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Unmtiil 1384, hake guota recommerdations mace by the ICESAF
Sciemtific Advisory Courcil were based om the prodguction
motel ‘approsch with evaliuvations made using & contiraous
eouilibrium approximation. However, serious discrepancies
vetweer muodel predictions and data became apparent ang
this thesis examines the extert to whickh these are
comseguences of the failure to alliow For dynmamics in
fittirmg models to the data.

The biclogy of the hake population and the mistory of the
hake Fisheries off the coast of southern  Africa - are
reviewsd briefly amd the objectives of tishery manzoement
defined. This is followed by & presentatior of the dsta
used in subsegquent calculiations together with details of
the sources from which they were obtaives.

The basis for the surpius production model Tor the
evaluation of sustainable yields is discussed. It is siowr
that the steady—state zssumption will probetly lexg to

pasitively bixsed sustainabie vyieid estimates for
fisheries whose kistory is dominated by & declivming CPRUE
1 rend. in &y &ttempt to correct for suck biases,

evaluations &re alst carried out usivg Bullanmd™ s methed of
averaging effort data. However it is mot clear to  what
extent this eguilibrium approximation approach compernsates
for such errors.

Comseouently, discrete dynamic versions of the Schaefer
and Fox models are fitied, using nonlinesr minimizatiom
procedgures, to catch-effort dats for the Four IDSEARF
areas commonly chosern Tor hake stook assessment rarposes,
namely Divisioms 1.3 + $.4, 1.5, 1.6 and Z.1 + 2.2 {xil of
which indicate generally downward CRUE trends For tihe
major part of their histories). Monmte Carioc simulation
-methots are employed to estimate coefficiente of varistion
for the model paxrameter and yield vaiuves zssessed.

The dynamic models &re shown to  provige gistinctiy
improved fits to the CPUE time series compared to those
cbtained using the Gulland Functiornail Regression {GFR) or
the steady-state approaches. M5Y estimates obtairved From
dyneamic model fits are, on aversge, a&pproXimstely 10X less
tharn thuse resulting from the G6FR procedure.

Since the effects of uncertainties (such as adverse
ervirormwental variability and the imprecision of stook
biomass estimates) carm critically influence the ocutcome of
management decisions, cauwtiorn should be exercised when
makimg catch limit recommendations. Various conservat ive
a&pproaches are xdvocated, and the associated currert catch
timit recommendations evaliuvated. These inciude the Buliand
and Hoeremsx fo,1 procedure, and an approach where the quotsa
is reduced by & fractionm of the stardard ervor of the
imitial guots estimate.

v



The Oyrnamic motel is &lsoc employed tu predict future
piomass (s well as CPRUE anmd guota) vaiues., 8 kistoriesxi
eramination of the accouracy of such projectioms is usec to
comment upon the efficacy of tie Schaefer amg Fox Synamic
models. .

Dyrnamic model biomass estimates are compared to those
provided by the Virtual Populationm Amaiysis (VPR) proce—
dure for Division 1.6 . Large discrepancies in both recent
trends antd absclute vxiues are evident, with biomsass
estimates being much lower im the case of VEA.

Various extemnsions to the dymamic wmodel are introduced in
&n xttempt to reduce the difference between dymamic model
and VPR biomass estimates iw Division 1.6 . in generai,
the irncorporation inm the dyrnamic modeil of time lzag effects
(i the wet growth function) amd incressed efficiercy
factors <{in the catching operation) yield we obvigus
improvement in  sgreement betweern dywamic model and  VBR
results. Im addition, the effect of zllowing the ratic of
the biomass at the start of the given CPUE series to the
carrying capacity {y,/K) to assume values otiver than uriity
is eramined. HResuits indicate that thiz extended modeil
does nout appear to have amy advantages over models applied
earilier which assumed ¥, =K. The seemirgly insignificant
improvements obtained sugeoest that the origimal gynamic
model reariy Tully exploits the informatiorn comtent of the
data &nd that the ivntroductiom of further parameters can
cause tihe sum of sguares surfaee to become very FTlat iw
the vicinmity of the minimum that is scught in the fFitting
procedure. Dyrnamic model fits using the Shepherd surpius
production form {which incorporates s skewness perameter)
are performed on the catoh—effort data. The ratic of the
biomass &at MSY to the carrying capacity {ymey /K) is shown
to be very poorly determined by the catch—effort data {(the
averaoe coefficiermt of variatiorn of estimates is 30%).
Results indicate that the Shepherd model is & suitabie,
thovel wnot necessarily superior, alternative *to the
SBcheaefer and Fox dymamic models.

Pussibie extensions and amendmernts to the dymamic models

are sugoested. These include the use of Clark’s
bioecomomic model to review the fm, strategy with regard
to economic optimality, and the replacement of the

traditional Schaefer and For forms with & more gererxlized
surplus growth furnction. Alse proposed are an examination
of the effects of changes in mesh size {om both catcha-
bility and growth parameters) and an adjusted dynamic
mocel cxiculational procedure iv which catches &re
‘discounted’. More appropriate weighting procedures for
catoh—effort model fits are suggested arnd lastly, an
analysis of vessel power factors is advised.

vi



t  INTRODUCTION

1.1 B review of previous methods uwsed by ICSERF For  hak
TESURTCE mEnEqemtrdt

Rithough Cape hake have been fished since the tura of the
certury, 1t was only after 1362 that particularly hkeavy
exploitation of the hake resources commenced &as foreignm
vessels started operations iv southerm African waters. Ir
1366 the Divisior of Sex Fisheries initizted & researchk
programme, corvcertrating on the collectiorm of catel  and
effort statistics (Hotha, 1380). These dsta revexlied
increasing catohes accompanied by decrexsing catei rates.
Mourting councern about the depletiorn of the hake rescurces
led to the establiskmert in 1372 of the Imternational
Commission for the Sovuth East Atlanmtic Fisheries (I0SERF).

At its Ffirst two meetings (1372 angd 1373) the ICSERF
Sciemtific Rdvisury Courncil (5AC) corcentrated its
attermtion on yield per recruit arialyses four Ihe kake
resources, &nd the short and lomg terw effects on yieic of
various net mesh sizes. As & result of these calcuiations,
& miviimum mesk size of 1:0mm was adopted by the Commission
in 1373 and implemerted on § Jaruary 1375,

In 1374 and 1375 the ICSEARF SAC begam to investigate
steady—-state productiorn models as & means of estimzt ing
maximum  sustainable yield (M5Y); both Schaefer and Fox
forms were covsidered and the Gullang effort-averaging
procedure used in caloulating reEsuits. However, no
Commission decisiorns om hake guotas were made urntil 31976
whert recommendations of the SAC based on the Fox model
fusirg tie Gullarmd procedure) wETE &dopted, &
implemerted for the 1377 seasorn. ARlthough it is not clear
From reports (ICSERF,  1376) why the Fox Form was
preferred, it is conceivablie that plots of catch per unit
effort (CPUE) against effort were considered to indicate =
degree of corncavity, so that the exporertizl form proposed
by Fox (1370) was thought to be more appropriate than  the
linear Schacfer (13954) Fform. This Fox—Gullamd method
comtinued to be the basis for quota recommedztiors up to
and including the 1383 ICSEARF Meeting.

In 1982 the ICSEAF Standing Committer on Stock Assessment
(ICSEAF, 1583b) noted that Fox-Gulland model Fits to Flots
ef CPUE versus effort showed a gereral bias trend towards
underestimating CPUE during the declining phases of these
fisheries, and overestimating it in the TECOVETY phiases
{the case for Division 1.5 is illustrated in Figure $.1%3
the plot for Divisioms 1.3 + 1.4 showed similar features).



Initially, several possible reasors for such biases were
advariced by the Stoock fssessment Commititee, ramely the
effects ot mest  regulations, the effects of the
ervirorment on availability, ard low recruitment in recent
YEXTS.
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Figure 1.1 ¢ Cape hakes in Divisionm :.5 — Plots of the
cbserved CPUE versus effort statistics For $967-—
1382 ard the regressionm line fitied to the dats
series usivg the Fox model: [redrawn from ICSEARF
{1383b)3. Effort on the horizortal axis represems
the average of the value in that year and the
preceding tweo years &S used in Bulland’s
calculational procedure.

The particular motivationm for the investigations reported
i1 this thesis was the trypothesis that the mjor cause of
the abovementioned discrepancies was instead viocliatiorm of
the steady—-state assumpt i om QpeTr witi oy mobel—
implementation up to that stage hed been based. The
dynamic catch-effort model developed here was first
reported to the 1383 ICSEAF Meeting. Other authors alsc
suggested altemative methods of incorporating dynamic
aspects, which attempted (to varyivng degrees) to avoid the
cortivuous equilibrium approximation in estimating the
parameters and variables on which guots recommendstions
were based. Since 1384, the catol limit recommendations of
the ICSERF SAC have been based on  arn averxge of the
results ef three such methods, riamely, those of
Butterworth and Andrew {(1384), Lieonart, Salat anmg Roel
{1385) and Babayarw gt al. (1385).
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This study serves to review the Butterwortin and Rrdrew
(1384) dyramic model iw detxil. HResults obtained using
this model are compared to thouse of the pure stexdy-state
&pproacht, a&nd of the Bulland method previously used by
ICSERF. The shortcomings of these latter approaches are
discussed & various extersioms to t e original
Butterworth and Ardrew model are examined criticalily.

1.2 Gutiivie of thesis

First & short bivlogical descriptiorn of the two hake
BpECIEs {rnamely, Merivccivs capensis &nd Merluccius
paradoxus) found off coast of socutkers Africa  is given.
The historicsl background of the fiskeries iwm the Four
ICSERF divisions (see Chapter 2) is then reviewed briefly
&nd  the eobjectives of fFfiskery marnagement. defined. A
description of the catoh-effort data used in subrseqguent
caiculations follows.

Tihe wmext two chapters corsider the assumpt ions &nd
equatioms upon which various surplus productior  models
are based. The origirnal steady-state model previvusly used
by 1C5EAF for management has resulted  iw 5ETious
discrepancies betweer model predicticms antd data. HRiasses
caused by the cortinuwous eguilibrium assumptionm &re
considered, . and Gulland’s method of averaging effort datx
fused imter &lia iv an attempt to compersate for suchk
bixses) is examined. Discrete versiowms of the gdynamic
Schaefer and Fox models are then introduced. These models
(fitted to catch-effort data using nonlinear wminimization
procedures) are used to provide predictions of future
biomass (as well as CPUE and gquota) vaiues.

The following chapter concerns takirng into accoumt the
effects of uncertairties which can serivusly influence the
vutcome of managemert decisiorms. Conseguertly, the bases
for wvarious more cornservative catohk limit recommendations
for managemert purposes are suggested. & description of
the statisticxl procedures employed to determine the
precision with which the model parameter and yield values
are estimated is given. i

The results obtained using the various models and data
from the four ICSEARF divisions are then listed and
compared. A historical examinationm of the aocourary - of
model projectionm capabilities is used to comment upon the
efficacy of <the Schaefer and Fox dynamic models. In
addition, biomass estimates provided by the traditiomal
Virtual Population Pnalysis (VPR) procedure are compared
to those of the dynamic models for Division 3.6 .

-



Certain extensions tou the dynamic model are ivt roduced i
an attempt to reduce apparemt differevices between gynamic
model &nd VPR  biomass estimates which are evidemt For
Divisior 1.6 . I addition, dynamic model fits usirng the
Shepherd surplius productior form {(whichk incorporates &
skewness parameter) are performed on the catch~effort
datea. Lastly, further possible developmerts ard amentmert s
to the dyrnamic models are suggested.

1.3 Basiec coervertions

Most of the converdiors used inm this thesis are Explained
inn the text. A few of the more coomon ornes are  outlined
briefly here. In some cases & " is used to indicate that =
parameter or variablie has been estimated {(For erample, §
gerivtes the est imated biomass), Urniess irndicated
stherwise, the curremt year {(that is, the year following
“the last in the series of available catoh—effort det«,
ususily 138%) will be denoted by am asterisk {(for exramplie,
y* will refer to ithe curremt biomass). The term
*sigrnificard® is used only in the serse of *statisticalily
sigrificamt at the 5% ievel®.

In this study, the precision with which guartities
{especially managemert-related variables suck as MSY’s or
quotas {(Totxl Rllowable Catches -~ TRC®s) urider particuliar
tarvesting strategies) are estimated will be emplissi zed,
This imvolves calculation of the associated coefficiemt of
variation {c.v.) estimates as Ffolliows:

stamtdard error
coefficviert of variatiom =

e

{(these vaiuves &re sometimes expressed &5 & %). Semwmi-
arbitrarily, such Ce Ve estimates willi be termed
acceptabie’ if they are less tharm 20% {in discussions o
the adeguacy of available dats to provide &m ®acceptabie’
estimate of & particular guarntity usimg & particular
model), '

For objective function mirmimizations, the NAB {(see Note
${1}) routine, EOAFDF, was chosen. Resulits were checked
using an alternative mimimization routine, MINIM {(see Note
(Z2)). The BMDP statistical package, BMDPSD was employed
for niormal probability plots (see Note (3)).



