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1 Introdugtion 

Qu.lland I B virtual population analysis i B a. method ot estimating the fish

ing mortall ty experienced by year-classes of fish throughout their life. It 

has proved one of the most valuable wa..vs of obtaining estima.tes of this 

parameter, bu.t without acourate fishing effort data. it oannot be used oonfi-

dently for prediction. This paper suggests a new method developed :from an 

idea of Agger .!Ii!!:!. (1971) whioll mo;v to some extent overcome this dtfftoulty. 

However, this method is still in the p.!'OCeSs of d(:Jvelopment end is conse_ 

quently desoribed here in order that it mq be further investigated by experts .. 

2 OullAAd's Virtu!l population analysisl adv~ 
and disadvantages 

Gulland'. virtual population analysis (Gulland 1965) enaJJ1 •• fillherte. 

biologists to make eatimates of population ai ze and fishing mort ali ty' (F) at 

eaoh age independently of measures of fishing eftoM.. Since fishing effort 

data are often not proportional to F this is a. very real advantage and is of 

great value in eluc1tJ.ating the struoture of a. fishery-. A brief' descriptieD of 

the method can 'ba fOUl'."ld in Pope (19'12;' 0 li.'<l ohie! disadvantage aterlls from th(oj 

faot that n ·t 1 independent eEltimates (the II -:- '1 'Si8timatee are the population 

at the age of ?irst o.·'·:,·mre D..a.u the f:h.J::i .... J rnortal:i.ty at ~aoh of the n r.:.geD of 

the year~·(}lo,Bs) L~,ve to be o"btainoo. from n equations (the n equll.tion.-· are 

the fishing mortality in '~h:;: moat recent :;,ri':la."C a,:id ib.en '~Q calculate the oonae ... 

Revision of Res.Doe. 74/20 presented to the Sped.al Commission Meeting, FAD, Rome, January 1974. 
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quent populatioIls ami fiBhing mortal! ties in each of the preoeding years. ,It 

baa boon shol<!l by Pope (1972) ""'" by Agor n.ti.. (1971), that this ""aumptiOI1 

of tho fiohing mortality F
t 

(the fishing mortality of the oUest age) _sea 

progressively smaller errors on the estima.tes df fishing mortality aDd popul ... 

tion size oalculated for the younger ages of the year-oIBBs. Thus OullaDd's 

solution is extremely valua.ble in 'OIlderstanding a fiBhery in a historic sense 

and for eluoidating ita population dynamios. However, as the oldest age of each 

year-olasa of 8 fish stock is neoessa.r:ily the most reoent 1 t tollows that the 

EtlJtimate of the current population of fish is only as good as the OIUTent 

estimate or guess (uSUally guess) of the fiBbing mortality in the last ;ree. 

While it 1s true that this asswnption m'W be made more objective by making use 

of any fillhing effort data available, the accuracy of 'thiS is rare17 auf'fioient 

to giVe a very olear view of the ourrent situation exoept in those fisheries 

that have a very oonstant ed;ploi tattoo rate. The rela.tion of' these problems 

to the setting of oatoh quotas has been discuased by Pope end Garrod (1973). 

It i8 olear that alternative methods of estimating ftshing mortality and popula

tion aiBe are urgently required. 

3 A poasible alternative to virtual population epe'ysis 

One attempt at developiDB an alternative to Gulland's method was made by 

logger and his oolleagne. (Agger .!1.14- 1971) who suggested a leeat squares 

solution whioh estimated the values of' population at each age, the fiShing 

mortality in each year and. the na.tural mortality from the oatoh at ace/year 

matrix. 'rhe author understands that this attempted to estimate theBO pa.rIL

meters for the fully-reoruited ages only, and under the assumption that the 

error in oatches was approXimately normally distributede Subsequent UliJage by 

the leg) North Sea Herring Assessments Working Group revealed problems aDd the 

method. vas rejected by this group. Nevertheless, deepi te the failure of this 

pariioula.!' method 'the basic idea. of usiug a non-linear least squares estimate 

