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Rbstract
Twa applications cf a'theory for the estihqtian of stock abunda?ce using search
effort ars -ressented, based on an pperaticnezl definition of the search

paraseter., fbundance pstimates are ohtained for Sguth Pacific tuna data sats.
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1. Iptrodection

During‘ the last forty years different modeiing stratecies have led to the
establishpant af many stock assessaent technigues in'respnnse to one of the
dominant challenge§ posed te fisheries ressarch which is, .unqﬁestionablyr the
accurate determinatiqn of stock abundancae. Recently, HMangel and Bedar {1%35)
developed a aethod which incorporates the time of seaf:; as an autopoaous
paranetér ~in  the characterization of fishing effort. This feature assumes
particular .relevance_ in the nodeling of fisheries’ operations of highly

aigratary species {i.e. tupal since a considerable fraction of the total

fishing effcrt is 2llccated to the zearch sracess.

In this paper, the mavinue likelihaood methods used to estimate the stock size,

N, rely on the kaowledge of the search parameter, & , and the éssu&ptian that

~rapdea  search is a justiffable anziogue for the process of school detection.

Szction 2 preseats the operational definition of & and some considerations
[l
- 1

about the theeretical backgreound of the Basic model,

In Section I we apply the theory and method propased by Mangel and Beder {1985}
to one vessel perforaming randoa search for patches cf schools within a single-

cell fishing area in pne tishing period.

Section 4 tontzins an extension of the method to the search conducted in a two-
cetl area, during 2 Zwo-week fishing s=zason, given the migratory pattern of the
+ish schoole.

The resultz, which lnclude abundance estismates calculated from South Pacific

tune data sels zanI from a computer sisuiation of the extended method are



In Section &, the ccn%iuding remarks, which include an analysis of the fesults,
suggest the importance of investigating peesible generalizations of the sodel,
covering added levelaéc§ realism, to account for re:rujtment, the vncertainty
associated with migration and a aulti-cell fishing feginﬁf"'

e sme= R LENEZ2 Ll INE e - mwn =EREN

2. hgeratinnal Parametrjization of the Madel

A simple substitution! of ths search targets in the probabilistic model proposed

by Mangel and. Beder (1985) provides the necessary adaptatiern ta describing

randos szarch for patche: of schosis.

This minor change ics iintroduced in order to distinguish random se2arch ozcurring

between dstections ©f patches of schoals from deterainistic - search for

individua! =chools which fishermer normally sxecute within pat:&es.

The wmodzlina assumptions remain unchanged, ewcept that the cohesive search
units are, ncw, patches of schools.

Pl

The operaticnal defikniticon of the search parameter, g , is (Koopman 1980)

W v
A

& = (1)
where W.iz the swzap width cf the searcher, v is the speed of the vessel during
search and £ 13 the zre2a searched.

Therefore, oliven <fhe zxistence of an initial numbser of patches, N, within a

o



.
b L]

"By

srgsceibec  :rea, wilh  the gperational dafinitien of £, the ssarch meodal

‘aacomes:

Prob{ detection of aznothar patch ir At} i have heen detected ) = (N-i)E At
and {(2)

Preb{ no patch is detected in At! i have been detscted 2 = 1 -~ (N-il)s At

From an initial numbﬁr 0¥ N patches of sthools, the detection of n patches by a

searcher dsfines wunisusly a set of search times (times between sucassive

detections:. (T ,:..,T iy whera T, i =1,,..,n, is the time elapsed between

1 . or i
the (i-1)¥st z2nd the it- d=tectian.

- The -basic mathoed for Eha estimaticn of stock abundance in a single-cell fishing

region is establishzc tv reformulating the node! (2). Qc:ord%ng to Mangel and
Beder (1¥8E5!, <the fclicwing probebilistic function equivalently describes tae

search eodal:

(] )a-epeett™

Prob{ one éesrcher deiscts n patches in (Q,t) }
: n

(0=0,1,... M)

0, otherwise. {4)

Since eguaticn {2) iz 3 l:ivelihood functien for N, {considering t fixed}, and

i

iven thal o e2tzm: o4 schoels were'enceuntered, by ietting t = T the

likelihead “.nciizan LiNin' becomes
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; - - TN“
LiNsa) =( )(1- gt)“ ‘ (N-n) , N = n,n+t,

= 8, etherwise.. - (5}

The MLE for N is straightforwardly calculated +roa {5),.-using the likelihood

ratio, and the solution is

=>
1

——————— ' (&)
1.

where [.] symbolizes the integer part of the expression within brackets.

The basic estimaticd method is, therefore, descrited by eguation (5), given the

nuaber of patches, 0, detac ted in time ¥ and the operational value of §.



e 4, Extended Method for Migratory Species

In a region R, :nnsisting 0f two adjacent and identical cells, each with area
A, designatad by ﬁlgend Rz y the migratory pattern of the patches of schools
is defined such that the fish move first intoﬂ.l s then across te Rz and,
finally, lesave R from Ry, It is also  assumed that when the fish are in R,

the whele stock is in either 31 or Ry .