Hote (1)

Note {2

Note {3

This  NAG (Natiowmal Rligoritims Group Ltd.,
Bxford, 1383) routive uses & gquasi-Newtor type
methiod {(see Gill and Muarray, 1378).

MINIM is & minimization routine based ow the
simplex method {Nelder and Mead, 1365 . It was
programmed by D.E. Shaw of the CS5IR0 Division of
Mathematics and Statistics (R.G. Box 28,
Lindfield, Australiz) and amended by R.&.M.
Wedderburn of the Rothamsted Experimentzl
Station, Harpenden, Hertfordshire, England.

Hiopmedical Computer Programs {published by
Urniversity of Catiformia Press, Berkeley, 1383).



Z BIOLOGICAL AND HISTORICAL BACKGROUND

2.1 Hake bioloay

Two hake species, namely Merluccius capensis Castelnau and
Merluccius paradoxus Franca, known collectively as the
Cape hakes, are taken by the fishery off southern RAfrica.
A third species, M. polli Cadenat, is also taken in waters
off northern Socuth West Africa, Angola and further north,
but it is not a ’Cape’ hake and therefore will not form
part of this thesis. Although originally regarded as
subspecies of M. merluccius by many authors (Franca, 1962
van Eck, 1969), M. paradoxus and M. capensis are now
recognized as full species (Inada, 1981). Aspects of the
general taxonomy, anatomy, biology and distribution of
adult Cape hakes have been discussed in detail by Botha
(1380) and Inada (op. cit.).

M. paradoxus and M, capensis are similar, but they can be
distinguished by the colour of their gill tubercles, the
number of vertebrae (van Eck, 1963) and the shape of their
otoliths (Botha, 1371). Inada (1981) proposes ranges for
the number of vertebrae, namely, 49~-53 for M, capensis and
54~58 for M. paradoxus. These do not differ significantly
from ranges previously suggested by Franca (1954) and
Pshenichnyy and Assorov (13969).

There are also other subtle differences in shape, in
colouration and in eye size which, although not as defini-
tive, permit an experienced worker to separate the species
at a glance. M. paradoxus tends to be a longer, thinner
fish with proportionately larger eyes than M. capensis. In
addition, the dorsal parts tend to be blacker in M.
paradoxus and more coppery in M. capensis. In South West
African waters the edge of the anal fin is white in M.
capensis and black in M. paradoxus. This distinctive
criterion is. absent in the stocks south of the Orange
River mouth, where both species have .dark anal fins and in
the vicinity of the Orange River it carmmot be reliably
used to separate the two species. The morphological
difference of the white anal fin in M. capensis north of
the Orange River suggests that there are two distinct
stocks, but as yet no measurable genetic differences

between them have been observed (R. Leslie, 8FRI, pers.
commn) .

Inada (1981) describes the geographical distribution of
Cape hake. He concludes @ that the distribution is
influenced by the cold, mnorth-flowing BHenguela Current
along the west coast and is limited by the warm, south-
flowing Mozambique Current along the east coast. Rccording
to Inada (op. cit.), shallow-water Cape hake (M. capensis)
inhabit waters from just north of Bahio de Farte (X12°S)
off Angola on the west coast to East London on the south-



25°

35°

10° 15°
I ¥ I L
. ! 1
= Walvis Bay (RSA)
A : N

B ' SOUTH

S5l WEST
AFRICA 201

. Lﬁde}itz

~ 1.5
ot

B (a)-” .

REPUBLIC OF

| SOUTH AFRICA
a5 :

‘ 1.6

— - ’

(b)/ - .

i 2.1 2.2

AC° 1 N S VOO S N N U [N N T { S IR T SRR TN N NN S TR WO
15° ~20° 25° - 30° - 35°

40°

Figure 2.1 Map showing the major hake trawling grounds (shaded areas), the ICSEAF division boundaries and

' the 200 and 600 m depth contours off southern Africa (based on unpublished SFRI and ICSEAF
statistics). The boundaries marked (a) and (b) refer to the domestically applied boundaries
of Division 1.6 and the adjoining divisions.



east coast of southern Africa. They are found on the
continental shelf, wusually in depths of less than 440 m.
M. capensis longer than SO eom generally inhabit the ZZO-
440 m depth range, whereas those shorter than 40 em are
distributed in depths shallower than 220 m. The maximum
numerical abundance of M. . capensis occurs at a depth of
1530 m (with optimum temperature of 8,75°C) (Botha, 1380).

Deep-water Cape hake (M. paradoxus) are known to inhabit
waters from Cape Frio (18°S) to Port Elizabeth (Quero,
1973) along the slope of the continental shelf. They are
found more offshore than the shallow-water Cape hake,
being distributed mainly between 150 and 640 m, although
Inada (1981) states that they occur to at least 850 m off
the Rgulhas Bank and Botha (1980) gives a maximum depth of
920 m. Fishes longer than S0 cm inhabit waters deeper than
400 m and comprise maturing schools, whereas fishes
between 20 and 40 cm-are found in the 260-400 m depth
range (Botha, op. cit.). The maximum numerical abundance

of M. paradoxus occurs at 330m (and 8,11°C) (Botha, op.
cit.). .

From catch statistics it has been established for both
species that there is some correlation between fish size
and water depth. Within each species,  the smaller - hake
inhabit shallower waters than the larger individuals and
‘hence, although there 1is intermixing of the species in
intermediate waters in the depth range of 200-400 m
(Inada, 1981), the adults of the two species do not
commonly mix (Badenhorst, 1984). In the overlap area where
larger M. capensis have been found to coexist with semall
M. paradoxus (Botha, 1380), research studies have shown
that interbreeding does not occcur (Jones and MacKie, 1970)
and that the species retain their specific integrity by
_spawning at different depths (Botha, 1973).

The above species and fish size stratification by depth
partially breaks down in the waters off South West Africa
possibly as a result of the narrower continental shelf in
some parts and the exXtralimital occurrence of - M.
paradoxus. Although there is still a tendency for fish

size to increase with depth, there is a much wider size
- range at depth and reports of large M. paradoxus and small

M. capensis in the same trawl are not unusual (R. Leslie,
SFRI, pers. commn).

The age composition and the distribution of the two spe-
cies largely determine their fishing mortality rates, and
-therefore the fisheries in the various divisions differ
substantially. Although both species are caught commer-
cially in Division 1.6, the major impact has been on M.
paradoxus, which constitutes 95,2% of the catch by numbers
and 87,1% by mass (Botha, 1980). In South West African
waters, M. paradexus are far less abundant, especially
north "of Walvis Bay, and M. capensis is the dominant



species (704 by mass) {Payne, in prep.). Similarly,
according to unpublished Sea Fisheries catch statistics,
M. capensis constitute at least £0% by mass of the catches
made by the inshore fishery in Divisions Z.1 + 2.2 .

Since factories and fishermen do not differentiate between
the two hake species in commercial catches, most of the
data available are for both . species combined. Current
stoek assessment wmodels and the resulting management
implications are  therefore based on this single " species
assumption. ‘ : :

Althouoh growth patterns of hake differ between areas,
species and sexes, hake generally exhibit slow uniform
arowth throughout their life span. This is illustrated in
Figure 2.2 where length-at—age curves are plotted wusing
the von Hertalanffy growth equation as presented by Leslie
{1385) for both species combined in ICSEAF Divisions 1.6

and 2.1 + 2.2: )

-0, 113(t — ©, 0396)

Division 1.6t 1 = 1254 (1 - e 4 )
t -
. -0, 0738(t + O, 378)
Divisions 2.1 + 2.2t 1 = 167,3 (1 ~ e o)
where li = tptal hake length in cm
and t =.time (aoe in years).

8of-

60

.AQh-_

201+

(o) 1 1 S L 1 1
2 . .4 6 8 10

t = AGE (years)

Figure 2.2: Length-at-age curves for hake in ICSEAF
Divisions 1.6 (so0lid 1line) and 2.1 + 2.2
. {dashed line). |



Resgarch  stucies rnave shown that males orow more slowly
than females and that 1ife expectancy is ionger For
females. CGuero (1373) recoroced a maximum lenoth of 120 cm.
Hotra’s observations on the orowth rate and the maturity
of bDoth species have shown that, in Division 1.6, S0O%
sexual wmaturity is reached at iengths of apporoximately 48
cm  in the case of femalie hake and 37 em in the case of
male hake {Hotha, 1380). Using the length-at-age curve
corresponding to this division in Figure 2.2, these
lengths correspond to S0% sexual maturity at an age of 4.3
years for Temale hake antd 3,1 years for male hake.

It is generally assumed that increased fishing rates or
favourable environmental conditions tend to resulit in
density—-dependent increases in the orowth rates of fish
populations and/or decreases in the age and lenoth at
maturity as a natural means of promoting recovery. Such
observations on the whitefish populations in Canada were
documented by Healey (1375). Non-uniformities in the
growth rates and age at maturity of Cape hake stocks in
different areas can therefore be expected. From Figure 1.2
it can be seen that the growth rate of Cape hake on the
South-east Coast appears to be faster in the eariy stages
of development than that of hake in Division i.6, aithouoh
statistical tests of the significance {(or otherwise) of
the differences have yet to be carried put. Dissimiiari-
ties such as these in the reproductive and crowth bioiocgy
of the species in Divisions 2.1 + 2.2 could .be attributed
to the heavy exploitation of the stock in the mid-
seventies (Payne, in prep.). '

-Spawning behavicur appears to differ substantially between
regions. In Divisions 1.3 + 1.4, where M. capensis is the
dominant species, a gonad study made by HfAssorov and
Herenbeim (1383) indicates ' that spawning appears to be
from July to December. On the other hand, Cape hake
spawning data for the West Coast indicate a two-phase
spawning period extending from November to March {Eotha,
1380)., The main spawning period occurs in November—
December and is followed by a smaller less intense one in
February-barch, the latter spawning peak beino sustained
mainly by M. paradoxus (Assorov and Kalinina, 1973). There
are also indications that some spawning activity takes
piace throuaghout the year and that the same fish can spawn
more than once during each spawning season (Rotha, OD.
cit.). in Divisions 2.1 + 2.2 studies by Payne (iw prep.)
aiso show that spawning can take place througchout the
year, but that a peak is reached in spring and early
summer (August/September until the end of the year).
Thereafter it appears to decrease in intensity, reaching a
minimum during the winter months of June and Juiy.

The low occurrence of spawning fish in commercial catches

made with bottom trawls is consistent with the general
belief that spawning hake rise off the seabesd to spawn in

" 10



midwater (HBotha, 1380).
Y

Recruitment, which is the process by which Juvernile fish
Join the fishable stock, depends on many factors. These
include wminimum mesh size regulations and the fact  that,
in both species, small hake generally inhabit shalilower
waters than do larger fish, gradually migrating into
deeper water as they mature. Rs a result, recruitment is
influenced by the age at which these migrations take piace
and, in the case of M. capensis, the minimum depth at
which the trawlers operate.

Hake are carnivorous in general, but their food
preferences change during orowth. Results of studies off
the GSouth West African coast show that the major food
organisms for juvenile hake in this area are planktonic
organisms. such as crustaceans (particularly euphauszds)
small fish (mainly myctophids) and cephalopods (storov
and Kalinina, 1373). As the fish lenath increases, so the
predominance .of euphausids in the hake diet declines and
fish become the major component of the diet of older hake.
Feeding intensity drops sionificantly from October to
December ({(during the spawning period) and is high from
Jaruary to May (Chlapowski, 1377).

Canmnibalism in Cape hake starts with fish of 40 cm and
over and increases with size,  hake becoming a principal
food item in fish over S0 em long (Chlapowski, i977 and
prenskl, 19804q), Hake are carmmibalized at a high rate from
age O to 4, naturally the rate decreasing with age. Ry the
age of O cammibalism has almost ceased. Studies of Cape
hake off the coast of South West Africa have shown that
large M. capensis are highly camnmibalistic and that
Juvenile hake may wmake up over S0% of the diet of
individuals of the same species larger than 60 cem
(Macpherson, 1980 and Prehski, op. cit). This high rate of
cannibalism can partly be attributed to factors such as
high .population density and a coincidence in time and
piace of juvenile and adult hake (Lleonart et al., 1383).
Therefore from just south of Walvis Ray northward where
there are fewer M. paradoxus, the incidence of *true
camnibalism’ (that is, one species of hake eating the same
species) would be expected to be higher. Iin the South
African waters this proportion of hake in the diet of the
same species wmay differ, because although small M.
paradoxus do form a large part of the diet of large M.
paradoxus, the large M. capensis eat mainly small M.
paradoxus {(Botha, 1380), which is not true cannibalism.

Small M. capensis are protected from large M. paradoxus by
geographical distribution. '

EBotha (1980) states that hake do not appear to be major
predators of any other commercially exploited fish.
Neither does the stock seem to be threatened by predators
‘and it experiences little competition for food or 1livinag

11



space. Lhanges in the hake population size are thus
unlikely to markedly effect other Tish species that are at
present commercially exploited.