of fishing mortality and popula.tion ia OD6 that ie extremely e.ttraotive from 

a lI'tatist1oal standpoint and deserves oloee attentiODg It is therefore worth 

oanBidering what problema were assooiated With the proposed method aDd seeing 

it they oould be overcome. For example, oOUBider the oatch at age matri:z: given 

iJI 'fable IA. If the natural mortality is assumed to ~. 0.2 the fishing 110,," 

q~j:Ues at each :rear end age given in Table 1B will, apart from raading errors, 

_.isty the oatch data, but equally 110 1Ii11 the dif'fer81lt fishing mortal.1 ties 
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given in Table 10. In fact there are infinitely many possible solutions to this 

probl .. , beoause oatch data from the f'ully-uploiteci ages of' a year-class form a 

sequence whioh is identioal except far r8Ddom variations and a oonstant multi-

pllar to that sequence formed by the adjacent year-olasses but with su.oceBsiva 

terms displaced. by one year. This 8Ilggasts that a least squares solution would 

not be unique in this case and alao that this problem might be overcome by oon-

sidering ages of fish whioh are only partly racrui ted to the fishery. 

Another part of the original. model which 11 worth oonsideriDg i8 the 

aBSWllption that errors in oatch samples are normal. Galland (1955) SUggests 

that the best form of age sampling would be one in whioh the numbers caught at 

each age had approximately the same ooefficient of variation. While practical 

s ... pling sohemas rarely achieve thia ideal. nevertheleas as an assumption it 18 

probably" better than the aeswnption that each catch has an equivalent varianoe .. 

This suggests that a method based on & least squares sclution of a logarithmio 

transformation mi6ht be more appropriate .. 

Bearing in mind the points raised in the last two paragraphs a new least 

squares model oan be developed.. Por example, oonsider the oatch a C
n 

generated 

by a fishing fleet on a homo6eneoua fiah stock.. ASBUlD.e that in year n the 

fleet generates a fully-recruited fiabing mortality of t. and that this is then 

modified on the various ages by" aeleation (Partial reoruitment) factors Sa' 

then fishing mortality at age a in year n will be P
n 

.Sa. If the natural mor

tality is M the relation of aCn to aPn' the population of age a, at the 

beginning of year n, will be: 

C.E. P.P.S (1. _{-(P.S +II)})I (r.s +11). (1) an anna na na 

E in this equation is the sampling error and is assumed to be log normal.. Apart 

:from E, equation 1 is the usual model assumed for most fisheries based on a 

mixture of partially .. aDd fully .. recruited fish. In practice sCn. is the only 

variable whioh can be direotly measured and the matrix of a Cn for all a and all 

n forms the input.. To Btabilise the sampling varianoe a loge (In) transforma.

tion is made whioh gives 

In(aCn + E' • In( P ) + In(r .S ) - In(r.s + II) an nan a 

where E' is the transformed error tem and i8 normally distributed nCO, a2) and 

M 1. the instantaneous coefficient of natural mortality. The problem is to 

tind values of aPn' :In and Sa which satisfy the catch matrix in some Bense; it 
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can be simplified by eliminating aP n by subtracting the next diagonal. tam from 

each fonn of equation 2 (i.e. subtracting equation 2 with a _ i + 1, n. j + 1 

from equ.ation 2 with a _ i, n • j). This yields 

1n(aOn/&+ 1,0,1+ 1) - In(aPn/.+l'Pn + 1) + In(jPn'Sa/jPn+l'S.+l) 

- In {'n-Sa +)[}+ In {Fn+ ,.Sa+ 1 +)1} 

where E" i. nCO, 2a2), 

Sinoe1n(.Pn / a + 1,Pn+l) - jPl1,5.+11 

it follows that equation 3 oan be reduced to a form which contains only .Cn• 

'nt Sat M and E". 

For a least squares solution the problem than becomes one of finding the values 

of F and S which minimi.e (In( C'/. 1,0' 1) - In( 0 I. 1,0 1»)2, where n a ana+ n+ aDa+ n+ 

a Cn raters to observed values of the oatch at age data and a C~ to fie valu •• of 

oatch oalculated from the values of Fn and Sa by the oombination of equ.ations 3 

and 4. This is made under the assumption that )l 18 known. 

