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Statistically, the study of fish populations from an analysis of
commerclal catches may be regerded as two successive sampling processess
First, the commercial catch forms a sample from the total population and second,
a sample is taken from the catch for scientific examination, e.g. length
measurement or agc determination. Ia this paper these two processes will be
analysed from the statistical viewpoint, in order to find a method of sampling
and subsecuent analysis giving the least variance and bias. Roughly speaking,
the variance is the scatter, asbout their mean value, of successive estimates
of some quantity, e.g. the average length of fish in the catch., The bias is
the amount whereby this mean value of the estimates differs from the true
value, Thus the variance will become obvious In any series of cobservations,
while bias may be difficult to debect. The fact that repeated samples give
very mich the same answer can be no guarantee that there is no bias, or even
that the bias is smell. i

In a particular sampling system, the varlance will be aporoximately
inversely Jrogomtﬂonal to the smount of Sﬂmpllng,‘that is 1ncreasing the samp~
ling will Jecrcase the variance, and vice-versa, Ilas cannot be reduced by
increasing the amount of arplln &, but only by using a correct sampling system.
The "best" system of zampling and subsecuent analysis, Judged on a statistical
basis, will be that which is as for as possible free from bias, and which gives
the smallest variance for a given sampling effect, Looked at another way,
it will recuirce the smallest amount of sampling to reducc the variance to
some desired level. The samnling nettern giving the smallest variance for one
estimate will not necessarily be that giving the smallest variance for some
other estimate; Lfor instance the best sampling design to find the average
age may not be the best for finding the ratio of males to females., Therefore
the choice of samwling pattern depends, possibly quite critically, on the
information ultimately reguired. In ocopulation work the most important
estimates arc for the fundamenbel parameters: growth, naturel and fishing
mortality and recruitment. Of these, the most difficult to estimate, and the
most liable to sampling orrors, are the mortalities, The methods of estimating
them, and the type of information required, are discussed more fully by
Beverton and Holt (No. 24). The most sowerful ostimetes arc in the form of
indices of abundancc for each age-group; i.e, numbers provortional to the
total numbers of fish of that age in the sca, the cocfficient of pronortionslity
being constant from yeay to year. Less useful is the relative age-compogition
during each year; e.g. bercentage age-comoosition., It may not be generally
rcalised that o faute de mieux estimate of mortslity may also be made, vhen
age-determinations are not available, from similar data on lbngth—composition.
Beverton and Holt also discuss methods of estimeting fishing mortality alone,
which do not directly need sampling of the commereial cateh in the manner
described here, though catch sampling is nccded for estimation of total mortality,

For the ultimete surposes of this naper, therefore, the guantitles for
which estimates 7ill be made, and bias and variance calculated, will be

A fuller cxyposition of this subject by the samec author is ia Press,
(Pishery Investigations, serics IL)
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indices of abu~fences ror ecch aze and laenoth grouds. As an intermediate zten,
but also intrins callr vesy imsocstent, the mmbers of fish landed of cach

age and length growd will be cotimated, This will also give o relative age
and length comsosition. The latter provlem will be discusscd in the first vart
of this pepcr; the second wrt will deal with estimetion of the comizosition
of the stock.

The dircct sampling of the commercial catch for length and ags composition
vresents in general a stroilghtforward atetistical wroblem, -nd the degree of
vapiance may be rcadily crlculeted., Bias may avise both in the choice of the
scotion of the cateh from which to samlc, and the choice of fish to bo
measu—cd within this ssmple, after the fish arc landed and sold, a single ship's
catch i likely to be divided among several different merchantz., Hach will
tend to buy het size of fich which is particulerly suited to his requilrements,
so that measurcments of Ffish taken at any particuler merchant are unlikely
to be representztive of the whole landings, Therefore, to avoid bias from this
cause, the samoles have to be taken directly from the landings, before the
catch of each ship is split wp. Bven then bias mey occur when tho catch is
divided into %o or mors categorics, on a basis of size or condition of the
fish, unless & ccmple is taken Prom every cebezory. This is obvious vhen the
basis of ecategories is size, but it is also true vhen the catch is divided
secording to the conditicon of the fish, [PPor instance 2t Lovestoft, the main
categories for plasice arc large, medium and small, put particularly after the
spavming scason, tinin and demaged fizh are sorted out, These last seldom
smount in woight to more then s few sercent of the totel landing, but may
contain half the bigpest and cldest fish, Obvicusly the numbor of old and
big fish would he seriously snder-essimated if the three main categories were
tzken as revrcacatotive of the vhol: catcl, This is ilJlustrated in Table I
below,

mable I Hyoothetical ciample of catch by categorios of a Liowestoft travler

Larze % icdivm | Small | Thin |[Total
veisht landed (stones) = A 30 @ 100 180 10 520
elght measured " =3B 10 | “ 5 3 10
Raisig Factor =/ D 3 i 20 160 1
Length zrown (o) . 2529 | 30-3L | 35=39 | LO=bb | 45-49 | 50+ | Total
Large C 16 33 15 6.
Number jMedium D 2 L7 27 76
Measured| Small E 26 44 8 75
Thin 7 7 15 14 10 50
Large Cx3 L8 99 45 192
Number |Medium Dx 20 Lo 940 SL0 1,520
Landed |Small E x 160| 4,160 | 6,550 | 4,280 12,000
Thin Foxi 7 15 14 1h 50
Totel 4,160 | 6,600 | 2,227 603 113 59 | 13,762
motal Less Thin. | L4,160 | 6,600 { 2,220 | 588 99 | 45 |13,712