In practice, after the pelagic larval stace, hake
descend to the bottom. However, migrations do take place
for the purpose of spawning or feeding. At night they move
vertically away from the seabed to feed and they return te
the seabed during the day {Inada, 1381). Most vessels fish
only during daylight when the fish are concentrated near
the seabed and when the catch rates are generally higher.
From catch records of vessels fishing throughout 24 hours
it would seem that catch rates increase to a maximum at
midday and decrease to a minimum at midnight (Jones,
1974). Botha (1980) confirms this rise off the seabed at
night. .

2.2 Higtorical backuaround of the hake fishery

The ICSEAF convention area is, for statistical purposes,
divided into two major regions, Zone I and Zone I1I. The
former lies off the coast of South West Africa and
comprises Divisions 1.3, 1.4 and 1.5, excluding a small
area south of the Orange River (Figure 2.1). This small
area is assigned to Zonme II, which is formed mainly by
Divisions 1.8, 2.1 and 2.2 and which is situated off the
coast of South Africa.

Cateh statistics are submitted in terms of either landed
er nominal weight. The landed weight refers to the weight
of the cleaned or processed fish whereas the nominal
weight is an estimate of the weioht of wholie fish actually
taken from the sea. It is calculated from the landed
{headed/gutted) weight by means of a conversion factor of
i,46 (Chalmers, 1376). Future references to catches in
this thesis always refer to nominal weight.

Hake has been fished commercially since the late wnine-
teenth century. Catch figures for the South African
fishing industry (Table 2.1) show that hake catches
increased steadily from 1 000 metric tons in 1917 to
21 100 tons prior to the onset of World War II. After the
war catches rose to 72 thousand tons in 1950 and, by
1961, catches of 148,7 thousand tons had been recorded.
Until then only South African trawlers were exploiting the
hake resource and their fishery was mainly restricted to

the grounds in the vicinity of the Cape Peninsula (Jones,
1374).

After 1362 participation by distant-water trawlers from
several foreign nations increased. ICSEAF (i378&) gives
1962 as the start of foreign fishing effort in Division
1.6 with & total of 3,6 thousand metric tons being cauaght
by the foreign fleet. The increase in both domestic and

12



Year|Catch Year| Catch Year] Catch Year| Catch

13171 1,0 1934 13,8 1951 89,5 1368 175,0
1318 71,1 1935 15,0 13952| 88,8 1363 206,8
1313 1,9 1836 17,7 1953 33,5 1570 170, 3
1320 - 1937 20,z 195a 105, 4 19?1 235,5
1321 1,3 1938{ 21,1 1955 1154 1372} 295,35

1922 1,0 1339 20 1973} 235, 2

19561 11

o

b\"

9

0
1923| 2,5 1940| 28,6 1957| 126,4 19741 223,3
6

1324 1,5 1341 30, 1938 130,7 1973] 1634
1925 1,9 1342 34,5 1959} 146,0 1376] 201,1
1326 1,4 1343 37,9 1§60 153,93 197% 138, 0
1327 0,8 1344 34,1 1961 148,7 19781 144.5
1328 2,6 1345 23,2 13621 147.6 1973 144,2
1323 3,8 1946 AO,AV 1963 169,5 13801 1431
1330 4,4 13847 41,4 19641 162,3 19811 134,6 |
1931 2,8 13481 . 58,8 1365 203,3 1382 131,é
1332 14,3 1345 S7,4 1366{ 195,0 1983 114,93
1533 11,1 1350 72,0 1é67 134, 4 1384 126,8
Table 2.1 @ Total (RSA and foreign) hake catches for

ICSEARF Division 1.6 (1317-1966) and Divisions 1.6, 2.1
and 2.2 (1967-1382) in thousands of metric tons. Trawling
is known to have taken place in Divisions 2.1 + 2.2 during
the period 1363-1966, but the catches made at that time
were relatively small and have not been included in this
table. Calculation of the catch data for 1317-1954 was
based on historical records of landed catches published by
Chalmers (1976). Since it is known that much discarding of
small hake took place in the South African fishery during
these years these figures were increased by 33% in
accordance with a decision reached and published in ICSEAF
{1378). The same procedure was used to account for
discarding in RSA catches from 1955 to 137i. From 1972
onwards catches have not been adjusted because the commer—
cial fishery began to find a market for the smaller fish
and the catch rate decline dictated their retention.
Corrected catch figures for 13955-1380 were obtained from
ICSEAF (1885b). Data for 1381-1384 are based on
unpublished SFRI and ICSEAF statistics.
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fereign fishing effort was accompanied by an expansion of
the area fished, and the trawling fieet soon fished
virtually the whole of the continental shelf off the coast
of South West Africa and South Africa as far east as East
London (Jones, 1374). The bulk of the catch is taken by
South African, Soviet and Spanish trawlers. The relative
catches taken by the various fishing nations in selected
years are given in Table 2.2 and the domestic and foreign
catches off the South African and South  West African
coasts for all years are listed in Tablies Z.3a and Z.3b.

After South Africa’s introduction of a 200-nautical mile
fishing zone on 1| November 13977, the hake fishery off
South Africa reverted to an almost exclusively local one
as it had been before 136Z. In 1363, only 4 400 wmetric
tons of hake were taken by foreign trawlers in South
African waters as opposed.to their 182,353 thousand tons in
1372 (Table 2.3b). However, total catches of Cape hake
were not reduced in the same proportion because much of
the foreign effort was diverted to South West African
waters where, because of the uncertain political status,
the 200-nautical wmile fishing =zone has not yet been
enforced. '

The Cape hake fishery is the largest in the world (Inada,
1381). In 1965, catches of Cape hakes alone accounted for
33% of the total world hake catch. This proportion rose to
41% in 1373 (Botha, 1i380Y and has since remained fairly
constant. GStatistics published in F.A. 0. (1884) give the

percentage of Cape hakes in the world hake catch in 1383
as 40% ,

Hake 1is the dominant species in South African trawl
catches. The SFRI Annual Report. for 1984 states hake as
constituting 73,6% by landed mass of the total demersal
catch made by the South African trawling industry during
that year (Marine Development Eranch, i984). Table 2.6
gives these annual percentages for the period 1378-13584.
The foreign pilus domestic hake cateh for the total
convention area in 1383 was approximately 450 thousand
metric tons (ICSEAF Stat. 1385).

From Figure 2.3 it can be seen that the South African
domestic catch has not changed much over the past 30
years. Although total cateh figures for Divisions i.6, 2.1
and 2.2 reflect a large peak in the mid-seventies foliowed
by &a substantial reduction, catches made by the 1local
industry remained remarkably stabile though, as discussed

below, the catch rate dropped severely.:

During the mid to late 1970s, catch rates for hake in the
various ICSEAF divisions dropped to their lowest recorded
levels as a result of an apparent sustained low recruit-—
ment of juveniles to the population and, in particular,
heavy exploitation partly because of a substantial escala-

14



YEAR
COUNTRY :

1977 | 1378 | 1975 | 1980 | 1981 | 13982 | 1983
Bulgaria| 14071 8754 8187 152 | - 1322 4667
Cuba 7900| 9245| 2986 56 - 263| 15318
France 1016 D433 807 - - - -
BDR 4923| 4825{ 3703| 3215| 261 1147| 2975
GER 7222| 10506| 6112 - - _ -
Ghana 33 117 . 58] 382 - - -
Irag - - 9648| 205 2 z 2
Israel 4000| 6400( 6570 7174| 6143 4137| 4e10
Italy 4502| 4670{ 1123 sz2{ - - -
Jagan 35494| 13576| 7873| 4894| 4z85| 3732| 3653
Poland 35525| 30306 25543| 2453| 4383 187 726
Portugal| 15750| 14881{ 12816| 10116| 14178| 12111| 17581
Rumania | 2440| 3666| 4373| B8sz| 274| 6221] 7300
RSA 101583 | 143115 | 153200 | 150241 | 143905 | 156858 | 157615
Spain 141082 | 133408 | 116348 | 51494 | 135051 | 139093 | 130354
USSR 222156|133290| 94584| 46190{ 33943{114093(135013
Zaire 510 - - - - - -
TOTAL  |598207 | 520252 | 455952 | 518076 | 542431 | 459252 | 459524

Table 2.2

" as given in F.A.Q0.

M. capensis and M. paradoxus catches in metric

tons by nation and year for the whole conven-
tion area (GDR = German Democratic Republic;
GFR = Berman Federal Republic). Statistics are

(1381 and 1384).
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Table

Year Domestic Foreian Total
1962 - ' - -
1963 - - -
1964 | - 47 600 ¢ 100) 47 600
1965 - 192 600 ¢ 100) | 192 600
1966 | 10 900 < 3,5 | 301 700 (96.5) | 312 B0
1967 1300 (0,3 | 393 100 (939.7) | 394 400
1968 1 300 ¢ 0,2) | 629 100 (99,8) | 630 400
1969 1 400 ¢ 0,3) | 525 300 (99,7) | 526 700
1570 2 700 € 0,4) | 624 500 (99,6 | 627 200
1971 6 100 ( 1,0) | 589 200 (93,0) | 595 300
1372 S 100 ( 0,6 | 815 000 (9.4 | 820 100
1973 4 500 € 0,7) | 663 400 (93,3 | 667 900
1974 4 400 ( 0,9) | S04 900+ (39, 1) | 509 I00+
1375 5 600 ( 1,2) | 482 500 (98,8) | 488 100
1976 € 100 ( 1,1) | 573 400 (98,9 | 573 500
1977 3300 (0,8 | 431 900 (39,2) | 435 200
1378 2 100 ¢ 0,6) | 380 200 (99,4 | 382 300
1379 1 300 ¢ 0,4) | 301 000 (99,6) | 302 300
1380 4300 (2,7).| 156 300 (97,3) | 160 600
1981 8 300 ( 4,00 | 200 200 (96,00 | 208 500
1982 | 29 800 ( 9,7) | 278 400 (90,3) | 308 200
1983 | 27 030 ¢ 8,0) | 312 100 (92,0) | 333 100

2.3a Nominal Cape hake catches by flag group for SWR
(ICSEAF Divs 1.3, 1.4 and 1.5) in metric tons. Figures
in parenthesis show the percentage of total catch.
Statistics for 1362-1381 come from the South African
Fishing Industry Handbook and Buyer’s Guide (198%5).
Figures in disaareement with data from ICSERF (1385b)
are marked with an * . R + indicates that erroneous
data have been amended. The statistice for 1982-1983

‘were calculated from ICSEAF Stat. (1984 and 1385).
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Year questiq Foreign Tofal
1962 102 300 (35,9) 4 400 { 4,1) 106 700%
1363 88 3500 (77,%3) 28 000 (22,i) 126 800+
1364 102 200 (80,0 25 500 (20,0 127 700%
1965 99 600 (58,1) 71 700 (41,9) 171 300#
1966 113 300 (&3,9) 63 900 (36,1) 177 200%
1367 115 400 (59,5) 78 700 {40,%5) 134 100
1958 115 100 (€5, 8) =9 800 (34,2) 175 000
| 1363 101 0007 (48,8)“' iOS 800 (51,2) 206 800
1370 91 700 (53,9) 78 600 (46,1) 170 300
1971 108 300 (44,5) 131 200 (55,5) 236 SOO
1972 113 000 (38, 3) 182 300 (61,7) 235 300
1373 128 600 (84,7) 106 600 '<as,3> 235 200
1374 113 500 (50,7) 110 400 (43, 3) 223 900
_19?5 33 400 7(57,2) 70 000 (42, 8) 163 400
1376 107 900 (83,6) 93 éOO {46, 4) 201 100
1977 94 300 (68,3) 45 700 (31,7) 138 000
1978 135 300 (33,6) é 200 ( 6,4) 144 S00
1979 139 600 -(36,8) 4 600 ( 3,2) 144 200
1380 138 000 (Bé,e) 11 100 ( 7,4) 143 100
1581 127 700 (93,2) 9 300 ( 6,8) 137 000
1982 127 100 7(9&,7) 7 100 ( 5,3) 134 200
19837 110 abo (396, 2) 4 400 ( 3,8) 114 800

Table 2.3b Nominal Cape hake catches by flag group for RSA

(ICSEAF Divs 1.6, Z.1 and 2.2) in metric tons. Figures
in parenthesis show the percentage of total catch. .
Statistics for 1962-1980 come from the South African
Fishing Industry Handbook and Buyer’s Guide (198%5).
Figures in disagreement with data from ICSEAF (13885b)
are marked with an *. The statistics for 1381-1983 were
calculated from ICSEAF Stat. (1983, 1984 and 198%).
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Figure Z.3: Domestic, foreign and total catches in thou-

sands of metric toms for ICSEAF Divisions .6, 2.1
ang 2.2 {Zone I11). This oraph has been based on
data presented in Table 2.3b. Values for the period
1362-1366 should be viewed with caution.
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Figure 2.4% CPUE trend (in metric tons per South African

standard trawler day) for ICSEARF Division i.g .
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tior inm foreign fishivg im the early 1370s {(see Chapters &
&nd 3). This trewd im CPUE values for ICSERF Divisiow 1.6
15 illustrated iw Figure Z.4. The cxtch rate decrexse,
together with an increase in fishing costs, particularly
fuel and wages, seriously affected the profitability of
the local hake industry which mxy have beew rurming st &
iuvss in the mid-severties {(R. Bross, pers. commn).

