI03*DF+PI04*P143*0643+P104*P143*0F)+ (P103*(
1.—Pl144)+P104*P1431* (P121*0621+P121*0G1+P120*06201
DA34=(-P101*P14 3*D64’ -Pim*P143*061-P101*P143*
IDF+P143*DG43+P103*P140*0G40+PI03*PI140*0OF)*
2(1.-P1221+(—P122*D622)*(—PI101*P143+P143+P103*P 1401
3-P143*P102*P121*0G21-P143*P102*P121*0GI-P143*P102*P(21*
4DF-P102*PI120*P143*DG43-PtO?*PI120*PI43*DG20-PI02*P120*
5P143*0F-PI143*P102*P121%0643
0H12=PI01*DF+(I./A??)*CPI102*0A32+PI102*A32*DF
1+Pin3*DA42+P103*A4?2*DF+°104*DAS?+PI04*AS?2*UF)
2-1P102*A32+P103"A42+P104*A521"(1+/A22%*2)*DA22
OH14=P10?*DF+(1./A441* IPIOI*0A24+PI01*A24*0F
1+P102*OA34+P102*A34*DF+P104*DA34+P104*A54*0F 1
2-(P101*A24+P102*A34+P104*A54)%11 ./A44**2)*DA44
EVALUATION OF THEEXPECTED NUMBER OF SUCCESSFUL SETS
FOR FACH SPFCIFS
FN1=-12./0H22+02H22/(2.*DH22**2)-0H12/0H??
FN2=-12./DH44+D2H44/(2.«DH44**2)-DH14/DH44

STATFMFNTS FOR PRINTINGRFSULTS

WRITE 151»21E N I>EN2 »MU1»NUI

CONTINUE

IFIFOF.50)30.20

FORMAT(8F10.0)

1 FORMAT (4F 10 .6 1

30 END
FINIS