Tn this sample vhick thouzh imaginery, is realistic, the wight of the
thin fish is barely 1% of the whole, but they contain nearly o cuarter of
those fish above 50 cmne

The choice of samole vithin a category is nrobably unimnorteat, the
Gifferenco in composition between diffcrent parts of the seme category weing
likely to be smalle. If such o diffcronce Coec arist, it is likelr to be most
marked betveca the first and last fish landed, 4.¢. arobably betueen the last
and first fish coughte During one montk -t Lowestoft two samples were taken
from the same category off a number of dirferent ships, tho gamoles coaprising
respectively the Pirst and last fish landed, ITc significant differcnce was
found between samles from the same shin, though there wos considerable
differences petiucen shilns.
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Bias may also arise through personal. selection within the sample taken
for measuring. If only 2 fraction of the fish available for selection are
picked up and measured, this fraction, will for most people, contain rather too
many big fish. Often too, the top few fish in 2 box have been selected and put
there to impress the buyers. For instance,s sample «of 50 fish picked carelessly
of £ the top of a box of small ilaice (containing altogether some 300 fish) may
have an average length some half-centimetre greater than the rest., This is an
important difference when the whole length range is only a few centimetres.
This bias is easily avoided by measuring all the fish in a box, which makes
selection impossible, or by taldng a11 the fish from one side, so that the
sample measured consists of all the fish originally to one side of the box, and
again selection 1s impossible or difficult. This same problem arises in
sampling a haul by a research vessel, Here again it is best, if at all possible,
to take the whole catch as a sample, But, because there may be a tendency for
the big fish all to go to the side, even taking all the fish in one part of the
catch may give an unrepresentative sample. Such selection will be most likely
to occur when the size~range of the figh is great. For instance it is more
probable in a sample of cod, where the biggest fish may be over 10 times the
size (by weight) of the smallest, than for herring vhere the biggest may be
only twice the size of the smallest,

The variance in the lenzgth distribution may often be reduced by a suitable
choice of sampling method, In a paver read at the last meeting of the 1.C.E.S,
at Copenhagen (Gulland,1953), it was shown thatthe variance using a large rumber
of small samples was considerably less than when the same nunber of fish were
measured in a few big samples. For instance, for medium vlaice, the same accuracy
can be cbtained with a quarter the effort by taking samples of HC fisgh in each
sample, than with rather fever samoles of 400 fish in each sample. This
result, indicating an upper limit to the efficient size of sample of around
50 fish, has been found to be applicable to 2ll species of fish (cod, plaice
and hake) for which it has been tested,

T

The variance may slso be reduced, and possible biss eliminated, by
stratified sampling, That is, the total landings may be divided up into a
nmmber of different strata e.z. by ports, method of casture, time of landing
etc, Samples are taken from each separate stratum and estimates made of its
length composition, These geparate estimaites are then combined to give the
length composition of the total landings. The more dissimilar the strata,
the greater iz the benefit gained by using stratified sampling,

The most advantageous stratification is therefore the division provided by
market categories based on size, The estimate of the length distribution of
the cateh of the vessel which is sampled is, of course, cbtained by the use of
stratified sampling, (see Table I), but the estimates for the landings of all
vessels may or may not involve the use of categories, The two methods are
demonstrated in Table 2, which shows the further analysis whereby the catch
of one ship, given in Table 1, is raised to give the total catch of all
ships.
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Table 2, Hypotheticel exanple to show the use of categories to
obtain total length distribution from that of a single

ship.
iw"§§€ge"J Medium Small‘”mp.ﬂﬁﬁle:iw;ﬂkﬁﬂﬁil
Total Weight landed A 1750 11,500 .1 3,840 110 6,200
weight landed by sampled ship B | 30 | 100 480 10 620
Raising Factor &/B g 25 | 15 8 14 10
» length (em) | 25-29 30-3h | 35-39 | n0-u, 45-49 | 504+ | Total
Large C 18 99 451 192
Number | Medium D 5O G40 540 | 1,520
in §ﬁ§ll E b, 160 | 6,560 | 1,280 12, 000
n . 7 15 {50
Sample Total G k160 | 6,600 | 2,207 603 13 59| 13,762
Large C x 25 1,200 | 2,475 [1,125] 1,800
Total | Medium D x 45 600 | 14,100 | 8100 | "7 220800
Number | Small ¥ x 8 | 33,280 | 52,480 | 10,240 96,000
Landed { Thin ¥ x 11 77 165 154 | 15k 550
g;g Total =~ G x 10 | 41,600 | 66,000 | 22,270 6,030 | 1,130 | 590{137,620
(i1) | Sum of Categs. 33,280 53,080 | 24,417 F,465 2,629 |1,279 124,450

Ignoring categories, the total len
multiplying the catch of the sampled sh
The result is given in the last but one TOW,
¥ be calculated, and then added together, to give
Because the sampled ship contained relatively more
85 large, it is to be exp

sample eateh,

the individual categories m
the sums in the last row,

of the category small and ie
categories, the numbers in the smsller length-
and thosc in the larger sizcs under-cstimatcd.
80, by comparing the totals in the last two rows.
reduction in variancc, by this usc of categorics Ts
This shows, for the Lovcstoft plaice landin
cstimated numbers landed apd their variances, in cach 5-cm,
mothods of caleulation werc uscd;

(i1)

dividing the landings sccordin

(1)

the landings into areas of capturc.