By +this time work onm stock assessmert and  population
dyvnamits had &lready commenced. Ir $366, the Divisiorn of
Sea Fisheries, under the Pepartmert of Industries, head
initiated & research programme, giving prierity to the
collection ang compilation of reliable cateh angd  effort
statistics.

This was followed by the establiskment of ICBEARF {ithe
International  Commission For the Soutir East Rtilartic
Fisheries) iw 1372 as & resuit of mouwrt ivg comcern  about
t he gepletion vf tHake stocks following irncreased
exploitation in the area. Priority was givem to  stock
assessmert, ant managemert concertrated on reducivg effort
orn the heavily exploited stocks. A inmternationally
recognized minimum meskh size of 1310 my was implemented on
I July 1375 (S5es Fisheries Branch, 1380). Prior to that,
South RAfrican deep-sex trawlers had used & mesiy size of
102 mm. Prn irnspectiorn scheme for hake fisthing was also
tmitiated (i1875) amd =& catcoh guota of am iwmitial TFOO
thousard metric torns for the whole cornventiorn area  {(but
subdivided betweern Zores I arnd 11) was imtroduced into the
fishery by ICSEAF ow § Jarmary 1977 (Ses Fisheries Branch,
1365b).

Table 2.4 gives the ICSEAF catch ‘guota recommerndstioms
from $377 to 1385 for 2omes I and I11. Since 1378, guotas
for Zone 11 have been set by the South African authorities
after taking cogrizance of I0SERF recommevidat ionis. The
historicxl deep-sex, irnshore ang foreign gquota ailocations
for this region are detailed inm Table 2.5,

Subsequert guotsa advice seemirgly simed at assuring &
increase in stock abundance, principaily by mairtaining
armual catches below currert sustainable yields, gernerxlly
adopting a f,,, strategy to do so. Currenmt CPUE valiues ang
stock-size estimates indicate that these measures lave
been largely sucecessful in countering the earlier apparent
overexploitation of the stocks, amd & bivliogically optimal
- exploitation (MSY) appears close to being {or has alresdy
been) achieved {(see Chapter 8).
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“Year | Zone I - (SWA) Zone II {(RSA)

1385 429 000 { - ) 126

1377 o936 000 ( 81,2) 164 Q00 ( 84, 1)
1378 | 480 300 ( 73,6) 147 700 { 97.8)
1373 | 415 300 ( 72,7) 150 000 ( 36, 1)
1980 | 320 000 ( 50,2) | 112 000 (133, 1)
1981 | 211 841 (¢ 38,4) | 140 000 « 36, 1)
1982 | 352 000 ( 87,6) | 127 700 (103, 2)
1983 | 413 000 ( 82,1) | 115 200 ¢ 33,7)
1984 | 413 000 77,5 | 129 000 ( 98,3)
| 7 OO0 |

Table 2.4

ICSEAF  recommendations (1377-198%) rela-—
ting to the regulation of total Cape hake
catches in metric tons. Statistics
obtained from ICSEAF (1376-1364).
- in parenthesis show the percentage of the
‘recommendation actually caught.
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Table 2.5:

Note

{1)

{(2)

set

in

by

t he

RSA

‘Tables 3.3 and 3.4 .
obtained from
Director

Annual
of Sea

authorities
Divisions 1.6 and 2.1 + 2.2 .
shows

Ruota
Reports 46~-52
Fisheries

or

for

t he

Year {Deep-sealinshore Foreign|Spare Giobal %

1378 115,50 5,00 &, S0 125,00 115,61 (1)

1373 135, 00 S, 00 7,00 3, 00 150, 00 3986, 1

1380 134, 85 7,00 10,20 15?, Q0 B8, 1{(2)
+ 2,00 |+ 2 00 (3)

1381 135, 30 7,06 10,40 | 1,00 | 153,70 | 83, 1{(3)
+ 2,00

1382 | 119,15 3, 00 7,85 136,00 | 98,7

1983 | 105,00 8,00 | 7,00 120,00 | 35,7

1984 | 111,65 9, 35 | 7,00 128,00 | 93,1

1385 114,15 3,35 7, 06 130,50 -

Gluota figures (in thousands of metric tons) as

ICSEAF
The last column
the percentage of the quota landed
was calculated using the nominal catches given

Tigures

of

Director of the Marine Development Branch
from SFRI records.

and

were
the
Chief
and

The quota for South African vessels was filleg
by the end of October and a small additional
auota was granted to extend to the end of the
year.

Taiwan was granted a gquota of
metric tons after initial guota
had been made.:

two thousand
allocations

The inshore guota was raised From seven to
nine thousand metric tons when it became cliear
that the deep-sea guota would not be Filled.
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Year %* hake RSA guota

1578 71,57 152, 000

1973 68,7 163, 000

1380 70,8 165, 750

1981 73,3 158, 358 i
1382 75;6 151, 037

1383 €3,5 139,9éa

1384 73,6 147,324

Table 2.6 * A comparison of the percentage nominal weight

‘ of hake in demersal landings of the RSA

commercial trawling industry with RSA gquotas

in thousands of metric tons for Zones I and I1I

during the period 1378-1384. The figures for

the percentage hake in demersal catches were

obtained from Arnnual Reports 46-52 of the

Director: of Sea Fisheries or the Chief

Director of the Marine Development EBranch. The

RSA. quota figures are based on quotas listed

for the domestic trawls in Table 2.5 and

increased by the RSA Zone I quotas published

in the Reports of the Meetings of  the

Scientific Advisory Council and the Standing

Committee on Regulatory Measures in ICSEAF
{1378-13984)
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2.3 Objectives of fishery management

The ultimate objective of fisheries scientists is to
provide scientific advice for management which should ulti-
mately maximize benefits (for the moment benefits may be
considered equivalent to yield) without impairing future
prospects of exploiting the fishery. Beyond this stage,
management is carried out by fisheries administrators. For
operational purposes, this objective needs more .specific
definition; correspondingly the terms ’overfishing’ or
’overexploitation’, frequently used to describe fisheries, .
are not in themselves very clear or helpful without wmore

detailed specification. For the purposes of this #thesis,
overfishing is interpreied in the purely biological sense
to mean the reduction by fishing of the stock to below the
level providing maximum sustainable yield (MSY), where MsYy

is the largest average catch that can contlnuously be taken
from a stock.

Theoretically, by controlling the amount of fishing and the

size of the fish that may be caught, the stock size can be

adjusted and overfzshlnq avoided. Qn understanding of the
dynamics of ‘the fish population is therefore necessary and
this can be expressed in terms of models which estimate
stock size and yield of the fishery for particular leveils
of effort. On the basis of such research, management
policies can be framed for the regulation of the fishery.
These include the establishment of ammual catch aquotas,
sometimes referred to as Total Allowable Catches - (TRC’s),
and the enforcement.of scientifically based wminimum mesh
size requlations. However, the viability of such mesh size
controls as a management tool in the hake fishery is open
to conjgecture owing to the apparent low survival rate ©of
hake passing throuah the meshes of the trawl nets (R.
Leslie, SFRI, pers.” commn).

The overall objective of fishery scientists may differ from
that of fishermen who might choose +to maximize their
profits immediately. . So idealiy, for optimal maragement of
the stocks, economic, social rand political factors should
be incorporated in the models. For example, costs could be
related to fishing effort so as to indicate how profitabie
different equilibrium levels of fishing effort would be.

. However, once  economic.factors are 1ntroduced the term

’overfishing’  needs to be generalized to inciude fishery
revenue and cost factors. -At present such analyses carmnot
be performed because .of the umavailability of suitable
data. : : .

Since envirommental fluctuations can cause the stock size
to vary, allowance for a.safety factor is advocated when
setting aquotas. Management recommendations for Cape hake
have generally -been based on the fo, procedure ocutlined by

Gulland and Boerema (1373). It is an ad hoc procedure which

aims to keep the stock slightly above MSY level as a buffer
against fiuctuations. ‘Gordon’s equlllbrzum economic factor
stock model (Clark, 1976}-suggests that in many cases this

procegure wilil tend to provide better economic returns.

Detaiis of the fog procedure are given in Chapter 8.
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&nd Walvis Hay vicimities escalxted rapidly. Therefore
catoch—effort statistice for these grourids are svailable
orily from this date. Bimilarly ir Divisioms 2.1 +« 2.2, the
data records only go back to 1967 when heavy exploitation
of the hake resource began, though some inshore catohes of

M. capernsis had been made by the scle fishery in exrlier
YE&TS,

The nominad cetoh, . {standard) effort ard CPUE dats series
used in anslyses in subseguent chapters are preserted i
Tables 35.% — 3.4 . The data valuves have beer takern From
ICSEAF (1385b), with some minor adjusimewts for Divisions
1.6 armd 2.4 « 2.2 {R. Leslie amd A.I.L. Payme, BFRI, pers.

commr). The 1384 figures have beern estimated ovm the basis

of the figures for the first half of the year only and

will be subject to later revisiorn. Effort values were
calculated orn the basis of the catohk amd CPUE  values as

will be described in the sectiors hereunder.

Where urnspecified inw foliowing chapters, cateh, effort and
CRUE wunmits for the graphs and tables correspond’ to the
urits giver in Tables 3.1 - 3.4 . :

3. 2- i CE('tC‘h data

Catelr is the weight {or, in the case of other fisheries,
sometimes wrumber) of fish removed from the population by
fiskhivg. In Chapter £ it was noted that catolr statistics
are ususlly reported in tormes actual  (landed) weight.
Because the fiskh &are headed amd . gutted before being
weighetd, these figures have beenw cormverted to tormes whole
{nominal or live) weight by multiplying by & Ffactor of
1,46 {(Chalmers, 1376). Refererices tov catch in this thesis
will vrefer to nominal weight. From length, weight and
otoiithh samples of the catch,  the age composition by
rumber of the catelh can be determived by means of
corversion tables {(that is, xge—-lengthh kKeys). fThe
percevtage age structure by number of catches in Divisionm
1.6 is given in Chapter 3 {see Table 3.1).3

Hake landing statistics by divisionm &are submitted to
ICSEAF by all the major participating fTishing nations. In
the past some courtries, notably South Africa, have
discarded small hake, but this practice was considerably
reduced by 1374, It discarding is uwnxccouwrted for  in
larnded catchr figures, nomirnal catch values and the
proportion of the yournger age groups iw the catch may well
be underestimated in eariier years. In &an attempt to
accourt for discarding in R5A catches, wnominal catch
values for Divisions 1.6 armd Z.% + 2.2 prior to 1372 were
- inmcreased by 33% in accordarnce with & decision reached at
the 1377 ICSERF Meeting and published iv ICSERF {(1576).
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S22 Effourt data

Fistirng effort is extremely difficult to guartify ang
cortrol as it deperids o mary factors whick are cormstamt iy
wrndergoing change. These incliuvde the Fleet composition,
the efficiency of the various vessels znd Trews, anc  the
it roduction of rwew technology and fishivmg &ids. The
gistribution of effort betweew various fishking grounds is
&lse &ffected by Factors such as distarmce From port,
sburdance of other species ard their market demand.,

In &1} divisions except Division 1.6, trawler hours are
used to guantify sctuwal effort. Trawiler hours is & mEssSUTE
ot tie time during which the trawl rets are ovn the bottom.
However, irn Division 1.6, effort is measured iv terms of
{stanmdard) trawler days {(referring to the rumber of days &
trawler spends on & fishing grountd). BStandard days is an
appropriate inder for Divisiom 1.6 because little or no
steaming - time is irvwvolved {that is, the trawier lezves
port ard fishes virtuxlly immediately) amd wight trawling
is rare. However, its use implicitly assumes that the
fraction of the day for which trawler wets are down hkas
beer constant over the history of the fishery.

The standard fishing effort of & vessel is defived as the
product of its fishing power amd the attuxl effort
expended {(that is, the number or hours. or days it spent
tishing). Fishing power is defined as the catol taken From
& givew demsity of fish per unit of fishing time (Bullard,
1363). It differs accoerding tov vessel category and gear
&nd  deperds to & large externt on the characteristics of
the vessel suoch &s its tormage and horsepower. The process
of converting actusl effort teo standsrd effort will be
referred to as “starndardization’. The effort dats listed
it Tables 3.1 - 3.4 have beer standardized iw this marvrer
{(that is, they are in terms of stardare effort). They alsco
refer only to "hake-directed® effort (see discussion iw
Section 3.Z.3). '

Messels iw the kheake fishery are categorized ivto t ormixge
classes &5 Tollows (ICS5ERF Stst. 13984)¢

CODE ¢v) GRT CATEGORY
2 o - 43,3
& S0 -~ 148,53
S 150 - 453,53
1) S0C - 533,53
7 1000 ~ 1333, 3
=) Z000 - Plus
O Urkriowr
3 Researcih vessel

{BRT = gross %egistereévtans).
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Trawlers in the khake fishery are classified as GTE—v where
OTH stands for otter trawlier, bottom, and v refers to the
tormage class {(as givern above).