The minimization is achieved by a modified form of the steepest descent 

me1;hod and a oomputer program listing is given in Appendix A. This minimiza... 

tiOD works but it could almost oertainly b. greatly improved to make the 

iterations oonverge more rapidly. 

4 Testing the model 

It should be stressed that this method i8 only tentatively suggested, 

although the results obtained 80 far are enoouraging. The most obvious test 

of this model is to Bolve I'n and Sa from catoh data generated fran an imaginary 

stock with known poptllations, Pn , Sa and II. If the catoh is generated with no 

sampling error the proposed method, if it is satisfactory, should be expeoted 

to output the values of Fn and Sa which were used to generate the oatch data. 

Table 2 shows the results of one suoh test_ Slight differences oocur due to 

rounding errors, bnt it 1a olear tha.t the method has effectively reproduoed. 

the values of the Fn and Sa-

The next form of test is similar to the last, wt with the generated catoh 

data moderated by a Beries of log normal randOIi numbers. The results from such 

catch data should not, of course, be 8%p8oted to reproduoe the true values ot 

)In and Sa' but a series of runs with the salDe basic data and with differing 
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random numbers should be expected to generate average answers whioh do not 

differ Bystematioally from the true ones. i.e. the method should produce 

unbiasseci estimates of F and S. Tables 3. 4, 5 and 6 Bhow the results of n a 

such comparisons made in this form. in which the random numbers were chosen 

to give the catoh data coeffioients of variation of 5, 10, 20 and 40%. It waS 

only possible to make 10 runs at each level in the time available, but it can 

be seen from the tables that the average of those 10 runs (ia) was olose to the 

tru.e value (Ft ) and this result is oncouraging. The F in the last (10th) year 

and the F of the last age (8th) seem to deviate most from the true value. 

The coeffioient of variation (Tables 7. 8, 9 and lO) of the fUlly-rsoruited 

fishing mortalities obtained suggests that the accuracy of a realization is 

related to the accuracy of the oatch data, the preoision of the final year's 

fishing mortalities being approXimately half that of the catch data. This 

suggests that the method's use should be restricted to well-sampled oatch 

data.. 

The value of the sum of' squares i8 presumably an indioation of the degree 

of variability of the oatch data. For example, the average least sum of 

squares obtained from the 10 runs Ilhown in Table 4 was 0.9482. For the arrq 

of 8 &ges and 10 years there were (a-1).(n-1) - n - a + 1 degrees of freedom. 

That 18, 46 degrees of freedom. Henoe the means square of residuals was 

0.02061, and this diVided. by 2 (aee equation 3) gives an estimate of the 

varianoe of loge transformed oatoh data as 0.01030. This would seem consis

tent with the 0.01 whioh would be expected from oatch data with a. 1~ 

coeffioient of variation. Thus the least squares function appears to be an 

indication of variance, but methods of using this in an analysis of variance 

have ati 11 to be developed. 

5 DiSCUSSion 

The method deSCribed in this paper was designed to circumvent sOIne of the 

problems encountered by the pioneering work of Agger and his colleagues 

(Agger ~~. 1911). However, the success of the method must still remain in 

question until it has been checked on a far greater variety of test data. The 

purpose of this preliminary report 18 purely to enable the method to be 

e%8BIined critically by international experts. Clearly there are many areas of 

the model to be further investiga.ted, and in particular the standard errors of 

the estimates obtained Will be of prime importance if the method is to be used 
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in practioe. It is also obvious that solutions to similar rut slightly more 

oomplicated models will be of considerable interest; for example, solutions 

to the problems of seleotion ohangiD€ with time or of the ooefficient of 

variation ohanging with ~e would perhaps be more appropriate for some 

fisheries. Assuming that the method does in fact give unbiaBsed eBtimate. it 

should prove to be very useful, since it Will enable catch quotas to be set 

without reference to fishing effort data. While it is true that any estimates 

made by this method will have variances ASsooiated Wi. th them, that is eqllally 

true of my other method and the ohoioe of method will depend o~ the relative 

sizes of these variances. 