TI-:é search strategy' is the following: Given the initial nusher of patcheﬁ aof
schuu.ls, M. which pigrate through R, a single searcher conducts random search
in ﬂl y starting in;the first day of the seasecn. After kg sﬁccessive days of
ne detegticr the se%r:her lzaves Ry and starts searchiqg in Ry, the following
day, where it stays until the last day of the season. Consequently, at tha end

of ‘the sezscn, cafch £ata and search effort are known for each day of ‘ths

" ‘sedsan. Tha searc};h narameter ic obtained from operatienal variables, as

indicated ir Sacticn:T.

For a seascn with length of K days let there be My davs of successful

detections <zorrespodding te m

, d2ys in R‘ and (ag - m ) days in R, ,

0 g .1‘ ng € k1.

1{ one lats 3’2 be téhe nunber of days of unsuccessful search in 3{1 it follows

that (K - :.s ) i ‘represents the number of davs without detections in 3,2 .

(D‘nl gi-ms}.



Ais:. lat

Sit = time obseryed betwean the {i ~ ['st and
b ;
the ith detaction in day 13, (t = 1,...,n)

3

where {lj 3}, () =:1,...,gs) is the set cof days with successful detections “3

represents  the tot#l number of detections racorded in déy E}. Mote that the

e

*0th" detection is Jefined as the beginning of the search pericd.

If a search leads tci na detection in day kj s li= 1,.. ., KY, lst Shj represent

the corresponding sdarch tige,

Ta moce! the ‘uncertainty about the exisepce of fizh in the cel! where the

vessel ie cearching, it is necess#ry to know, for each cell, the probability
i .

that the stock is pr?sent for each day of ihe season. To this effect, let

: ¢
Pty kY = Prnb{stO:@ is present in R; on day ¢t + k) | present in R on day t}

such that a: (t,0) =i ! and pp {tokdm B it + k), where
(t) = Prob(stocki is present in Ry on day 3, i = 1.2.
-
the random search foraula {Mangel 1988%) leads to the-fallnuihg search -model,
which includes deoletion of the stocks
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y end
. ¢ : . .
, .Frzhine deta:ztion in' tme S | 1ast detection occurred on day ij } =
N - Niljle Sy
A s [1 =P (§:1)] + 5.41:) & ' (7

L £

e

where B, (11 = Prob{staock is present in R; or day 11,

NOL 9 = nuaber of undetected patches after the (P - L)st detection

qn'déy 15- {92 l,...,l‘lj }, and

y
..
L

Nllj ! = number of undetectad patches at the end of day 13- .

It follows fram (T) that if n; patches were detected _un day I , the likelihood

b B
o the corrsscanding eat of search hmes, {"L,lj X }UISL 3, is-

x_(n-;-i=

;i]-1+1]‘ -E

{ﬁ—[}hi | -ING -:."')“""1]55 A -Ncg)as
I.BL

Where s,j © " if thers is a detection in the last search periad of day 13 .

Similarly, i+ no plat.ch was detected on day k; , and the last detection was

3

observed gn day !3- 1 the Tzkelihcoﬂ cf the set (8 k }ois

, -H-:-l.'la 5'._
k. 3} o= - T n » 13 J
L ik, 1 =1 -3, lkj b+ B {k,}-

tharefore, tha likelihood of the set of search timas for thes whole season is

X = L2, . . (8}
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where 1¥ (j} = max i, suzh that I; & ki = taemg ).

The application of the log-likelihood mathod teo L (Appendix I), vyields the

~ folloming algebraic shuation for the MLE for N:

mg "1,

Z[Zﬁq L_tn‘--as ‘a"l sS ] ZF(N,])-i- F(!l,j] AL

Jxd =0 oo _ - J = J_- Myt
with
w2
N/ ™ 55,l
ﬂ(h,)ash.,e( =3
F, [M:i} ==
1 M )e S
1- (k) F,_dh)e. ~W- g‘: e
and _
s £G)
- (N-Z M)e S
P:.\h)esb Lo
Fz (M2 =

PCE,){-P; J)e (N gflt)i 5&_1



We observe thzt a sglution of (9) iz an MLE, (Apoendiu I: only if
Xy (Nji, ) ) Ky (3L, 3 4 Ny ONpiL ). (1o}

Note that, a3 expeqted, if :_'ﬁ'l.' H(J- Vs ot, = Eyoenodk - ag

Xg (N;§,3) = X5 (Nji,§) = 0 and any solution of (9) will be an MLE. Thus, the

} and i = 1,2 than

e

extendad sethod, dafined by the algebraic equatica €9), is only valid if (10}

ie satigfiad,

pr—.
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ﬁbhndance Estimation of South Pacific Tuna

e

A set of tuna catch data from the South Pacific, collacted in Decesber of 1979
by a scientific vessal in a tagging expadition contains, essantially, the
chrenological tiames b? school detectipns, the coordinates of all sightings and

the nuambesr of fish héndled ther aéch st¢heol! encounter.

In aorder ‘o apply tha hasic metheod developed in Sactieon 3, the tutal search

tiae, 7, spent on a random search for distinct patches of schools within a

region R mita area &, aust be extracted from the cata since no explicit form of
sgerch Zata was avaiﬂable.

i
It also reevires the evalustion of the search parasmater £, th}uugh an adequate
chéice of the cferational variables H,. vy and A, in accordance with equation

f1}.