For the South African fishery, rather crude power factors
were caloulated during the early 1370s on the basis of the
mettiod of Bevertorn and Holt (1857). A hypothetical 400 GRT
side trawler was allocated = power factor of & (that is, &
Soutth African standard hour refers to fishing effort
equivalent to an hour of a 400 tor OTE-S side trawler.
For simplification of cxloulations, the fleet (igroring
the few very smxll vessels) was divided imto three maJor
categories with the following power factors allocated to
each {(R. Badewhorst, 5FRI, pers. comme) s '

CODE GRT POWER FACTOR
F 300~ B00 1,14
& BOO—1 000 Z, 00
H + 1700 Z, B0

inNote that =aithough the 300-600 GRT class includes the
standard 400 torn vessel so that & power factor of & might
be expected, & larger factor is used to zllow For the Faxot
that the mean catching power of the vessels in this group
is slightly greater tharm that of & stardard 400-torm side
trawler. This average was evalusted by First gS551g8Mivg
power factors on & firer scxle from & CPUE  versus GRT
regression fit. 3

it is evidert that the above power factor =llocationm ey
riot be adeguate to reflect the true relative performance
of the vessels in the fleet precisely: further research is
rneeded on this topic {see Section $i.7). '

A differert approach has beer used for Sparnish effort
calculations with the overall CPUE beinmg °starndardized’
first <(see Sectiom 3.2.3) and starndard effort datsa being
calculated therefrom. However, it should be rmoted that
the standardization method adopted is &t basis eguivalenmt
to that used for South African data (see Appendix 35.1) .

The combined {(standard) effort of & fleet is cxliculated as
the sum of the standardized efforts of the individual
vessels assuming they have been fishing alore. Similarliy
total <(standard) effort for the fishery is the sum of
icombiinied) effort exerted by =11 the participating fleets.

However total effoert data for the Fiskeries under
covisideration ofter carmot be compiled because few fTleets
have reported cateol and effort statistics over the whole
periocd of the Fishery. Conseguent iy, total effort
estimates &are oftern based om catch rate information Trom
only one or two matioral series. Suck catch rate values
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sre divided imto the corresponding total catoches to
provide total effort estimates., Hiases in total effort
estimates may therefore result From bizses in CRUE
measures, which are discussed iv the following sectiowm.

S.4.3 Extehr per unit effort (CPUE)

fAs has been merntiorned above, although average srrasl CPUE
figures should in principle be cxlculated from- the total
catehr ard effort statistics for the fishery, in practice
CRUE is usuxlly obtaived From dats From some part of the
Tishery, and total effort thew estimated Ffrom this.

Becauvse hake catches carr fore part of =& multispecies
fishery and trawlers may be able to direct their effort owm
preferred species tov & certain extent, it s weressary
that hake CPUE estimates be based only orm that part of the
fleet’s fishing effort which is directed towards hake
{directed effort), &nd the guantity of heake caugit
{directed catcok) during that pericd. The catck—effort
returns submitited by skippers of Southr African trawliers
specify the species upornr which they were focussing their
effurt, &and this informatiorn is used to defirne *directed®
ivn the calecuwlation of directed catoch and effort. The
Sparish operation on the other hearnd is entirely directed
towards hake, so no adjustments of this wature are needed.

Souttr Africarn combirned armuxl CPUE values are based ow
directed ecatch dats g directed standard effort values
(starndardized to OTE-S urmits by mearns of power factors -
see Section 3.2.2)¢

H v
> ¢ .
o v=F
{IC/E) = {3. 1)
3 H v
> PBf L. E
v=F v

where v - refers to & particular vessel code

€ is the catch of code—v vessels in the yesr i

E is the actusl effort erpended by code—v
vessels in the year i
v
ard PT .E is the corresponding starndarg effort im OTEH-S

v 1
umits.
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However, in Spanishk cxiculations, the OTE-T category is
used &5 the standard unit &nd the CPUE  index for &y
particular yesr 1 is caloulated as  Folliows {ICBERF,
1385k ¢ '

8 v v
DI B 1272 -0 T s By
7 v=5 i 1 7

———

{(C/E) = . u (3.2
i 8 v
> ¢
v= i
where v refers to & particular wvessel OTE category
v = 5,...,8)
v .
u are the meaw CPUE values for the OTE-v class

over the years 1976 -~ 1581

v
s LA/E) is the CRUE {in terms of actual effort) for the
3
year it and OTH—v category.

It can be seen that separate CRUE indices are fourd For
eact of the different vessel categories amd thew, using
suck valuwes iw the egquation {(3.2), anm armraal catekh rate
{inn terms of standard effort) is determined. Rlthough this
approachh differs Ffrom that used for Souwtk African CPUE
statistics, it is shown im Rppendin 3.1 that this method
is based essertixily onm the power factor concept.

Tablies 3.t - 3.4 list CPUE values obtained im this marrer
and totxl effort estimates based thereow. Rbbreviations
have been used for the effort units, wamely, ESP OTE-7 t/h
for the Spanish (BTE-7) trawler tons per hkour and ZRF
t/std day {or ZAF t/h) for the South African (BTE-S) tons
per stanmdard day {or hour) fished.

In the next chapter the method suggested by Gulland (1361)
for analysis of catch—effort data will be considered. This
spproachh may compersate to some externt for estimation
errers occourring as & result of making the steady-state
assumption in the production model armalysis, and reguires
average effort values over & certain pericd. The basis for
caleculating this average effort value, f, is discussed in
Chapter &, but for cowvenievce, the vaxliues used iw the
assessments that follow are listed inm Tables 3.1 - 3.4
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Im ovroer to mairmtaivn & lomg time SETIES, statistics have
beer restricted to Spanisk (BTE-T) data im Divisiorns 1.3 +
t.4, tov pooled Spamish (GTE~7) ané South Rfricarm (OTE-S)
gata 1in Division 3.5, ard to South Africam (OTE-S) dats
only  iw Divisions 1.6 and Z.t ¢ Z.2. Im the case of
Pivisiom 1.5, the 1372 CRUE values were comsidered to
provide & valid reflection of the ratic iw power Factors
for the dominant vessel categories inm the twe rmatiowal
fleets considered, and therefore that year was used zs the
reference {(or base) value (ICSEARF, 1385b) in pouvling the
dat . ‘

In Divisions Z.3 + 2.2, slthough catok valuves For 1367 and
1368 were reported, corresponding CPUE  values wWETE
urnavailable. The 1867 &and 19368 cateh rates have beern
assumed &s equal to tihe 13969 CRUE value of 1,28 beczause
during that period the vessels were taking relatively
emxll catches From & virtuxlly virgim stock and &rvy
differences from this value are likely to have beer smail.

CPUE statistics are fregquently used by Tishery sciertists
to estimate charges in  {(hake) population biomass.
Calculationms in Chapters 4 ard © &are based ow this
assumptiorn that CPUE is proportional to stock abundance,
that is, {C/BE)=q.y where g is the catchability coefficient
artd y is the stock biomass.

There are mary limitations arnd poterntisl bisses 1o this
ivdex of abundance. The theoretical basis for & linear
relation of CPUE to abundeance rests uporn assumptiom of &
uniform random distribution of Ffisk armd/or fisking effort
uver tihe whole range of fish stock. Rlithough hake do  nmot
shoal (except cveocasionxlly at very early ages), they are
sften found preferertially ivw certain areas ard herce
their distributiowm camiot be covmsidered to be uniform.
Orice one fTishing vessel has detected hake in & certain
ares, other vessels are directed there amd hernce rneed to
apply less effort® to catoh the same quartity of Fish.
Therefore, although by definition effort will be correctily
estimsted, iv rexlity, particularliy if effort is measured
in starmdard day umits, suck ‘cu-operative’ ronrandomn
searckr can  result  in underestimated effort values and
therefore overestimated CPUE indices {(which may fxil to
give adeguate irndications of & stock decrease). On the
other khand, fish may be frighterned and dispersed by heavy
exploitation and this would have the reverse effect.

Further, & steady increase in the fishing efficiency rot
properly &llowed for inm the power factor evaluation could
iexd to &am increxsed catch without & corresponding charige
in the (apparent) effort wvalues, s the population
aburdance wouild be overestimated. CRUE cavw aisv be

-
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imfluenced by the weasther codditions torly where effort is
measured in standard day umits) and the behaviour of Tish,

so that the {(C/E)=g.y reidtzon will be subject to (rdndam)
ETTUT.

Biases in the CPUE index could xlso be caused by the fact
that initially fishivg took place rear the shore, but as
the fTishery expanded, the  vessels moved zwta deeper
waters. If effort is measured iw standard days, this would
vitimately lexd to an underestimatiorn of catch rate values
because proportiormately more of the time gwxy Trom port
would have beewn required to steam to the fishing grourds.
However, this . umit of effort is only used For Division
1.6, &nd &y bizs that may exist is thought to be rather
insubstartial &s trawlers germerally commence fisting
skhhortly after leaving port.

Despite these possible problems, for the remainder of this
thesis tihe assumption that the CPUE values listed in
Tables 3.% - 3.4 &re proportionsl to the corresponding
nake stock biomasses will be made {or if wot, specific
mertion will be made of that facoct).

Durirg this chapter care has beer taken always to specify
whether reference to stamdard or actual effort is  being
made; however, &1l Future referernces tov effort in this
thesis will be iw the sense of stardard effort.
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Year Total Chuc Totai effort _
catoci {ESP OTE-7 | {O7T8~T7 #mours f
000 t) [t/h Fisked)|  Fished) 3y

1365 53,5 1, 760 57 528

1566 17,4 1,310 162 137

1367 155, © G, FL0 14 286 142 B84
1568 382, 7 G, 360 398 646 256 356
1363 320, 5 0, BBO 364 205 ' 325 71z
L5570 402, 5 o, BOO 487 oo 403 356
1'5‘71 565, ) O, 87¢ azG Z30 &:0 552
1572 606, 3 o, THO 841 806 55% 753
1373 377, 6 0, 570 662 456 B4t 4357
1374 313,86 0, 450 £37 333 733 665
1575 305, & ©, 420 736 667 638 815
1576 3653, & o, 420 880 475 7L 452
1577 277,5 0, 431 565 173 o7 433
1578 | o581 0, 437 T 530 615 676 756
1373 172,3 o,aé? 4Z3 B4z 576 378
1380 50,5 0, &850 208 111 a44u% 024
1381 92,# 0,555 165 Bab Z63 466
1362 176, 4 0, 533 327 273 231 443
15363 215, 8 0, SB7 367 632 286 50
1384%| 138,5 70,636 312 107 335 871

1384% -~ provisiornal data From CPRUE valuwes for January—
June.

Table 3.1t Total catch and CPUE data, arnd total effort
estimates obtained therefrom for the Cape
ihake stock in Divisions $1.3 « 1.4 .
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Yexr Totxl Pooleg Total -
catoh CPUE stavdard i
OO0 tYlindexr{+) effort {(+) Sy

1365 33, 7 2,10 47 476

13686 A z,47 &3 474

1367 1593, & 1,36 146 618‘7 &1 3897
1368 287,77 3,32 187 65z 227 34
1363 206, 2 31,08 150 326 175 085S
1370 22&,? 1,03 Z18 155 1568 51
1373 2237 1,34 171 418 | 133 560
$37% 234, 0 1,00 234 000 201 1538
1373 230,33 Q, 34 3¢8 830 2433 436
Vl??& | 155,58 0,66 7296 g it ] 273 Oia
iB?S 178,7 0,76 @35 132 &80 058
1376 203,7 - 0,54 388 333 3086 553
1377 387,7 ¢, 85 42 615 288 633
1378 124 2 0,54 243 53 231 433
1373 1306, 0 t ©,6%3 $88 408 224 850
1380 | 70,4 0,70 100 343 177 355
ié&! 116, 4 O, 84 136 571 142 3I73
‘3982 132,8 O, 82 160 732 133 1473
1363 123, 3 ¢, 36 126 43 142 SBO
1384%| 121 4 i, 04 120 196 136 456

1384% ~ provisional data from CPUE vaiues for Jarnuary—
June.

{+) cxiculated from Spanish BTE-7 and South African
‘BTE-S statistics {(see text)

Table 3.2: Total catck ang COPUE data, and total
effort estimates obtxined therefrom For
the Cape hake stock iw Division $1.5 .
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Year Total CPUE Total effort _
catoch {(ZRF t/ {ZAF stawndard f {+)
(P O00 ) std day) days ) 4/ 3y
1355 115, 4 17,34 & 567
1356 118, 2 15, 64 7 558
1357 125, 4 16, 47 7 675
1958 130, 7 16, 26 8 038 7 aBa
1355 146, 0 18, 26 8 375 .8 08X
1360 153,73 17,31 5 237 8 48z
15361 148, 7 17,09 12 233 "9 633
1362 | 147,86 14, 158 10 403 10 234
1963 | 168%,5 | 13,57 12 133 11 020
15364 162, 3 14,60 11 116 b1t 430
1565 203, 3 10, 84 18 755 13 103
1é56 '195,0 10,63 16 Jaa {5 087
1367 175, 7 10,08 — 16 467
1368 143,86 10, 0L 14 346 17 274
13673 165, 1 8,62 t3 153 17 374
1370 142, 5 7,23 | 13 710 17 715
1574 20z, 0 7,03 28 451 20 4TS
15372 243,35 6,30 | 43 778 32 653
1573 157.8 &, 37 31 751 36 67
1374 123, 0 4,65 26 45z 35 333
1375 83,6 &, 66 15 227 5 810
1376 143, 4 5, 35 6 804 24 1618
1377 37,5 4, B4 20 145 2o 053

Table 3.3: Total catch and CRUE datx, amd total effort
estimates obtained therefrom for the Cape
hake stock im Division 1.8 .
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cort irnued.