6 SwmJar:y 

This paper describes a new method for calculating from oatch at age data 

the fishing mortality and selectivity experienced ~ a fish stock, estimated 

by the method of least squares. Preliminary results using the method. are 

a:D.oouraging but extensive testing is required before it is used as a standard 

technique. A computer program whioh makes estimates based on the method is 

listed in the appendix. 
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Table 3 Comparison of the average fishing mortality (F), from 10 runs of the 
modal with catch data having a ooeffioient of variation of ~.v1th the 
true values of fishing mortality (lilt) for each age/Y8U 

Age Ye ... 

2 3 4 5 6 1 8 9 10 

P 0.002 0.002 0.002 0.003 0.004 0.004 0.004 0.004 0.004 0.003 
Pt 0.002 0.002 0.002 0.003 0.004 0.004 0.005 0.005 0.005 0.004 

2 P 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03 
lI"t 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.03 

3 P 0.10 0.10 0.08 0.11 0.16 0.11 0.11 0.11 0.17 0.13 
P

t 0.09 0.09 0.08 0.11 0.16 0.18 0.18 0.19 0.20 0.17 

4 P 0.11 0.16 0.14 0.19 0.27 0.29 0.29 0.29 0.29 0.23 
P

t 0.15 0.15 0.13 0.18 0.26 0.29 0030 0.31 0.32 0.21 

5 'j 0.26 0.24 0.21 0.28 0.41 0.44 0.44 0.44 0.44 0.34 
P

t 0.23 0.22 0.20 0.21 0.39 0.43 0.45 0.46 0.48 0.41 

6 'j 0.21 0.26 0.22 0.30 0.43 0.41 0.41 0.41 0.41 0.36 
P

t 0.23 0.22 0.20 0.21 0039 0.43 0.45 0.46 0.48 0.41 

1 'j 0.29 0.21 0.23 0.32 0.46 0.49 0.49 0.50 0.50 0.38 
lI"t 0.23 0.22 0.20 0.21 0.39 0.43 0.45 0.46 0.48 0.41 

8 P 0031 0.30 0.26 0.35 0.50 0.54 0.54 0.54 0.54 0.42 
F

t 0.23 0.22 0.20 0.21 0.39 0.43 0.45 0.46 0.48 0.41 

Table 4 Comparison of the average fiabing mortality (F),from 10 rune of the 
model with oatoh data haVing a ooefficient of variation of 1~,with the 
true value. of fiBhing mortality (Ft ) for each age/year 

Age Ye ... 

1 2 3 4 5 6 1 8 9 10 

1 'j 0.002 0.002 0.002 0.003 0.004 0.004 0.004 0.004 0.004 0.003 
lI"t 0.002 0.002 0.002 0.003 0.004 0.004 0.005 0.005 0.005 0.004 

2 P 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 
F

t 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.03 

3 'j 0.10 0.09 0.08 0.11 0.16 0.11 0.11 0.11 0.11 0.13 
't 0.09 0·09 0.08 0.11 0.16 0.18 0.18 0.19 0.20 0.17 

4 P 0.16 0.16 0.13 0.18 0.26 0.28 0.28 0.28 0.29 0.22 
lI"t 0.15 0.15 0.13 0.18 0.26 0.29 0.30 0.31 0.32 0.27 

5 F 0.25 0.24 0.20 0.28 0.40 0.42 0.42 0.43 0.43 0.32 
Ji't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

6 F 0.::..7 0.2~ 0.22 0.30 0.43 0.46 0.46 0.46 0.46 0.35 
Pt 0.23 .22 0.20 0.21 0.39 0.43 0.45 0.46 0.48 0.41 

7 F 0.28 0.26 0.23 0.31 0.44 0.47 0.48 0.48 0.48 0.36 
Yo' 

t 0.2) 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

8 P 0.30 0.29 0.25 0.34 0.48 0.51 0.51 0.52 0.52 0.39 
lI"t 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 
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Table 5 Comparison of the average fisbing mortality (i), from 10 runs of the 
model with oatch data having a coeffioient of variation of ~tvith the 
true values of fishing mortality (Ft ) for each ~e/year 

Age Year 

2 3 4 5 6 7 8 9 10 

1 i 0.002 0.002 0.002 0.002 0.004 0.004 0.004 0.004 0.004 0.003 
Ft 0.002 0.002 0.002 0.003 0.004 0.004 0.005 0.005 0.005 0.004 

2 i 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 
J't 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.03 