The «calculation of the total search time spent in R rests on the knawledge of

the individoal szarcl tipes associatad with avery detection observed in R. In

asther words. {if n cohesive patches of schools were detected in R, the set of

search tinses {!; suasiy T 7 must be determined, whare TL is tha tise the vesssl

saends searching Ltmtwesn the i - !)st and the ith schoal encounter,

25 the identification of the number of

k 4

Tharefzra, +ths fir%t prchlem to solve

disblinct patches detected in 1{. vzing the inforeation availabie in the data

1




sets, Sinze the data refar to school detections, the first step was ta
x

establish s criterion to diféarentiate randem search between patches from

deterninistic search for schaoels within a patch.

The following rule was adopted thruugh an unpxr':al selection of meaningful

tlmpural and spatial threshold values, estimated from a careful analysis of the

-,
- -

vessel's tracks and_the coordinates of the detection sites:

Twz schoels, discovered consecutively, are considered tec belong ta
the sams patch and, consequantly, non-randomly searched if ﬁl their
szearation  was léss than 2 n.ailes or, b) their segaration was less
o than 3 n.miles and the tige elapsed betweeq detgcﬁjpns Qid not exceed

minutes,

=i
P

Thj% rule nzt onlv &llows the counting of the random encounters inR hut- alsg
provides thsz basis_f@r the determination of the sst bf individual ﬁearch times,
In- fact, singca the'chrnanloéicai time for each sighting of a school is known,
by excluding the search times ccrresﬁondinglta nen~random search and also
subtracting the set times, the result will be tha value of a search tise
befueeﬁ the detectidns of two distinct patchkas, randoaly searched; .Nauely,
givern t.  z-z ¢, to te the chronclogical times logged, respactively, for the
ith and i - tlsk detection of tuo indepandent patchas, by discaunting the
setl time z2ssocizterd with the gish handling operatisns which took place

immediataly zitsr the ith detec::cn; the valuve of T will be found,



1

The data ¢id not caﬁtain any informatian apout sat times, and the literature
researchad .tPella abd Psaropuios 1975) did not covar the subject of set tises
tar tﬁqging operafiaﬁs. It became, therefore, necessary to extract from the
data an approximation of the crder'uf aagnitude for the set times corresponding
to.di#ferent catngorﬁes of quéntitieé af fish handlad. Henceforth, a certain
Qu-ntity ot fish hahdled will be desigﬁdted by a volume-and the objective is,
thus, to devise a Epnctinnal.reiationliip between the set times and .the volume

of fish,

-

]
*
-

In the four data setg cunsi&ered, the volusas ranged frea 1 to 989 iﬁdividuals
and a more dotailed pneiysis of the data revealsd, for in;tance, that the set
tiae corresgending f: 2 large volume was unexpectadiy shert. Indeed, te a
voluse cf &50 indi;iﬂuals there corresponds a set Eiﬁé'ﬁhidh';ouid not have
exceeded 12 minuteS? since the tige ef.psed betwean the two successive patzhl
e;c;unters wis 40 jminutes .and in order to trave! the respective distance

(s 3,4 n,milag) theivessel would have taken, at least, 30 minutes.

Verifying that only two volumes of fish exceaded 650 tndividuals (by lass than

S0%), three categorie#s of volumes were defined:

Small (51 : 1 ¢V g 350

=
(1]
(4 9
e
=
-}
=
—
-

350 € v ¢ 850

Large (L ) 1+ 450 <V

whera ¥ stands for n@mber af fish.

13



Then the =moirical functional rule established tor V and the set times is

Table 1
v Set Time (min)
8, 5 -
-
[+ 10
L 15

P

The four data snts;saa'yéed are desiqnltedlby Sat E, Set 2, ISef 3 and Set &,
carresponding ta tna original references MA@2-79-12-232, RAR2-79-12-23, HAR2-79-
12-2% and HAQ2-79-12-25, respe:tively.'

Each data set cnﬁe?s. one f;shxng day and refers to a2 distiﬁdt!y searched
region. The vessef started to search for schocls at sunrisae (5:45) and ended
searching z* sunset:{i9=30). Using the criterion acoptad ¢or the identification
of distinrct zatchas nf s:hcéls, !inear track lines wera nlotted (Figs. 1, 2,.3
and 4) ane¢ search times betwsen detect{uns, Ti , €2 = {,...,n), were calculated
(Fables 2, 2, 4 an@.ﬁ!, as well as th? value of slisaarch time of last search
peried lzziing tp naédstectian} for each data. Ths average nuaber (density) of
schocls cer :atch; g, and the average volume 0f incdivideals handlad per schaal

L .
detectad. V., uwszro evaluated and the results are prazzantad in Table &,

14
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Tabia 2

tnin.) (175 | 35

115 | 20 | 75

20

T S " ¥ 4 r-

T4 Y - 30° 40°

141° ¢ LonG. W)
Fig. 1 :

i3

50"



(LAT.S)

Set 2

Table 3
i f 2 3 4 3
Tzinin.) 10 | 350 35 40 25
520 (min.)