Year Total CPRUE Total effort _
catch {ZRF t/ {ZAF starmdard ¥ {+)
OO0 ) std day) days } 473y
$376 10,7 '5,90 17 237 2% 335
1375 30,4 6,13 14 747 17 376
15380 10,5 5,50 18 455 16 813
1384 33,5 5,561 17 126 16 776
1382 85, 0 5,87 14 480 16 687
1’3837 73,7 6,52 11 304 14 303
1384 83,5 &, 867 12 534 12 773

1384% —- total
' catch.

Southy Rfricern cateh <+
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Year Total CRUE Total effort _
catoh {ZRF t/h [ {ZRF stamdard f
P O00 1) fished) o Hours) 3y
1367 17,35 1, 281{+) 13 S5861(+)
1368 34,37 £, 26(+) 24 S08{+)
1365 41, 70 1,28 3z 575 23 557
1370 27, 80 1,22 2z 787 26 624
153714 34, 50 1,14 30 263 28 543
1372 51, 40 O, b4 80 313 a8 454
1373 77, &0 Q, 56 138 214 82 530
15374 100, 30 0, S4 186 852 135 126
1375 73, 80 0,37 195 453 174 B4z
15376 57, 70 0, 40 144 Z50 176 B854
1577 40,47 0, 42 56 357 146 683
1378 42,76 0,41 : 104 233 114 367
1373 - 53,83 0, 46 147 OZZ 105 854
1380 | 47,5?' 0, 44 108 114 105 803
" i381 35, 14 o, 40 87 850 | 104 328
1382 46, 83 0, 54 51 Bz4 55 325
1383 63,17 O, 45 85 771 &8 48z
1384% 43,15 0,55 78 455 85 350

1384% - total South Africam catoh + estimated foreign
catch.

- {+) assumed {(see text)

Table 3.4:% Total catch and CPUE datsa, and total effort
estimates obtained therefrom for the Cape
hake stock im Divisionms 2.8 + 2.2 .

36



Qupgndix'ﬂ.i

Ihe eguivalience of Sparnish pooled CPUE evaluations and =
power factor foreuwliation

I Section 3.Z2.3 the following formula feguation {(3.2)3
was giver Tor the calculation of Spanish CPUE datat

I arry particular year i,

& v v, v T
DN ((C/EY . C 3 /w . ,
T v=5 i i ‘ 7
{C/E) = ' eou
-1 8 v
> ¢

where v refers to a - particulzr vessel OTH category
fv = T,0..,8)

. are the wmean CPUE values for the DTE~v class
over the yexrs 1376 - 138t -
arnd {(C/E) is the CPUE for the year i and OTE-v category.
. i - , : - : B

‘Assuming thats
L {1) the CPUE corresporiding to OTH-v vessels is
v v

{C/EY = C
. i o

v v

{that is, E is gotual effort and

E
- S 3
‘does not incdrporate power factor adjustments)

{1i) the pqwer féctor§ for OTH—v class VEésels are given

by
v ST AN
Pf =u /o
v
: 77 v v
end {1ii) € /E =€ /IPf .E 1 for v # 7 , or
: : & T 3 v 3 :
v v 7 7
€ =§fpf .E.C3 / E
1 v. & 1 3
{that is,  relative catch rates of  different vessel

categories reﬁain»the same from year to year)
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it follows that in any particular year i,

8 v v v

2 | HHE/EY L€ 3/ W .
vl _ i i 7
. T
8 kY,
2_ €
v=F 1
8 7 v v v
Zru/uascxszc
v R S 3
& v
> ¢
v=5
& v .7 7 vV
2. ELY/PF J.{(Pf .E .C Y/E 3.EC /E 3
v=5 v v i 1 i i T
» & v 7 7
> IPf .E.C3 /E
v== v i i i
7.7 v
e /E 3 z:: c
. - S ST
- .
7 7 8 v
£ € /E 3 5:' BPf . E
i i v=h v i
&8 v
S ¢
ve=l i
8 v
2 PF L. E
=5 v 3
~whiiel s equ:va}ent to the Tformuls used for the

calculation of South African CPUE data fegquatiow(3.1)3. iIn
other words, eguation (3.2) used to evaluate the pooied
" Bpanish CPUE index is equivalenmt to & power factor
formulatiorn, with the power factors givew by the ratioc of

the average catech rates of differert vessel classes over
the perzoa 1376 -~ 1381,
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4 STEADY -5TATE PRODUCTION MODELS

&. 3 Pragpcfiow models

In the rnext few chapters, production models using accuma—
lated anmrval catoeh and effort datx are geveloped &5 &
means of explaiwming amd understandivng the past and presenwt
corndition of the hake fishery and predicting its future.
6Ff great importance is the evalustion of sustainabile
yields and quota levels angd the effect of changes iv the
pattern of fishing a&s & result of regulatory measures.
The mathematical models used for such evaluatiors can orily
be devel oped trough &7 entersive analysis &nid
understanding of the furdamentxl relationships between
population size, fishing internsity ard catch. :

For the purposes of this analysis, the hake population in
each particular ICSEARF division is regarded &5 a separate
closed unit stock. The size of eachk stock car be described
in twe ways, mamely, in terms of rmumbers or, irv terms of
biovmass. Rlithough some immigration and emigration must
take. place between the stocks, the relative mgriitude of
these effects is hopefully not very large arnd therefore
these movements between the stocks have been igrored.

The stock is also affected by other imflows and outflows.
Stock biomass is  increased by the recruitmernt of riew
indivitduals to the population and the tissue growtih  of
individuals presert within the system. On the other tramd,
netural mertality a&nd fishing mortaliity reduce stook
biomass. The above dyrnamical effects depevid om various
factors such as the zge and sex structure of the popula—
tion and its geographical gistribution, food availability,
environmertal variations and the stock size itseif. Thus
the ecosystem within which the commercial fisheries
opeTate is complex, making the effects of fishing
Cirmtensity on stock size and cateok difficult to estimate.

Production models, however, igrore these individuxi
processes, takimg irto accourt only two basic guanmtities,
ramely, the population biomass {y) and the catch €,
which are related to-the fishivng effort (E) ang the  net
mnatural rate of increase.

It is assumed that the basic principlie of density-
dependent population growth applies, cften enabling the
species to adxpt to changes in fishing inmtenmsity. Stock
production models assume that for amy particulsr set of
errvvirormental conditions, the populatiow has & definite
potertial rate of increase which depends orily orn the
existing stock size. That is, inn the absence of
exploitation,
gdysdt= f{y) ,

where dy/dt is the rate of change of population biomass
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and fly) +is called the *net growth rate fumction® or
*surplus production function’.

Simple forms of the net growth rate functiom must exhibit
certain basic features. At low levels of stock size, the
biomass growth rate is small. This rate increases with the
stock level until it reaches a maximum. Thereafter it
begins to decrease again until it becomes zero when the
carrying capacity is reached. This limiting size is deter-—
mined by factors such as the amount of space and food
resources available. In this amalysis twe versions of the
net growth rate function, fTly), have been used. These
forms, introduced by Schaefer {(1354) and Fox {1370), are
as followst

{i) Schaefers fiy)

Yo = y/K) (4. 1)

{ii) Foxt Fiy)

Yo {1 = Inly)/Inti)) (4. 2)

ENote: If fly) is writtenm in the form fi{y) = y.gily), giy)
is termed the specific rate of natural growth. In the
Schaefer model gl{y) is a linear funttion of the biomass.
However, for some stocks it has been observed that the
data fell on a curve that was concave upward (Cadima,
1378) and in such cases the exponential Fox function may
be more appropriate. The choice of g{y) depends on the
stock in question and a comparison of the Tits of these
two models to Cape hake data im Divisions 1.3 to 2.2 is
made in Chapter 8.3

4.2 Eguilibrium cateh

Fishing has the effect of diminishing the increase in
stock which would ocecur at the existing level of

population if no fishing were taking place. Mathematically
this can be expressed as:

dy/dt = fiy) - dC/dt _ (4. 3)

where - gdC/dt = rate of catching which depends on the
stock size, y, and the fishing effort, E.

When the rate of catching is exactly equal to the naturail
rate of increase {(that is, dy/dt = ) the stock size
remains unaltered. In this case, the biomass produced over
and above that which would keep the population biomass
constant in the presence of natural mortality alone is
regarded as a “surplus’ which can be harvested by the
fistiing industry. The fishery is then said to be in
egquilibrium for that level of population and Tishing
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effort. The amual catch made under such conditions is
callied the eguilibrium catch (or yield), and the size of
populiation at which the eqguilibrium catch may be maximized
is referred to as the MBY level. This point corresponds to
the level where the absclute rate of natural growth is
- greatest, that is, where fiy) is a maximum. This position
is given by
' af
-_— = Q.
dy
Y=Yusy

By controlling the amount of TFishing, managé&ent~-can
"attempt to regulate the stock size, y, to produce such
marximum yields.

&.3 Description of the steady—-state model

Rather than the differential eguation form (4.3), the
discrete eguivalent, :

Y =y +r.y .fiy ) - € ' 14.4)
i+s i i i i

is used in this thesis

where y = biomass at the start of year 1
i :

€ = catch in year i
i .

r = intrinsic growtih rate
and. K = carrying capacity;
The steady-state {(s-s) ‘model is based on the assumption of
an egquilibrium situation in each year, that is,

Yy =y
i i+t

which aliows a very simple method of estimafing the
parameters of the model.

iIf it is assumed that CPUE is proportional to biomass:

i.e. /B = quy | (4.3)
i i

where ' = ecatchability coefficient

then, in the steady-state situation, eguations (4.1) and
. {4.2) can be rewritten in the following Tforms {(see
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Rppendix 4. 1) ¢
{i) Bchaefers (C/E) = K - ﬁ.E {4.6)

-~
<

where K = g.K = and ,B = g .K/7r
{ii) Foxt ey = KLe (4.7)

' ) / .
where K= g.K and B = tg/r).inK)

From eguations. (4.6) and. {4.7) formulae for msY, E and
roERTERREn , MEY
Yy can be derived {(see Appendin 4.2)¢ -
MsY
(i) Schaefer: mey = /6B or r.Ks4 {4.8)
£ =0,50/8 or 0,5 r/q (4.5
y = K/Z ' {4, 10)
MsY - | | 2
: ) ! I} -1 =1
(ii) Foxt msY = (O(/Br.e or r.K.e /In{K) " (4.11)
E- =1/p8  or r/{g.IntK)) 4. 12)
MSY
y = K.e | {4.13)
MY : '

In both models the proportionm of yugy to K is fixed. For
the Schaefer model, MSY is attained when the population is
exactly half its maximum size (K), that is K/Z, whereas
for the Fox model MSY corresponds to a biomass. of
approximately e~ K ( = 0O, 366K).
" The Fox exponential relatiomship in eguation (4.7) can be
transformed to the following linear forms ’

increy = &' - Ble | (4. 18)

Estimates for the parameters «, B, !, B' and thence for
MSY were obtained by performing fTunctiomal regressions
{(see Appendix 7.2) on the observed (E;, (C/E){) data pairs
in the case of the Schaefer model and the (E; ,1In{(C/E)j)
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CATCH (*O0O tonnes)

dets pairs for the Fox model. The results ot these
regressions are listed iw Tables &.3% - B.8. Estimatec
sustainable yield curves relating the egquilibriuwm yield,
€, to fishing effort, E, urder the steady~state assumption
are i1llustrated For Divisiorn $1.6 iw Figure 4&4.1%. Such
curves give &n indicatiow of M5Y as well a&s the sermsiti—
vity of the resource to overerploitation (that is, the
extert to which sustairmable yields zre reduced if effort
enceeds the MSY level).

150} . Sch
//,...... - ——— Fox
P B =~
1251 78 ™~ -
/ 1 \\.
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100 \\\..
/ R
/, R E

75} /, ¥ -
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/ ¥
/
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ot_ L I | i 1 i ]
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EFFORT
{standard days)

Figure 4.1t Catch—effort curves for the Schaefer and Fox
models using K and B values obtairned by Ffure-—
tionxl regressiorn om data From Division $.6.

4.4 Shortocomirngs of the general productiern model

Irs this section some of the problems associzted witl stook
production models arngd the stexdy-state estimation
techrique of the previous sectiow are highlighted. These
shortcomings have led to various modifications toc the
basic Schaefer and Fox models and these are discussed
briefly.