Table 3. Estimates and variances of +he rumbers of plaice

g to mrket categorics or (iii)

gth compesition is obtained by
ip (row G )by the ratio of total catch to

length group.

trecating the landings as a whole
dividing

The composition of

ected that, by ignoring
froups would be over-estimeted
This can be scen at once o be
The gain in accuracy i.e.
indicated in Table 3.
gs of October - Deccmber 1950, the

Three

in each length group landed by Lowestoft trawlers
in October ~ December, 1950 using three methods
of estimation.

Length-Group 20~24 | 25-29 f 30-34 | 35-39 | 4O-bh | 45-49 | 50-54 | 554
Estimated Numbers Landed x 10-3

Method (1) 26,81 | 2,063 | 932 | 276.5] 132.6 | ¢6.on 35.50 | 22,22
Method (ii)(categ,) 28,56 | 2,213 952 | 267.2| 118,6 | 58,98 | 31,85 | 19,46
Method (iii)(Ares) 22,62 | 2,037 975 | 295.5 128.8 | €6.62 | 32.76 | 18.10
i Variances x 10-6

Method (i) 42,58 18,204 | 2,778 | 392.7 | 132.5 | 29,42 | 1618 | 8.78
Method (ii)(categ,) 29,56 | 2,474 | 1,320 j 143.51 30,8 | 14.73 | 3.50 2.99
Method (id1)(hrea) | 32.68 [1h,221 | 3,501 | 626.5 | 4i7.3 | 35,06 | 10,38 | .o

—,

Besides stratification by market categories
well defined 4o be applicable, the English landi
and by month of capture,
to anything like the same cxtent
of great importance in eliminating possible bias, This is

Whil

, Wwhen theze are sufficiently
ngs are also divided by ports

e these stratifications do not reduce the variance

4.

as does the use of market ca

tegories, they are
because it is much



casier tc take o truly rendom samole ot one sort for a shord nseriod than from
landiagz =t soversl ports =nd efending over - long period, Thus, without
strotification, one section of the landings is very likely to be over-reoresented
ir the samples. For instance more plaice from Nowth Sea trawlers arc landed at
Grimsby thon =% Lowestoft;  at the same time, Tor sreaetical reasons, more fish

can be measured st Lowestoft than at Crimsby, Taus, d¢he Lovestoft landings are
over-reoresented in the samples; they contazin, moreover, rather smaller fish,

so without stiatificaticn by oorts, there wouold be o bizng tovards under-cstimating
the aveorage size of fish,

For muenh theorctical ponulation work the Imowledze of the age-comnosition
is rather more importsant then that of the length-composition (see Beverton and
Holt No. 2L). Fortunately, the age of most commercial figh in European wabers
can be determined from scalcs or otoliths with a fai- degree of accuracy,

Apart from any definite errors in the agz ~determinations, a definite bias can

be introduced by iguoring in the calculations those otoliths or scales waich are
difficult, but not impossible, to rcad. These will zenerally be the larger or
more slowly groving, and hence older fish, and their omission would give a bias
towards under-estimating the average age. The degree of this bias Por the North
Sea plaice age-determinations is indicated in Table k. This is based nn the
regular plaice sampling ot Lowestoft, for which an age iz attached to every

otolith read, those which are difficult to read belng recorded as doubtful e.g. 87.

Table L. Average age of Lowestoft and Grimsby otelith samocles, showing
dirference between definite and doubtful otoliths

Wurioer of Fish average Age
Lengtll G_roup o O SR ; e
Queries | Definite | Total | Cueries | Definits ; Total |
25-29 cn 22 338 360 halo 0 b b
30-2h cm 27 332 559 5.7 5.2 52
55-39 em 46 513 35 7.6 0 61 1 6.3
LO=kdy cm 70 170 240 8.8 7 7.0 | 7.5 |
L5~49 cm 99 139 238 11.0 3.7 L 9,6
50~54. em 120 117 257 12.2 10,9 i 19,6
Total 33k 1509 1793 9.8 6.7 | 6,9

Cut of the 1793 ctoliths cxamincd, a little under a cuarter, (384) were recorded
as doubtful, but the proporticn of doubtfuls varied greatl, . with the size of fish,
Only 5% of the smallest {25-29 cm) length group, but over half the biggest

(50=54 em), were doubtful,

Taking all the otoliths together, the average age o the querled vas nearly
four years greater than that of $he definite, and their omission would
apparently reduce the average age from 6,9 to 6,1 years, a very couslideradhle
degree of bias, This difference iz nartly due to the queried, within any
length group, beirg rather older than the definite, but also to the awveraze
size being considerably gre:ter; 4,8 cm against 36.8 cm for the definite. The
latier differencc must be real, and cannot be the offect of any errors in the
age-determination of the difficult otoliths. The former difference may either
mean that the age of the slower growing fish is herder to determine,vhich is
quite likely, or that there is a tendency to over-estimate the age when the otolith
is difficult to read.