139" (Lows. W)
Fig. 2

16




Sét 3
Tablae 4
i 1 2 3 4 5 &

T tein) 135 | 90 | a0 | 35 | 230 |45

5 = 85

: !
8 ° 55 ¥ + I ¥ L) 'I L | § E L] r L L) Ll L3 l 1| B ¥ L 3 ] l
| Ao’ 15’ 20 25

'l4.3’iq_ous.lﬂ) Frge. s

17



'Set4

Table 5
2 3 4 5 5
185 | 25 f125 {320 |20

s = 283 (ain,)

l4io'
(Lowd W)




Tabla &

Set | Set 2 Set 3 Set 4
n
{Nuaber Bf s 1 s 7 6
| . _
patches dethted) 5
" a! v r
T(m_in)
(total search time) 840 § 180 860 565
: : i :
d '
(densityjaf 1.6 | 1.8 1.17 2
schaclis in nét:hesl
-
faverage u3iume 28.6 | 147.5 232.6 | 182.9
of fish pzr fchoel)

— !

Finally. in arder tc saply the basii.meﬁhud, the value of the search parameter
was computes. The é?alua of W = t5 n.miles was raaﬁ from a table of swaep
widths #or v:sualrsea%cn {National Search and Rescus Mapual 1973), dssuming a
20 n.mile netearclogical visidility and a choice of . target’ characteristics
reasonably cazuarableito a2 tuna schoo! (;nall ships; 3500-1000 gross tons) at a
height of 0 fset, THe average search speed of the vessel, v, is 10 n.miles’/hr
(R. Hilbornsz, sers. c;:m.}. The detercination ot thé area.nf R, A,_for each day
af fishing csuie not He obtained Frc@ tht_data. ﬁéwEfEf,.Dﬁe observes that the
‘maxiaum iinsari:ed %earch track length of tha 23821 for each data set

corsiderad nes lezs tMap B4 n.miles, thus justiiying en acceptable choice of R

as a 2 4 ° re;:an?fdiaqunal length  »~85 n.miles; A = 3500 sq.n.miles).
‘Sinze ths vassel cinducts rando» search within an irea2 enclesed by R, this

asswrption will neY inwalidatae the sethod,

19 -



The value i the ssarch parasster torrespsnding tx W = 15 np.miles, v = {0

' -1
graula (1}, 8= L0087 min ,

-~

cn.miles/he and A o= 3800 squn.miles is, aceording to

s r
[

Froceeding apply the values of n and T érom Table 2, with €= .0007, to
farmula {I, yieldsfthe tollewing MLE estimates of the number of patches for
each regian R, , R, ;, R; and Ry , corresponding to the data ssts Set 1, Set 2,

Ll

Set 3 and Eet 4, raespectively:
Table 7

24 a2z 18

=y

[
wm

To bbtain in: ostimatdgd stock, available to the fishery, v, ¢or gach region; in

terms of *n: napbers gf individualsg, lat
C-8.0.¢ | (14}

dhere N ig tre MLE est:mate for the number of patcheé, v represents the average

ninber gf Fish per datectad scheol and @ is the denzitv of schools in patches,

The resuliz zra;

Tablie 8
R, R, Rs Ry
A
u © 1098 11,151 4,324 .584
20
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The method presented jn Section 4 was ihp!amantéd in a simulation program named
GEMMLE ({ses Appendiﬁ I111) which containg two distinct parts, organized in the

following sequence:
a} catch and ﬁear:h time data gen*ratinn; and

b} The conpuﬂatian pf the maxreus likelikood estimate for N {(using
Nestuﬁfs ma&had). :orrespnndiﬁg to the values ot paraseters and data
generated in part al.

The deta-generat!cn.;:hame prgsumad the incut of the initiailnumber of patches
"¢t s3chools, H, thé search paramster, & , (assumed to -be ,gperatinnally
Jeverainad)l, the swit:hing strateqgy, datined by the particulfr choice of Kk
fi,2. the nrnumber ségccnsecutive déys nitﬁ no detections which daternina that
the vessal switches ffircm R, te R, ), the length of the fishing seagnn, K, and
tha sets {'Iik)} anﬁ iiz{k)}, Ecntaining the probabiiéty values about the
prasance of fish in ﬁh and az s respectively, for k = 1,,.., K {obtainable by
tine averagiﬁg thé pértinsnt histcri:el*statistics aﬁnut the fishery for the

Torrespondin ;erind?}

"y

It is aszuped that, éet the Beginning sf_the season, the stsck is in eitheriRi
cecids ﬁﬂ which cell tha $#is* arz on the first dav of the season,
ar uriformi diztr:bu?ej randan numbar, Y. ikarl [0,100, is drawn. 14 X ¢ 51!1)_
the-  thz sisch le :% Ri 22 day 13 atherwise the fish arz an R, on day I,

Ritzr tpe 7izh "rove to R,. the same 2#%a:d is applied, such that if X ¢ Py (K2



then the f1314 ramain irtﬂlz on day &, (¥ = 2,,,,.,%': otherwise the remzining
stock will rheve noved out of R and there is no avariatle steock entil the end of

the season.

A similar scheme is followed to simulate detection of patches of schosls.
Letting N(k} represent the rut#ining stock on day k and Sy be a value of search
tiie, the probability, By > of a'dttection aftar tha vessel searches for Sy
units of time is given by Py = [t ~-=o 1. Brawing an uniforaly

distributed random auaber in {0,181, Yy, if ¥ < Px than oae patch is detected;

otherwise trzre is ac detectiaon cbrrespnnding to the aobserved search tinse.