The mathematics involved inm the rearranging and solving of
simultaneous equatiorms to obtaiw equatiomns {4.8) to (4. 413
is rcorveniemtly straightforward once the steady—~state
assumption is made, ard the reed to estimate r, K, g or
the stock size separstely is avoided. However, in certain
circumstances, this assumption caw lead to the MEY and

43



other estimates being substantizxily biased, s is
discussed in detail in Section 4.5 . Use of positively
biased MSY estimates couvid have dangerous conseguences
because constant catches above MSY will lead to extinction
of the stock within & finite period.

fRiso the parameters estimated in the minimization
{(fitting) procedure (namely o, B and thence MSY) give no
indication of the magnitude of parameters r and K. In
other words, in the case of the Schaefer model where
MY = r.W/4, the estimated MSY could represent the
combination of either a large r and small K or a small »
and large K. This could have serious implications for the
fishery since if r is large, & catch exceeding MSY could
lead to &a 1large biomass reduction. However, if r is
small, the effect of a similar excess catch on the stock
size would not be as great.

The most basic assumption of the stock production models
is that the natural rate of increase of fish poepulation is
a function of the stock biomass alone {(eguatiom (4.3)).
Whilst <this assumption @ makes the model attractively
simple, at the same time it implies certain assumptions
about the fish population which are to some degree unreal-
istic and which, if the degree of departure from reality
is sufficiently great, limit the usefulness of the model.

A major criticism is that such models ignore the
fundamental biclogical processes (see Section 4.1) which
increase and reduece biomass. Various authors have proposed
other models whickh might more accurately reflect
bicicgical behaviour. For example, the most basic stock
production models assume that the natural rate of increase
responds  immediately to changes in populatiomn density.
This means that delayed effects of changes in the stock
size on the natural rate of increase, such as the effects
of the time lag between spawning and the recruitment into
the catchable stock, are ignored.

In an attempt to correct for such time lags, Walter (1373)
introduced his delay-differential eguation based om the
fact that the rate of change of biomass is likely to be
getermined by the current population and the population at
some time T previcusly. In the simplest case, Walter
considered the biomass at only one time deliayt

i dy
gily) = - — =797, {1 — a8 .y{t} — a .y(t-T)3
y dt 3 2
where y{(t) is the current biomass

y{t-T) is the biomass at some time T previously

ang r, a and a are constants fitted by regression.
b 2
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The above is a specific example of a gemeral limitation of
the standard stock production model which is that it
assumes that the natural increase in stock size is
independent of the age composition of the population.

In addition, envirommental factors {(which affect recruit-
ment, survival growth and catchability) can cause changes
in the rate of increase that would occour under average
environmental conditions. Therefore, it must be assumed in
the application of these basic production models that the
effect of environmental factors om recruitment, survival
and growth are random {or at least they are not correlated
with population changes due to changes in fishing effort),

sc that they are *averaged out’ in the fitting procedure.
The consequences of random environmental effects for
harvesting strategies based on the deterministic

production model are discussed by, for exampie, Eeddington
and May (1377).

Aside from these general concerns, the specific functional
forms for fly) gquoted previously {(Schaefer and Fox) can be
generalized. One such model is that of Pella and Tomlinson
(1363) which includes both the Schaefer and Fox models as

special cases. An additional parameter p is added to the
functional form as follows:

P
dy/dt = r.y [1 = (y/K) 1.

By an appropriate choice of p, the vyield curve can be
skewed in either direction. This aspect is discussed
further in Chapter 10.

Further, MBY is not necessarily the mest appropriate
management parameter to be estimated from & production
model. It is felt by many that a fishery is an economic
enterprise and that it should be analyzed as such {Gordon,
1354 and Walter, 1381). This would regquire the
determination of a maximum economic vield as opposed toc a
maximum biclogical yield. Since future catches are worth
less now than present catches, they should be accordingly
discounted {(Clark, 1576). Further discussion of this topic
is given in Chapter 1i.

4.5 The effects of o -diseguilibrium _situation on the
gstimates of the steadyv—state model

Catch and effort statistics for the hake stocks in
Divisions 1.3 to 2.2 (Tables 3.1 - 3.4) a1l indicate
substantial declines in CPUE {and hence in biomass) over
muchh of the history of these fisheries. In a gdeclining
stock, where the CPUE values show a downward trend with
time, catches comprise not only the surpius production
{sustainable yield), but also the biomass reduction. Since
the steady-state assumption effectively considers the
catches to be entirely net growth, one might expect MSY to
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be overestimated iv this situstior .

A gustification for the divection of this bias is giver im
Figure 4.2 and discussed in detxil iw Rpperdix 4.3 . For &
geciiving stock, the E; value iw an observed {E;, (C/E) )
data pxir will represent not the effort required to mwain-
tain the stock &t that biomass level {(amd that C/E value),
but the larger effort requivred to take the additional
catchr that lesds to the decrease iv stock  biomass. Ir
otter words, 1t overestimates the effort reguired to keep
the population iv am eguilibrium situstiocn.

The observed datx points in Figure 4.2 thus terd +to be
moved to the right of the true egquilibrium C/E versus £
relgtionship {ilime AR and conseguently, the apparent
retationship (lirve CD) alsc lies to the right. In the case
of tre Schaefer model, MY (= oL*/[4B3) is given by half
the ares of the triangle formed by the line, C/E =X=-B.E,
gnd the axes inm Figure 4.2 . It follows, therefore, that
the apparent MSY will be an overestimate of the true MSY.
B similar argumert holds for the For model {(see Rpperndix
&,3) . :

5 — _ , ,
NN ¢ observed data (E;, (C/E);) .
\\\\ + steady-state point for
E+é__.¢*:_—. catch rate (C/E); |

CPUE

EFFORT
Figure 4.2

4.6 Bulland’ s eguilibrium approximstiorn met hod

R widely used method of correcting for disequilibrium is
the method of effort averaging wihiich was first outlirmed by
Gullard (13961) and more fully explained in Bullamd (13673).
In any one year, the catch and CPUE will be relzted not
only to the effort in that year, but aist to the effort in
several preceding years. This fact is takem imto consider—
ation by using am alternative value for effort, F, in
equations {4.6) and {(4.7). Gullarnd defined f as = moving
average of the effort im the currert and immediately
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precediwg,(ﬂ—i> yexrs., That is,

Tt
F o= { Ei_j+|> Fowe (&, 15)
J=1

where v is sverage ruamber of yesrs that &n irndividusl fishk
spEnds susceptiblie tov the fiskhery. Gulland {13563)
Justifies this approach s follows:

The size of & particular yesr—class which has beew in the

fishery for v yesrs will be determined by & factor eguxl
n

to exp{—(Z:Fi)3 where Fi is the fishing mortality im yesr
=} . .

2 {3 = t,...v). This size is the same &s i1f the year—-class

had beerr subject to & constant fishing wortaliity of

]

Z:Fi/n. Therefore, the total CRUE for &1l ages will be
i=1 .

related to some weighted average of the fishing effort. I¥
this average effoert, F, is taker over a pericd equal to
the zverzge duratiorn of 1ife iw the erploited phase, then
the relationm between ¥ amd CPUE will approximate that
betweer E angd CRUE in the steady-state.

Parameters for the steady-state model are generated as  in
Sectivnm 4.3, but usirng valuwes of ¥ ratber thar E for the
furmctioral regression {see Apperdin T.2). This particular

approach is termed the Gulland Furctionsl Regressioe {(BFR)
met hed.

In calculsting the average effort, f, for the stocks urder
corsiderstion ivw this thesis, the pEricd n was takerw tov be
3 for 11 divisions except Division 1.6 . For this latter
divisiorn, the choice of v was based o the percewtage
ratceh—at —age structure {(by rnumber) given in Tabie 3.4,
Exploited age groups were taker to be those cowmtributing
more than 0% by ruambers to the total catek. Evaluvation of
the mean wmber of exploited zge groups shows & reduction
from & Afor the period 1367-1372) to 3 {for the periocd
1373-1384), even thwouwgh an associated decresse in the zge
at first capture had &lst oecourred. Rithoughh this
Justifies & valuwe of m = & urtil 1373 arvd 3 therexfter,
for the purposes of this amalysis it was decided tov  keep
the arnalysis procedure consistent with that used
previously by the Sea Fisheries Research Institute {(Cape
Towr) and n was takenm to be &4 until 1378 and 3 for the
rest of the data series.

The imitial decline im CPUE im a Tishery is usually
associated with & pericd of increasing effort. Similarly,
increases i CPUE ocour following effort reduction
programmes, Everr if o relationship exists between oxtcohk
arnd the wmeasure of effort {E) used, the procedure of
regressirng (C/E) &gainst E can xlsoc lexd to spurisus
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relationships. This is because E is contained in  both
variables, and so there is an inevitable tendency towards
negative correlation. Originally it was thought that by
increasing the number of years in the moving average for
effort as in Gulland’s approach, such an effect would be
rnuilified. However, Roff and Fairbairm {(1398Q) show that
any improvement may well be destroyed by false
relationships caused by high positive serial correlations
of effort with time (as when the fishery developed) and by
negative correlations of catch rate with time {(as when
stock size numbers were reduced). Therefore, the steady-
state assumption, even in a time—average sense, can lead

to biased results in the sustainable yieild curve
estimation.

4.7 Conciuding remarks

if the assumptions underiying the production model
adegquately describe the actual laws under which the
fishery operates, then the data of a commercial fishery
should be well fitted by the model. However, in reality,
fish stocks are unlikely to behave exactly as indicated by
the simple models described in this chapter. Even
unexploited hake stocks are subgect to continual changes
cver time which can cause fluctuations in stock size and
age composition which, in tumm, directly atfect
recruitment, natural mortality and growth rates. The
importance of such variations will depend on their
magnitude and the size structure of the stock.

In addition, it has been shown that analysis on the basis
of the steady-state approximation of an expiloited stock
that is not in (or close to) eguilibrium over its history
can render biased results. These could deviate so widely
from the actual values for the stock that it would become
dangerous to manage a fishery using these results. To
compensate for such biases, modifications +to the
estimation procedure that &llow the steady~-state
assumption to be aveoided have been zntroduced. These are
discussed in detail in Chapter 5.
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Appendix 4.1

Derivation of the Schaefer and Fox models

" {i) Schaefer model:

The rate of change of biomass with respect to time can be
related to the growth and catch rates by the following
relation (see equation (4.3)):

dy/dt = r.y. (1-y/K) = dC/dt .
' The steady-state assumption, dy/dt = 0, implies
dC/dt = r.y. (1=y/K)

i.e. equilibrium yield is reached when the catch and
biemass growth rates are equal.

"By integrating over a one-year interval, (0,1}, and
assuming y to be constant throughout this period, the
‘catch, €, is given by:

€ = r.y. (1-y/K) : - (A4, 1. 1)

Assuming (C/E) = g.y, the substitution of y = (C/E)/qg into
equation (AR4.1.1) yields the following expression for
{C/E) ¢ :

2
, (C/E) = g.K - (g .K/r).E .

fThis tan be simplified to

{C/E) =X~ B.E where X = g.K

and B

it
0
1 ]
Py
~
-,

-{ii) Fox model:

‘fAs in (i), an expression for C can be obtained:
i

; C = roy. {1=1n{y) /In(K)) (A4.1.2)

i

;By substituting y = (C/E)/q into equation (R4.1.2),

-{a/r). In{).E

. {(C/E) = qg.K.e .
‘This can be written as ,
, ~P-E ,
(C/E) =d’.e ' where ol = g.K

cand  p= (q/r). In(K).
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Ropendix 4.2

Derivation of MBY values . "

{i) Schaefer model:

{(a) Equation (4.€), C/E =Cx¥-ﬁ.E . tan be rewritten as

c=0.E-pP.E | S tRALzZL D

 Differentiating the above gives dC/dE =0 - 2 B.E
and hence the effort value needed to obtain MSY - can
be evaiuvated: ' :

dC/dE = O =) E

=d /(zp) R4 L)
Msy ' -
= r/(20) R4 2. 3)
since o =;q;K' and P=g .K/r .
" {b) By substituting this - value for E into eqﬁation
. ' -MSsY
(R4 2.8,
c  =0d /wp) A o (R4, 2. 4)
- M8Y
= r.K/G | S {RL.ZLD)
Ae) The differentiation. of eguation {(R4. 1.1y,
€= r.y. {1 = y/K)
gives dC/dy = r. (1 - 2y/K) .
dC/dy =0 when y = K/2 and hen:e:MSY;occurs when
Yy = R/2Z : . , (R4, 2.8)
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I

kii) Fox model?

|
H
'
t

{b)

(c)

- p.E
From equation (4.7), C/E = e

_.IB’_E

it follows that  C = o .E. (A4, 2. 7)

»

By a process similar to the one for the GSchaefer

model, - -

. , -PB.E
oL e g

dC/dE LIy - ﬁ’.E: .

Sustainable catch is maximized when'

E = 1/3"" (A4, 2.8)
MSY o .

r/iQ.IntK)) T - V- - )

it

‘since o(-’-.=_q_.P\’ Land - ‘_ﬂ”—" g.IntK)/r .