Because ther are likely Lo be werhens a year or so out either way, the
inclusion of doubtful otoliths will tend to blur the difforences Sotircon vdjacent
year-classes, The otoliths belonzing to » strong yeaxr ciass, bubt recorded in x
error as belonging to an cdjacent, weal: year class will not be balanced by
the otoliths in fact belonging to the wesk year class, but recorded as belonging
to the strong year class, Therefore whon therc is a sarticuler intercst in the
comparative stren.the of ysar~clusges mther than in 2 corrcet overnll age-
distribution, it may be better to risk a bias in the age composition, and omit
the doubtful otoliths,



Thae aze couyosition mey be obitain:d T s**_llrg éirmctly Jor e in exectly
he same way 20 Yor length-distributions, Hosover, beczuse the length of 2 fish
usually gives . good gulde to iln aze, ~nt also many 1 et peasurenents may
be done az guickly as one apge-detemmnatin d, the aw:cUu-J siticn may be often
most eusily odtained from o Lorse nvmber of lungth mossuvements, oné a relatively
Tev age-determinetions. The methe” v quu Euacﬁldec and, uscﬁ'“" Pridriksson
(1934} 2nd others, ant iz illusiroted in oot

BRI

5 taken from Table 1 of Pridriksson.
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Table 5., IHysotheticel cxomple of

re~length key an 1iod to cod
(from Frid

ilsoon 19JL)

T laiticas I Luniber hged | Total
Length Py e ORI ¢ D T @ .._‘,\.._ o x S o J— mtrmm + e i st o it
ToUul (Y) huvd (y) 4y age a ' Age D | Lge a ! fge b
100 + b 1 1 5

95=99 ¢ 20 5
90-9L. 50 10
85-89 72 18
80-81, 4168 L2
75-79 180 12
70-7k 210 7
69 95 5
Total 1,100

5 20
10 50
1| 17 L 68 |
8 | 3k 52 136 |
9 31 360 120 |
7 ;
5 !

E5$f$f&n$?\n

A
o

210
95
S . A OO AY 01 1 395
.30 701 63,7 | 36,3

—~
pNe)

Here 100 fish were measured and had their age determined, zad a further 1,000
vere measured, Thoe difference betieen the a@e-com»ooltvaa baged on 100 fish,
end that based on 1,100 is veryr - This is heceuse there is a big
difference betwesn the length comp-sitilon of the two sets of [ish, and also in
the age-composition of different length-grouss. The ractical advantases of the
method vould therefore be exoccted to ho greatest ubun there was o bilg vavistion
in Iength compositicon hotioen successive sowslos, FEnd Jwn the fizk zrov cuickly
cnd fairly uniformly. 3Joth theoe conditicns sre sobisficd ir meny commercial
fisheries,

Possible bilasg in the nethod is sma
unbizsged, It could aricc, wob diwoush: too mony Tish of onc age, but
only by semnling too many fish of one ase ez single lensth-group, which
seems unlik:ly to Mapoen.  Any tondencr o anluue too meny big, or small, fish
in the sample Tor age, is immedictely corrccted for, This can be takern advantage
of to give better accurncy for tie older wnd seercer fish, In a random sample,
one or two longth srow.d, e a Towr age-grouwns, ill usually wredominste, and the
abundance of thesec gges will be Inowm cowsonc™ly accurstbtelyr. Convergely the
older age-groups will ocecur oaly LU_OL), ol tnglﬁ sbundence will be only poorly
determined, It is often “est to Imo tho chundance of most year-classes about
equally well, and thin mey be schaleved by ucd ﬂc an af hlcnéth key and taldng
samples for age-determineticn not rendonl -, bvut so ag to give sbout ccual pumbers
in each length-srous,

ﬂg the longth data to he

T |

The c¢ffect on the variance of the age-corosition, of the use of an age-
length key, and of non-random sam;ling, is shoum in Table 6. This sives, for the

Lovesteft »lajce landings of January gnd February 1950, the catimsted numacrs
landed in exch age-groupn, 2nd thelr vaciane. and coefficicent ol vavdiatlion. These
have been calculatcd [ ov two wmebthode; (1) by dircet age-soomling and (ii) by

use of an aze-lengti kay. Thirdly ths variznce ol coefficient of wvariation,

to be expected il in using e cooo=lengtly koy, the same totel nwber o otoliths
had been taken, hut with more Jron bi. fish, and Tewer from swell fish, Dave been
calculated,




Table 6. Number sn. v=
in January and Febmary

riznces of

fa3

cge=groups ol plaice landed ot Lowestolt
1950, as cstimated by dirfcrent methods

T ige IT i I IV | ‘v 1 VI“ ' ""'\}"if 3 “\}IIZ-Luf ik
Numbers x 10-3 L 191 936 1,621 ‘;54 179 | 148 80 55| 123
Variance x 10-6 13,663 93,000 ';49,000 OL5 14,490 ¢ 304 14,450 ; 1,660(1, 320
=Coei"“ of Var. 51.8 3148 3 15,5 57k iﬂ.:’.} .1}2.4; Ime 29.1
Number x 40=3 245 | 1,11 | 1,870 153 1 172 | 427 70 52| 88
Variance x 10~ | 4,545 | 8,300 | 13,100 5751 932 | 646 378 299! 288
Coeff. of Var, | 18,3 8.2 641 193 | 17,7 (20,0 | 27.7 | 33.31 19.3
“ " ige-Lenzth Koy (fev1gca nnnoc*s) |
Variance x 10-6 | 2,990 142,300 | 17,400 5, 00 |2 L2701 &7 632 | 383 232 202 161
Coeff. of Var. 255 10,0 7. 0.7 | 14.9i 16,9 | a6 [15.5 | 29,7 28.7] Wk
Az the esgtimates of variance, warticulerly for the direct gawpling of age

are baged on O

narticular the estimatel varia
too low, and those for the VII
for the methods show thot, becousc the; contained relotively too many large flSﬂ,
and too few small, the \1Tect
catimates higher than with the