3 i 0.10 0.09 0.08 0.11 0.15 0.16 0.16 0.16 0.16 0.12 
Ft 0.09 0.09 0.08 0.11 0.16 0.18 0.18 0.19 0.20 0.17 

4 i 0.16 0.15 0.13 0.18 0.26 0.28 0.28 0.27 0.28 0.21 
't 0.15 0.15 0.13 0.18 0.26 0.29 0.30 0.31 0.32 0.27 

5 i 0.24 0.23 0.20 0.27 0.39 0.40 0.40 0.40 0.41 0.29 
't 0.23 0.22 0.20 0.27 0.39 0·43 0.45 0.46 0.48 0.41 

6 i 0.27 0.26 0.22 0.30 0.44 0.46 0.46 0.45 0.45 0.33 
't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

7 i 0.29 0.27 0.23 0·32 0.46 0.48 0.47 0.47 0.48 0.34 
't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

8 i 0.31 0.30 0.25 0.34 0.50 0·52 0.51 0.50 0.51 0.36 
't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

Table 6 Comparison of the average fishing mortality (ii), from 10 runs of the 
model with catch data having a coeffioient of variation of 4o%,with the 
true values of fishing mortality (J't) for each ~el:rear 

Age Year 

2 3 4 5 6 7 8 9 10 

i 0.002 0.002 0.002 0.002 0.004 0.004 0.004 0.004 0.004 0.003 
't 0.002 0.002 0.002 0.003 0.004 0.004 0.005 0.005 0.005 0.004 

2 i 0.02 0.02 0.01 0.02 0.03 0.03 0.03 0.03 0.03 0.02 
J't 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.04 0.04 0.03 

3 F 0.09 0.09 0.08 0.10 0.15 0.15 0.15 0.14 0.15 0.11 
't 0.09 0.09 0.08 0.11 0.16 0.18 0.18 0.19 0.20 0.17 

4 i 0.16 0.15 0.13 0.18 0.26 0.26 0.27 0.25 0.28 0.21 
't 0.15 0.15 0.13 0.18 0.26 0.29 0.30 0.31 0.32 0.27 

5 i 0.23 0.22 0.18 0.25 0.38 0.37 0.37 0.36 0.39 0.27 
't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

6 i 0.29 0.27 0.23 0.31 0.47 0.46 0.46 0.45 0.47 0.32 
't 0.23 0.22 0.20 0.27 0.39 0·43 0.45 0.46 0.48 0.41 

7 i 0.30 0.28 0.24 0.33 0.51 0.49 0.50 0.48 0.53 0.37 
J't 0.23 0.22 0.20 0.27 0.39 0.43 0.45 0.46 0.48 0.41 

8 i 0.34 0,)2 0.27 0.37 0.56 0·55 0.56 0.53 0.59 0.41 
't 0.23 0.22 0.20 0·27 0.)9 0.43 0.45 0.46 0.48 0.41 
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Table 7 Coeffioients of variation of fishing mortality 
obtained from 10 runs of the model with oatch data 
having a coefficient of variation of 5%. Results 
are for the fully-reoM ted. ages only for each year 

Age Year 

2 3 4 5 6 7 8 9 10 

5 6 4 5 3 4 4 5 6 10 12 

6 6 5 6 5 5 5 5 7 9 12 

7 8 7 6 5 7 6 6 8 10 12 

8 11 10 10 8 9 9 8 8 11 12 

Table 8 Coeffioienta of variation of fishing mortality obtained 
from 10 runs of the model vi th oatch data having a 
coefficient of variation of 1Q%. Results are for the 
fully-recruited ages onlY for each year 

Age Year 

2 3 4 5 6 7 8 9 10 

5 7 7 5 6 8 6 7 10 15 18 

6 11 11 10 9 10 8 7 12 14 17 

7 12 12 10 11 13 10 10 14 17 20 

8 17 18 16 16 16 15 13 17 17 18 

Table 9 Coeffioients of variation of fishing mortality obtained 
from 10 nlllS of the model with oatoh data having a 
coeffioient of variation of~. Results are for the 
fully-reoruited ages only for each year 