The dail, carigd :{ sear:hiﬁg was set constant (2 krs) and tha fishing season

lasted {2 d4.:z.

The simulzted Zats fioc the following choices of initial values of N, &, and &,
far each of %ive:seté ni'{ﬁ1 k)l and_{ﬁz {(k};, thenceforth désignated by

Probability &Gaots }seeay 3) shown in.Table 9 and pictorially represented in

Figures 5 anz &, are detarmined:

al M= 30, N = 160 and N = 300;
b€ = L oit omet -4

L
=]
= N
n
H
-.
<&
<
TN
=
3
-
(2
i ]
L

Attar 3 dat=z g=t lwas gengratsd the prograws :fcceeded. te evaluate the

correspendicg MLE {29 N. For each value of N, £ . is and =2ach probability set,



‘catch and search tizk Zadz warsz cergrated for fifty seasons, thus allaowing the

. - s . 4 - . . -~
caloulastior af fift. valuss of N and, subzequently, the sampla’s average, Nasgi
and respact:ve coedfizient of variztiasn (C.Y.).

The corresgonding resclte are contained in Figures 7 through 11, which giie the

values °f.“mg y 33 8 funttion of g, kg s and each pgrti:qlar'prohahility set,

Finally, far sach :&ci:e of N, considering every probability set and the two

valuas of £. the foilnwing results arelpresented in Tables 19, i1 and 12:

i the yzlue of ﬂm@_uhi:h is the best approximation ta N-and the
cor-egzonding valuss cof the roefficiant of variation (C.V.) and
‘g H 51...
| |
il the  lzazst value cf the zoefficient of variation: {C.V.} {if
drifzrest f-am the valuz shown in i} and the correspanding
L, o '
5145% oF h&g and Ps .
1
I
it




Tabie ?

.
I b2 3 4 b sl el 7 a9 fio ]
{day!
—
5, kil .3 | .78 - .7] .64] .58 .53L47s [.425] .37 {.32] .28

g tkil ! o135 27 .26 .32 .37j?425 475 .53 {.38] .64

Prob. Set |

i 52(n3 i .2 LI .4 .4 5 .5 .4 .8 .7 .7

Prob. Set 3

ﬁijki“.ﬁﬁ .94 1.9 .85 1.8 L.7s }.s |.2 Lts §.1 l.o7
H :
moikflor oz fos Loo7 | x |rs 2 & L7s 3 |.es
_ Preb, Set 4
| PRLE! IPER IR - AT IS A Y 8 4 | .3 2 1
=+
JTRY! BN RS S ST I I 2 S S S S VAR S I I -
2

froy, Bet §
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Table 16

, I?'::_‘ob. Set | & ks . 1Qav,;lr.g; c.V.
.00 _ 10 41.84 .54
1 ' - —
-005 8 39.7 +40
|_ : T . 49.4 .17
3 y— : - - “ '
- 005 5 43.4 .39
0 32.56 .
001 L 32 >0
. i 6 49.78 27
8 44.82 29 !
. oo1 | 1 22,8 W11 lf
5 2 38.16 +26 '
05 2 31.36 «27 k
' 8 36,22 : .61
4 5 5{)

sl
.



Ta2bie 11

P. Set. € kg Nove C.V.
B | 5 49.88 .49
.001 _ —
10 91,32 .56
1 9
-005 2 95.2 .09
ool 6 97.66 .30
5 99.9 .36
2 "
-005 4 99.58 .06
| .001 9 82,3 .48
5 N |
-005- 9 97.78 .15 L
,001 6 81.94 37 k
4 — |
. 105, .
005 5.54 09
10 102.94 .14
2 1,18 .
7 102.3 .69
5 - —
»005 3 104.48 W13
N o= 100}



Prob. Set. | £ 2 ﬂavg . C.V.
-001 -8 455.46 .19
1 — '
- 005 2 5004 .09
, -001 6 486 .64 .13
005 4 504.36 .01
6 499,08 .07
001 _3 460.4 .17
3 4 - 497.26 .20
_4 5Cl.3 .08
.001 7 489,34 .13

4 _
005 8 478,44 .04
5 496,88 .05
001 2 474.36 .22
. B 510,94 .30
.005 7 499.08 .05

N o= 50D




The results exposed in Section §, which refer tc applications of the two stock

estimation ~ethods studied, merit diverse anaivses due to the differsnt nature

of the data spurces Qti!ized.'

The applicstica of Ifhe ba;ic acsthod to the South . Paci?ic tuna data sats
required tre adopticn of certain empirical rules, in an attempt to deduce
needed opersticnal ﬁnfurqation from ihe available data or. to impose a
censistent 5iru:tur% £z the sysien, The assumstien made creatsd 2 lse:osdary

source of urzarfainties. which restricts the relizbility of the final rasults,

=
w

In particulz-, G J1screpancies cap be verified in the logoed detasztion

i .
tcordinates 7 the vesse! speed equals 10 n.miles/hr, Alze, since the vessel

ch radius of, eappronimatel,y. 7 r,mites (R, Hilborne, ners,

[11]

zmam.), a4 lzrgz errzr zan be introduced in the a sigrement of dotection site

coordinates, cznsidaring the gesgraphical scals of tha systen.