II to IV, Xxcept

Por tiha VII

nly o few samples, they arce not 11L51J to be very accurate., In

nces for the VII and IX grouns are almost certainly
I and ¥T group too idizh. Comparison of the figures

age-semples glve, for the VII snd older age-groups,
ane. lunj*h ke and conalstently lowvew For ages

ant IX growps the variancs using an age-longth

key is less, and usually considerably less, than that ior diregt age zumling,

Admittedly some of this improvement must he set ap

the samples me
improvement 1S
he variance
hov increasing
accuracy among
the younger i

more accurately, but thin effect CPLl;, i? necessary, he eli:

reverscd by taking atill woire otolitii: from the older fish,

Becausc the g
' "‘\

growth, which
does nrovide a

asured

fue t“
foroa given sampl
thie oronortion of

ingt the of fort dinvolved in

but not cxamined for cze, bud the greater part of the
the chansgs in methed, and wd°n5 a definise seduction in

the oldes Pigi,
sh, The shundsnce of i latter is s3ill Imowr wolative

is
o

wle lbbﬂ e
.l CO Dea
~ les:. o

5 Tho st two rows of Table & ghow
Lk o-nll hel hez increased the

s
R
‘.

s OONB“f”ELVU'" arw 1L Zosg of aecouracy awong

ing

dinated or even

¥ {¢ .unds only on the agse~at-longth i.e, the
lese verieble than Hh anle age—commosition, it
13 o rethol wheveby wesults zeined from age and

length studlies on onc sectiou of the oxtel or Looulttion m&v he extended to s

section for which lengtihems
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rements only «u cvailable., For instance, market

measurenents of the commercisl cotelr mar be convericd to an ““e~00ﬂ9051tJ0ﬂ by
means of otolith samploa telen from whe cateh of & resesarch vessel, Again,

when several countries sre g

hiny; one srea, ﬁ;mﬂ.ggmﬂtmnemeanﬂlmgﬂl

measurements moy be done by oaly one country, but thot length-measurements are
J ’ ng

done by several,

tor instance

carried out on samples of the

trawlers, Fox,
catches from gi;

to the English

at le

a.t e B

milar ““Pﬂs cold

at prezent onl length-measurements are being
o atehes of cod frun Iceland lunded by English

T aonroxt ation, age-sarmles from Icelandic
be usea to form an age-length key annlicable

¥
&

Ehys
“!

cotohes, and thus to QGte“L“ﬂC the mumbow o fish of cach age-

groun in the English

In considering
% the woes liable to ceinture, 1t i

for the density, or abundsnce,

cf a specics =
composition,

suppose that £

_t

lenddinnss,

e commercial coteh as a samnls of the natweal pomulation

In asucssing the
a sample of the density of the
o siven haulg

izeful to distinguish sampling
ent sampling Jor structure, i,c. length or age
2es ulty, each hauwl mey be congidered as giving
Tisn at the -osition of the haul, and we will



d.l. = CD;_
where di = ocatchin L™ henl p
. = density of fish at the position of ¢t haul

constant

that is, 2 single haul will take, on the average, a fixed proportion of the fish
present. This is probably true for such gears as trawls and seines, though
other kinds of gear such es long lines, may become saturated in heavy fishing,
€. g. when most of the hooks are occupied, and take a smaller proportion when the
density is high. However, on our essumption, when the results of seversl hauls
ere combined, we have

T

or, teking the mean

D

¢D

mean ocatch per haml, i.e. ocatch per unit of effort
average density of fish at the fishing positions

average density of fish over the whole region
constant

p-.
B

e Ooiat
H #H 0N

The constant ¢ will be different from ¢ , in genersl larger, becsause
fishing will be done where the fish are most abundant, so that the average density
at the fishing positions will be greeter than the average over the whole area.

As we are only attempting to find a rumber proportional to the density, or
abundance, it is not necessary, or indeed possible, to know the value of c’
Strictly then, bias will be impossible, but an anslogous effect will be steady
long=term changes in the average value of ¢ particularly from year to year,
Possible sources of variation in ¢’ include

(i Random hsul-to-Heul variations
Weather
(i:!.i Behaviour of the fish
(iv) sSkill of the fishermen
(v) Changes in the distribution of the fleet in space
- and time
(vi) Changes in the power and size of the ship, type of
gear eto.

The first of these, though it may be large and give e coefficient of variation
of say 60% for a single heul, becomes negligible when the rumber of heuls is
large. For instance, in the mean of 10,000 hauls ~ not a very large rumber in
relation to the activities of a whole fleet - a coefficient of varistion of 60%
for e single heaul, is reduced to only O.6%. “Thus the variasnce from this cause
may be reduced to a reasonable value, by having catch-per-unit-effort figures
for possibly only a smell sample of the fleet. Similarly the effects of weather,
when averaged over & whole year, msy be expected to be small, though possibly
important over smaller periods of time. Changes in the behaviocur of the fish,
particularly for lines or gill=-nets, which depend on the fish catohing themselves,
can have a large effect, partioularly between different seassons of the year.
However, the behaviour is likely to be the seme at a given season, from one year
to the next; also changes in behaviour are liable to be diffioult to detect

and estimate and will not be considered further in this paper., Similarly the
gkill of the fishermen will be assumed to be constant,

The most important source of wvariation of ¢/ is formed by changes in the
fishing power of the ships or geer, as these msy be considerable; and,at least



catch in i ™ heul -
density of fish at the position of L haul
oonstant

where d¢

L

thet is, a single haul will take, om the aversge, a fixed proportion of the fish
present. This is probably true for suoh geers es trawls and selnes, though
other kinds of gear such ss long lines, mey become saturated in heavy fishing,
e.g when most of the hooks are ccoupied, snd take a amaller proportion when the
density is high. However, on our assumption, when the results of severel hauls
are combined, we have

Zd; = ZCD':

or, taking the mean

d.r = ('.D
= C.’D
where é = mean ocatoh per heml, i.e. catch per unit of effort
P = everage density of fish at the fishing positions
D = average density of fish over the whole region
¢ = constant

The constant ¢’ will be adifferent from € , in general larger, becsuse
fishing will be done where the fish sre most abundant, so that the average density
at the fishing positions will be grester than the average over the whole area.