Age Year 

2 3 4 5 6 7 8 9 10 

5 13 11 5 9 13 11 15 21 32 44 

6 18 15 11 11 14 12 11 20 27 37 

7 24 21 14 19 21 18 18 23 34 45 

8 28 OC ,J 19 22 22 22 16 19 28 39 
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Table 10 Coeffioients of variaUon of fishing mortalay obtained 
from 10 ru.na of the Dlodel with catoh data haVing a 
coefficient of variation of ~. Results are for the 
fully-recruited ageB only tor each year 

Age Year 

2 3 4 5 6 7 8 9 10 

3 11 20 19 14 23 16 27 37 52 74 

4 17 19 25 25 31 31 45 48 70 97 

5 19 15 12 17 28 20 32 43 60 87 

6 24 20 19 18 29 22 25 43 50 70 

7 30 26 22 31 44 30 45 55 73 101 

8 26 24 22 31 42 29 47 56 76 107 
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APPENlIIX A 

Program HPMX 

Program HPMX produoes a least squares estimate of the fishing mortality 

and the selection faotors from an array of oatch at age data at 9 !! 10 ages 

and n ~ 14 years. The program iterates towards a solution of 

. {( true 9at~ (i. j») ( oatch (i. j). )}2 
Ihn of In true oatoh 1+1, j+1) -In oatoh U+1, j+1) predl.cted b;y model • 

Since a In transformation is made of catch data zero catohes are unaoceptable 

and should be modified to a small bu:t positive value. Operating a:Perienoe 

tends to auggest that this method does not work very satisfactorily if n:! 10ye&rs 

and the method would probably not be very successful in a developing fiahar,y. 

In these caseS there seems to be a least squares solution which g1 ves an 

extremely high or extremely lov value of F in the final year. In general the 

method appears to work better the greater number of years that are available. 

Another prerequi ai te of BUooessful runs would Beem to be a marked ohan&e in 

seleotion between different ages. 

The data inputs required. are shown on the next page. The program is written 

in FORrRAN IV for a Hewlett Paokard. 2100.& oomputer. The only oaplioation in 

the program are the exec oalls whioh transfer control from one segment to another. 

ThuB CALL EOCEC (8 , IJA) transfers oontrol to program HPtlXA. Similarly, CALL EXEC 

(8, IJl3) transfers oontrol to program HPMXB and CALL ElEC (8, IJD) to program 

HPMXD. An annotated output of the program is shown folloWing the program listing. 

Data input 

The listing given reads data in in tree format. This means that numbers 

in any format can be read in proViding they are separated by one or more blank 

oolumns. The data to be input are arranged in the following lne for a problem 

of a agee and n years. 

Line no. 

2 

4 

5 

4+n 

a 

Fl 

Sl 

~1 

1 I 

C
21 

C
n1 

n 

F2 

C'2 

C
12 

°22 

°n2 

Fn (initial estimates of F at age a) 

Sa (initial estimates of seleotion coeff. at each age) 

Natural mort ali ty 

Cla Catohes in 1st year in at each age 

C2a Catohes in 2nd 

Cna •••••••••• nth ••••••••• 
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5+n 

6+n 

4+ 2n 

D 
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Program step siBe a value of 0.01 is often satisfactor,y 

If this 18 set to zero F1 will be modified; if set to 

1 Fl is held unohanged 

If this is set to zero P2 will be modified; if set to 

1 F 2 is held unchanged 

If this is set to zero Fn will be modified; if set to 

1 F niB held unchanged 

If this is Bet to zero S1 will be modified; if set to 

1 Sl is held unohllllged 

If tbis is set to zero S2 will be modified; if Bst to 

1 S2 1. held unchanged 

If this 1s set to zero Sa_ 1 will be modified; if set 

to 1 Sa _ 1 i. held unchanged 

N.B. Sa 1 B always held oonstant 

C 14 
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C(!',)! ~i1n IJI\{), I J!l, (3 ), 1,Jr, (3), I In(3), 
]~(21~),F(1~),S(ln),~(l!~,10), 
2r.L(1~,~),ZS~(10) 
3,N', II:, l~!nr.:X 
4,IM, IT,rv(:!r~),n, 1I111,E 

flATA IJ/2f n 'P, ?' r 1'1./, U,fl:!fI./ , I '1/1: 1'1/ , I r:n! ~r:/ , !'lj1.' ~II 
111 1 1=1,2 
Id;\(I)=IJ(I) 
IJ"(I )=IJ(\) 
IJo,(1)=IJ(T) 
IJ~( l)=!J(T) 