Ahs manticrz: is Section 5, sopae data peints restrict sob times to very short
periods, " co-rasgoendipg  to largs veoluae of fish handled (2.5, & maxiamum of 10

ic gstimated (R,

mir, fer D0 individes! fish tagaoed).  On tnsz contrary, st
] i ) 1 : [

Hritzrne, cers. Ciha.r that  oz- Msversge T&giias operation will take,

gncroiimatel..  one hbur for 2ach schopl detectss, Opviausliy, tha gdata does
I .

net  cempsrst osuch ordgr of magnitoda, The gctent:al 1naccuracies of the data

s:ts  alss th-esten the precision of the rula ussc t9 13e-tify distiact patches
[ L 4 :

2f s:hoel:z thus infroducing snotner errcr in 1n2 daterminzbion of thz  tptal

susher of diztinct paiche; of schocles datectad.

w

[R7]
|1
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Yowever., ir o the available data,
.
the criter:: th3icey made derattizc & zeherent, aliei: szbjective, utilization

of the dat: =z=ts.

Ther?fare.' the nuasrical valuss given in tables 7 and é' are not to be
considered 23 precise abundancs sstimates of the stock. The calculation of
error baounds was netigossible and the method nill'nn}y pe}¥orm well if fhz data
base contains sufficient information to ailew a correct identification of the
nusber af independsht patcheé 0f schools datected and.the corresﬁnnding total
sparch tige. besideé being-prcvided the accurate knowledge of the operatinﬁal

variables «-:2h deiipz the search narapgter.

The operfar~z-zz =z¢ *-o ertandss =2tnzd -an be gcrutinized by an shaustive
aralysis of <tz =izils® on resulis chown in Figs, 7 to !! and Tables 10, 1t and
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ontrast the 2¢¥fect of varjations

about the u-cartaint. of fish location and. together with the range of values

consideres for the “"switihing parzastar”, & ¢ iwhitch zzn te classified as a

-r

control var.atied, sét the performance gharacteristics of the methdd.
' P X

The main c:czitive 3 the sravliziii- saz sz investiizate ine oredictive ability
of the =sriz-dec 23trod, For tme toerzal irnaitial ezso.atian levels chasen

Fifty sceazz-:z, Trs cperformance indrze: were <chissa to be the samole
-~ . i " . - . .
average, ng 3nd he esamnlz ciafiicient of variat:en I.V.Y  far  the Fifty
. A e e . . . _ -
velues ¢f X s.stustsd Jron osach fonfizurzeolian of ML E. 'g - &nd probability set.

i
P



for N o= 20 tTable 10:, the asthaz 22rforas well for £= 005 {Prce.  Sete 2, 3
and 4) and certain values of kg . Th2 resuits fer £2 501 (Prob. S2t:z 2, 3 and

acceptadle.  Thay a2 comsistent with the level of uncertainty

A2
—
1]
-
m
w
—
us
€

about the +ish location, which is laowast far Prob. 82t 2 and incr2ases in the

following ordar: Prob, Set 4, Prob. Set 3, Prob. Set ! snd Prob. Set .

For N = 100 and N = 500 (Tables 11 and 12, respectiva!yi, the performance of
the smethcod imprave% as N increases and the predictive ability measvured by i
and the':crres;andin$ value of C.V. especially indicat2 ap excellent estimation

for Prob, Sets 2, 4 and 3, except for £= .00 in Prot. Zats 1 and 5.

The resvits show, 'ir:zrafgre, that there ic 2 zariching strategy which

m
L
5]
o
-
=
[ d
B

ity e

"optimizes’ tre geyrid : pradiztive gap values of kg

which rergz from 1 o 10 days mav play an imporiaat role in the testing of
fishing stritzsies 244 :a the detinition of managemsnt galicies.
In partizilar, tha: razulis ghizined éu;qeat the inzlusion of twe distingct

phases in th2 crocesd o optimizing the eccaomic vialed af a aigratory species’
fighery: .a- informatizsn gathsring speration, exszcutaz 2t the beginning of each
season  to zrovide the 3ata for the estimaticn of the stock abundance, and an

adaptive =mznagement  palicvy (Emit: and Walters 13BI1;. ‘Walters 198f) to bhe

irabtz found and furttz- refipne it.

L)

The perforczsce of tha netheod just:fies tra davelnone=: of fyuture rasearch on

the gensralizstion of the madel :hrcugh ‘he incorporztior of added levels of

realisn, Tr  aclfunt for thz conmals=y and real poaulation dvnamics pheaoaena,
the pozuliticn lee2l Mib, 3t time v, gust irclusz “n: eilacts of recruitment,
portalit,, tWe- oangl thresz-dimenzicnal migrater, calterns and  disparsion.

&9



Mangel :%3:% suzzdsts some wavs to iritiate tnis investigative process aimed
at medeli~2 an zpem oopulation which can be supparted by the extended rethod's

structurs,.