As we are only ettempting to £ind s mumber proportional to the density, or
abundance, it is not necessary, or indeed possible, to know the value of ¢’
Strictly then, bias will be jmpossible, but an enslogous effect will be steady
long-term changes in the average value of ¢ particularly from year to year.
Possible sources of veriation in ¢/ include >

(1) Random haul-to-heul variations
(ii) Weather
(iii) Behaviour of the fish
(iv) Skill of the fishermen :
(v) Changes in the distribution of the fleet in space
- and time
(vi) Changes in the power and sige of the ship, type of
gear eto,

The first of these, though it msy be large and give a coefficient of variation
of sey 60% for a single haul, becomes negligible when the mumber of heuls is
large. For instance, in the mean of 10,000 hauls - not a very large number in
relation to the activities of a whole fleet - a coefficient of varistion of 60%
for s single haul, 3= reduced to only 0.6%. ~Thus the variance from this cause
msy be reduced to e reagonable value, by having catoh~per-unit-effort figures
for possibly only a small sample of the fleet. Similerly the effects of weathsr,
when averaged over a whole year, mey be expected to be small, though possibly
important over mmaller periods of time., Changes in the behaviour of the fish,
perticularly for lines or gillenets, which depend on the fish catching themselves,
cen have a large effect, partioularly between different seassons of the year.
However, the beheviour is likely to be the seme at a given season, from one year
to the next; also changes in behaviour are 1isble to be diffioult to detect

and estimate and will not be considered further in this pasper. Similerly the
skill of the fishermen will be assumed to be constant.

The most important source of variation of ¢ is formed by changes in the
fighing power of the ships or geer, as these msy be considerable; and,at least
as important, they are likely to change consistently and steadily from year to
year. For instance, between 1923 and 1927, the introduction of the Vigneron-—
Dahl geer reised the fishing power of steam trawlers by some 50% \Bowman 1932)
and thus, reletive to pre-1923, the density of fish after 1927, as eastimated from
the catch per hour of steam trewlers, will be over-estimated by 50%. Similar
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chenges in the power of ship, have been taking place, over a longer pericd, in
‘i English distant water travler fleet. To a fair epproximatidn, the fishing
uisWex of these trawlers is proportional to their gross tonnage. In 1930 the
average tonnage of newly built distant water trawlers was some 350 tons; this
has inoreased to 450 toms in 1947, and to some 600-700 tons now, The effort
statistics on which the catch per unit effort figures are based must therefore
be calibrated. This problem is further discussed by Beverton and Parrigh in
another paper (No. 25) at this meeting,

The relation between ¢ and ¢ and hence the value of ¢’ will depend
on the relative distributions of the fish and the fishing, This is beat
discussed in two perts. First, on a single fishing ground, there will be a
difference between the aversge density at the actusl positions of the ships,
and over the whole fishing ground, and secondly there will be a difference -
between the average density on the fishing grounds, weighted by .the amount of
fishing on each, and the average over the whole region inhabited by the stook.
The first of these is dependent on the ebility of the fishermen to find small
local concentrations of fish, and is largely o matter of skill, though it may
be affected by such items of gear as radar, or Decca, for more acourate navigation,
‘or echo~sounder for better location of the fish, The second difference, which
wasy be termed the concentration, will depend on the decision of the fishermen
on which ground to go to, whether, for instance, to go a long way from port for
good catches, or to stay nearer port for poorer catches. It is likely to be
particularly important when two or more species inhabit more or less separate °
sreas within the same region, e.g. haddock eand plaice in the North Sea. - Here
a real increase in the density of haddock might mean more ships would fish for
haddock rather then for plaice., They would thus leave the plaice area; the
cetech of plaice, for the seme total North Sea effort would drop; and the
epparent density of plaice would decresse,

The effect of varying distribution of f:i.shing within one fishing ground is
diffioult to estimate, but the effect of concentration can be estimated and
allowed for, provided sufficiently detailed informatidn is available,

Suppose the whole region is divided up into a rumber of small sub-areas, in
each of which the catch and effort are known. Then we can write, for the 1st sub-
&TC8..