~ r.'wpr.!'lr 
IJACI)=L'. 
t~nO)=T" 
TJr.CI)=IC 
ldnC':)=T'l 
CJ\LL EX~~(~, ~,JI\) 
$T"r 
Enn 
pn ~~r\H I!""X!\ r; 
r:1'1' :11; '~JA( ~): I,J~(~), 1.de(3) I ~,II)( 'Ij), 

F'·( 211), r- (11, ),S(10), r:(111, 1('1), 
2r:U 13, '1 ), lsq( 1n) 
3,/1.'1, !I~, rtJ f1 EX, 1/1.,\, IT 
II,RZ(Z/d/n, t!lt'l, F. 

r'I.f'An(5, "'~) r,"'./\, IT 
L"UTF.(ri,7) 1M, IT 

7 p1~·t,\T(~nf) 

~EA~ (S,*)(F(I),I=l,IT) 
'nITUC:, f,)(r- (T), 1=1, IT) 

f, F!'l'1'1:\TCji-l!1.") 
:;Eft,r1(5, '':) (S(1), T=l, I!\\) 
1:!1ITE (fi, ~ )(!';( I), 1=1, 1:'1,1\) 
.1EN1{5,::'-)A') 
'_!r1ITE(r.,~) r:1 
~'1 In l=l,!T 

1:1 !1[N'J(5,~, .. )(r;(I,J),J=1,1M) 
f)(( 12 1::::;1,IT 
~·,~tTE(G, ll~) U:(1, J), J=l, IA,,\) 

12 ~'~:ITP!lJF 
1" F~TI.\T(5nO.I) 

r!r')'::<=l 
Hl[)=l rJO 
~,i.A.t]{5, ' .... )0 
1:=1.'1 
n~ 2~nl t=l,!T-l 
!')"\ ~OOl J-l,1I\/I.-1 
xx .. r.(1,J)/":(I+' "J+J.) 

:'001 GO, ,1) ==,\!_~r;c(;() 

~':; ~fl02 1=1, IT 
'1EN1(S, ~'r)r.p, 1/\.1\) 

2('):'2 C1:':TI~rJr: 
'"11 ~r)Or) ,.1=1, !I\/I.-l 
'1EJ\n(5, :':)C(TT, J) 

2000 r:',~~!T.T~HIE 

U<=L'\/\+ 1T 
rN 1'1 I""l,H~ 

's '1(!)=().O 

CALL EXEC(8,!J~) 
CALL IW!:( 
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ST;'~ 

E.'J1 
P~(1f1'lNl H~·l:(I1, 5 
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C~: .1':! IJM 3), IJ~(3), I JCO) ,I In(3), 
Ifl(2'~), F (If,), S (11), ~(l!I, In), 
:!~L( 13, '1 ) ,Z~~( 10) IN~, 1 !~, I r l~~X 
3, IA/\, IT, ~Z(2II), '), Inn, E 

tK=IM+IT 
~8 r.~~rrH!1 It:' 

Z=t') 
n1 ~"n:; T=l, 1'~ 

2nrn '1Z(t)=n.f'l 
~1 ?nl0. 1=1,TT-1 
1)'1 2nl'"! .J='., I"!\-l 
r-sr.=~CJ)",c(l ) 
F$r:=~ {,j+ J. )~':'7 (l + 1) 
?lI.=F~/\·'''~. n+fI:' 
?T':=r-SI1+J\~ ~ 

XX=FC-;,Vr:S", 
CI. ( T, J ) =.'\L 1(';( ;:X) +fll"r. (Z, )_:\/.'1Jf'j (Z '\) + "L ~r. (1. "'J _r:Xfl( -Zf\ ) 

l)-;\LI~(l( 1 J\-EX~( -Zr',» 
? +7..'" 
Y=CCI,J)-CLCl,J) 
?=?.+V~,:Y 

L=IT+J 
X=S (,j)"':FCI )*(~. 5+ ~1\/12 • ..,) + 1. fJ 
~l (! )=o~ C I )+y,,;(,''i' (! ) 
~Z (L)=";~ (L)+Y-:::{-.'(S (,j) 