The next leogics! stgp ts, censeguently, to test the performance of the extandad
method ir the c233 of & multi-cell fishing regisn, with adjacent cells pf

identical area (fppandix II).
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reozadix

From equations (B}, {8a) and {8b), the logarithm of B is

log L= P (N;i,j) + Py (Myi,i), where

P, ;i i) = mz{}iﬂ[taﬁ(n-tfznt) ln,a (N-i- Eﬂ,)esm 13] (N i’"‘ ssxj}

j.-. 4 izol =0 1'- l‘o

and

m, : - N- A .
Py (Mpi, i Z!c 14-’5{ }+p1(|lﬁe ] Ziog[j. Pz(hj)"ﬁﬂfj"? t:o .l}.

=t f ' jemyrd

Taking ths :erivati:a cf the lcgarithe gf B gives

;- = = % 13 HTEEY
:s—ﬂ—- lngx -3 (N_‘qlg_‘l‘ + P‘ -I*glg_»ju ihnl)
with
™ Jﬂl
P, (N3, ) E [ ' -53... l,) Esaj]
: '.: I.=10 - “&
_ [,O .

™, - (N~ £ ") Sy K-mg (A= Z'"z)tsk-
Z B (h)e Sy e P" E R € S e
Fg MM3i.3) == - -
i i_hc np,u,)e (1 ERe iy S50 e TSy

Zatting the right zidle of 1&.1) eoczi L3 zero uiglds glzetrz:c sguatian (9,

I A — R ]

4!



Tne second zarivation of log X is given by

af!cqz - X H}l;i,i)li' X (Mii 3) o+ Xy iNpn, )
where
nrd
Yo tN;i,§) = ZZ 1..1 _
jzi =0 N-i.- 5_“)
. [.,l | EO)
Ne 'ﬂe Esi-'
X (N3i, i) = [J.E( ]]?1“!,}8 Sk e (L )
g H3i,d0 =
£S
jei [1 ‘}’,"hﬁ*i’(h})e ~{n- ] * ]
and
| ta}
ks N-Zn)eSy,
i, Z [ ﬁ,m]p;mssz “AN-Zn e Sy,
2 1aeid =
S
| [i-h(b;hp,me (- ?r“ by

4z
'

(A.2)

{A.3)

(A.4)

(4.5}



Skl gLuly 4L LiE LnzlER a2 L2l S-S

For a M~cei? fishing reqion, the likelikood of the set of search times for the

whole seaszcn (K davs) is

-T2, |

Ys4

where

s ¢ 3t -(N-i- an)" Sul l - N-eZﬂL €5y,
x’s T“_ET[(N ""5‘“1.)53 ]e(_ t=0 ) ! ’
3: 1 L0 ' o
: G _ o
My : f ~(N- £ S K-m, (-3 )eS
L, = [+ Rige - £ ”T [4- 5,05, 0)e f_}o d

Al Z j’“%d't
- and
lm
- m. !
Lz j:{#'mi:
™ = A
where fp 44
.‘.‘,'-.+1.= '.'.‘:-L *:‘.'L ¥ :\( 1 s M =1, with
%i 2 nuntar of dave =f unsuccessful catzh ap cell i €3 = eeoa -1,
and #E StEtsl Tre-fousie, I+ 13! = max 1. such Tras g !J il o= 1,....@5 Y.
and {3, T the groZsbiinty set corresncnding o coll R ti=l,... K).
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Simulsftion Prograp for the Extendsd Method (GENMLE)

REM RERM b oo & R F RV F b R ¥ 2 A% £ R 2QEN B BASE: kM bk Mk k vk kKA R A E R XA TR R K 2k

5 REM GENMLE SIMULATES CATCH DATA ENCOUNTER RATES FOR A TWO-CELL

&
7

B3
90
95
10

1¢

KEM FISHING REGION, GIVEN THE INITIAL STOCK SIZE (N), CATCHABILITY (E), -
REM AND THE PROBABILITIES THAT FISH ARE PRESENT ON DAY K ON CELL 1 AND
REM CELL 2, P1(K) AND P2(K), RESPECTIVELY (K=1,...,14): '
REM IT CALCULATES THE MEAN AND VARIANCE OF THE MLE ESTIMATE FOR N OF
REM -A SAMPLE WITH SIZE OF NS FISHING SEASONS.

REM SWITCHING STRATEGY: AFTER NK DAYS OF NO CATCH IN CELL ONE, MOVE TO
REM CELL TWO AND STAY IN CELL TWQ UNTIL END OF SEASON.

LPRINT “geumle” |

DIM B5I0(11.500},P1{14),P2(14),5(14),KT(14),KL{14)

INPUT "Encer N1, N2 and N3";N1,N2,N3

LPRINT "First stepk sizez';N1

LPRINT "Z«.:nd stinh sizge=";N2

LPRINT "Th . rd e*:pk sizes" ;N3

ENPUT "R v JK, {HE and Epsilon®;JK,N3,E

ST Ry

LPRINT "N.iwter of’ s-asons=';NS
LPRINT "E. . iconz _
LPRINT "Convergenns bound=";JK
LPRINT |

OPEN “"I".2! 'DATZ, DAT
FOR I=% 7o .4 :
INPUT #:.F: I),P2f1:
NEXT I

NK=1

LPRINT “"k=z= :NK

N=N1

TOT=0!

55Q=0!