Di. = “Ic‘ d.‘.
where D; = Density in (™ sub-area
¢ = Constant

d; = catch per unit effort in Lt sub-area;
assuming that the effects of non-uniform distribution within the area
may be taken as ocnstant.
Then 4¢ N; = total nuubers ef fish in i™ sub-area

AQ; = area of {™ sub-area
and similsr symbols without the sub-soript denote the values for the
whole reglon, then

TN

= 3D

= aD

“* aD'= N = ) aD.
= Yald
2a¢

i.es the density index is the we:.ghted mean of the catch per unit effort in each
sub~ares. the weighting factors beirng the gize of the mib=areszsz. Thia eountion is

N
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HAS JLUCTEeaselu TO 4DV Tons 1n 1Y4(, and to some 600~-700 tons mow, The effort
statlstics on which the catch per unit effort figures sre based must therefore
be calibrated. This problem is further discussed by Beverton and Parrigh in
another paper (No. 25) at this meeting,

The relation between ¢’ and ¢ and hence the value of ¢ will depend
on the relative distributions of the fish and the fishing, This is best
discussed in two perts. PFirst, on a single fishing ground, there will be a
difference between the average density at the sctusl positions of the ships,
and over the whole fishing ground, and secondly there will be a difference °
between the aversge density on the fishing grounds, weighted by .the smount of
fishing on each, and the average over the whole region inhabited by the stook.
The first of these is dependent on the sbility of the fishermen to find small
local concentrations of fish, end ia largely a matter of skill, though it may
be affected by such items of gear as radar, or Decca, for more sccurate navigation,
or echo-sounder for better locetion of the fish., The second diff'erence, ‘which
-may be termed the concentration, will depend on the decision of the fishermen
on which ground to go to, whether, for instance, to go a long way from port for
good oatches, or to stay nearer port for poorer catches, It is likely to be
perticularly important when two or more species inhabit more or less separate '
areas within the ssme region, e.g. haddock and plaice in the North Sea.  Here
a real inocrease in the density of heddock might mean more ships would fish for
haddock rather then for plaice. They would thus leave the plaice area; the
ceteh of plaice, for the seme total North Sea effort would drop; and the
epperent density of pleice would decresse.

The effect of varying distribution of fishing within one fishing ground is
diffiocult to estimate, but the effect of concentration can be estimated and
allowed for, provided sufficiently detailed information is aveilable,

Suppose the whole region is divided up into e rumber of amall sub-areas, in
each of which the catoh and effort ere krown., Then we can write, for the 1st sub-
area.

Di. = '& d;'.
where D; = Density in (™ sub-area
¢ = Constent

- d¢ = catch per unit effort in ot sub-area;
assuming that the effects of non-uniform distribution within the area
may be taken as constant, '

Then if N, = total mumbers of fisk in L™ mbeares

A; = ares of i™ pub-area
and similar symbols without the sub-soript denote the values for the
whole region, then

N = 2 N
N'-’ = &g_ D;_
N = aD

** aD = N = Zﬁ;D{,
= za‘_"led.‘_
. e D = -LC: __2_.:_‘.‘:‘;

i.e. the density index is the weighted mean of the catch per unit effort in each
sub-grea, the weighting factors being the size of the sub-areas. This equation is
effectively the same as that developed by Beverton and Holt (in Press) snd Beverton
and Perrish (this meeting) for the effective overall fishing intensity 4.

For if f; end V. are the intensity (i.e., effort per unit area) end catch in the

i sub-area; and Y the total catch,
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A mumerical value for the concentration is given by the ratio of the
simple fraction-total catch divided by the total effort - to the weighted index

of density.
'
That is,concentration = ad = %
‘ a,;d;
or if there are n sub-areas, eaoh of equal area
concentration = -E-
Td:

This ratio has been caloulated for British stesm trewlers fishing in the
central North Sea (region IV b), west of 4°E, for the years 1947 to 1952. The
sub-areas used were the usual statistical rectangles, approximately 30 miles
square. For plaice the ratio has varied between 1,64 in 1948, and 1.42 in 1950,
2 decrease of 13%, snd for haddock between 0,61 in 1947 and 0.86 in 1949,
an increase of 40%. While for plaice, the preferred species in "this region, the
ratio is greater than unity, thet for haddock, inhabiting a very different part
of the area, it is rether less than unity. The chafiges in the concentration
imply that the simple ratio of total catoh to total effort may achange by 13%
for plaice, and 40% for haddock purely becanse of changes in the distribution
of the fishing, without any real change in density.

Ideally, the choice of sub-areass’ should be such, (i) that they cover the
whole stock of fish, (ii) that within each the distribution of fish and
Pighing is regular, and (iii) that some fishing is done in each, = as to
provide an index of density. Often the fishing aotivities of a single ocountry
do ot cover the whole stock., For instance, the English trewl fishery extends
only erratically east of 4°E, s0 that English statistics slone cannot give a
‘fully accurate index of the whole North Sea plaice stock; nor does the limit
of consistent English trewling sppear to correspond with eny limit of a real
biological subdivision of the plaice stock., However, the fishing by all
countries taken together does oover pretty well the whole North Sea. Therefore
provided the units of effort of each country are properly calibrated, see
Beverton and Parrish (this meeting), an accurate index of density for the
whole North Sea stock could be obtained by detailed oombined international
statistics,

A final source of variation in the relation between catch per unit effort
and dengity lies in possible veriation in time. This corresponds almost
exactly with the effectsin changes in digribution in space and may be corrected
in the same way. In many fisheries particularly for pelagic species the cateh
per unit effort changes, due to changesin behaviour of the fish, e.g. spawning
concentrations, from season to season within the year. In general, more
fishing will be done at times when the catch per unit effort is high, and if
in one year proportionslly more fishing is done at this time, the total catoh
will increase, giving an apparent inorease in density. Just as for uneven
spatial distribution, the year may be divided into periods, within each of
which the catch per unit is more nearly constant. Then, the anmiel index of
density, relatively free from changes in the temporel distribution of fishing,
will be given by the mean of the catch per unit effort within each period.