X::::!$ (.1+ 1 )~\"r- (t + 1 )~':( '1. 5-2 .... /12. t') )-1. 'J 
'17. (~+1 )=1Z (I + 1 )+Y"~:<~':F( I + 1) 
P,z. (l + l)='1L (L + 1 )+y,':Y.*S (J+ 1) 

?flP r.1·!n~!"[ 
ZS~(nlr")r.:X)=~ 
IF(l:r:or:::.r.n.l) Ij!1 T' !i3 
Z1=7.S0(1) 
Z2=7.SQ(!tl')f:'X) 
tr:(Zl.G~.Z:n '1'~ T1 53 

S".l C1~rTHrl~ 
n1 'l22 t=1, IT 
r(!)=cc!)-~C!) 

522 ~(I)=1'),(I)~.5 
f1'1 52;; J=l, T ,tv'\-1 
K=IT+J 
S(J )=s (.1)-" (I~) 

S2~ '\O~)=".('<.)·-'rn.5 
r,1 TI'( ~,~ 

r:~ C"~!T!r-rrr. 
tN"1=wn+1 
Ir(Iln.LT.59)r,n T" ~011 
GALL ExcGC~,IJ') 

21)1') C"~JTP"J~ 
25rH 1 )=ZSf'\( t: !!)~X) 
PJ')f;X"l 
n' 2020 I=I,IT 
?(I )='(1 )"'.+".2(1 )''<\1 
IrCG(I,L"A).~[.n.5) ?CI)=n.n 

2020 C"::T1:1I!c 
n~1 2Ml J=l, !M-1 
K=IT+J 
p; (!-:) ="! ('~ )*r:: +~Z (~~ )~"[1 
rrCCCIT,J).'E.n.s) Ocy,)=n.n 

2021 C'lIlTl'~!C 
n="')*'i.t" 

Sfl H!nr-X=InnI:'X+l 
n=n*f'.5 
THTW'lrY,r.r.l''l} r,1 T1 "1f'l 
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~~ n~~cY~-n.~~ 

'1" ~nf.n t=l, IT 
'~r.=~ (! lIFC l) 
Ir:U:~r:.I.T.rF.~r.Y) nF'1r:Y=~'1r: 

2040 F(!)=F(I)+O(I) 
')-' 2nl~5 J=l, T/\/\-l 
':=IT+J 
'-:'1r:='1 (1~) /5 (J) 
IF(F~r..LT.r~CY) rE~CY='~r. 

70/15 ~(J)=S(J)+~(~) 
!:-(rr:"1GY.GE.-l.t'l) (l~ T'~ '1:": 
~'7(I~I'!:'X.LT.l'l,) C" T'I :'21 
r..'\LL ! lP!Y. 

"., ~=':*f').5 
CALL EXEr.(8,IJ~) 
ST"'P 
r.:: !I') 
D11("i'1!\'l 1~P'1X:1, 5 
r: \' f 1'11-1 IJ:'\(3), I ~IIH '), IJ~O), I ,!')( 3), 

1 ;(7.1,) ,F( 111 ),S{lf)), C(14, In}, 
(~L (1.3, I"J ) ,ZSQ(1IJ) 
~,,\' 1, T I:, ~ ~FlF.X, T '\A, IT, '1;~ (21~),!I, !~1'), F 
"'HTr:(fi, If''lf')) ~St1(H!r)EX) 
''"1!Tr.:(G, 10~1) (r-(I), 1=1, IT) 
'-'';tTE( G, 1"'10) (~(I ),1=1, !tV\) 
'.~~TF.(fj, l'1t1n )('1;:(t), !=,_, l'~) 

1"'1"1" r:''1 ...... 11\T(l)n(l.'~} 
~S~( 1, )=?sr (t· :r")f:X) 

! ~ !f)F.:<=1 
T'n=1 
':J\LL ~XEC(~, IJ~) 
r:J\LL '~fl' ~x 
ST'" 
':''''1 
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