NP=0

NCTX=0

MZ=0 L
NP=NP+1 !
ME=N f

K=0

K3lM=0

R0

SUM1=0! .
O FOR I=1 T2 14
5 IF RE<. S THEN GOTC 12¢

110 PY=PZ2{1}

it

12

5 GOTO 125
¢ PY=PI1(I}

125 RANDOMIZF TIMEER
130 Q=RND

44



ul

135

140

145

150

155
160
165
170
175

- 180

185
188
190
195
200
210
215
220
225
230
2358
240
244 K
245
246
247
248
250
255
2680
285
270
275
280
285
290
295
300
305
218
31A
320
325
330

e
[

IF Q<PY THEN GOTO 145

NR=0

SE=12!'-SiM1

Y=RND
QX-I'—EXB(—E*NR#bn}
IF Y=1! THEN GO70 170
IF Y<QX THEN GOTO 225

IF SUMi=0! THEN COTO 180

GOTO 210
S{I)=8E
KT(I)=0

IF RR>.5 THEN deo 295

NCTX=NCTX+1

IF NCTX=NX THEN GOTO 270

GOTO 295

S(1)=5E

KL{I)=C

GOTO 250

NCTX=C :

ST==LOG! I - {E¥ni)

KL(I)=1 -

NR=NR-KL_ -
K=K+KL!1

SIO(I.Ki=:7

KT(1)=K

SUM1=5M: -37

IF SUMi<-z: THEN 35TO

KSUM KSUM~z
K=0

SUM1=0"!

GOTO 295

RR=RR+1!

NR=N-K3UM

L=I

K=0.
SIML=0!
NEXT 1
Z=K50M

IF st
SUML=C:
SUMP=Q!
SLGF=0!
SLGP=0!
NT=0

FOR T=i 7. 14




o £
] ~

¢ 34 IF I¢(L+i. THEN GOTO 355
. " 345 PY=P2(I)
- 350 GOTO 365
ot 355 PY=P1(1)
’ 3685 IF KT(I):Q THEN GOTQO 385
370 FOR M=1 TG KT(I)
- 371 ZY=Z-NT-M~1!
372 IF ZY<=Q! THEN GOTDO 512
375 SOML=SUML+1!/ZY-EX*SIO(I,M)
- 380 SUMP=SUMP+1!/(ZY"2) '
385 NEXT M
388 SUML=SUMI. E*S(I]
390 NT=NTH+KT( I} :
391 GOTO 420
395 PK=PY¥EXP(-(Z-NT)*E*S(1))
400 PKF=S(I;="K/(1!-PY+PK)
405 PP=PK*(1:! -PY)*(3{I}/(1!-PY+PK))"2
410 SLGF=5LGF-PKF
415 SLGP=SLGE .=p
420 NEXT I
425 FX”SUML+?‘SLGF
430 FPX=(E 2 «2LGP-5ime
431 1IF FPA<C- THEN 30T 435
432 NP=NP-1
433 GOTO 58 f '
435 IF ABS(FZ. .30000: THEN GOTO 450
436 IF ABS{(¥T2 . 0000C1 THEN GOTS 512
439 MZ:MZ-+: ' '
440 Z=Z-FX/FP
443 IF ABS(Z::.JK THEN 3070 512
444 IF MZ=100¢0 THEN GITD 512
445 GATQ 310 ' '
450 NX=INT(Z:
451 MZ=0
485 IF NX=0 THEN GOTO 432
465 TOT=TOT+NX _
470 38Q=SSQ+NL"2 -
475 IF NP=NS THEN GOTO 485
480 GOTO 70
485 AV=TOT/ND
490 AVSQ=SSE. NP
435 nR AV;%-~ P
484 SRE{ Ve gav -
505 ‘RTNT “n:”;ﬁ,"aygz“;AV."var=";VAR,”c.v.:”:CV
511 GOTO BA3 ' '
512 LM=KSUM

on
]
rn
g
[
EJ:' i
—t
]l
[y
Wl
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A gann g dn(x
€ o1 o Ca%
L Na Xt el ited

o ngn
tn i gn
w &L om

561

o
IV
RO R

580
585
5950
595
800
605
310
515
620
825
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5 IF LXWJE

BT 545

0 THEN IGOTO 800

H

FOR J=1 TO KT{T}

LNX=LX-NT-J+1

SST=~LNX+«E*SIG(1,J)
PLC=LNXXEXEXP{S3T)

PC=PLCXPC

NEXT J

NT=NT+KT{I)

PL=EXP(-(1 X~NT)*E*S(T))

TPL=PL*PC

PIC=PIC#TPL

GOTO 810

PLN=1!-PY+PYXEXP(-(LX- NT)*E*S(I#)
PINC=PLN*PINC
NEXT 1

HY=PINC+EIC

IF HY<FZ THEN GGTO
FZ=HY

LX=LX+1

I "I:N G I‘n

wa)
(11
o

GOTC Hi4
NX=LX
GOTO 451 _
PRINT "nc converge:n:
MZ=0
GOTO 58
IF N=N1
IF N=N2
IF N=N3
N=N2
GOTO &1
N=N3
GOTO 51
NK=NK+1
IF NK=13
LPRINT

LPRINT
GOTO 56
ERD

9]
A7

THEN GOTG 380
THEN GOTO 330
THEN GOTO 800

THEN GOTO 925
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