All these correct!imz may be combincd tomether to give the best indew of
density for the year. Within coch inforval oF time and subearen, the densiiy
‘ndex is the cateh ser stendord nailt of effort, and the density ‘mc ox Tor e
year over the whole regior, will be the wean of ¢ wve entechies per wndt
efifort. The ratio oi this index Ho the avers ~ he as nvor os
wosuible congtant, Tha srca coverud .;\,‘:Jclf o 10:&14\ remaing congtant
from year to year, so the inden of - rill wly well s an
index of abundonce, or total mztiers, Py hJio then the index
of abundance will 30 areaXindex of density,

\!_

Inestimating the structure of the At iz ite reletive gize
ahd age composition, bias is = fer birger =11 vericnee, Even a small
number of hauls on the same snot will ~ive e very consistent caorpzosition of the
catech, though this mey well not he tht toue cormosition o the population at
that spot.,  Thus 4l ool hwels din a

sile variancs over the very laros nu
commercial flest?. activitics will be very smelil. Sias way bs considered in
two varts; first the structure of the somuletion ot 4he f;sh;nﬁ wosition may
not be tynical of thet of the il

Who )O)MAdt on;  cecondly the structure of the
catch may not be the same asg thet o #he 7owuluu-0q at the wositon of capture.
The first of these hen the same ECﬂCCu &5 e uwneven digrivution of fishing
and density of Tish,and may be dezlds with in s similar ey, For ingtance, in
the North Sea plalce Ticling, if more shins Jishe orfl 4he continental c oaste-
grounds typieclly conteining small ~drice, inctead of on the DO“T““ Bani -

typically containing lerge »1 ice - then velatively rove small nlaice would be
landed, and the a sovemt vt victure of the poosulstion would bc rltered. By

dividing the arse into sub-srcn, and trectin thy den ity of each aze ow l.oagth
group sevaratelyr, in the samc wav s in obiainin: a correcct deng ity dndex Tor
the whole Hopuliticn, a correet structure oo $he wholo neouletion may he
obtained. This methol involves not only crtimntes of structure, but also of
abundance, but this is unaveidshle 17 the strcetwae of the vhole vopuletion, i.e.
tae relative abundance of (iffercnt rrouns, ic to o cstimated when tThey are
separated into partly diffevent arc.g. I no estimates of aengity canbe made,
some idce of the strveture of the Jation, perticulari of its change, con
st111l Be cbiained widch will uot he disturved by chenges in the diztributisn of
the fleet, Suipose the whole region is ddvided moointo areas in each of rhich
the structure is uaiform, and hence wsy be entimated at once from the oatches,
Then the true structure will be the wreilited moan ov she stuctwres in aach

area, the eighting foctors being &7 3

se abundance in sach orea, Tais will nowv
not be lmown, but if sons othcr constant weishting factors are taken, then the
resulting estimate For the structure 11l e unalitered .- changes in the
Gistribution of ths Ffishing betwecnti vorious areas, It will not be the

true structure, but will be reasonibly closc, and in varticular will rellect
guite well changes in the roouiztion structure,

The landings of fish from e » rhiculsr area 1411 Jiffar in shructure Trom
the true somilation in thaet ﬁ“ea. This may Do due to rejection of small fisl,
sclection of smell f*um tarough the meshes of the nct, or escavement, that is
i obtlier than by mesh selecticon.

differentiazl cepture of large ane soall R Tolie]
The first two sre only im .ortant over a linited and usualiy casily discovered
size raange, but the second of thesc in much more G177 eoult to determine,
Lscapement will be noticeble vhen tin or mors gears oncrating on the same Dart
of a stock have catches with Gifle eut atructu.es C.%e the long-line, gill-net
and purse-seine cotehes o cod ot Lofoten (Rolicfsen, 1953) Then csconement
rust be taking olace Lo ot leagt e of these fears - orova 1wl ilong=-line snd
gill nets, Thouzh this wwans that tle long-line and 531 net catches are no use
for direct estimation of the :olation, it also means that the effeet of the
gear on the posulation cannot be “c;rcuentcd Dy thwe same nortality coefficient
for all sge-groups. IT the n:1-ro):f“,nt.u¢vc renr takes a falr nroportion

of the folal catch, so that its offuet on e wowulation is importent, then

the catehes from it ili luwwe o be sanpled, ta #ive the catches and hence

e mortzlities, in cach age-group seperately, This Hrovlen is discussed further
b IHergetts (“o. 23)




The cbove review is not an exhaustive surveyr of all sources of bias and
variaace; algo, sarticularly in estimating the population from the crtal,
several likely sources of error have been mentioned, but zssimed to be
small ia cefault of methods of corvecting for them, Som: Jnﬁd"t Lovever,
that the mejor sources of variation have heen accounted Tor in one
fishery may be gained Trom an analysis of the Loveskolt slaice som ling,

For the threc biological yeura Auril 1950-iarch 1953, the cioecued variance in
the estimated numbers ol cach year clage vwere ecaleulated. Trom thesc the exmected
variance in the exponential morttlity rates was czlculated, and was 0,034, At
the same time the actual observe? variance for the set of 14 separate cstimates
of mortality, {or the 5 most abundant and fully recruited vear-classes for the
two palrs of years 1550-51 and 1954-52 was calculated, and vas 0,027. The
reasonably close agreement between the two ig o fair indication that the
lmmm:mucﬂnﬂaﬂcgmrmso;xdznmc&m'mermt~mmtmw That is,

the sampling of a fish wopulstion by a commercial flset cen in some
circumstances at least wirobabdbly give cstimetes -rithin a predictable and

not too large margin of error,
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