-By'sqbstitutién'&nto equation (Q&.Z.?);

S -1 | . |
c =t/ pr.e (P4, 2. 10)

) -1 o :
= [r.K/In{K)l. e (R4, 2.11)

Differentiating equation (A4.1.2),

€ = roy. {1=1n(y) Z1In(K))

‘gives  dC/dy = r. DIn{K)=1-In(y)3/1n(K) .

dCsdy = 0 =) 1Infy) = In(K) =1
-1

and therefore 'y = K.e ' (R4.2.12)
sy -
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Appendix 4.3

An__example showing how bias arises in the estimation of
MSY for a fishery with & declining biomass if the
" continuous eguilibrium aporoximation is made

{i) Schaefer model:s

"The equilibrium CPUE versus E relationship is given by

" {C/E) = ol - B .E . In the continuous  equilibrium

- approximation the parameters ol and B can be obtained by

- linearly regressing the cbserved (C/E) values against E.

For a declining stoeck (induced by expleitation), the E;

value in an observed (E; , (C/E);) data pair will represent.
not the steady-state effort required to maintain the stock

at that biomass.level and that CPUE value, but the larger .
effort which is reqguired to take the additional catch that

leads to the biomass decrease. The associated steady—state

{e—s)  effort values are calculated using +the procedure

described below. : :

- - . . obs
Ltet € - = observed catch in year i
i - - |
obs _ o
E. = pbhserved effort in year i
i . '
obs '
and (C/E) - = observed CPUE in year i.
i . : .
' ' ‘ - obs
‘Assuming (i) vy =y + r.y {1 -y /K) - C-
S i+i i i i .1
obs : . _
and °~  fii) (C/E)  '='g.y . ' {see Nopte (1))
- : i i :
it follows '

T ocbs - obs o obs - . obs - obs
o AE/E) = (C/E) + r. {(E/E) W {1={1/{q. K. (C/E) - 1- g.C .
. i+ i R | _ ’ : i i

‘This can be rewritten as

. obs oz obs obs - obs obs -
{C/E) = g.K—{gq .K/r).[E + {L(C/E) = (C/E) 13I/(C/E) 3]

- i+t L - i i+l i _ i

' obs o2 S-5 : .
Since (C/E) . = g.K - (g .K/r).E {see equation(4.6)

i+l , i
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it can be deduced that

5-c obs obs . obs abs
E = E + [1/0l. [{(C/E) - {C/E) ¥/ (C/E) 3
i 1 i+l i i

{see Note (25);

True E values were estimated for Divisions 1.3 + 1.4 for
the period 1971 to 1375 and are shown in Figure A4.35.1 .
"The value of g used corresponds to the g value of 0,000466
given by ‘the dynamic Schaefer model fit to the data in
Divisions 1.3 + 1.4 (see Table 8.1).

B ,
D ) . :
th-\\\ - - o observed data (E;, (C/E); ) 7
~
~
T :-\\\. . _ + steady-state point for 7
-YE N . - catch rate (C/E);

1 L. L S | 1 |
250 500 ' 750 _1000 1250 1500
' EFFORT

'F:gure A4, 3.1¢ A plot of the steady-state (solid 1line)
and the apparent (dashed 1line) C/E . versus E
relations for the Schaefer wmodel obtained by
linearly regressing the (E, {C/E)) data pairs for
Divisions 1.9 + 1.4 for the per:od 1371 %o 197q. ’

The  observed (E;, (C/E); ) data pairs tend to be moved to
the right of the steady-state values and similarly, the
-apparent C/E versus E relationship (line. CD) also lies to
the right of the steady-state relationship (llne AR) .

.Referrzng to the results in Figure Q&.a.i, it can be seen
that since o
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R
(i) mey = & /{4 B)

7

0,5 0R.08 =X /28,

i

and {ii) area of trianole OAR
it follows that MSY = (area ORE)/Z .

If +the observed values for effort are used, the apparent
MESY (= 0,5 % area OCD) will be an overestimation of the
“true MSY. The data under consideration yielded an apparent
MSY estimate of 418 thousand wmetric tons which, as
expected, was much higher than the unbiased MSY estimate
~.of 237 thousand metric tons for that data set.

(ii) Fox model:

- | - -p.E
The CPRUE versus effort relationship, C/E =d'.e .
can be rewritten as In(C/E) = In(’) - B’.E where A’ and
‘ﬁ’ are estimated using a iinear regression on the observed
(E;, In{(C/E); ) data pairs.

As  in the case of the Schaefer model in (i}, the steady-
. state effort values were calculated on the basis of the
assumptions: '

3

. : obs
(i) y =y 4+ r,y ,li- In{y }/In{K)] - C
i+l i i _ 1 i
. ' vohs . : - : »
and (ii) (C/E) = g.y , . {see Note (1)).
. i i
It follows that
obs
{(C/E) =
i4+1 . .
) obs } obs . obs . obs
({C/E) '+ r.{C/E) . Ai=-InI{{C/E)Y /g¥l1/Ini{K)) - g.C

i i i

. which van be rewritten as

: obs
InL(C/E)  /q) =
i+1
o _ obs obs - obs obs
In{tK)=-f{g. In(K)/r3. [E <+<({{C/E) ~(C/E)Y = ¥/(C/E) - )/al
S i+l i i

and hence
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obs

{C/E) =
i+l : . _
_ _ obs obs obs obs
a. K. exp{—fo. In(K)/r). [E +I{(C/E) - (C/E) ¥/ (C/E) 1/qll.
' i i+l i ' i

obs v S—%5

Since (C/E) = g.K.expi-{q. In{K)/r).E 3
i+l : i+l

{see egquation (4.7))
it can .again be deduced that

-s-5 obs - obs obs obs
E =E + [1/ql.[{(C/E) - {C/E) ¥/ AC/E)Y ]
j 1. . i+l - 3 i

(see Note (2)).
True E values for Divisions 1.3 + 1.4 (13971-1975) were
estimated by the above procedure using the g value of

O, 000407 given by the dynamic Fox model fit to the data
for that region (see Table 8.2). :

N : o observed data (E;, (C/E);)
1,0F N - ’ -
AN - - + steady-state point for
R catch rate (C/E); -

1 L | { 1 !
250 500 750 1000 1250 1500
o EFFORT '
Figure P4.3.2t A plot of the steady-state (solid line) and
the apparent (dashed line) C/E versus E relations

 for the Fox model for Divisions 1.3 + 1.4 for the
period 1971-1375. '
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Referring to Figure R4.3.Z7 it can be seen that since

(i) MY = (&K'/ B*)r.e

and - {ii) area under the curve

il
D
Q
m
a.

m

~A.B’
=—(0(’/ﬁ’).[e - 13

= o’/p’ as A -} oo ,

-l

it can be deddced that MSY = e X {area under the curve).

(e=! = ©,368).

Hence, the observed effort values cause MSY' to be
overestimated. This  was confirmed by an analysis of data
from Divisions 1.3 + 1.4 (1371-13975). The wunbiased M5Y
value vyielded was 326 thousand metric tons as opposed to
an apparent MSY of 427 thousand metric tons.

Correspondingly, for a stock where the biomass  is
increasing because catches are below sustainable yields,
points on the (E, (C/E)) plot would tend to lie to the left
of the steady-state relationship and MSY would be under-—
estimated. '

.

Note (1) For algebraic simplicity, this form of the CPUE
' proportional to biomass assumption is used. It
differs slightly from the form utilized for the

" -dynamic models in Chapter 5, namely,

: obs.
- {C/E) = g.{y + Yy Y/2 .
- : i -1 i+l

: , 5—5
Note (2) Due to statistical fluctuations a negative E
value may occur. '
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5 DYNAMIC MODELS

S.3 Irtroduction

Rithough the assumptiorn of & equilibrium situation makes
the steady-state model very simple and e&sy to zpply, it
carr lead to positively biased results if CPUE results sinow
& declining trend with time. Im this chapter, dyrieunic
models whick xllow for the non—eguilibrium wature of the
dat& &re developed.

Ore  such model used by ICSERF has been  corstructed by
Lieonart, Salat snd Roel (1385). It is based ow the catob—
effort eguation arnd ivtroduces & rnew parameter imertix to
represent the stock’e resisterce to adapt to &  wew
erxploitation patterm. The method is described briefly iwn
Rppendix S. % and the results are compsred with those of
the dynamic model developed below.

J.2 Description of the dymamic model used

The dyramic medel is based om the same equations &5 the
steady-state model in Chapter 4. That is,

it

y +« 8{y ) - ¢ {5, 1)
i+t 3 i 4

Yy

- where Gy ) is the wet growth furnction of the Forme

i
~{1) Seohaefer: 1 Gily) = roy. {1—y A {(S. )
{ii) Foxt Bly) = roy. (4=Ivmiy) Z3rmiK)) {5, 3)

[Note that ivw the case of the For model, {31/y).G{y)
giverges &s y — ¢ and therefore mey v lorviger be
irterpreted as arm ivmtrinsic growth rate. 3

If G(yi) = €;, the fishery would be i eguilibrium and the
mutiels discussed irn Chapter & would be applicable.
However, iv & heavily exploited fishiery this is urmlikely
to be the case s the lusses due to fishing will exceed
the net growth., : '

' : A
It is zssumed that the expected catcoh rate, (C/E)Y, is
proportional to the mid-year biomasst

A .
C/E) = gty + vy Y /= {G. &)
3 i+3
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For the steady-state formulations, sustainable yield
curves were determined by equations (4.6) and {(4.7) where
X, B, &7 and B’ were obtained using functional regressions
ori catch and effort data.

For comparative results from the dynamic model, these
parameters of the sustainable yield curve were obtained
using the following relations (see Appendix 4.1).

{i) Schaefert = g.K B = Q2.K/r (5. 5)

(ii) Foxs A'= g.K B'= q.intk) /¢ (5. 6)

5.3 Criteria used for obtaining the best’ fit

Using the above model, it was necessary to provide catch
1imit recommendations which were based on only the *best’
estimates of the parameters involved. The aim, therefore,
was to determine parameters (for example, r, K and Q) such
that the observed catch—-effort data *best’ fit the values
predicted by the model,

This was achieved using the NAG routine, EO4FDF, which
determines the unconstrained sum of sguares minimum of m
cortimious nornliinear Ffunctions of v parameters. The
problem can be expressed as follows:

If m = number of years in the data series

number of parameters {(n ( m)

3
n

and X = (X X .. X )
) S n

where X are the parameters to be estimated, then
i
%
minimize 88 = ¥ [F(X)32 , , (5.7
i=f i

{The functions f (X) are termed residuals).
i

The routine reguires that the user specifies the sum of
squares function, 88, and initial estimates for the
parameter values. From these a sequence of points is
generated which is intended to converge to a local (and
hopefully & global) minimum of SS.

The criterion adopted for determining the ’best’® fit by
the model to the observed catch and effort data was based
on an approach proposed by Kirkwood (1381). On the basis
of a model similar to that of Poisson—-distributed catches
{for which the sguare root transformation ensures

-
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asymptotfc normality), he suggested that an appropriate
choice for the residual function would be:

fi<5>‘='cVé—il—VFJ (5.8)

Since ammual variation is most easily conceptualized in
terms of catch rate, this residual function has been
recast in that form. This involves a weighted difference
between square roots of observed and expected catch rates
{(the weighting is related to the effort applied):

1 1 ~ = N h
FAX) =VE . ‘(VC/E - V(C/E) ) (5.9)
1 1 i : i

This residual is also used as the basis to estimate the

- cocefficient of variation in subseguent anaiyses (see’
Chapter 7).

5.4 Specification of variables

Initial runs of the minimization routine used the
parameters r, q and K. However, estimates of r were
observed +to be positively correlated with those of g and
negatively correlated with those of K. The replacement of
these original parameters with the parameters T,
X { = g.K) and MSY (MSY = r.K/4 for the Schaefer model and
MSY = r.K.e"'/In{kK) for the Fox model) proved to be more
apprepriate.

To maintain a small number of parameters it was also
assumed that the stock was at carrying capacity level
ly, = K) at the start of the data series <(that is,
assuming little exploitation of the fishery prior to this
date). - For Divisions 1.3 + 1.4, 1.5 and 2.1 + 2.2 +this
assumption appears to be well founded since the data
series used for this analysis commence only a few years
after fishing in these regions began (see Tables 3.1, 3.2
and 3.4). Also, during those initial years of expansion of
the fishery, catches were relatively small. On the other
hand, for Division 1.6, this assumption wmay be wmore
questionable since it _is known that substantial trawls
were being made prior to the start of the data series (see
Tables 2.1 and 3.3).

The assumption y, = K does aveid the domain y ) K where
the behaviour of the surplus production function, -G{y), is
unsatisfactory in certain respects (see Chapter 10). If y,
is unconstrained, the sharp decline in CPUE values for the
first few years of each data series results in the fitting
procedure assuming values of y, greater (and sometimes
much greater) than K to take advantage of the unrealisti-
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cally large rmegstive values of 6i{y) inm that domair.
However, the rapid drop iw CPUE values for the imitial Few
yvears vf each data series does rnot vecessarily represert =
proportional reduction in the stock size. Rather, it is
suspected that large imitial CPUE values {with smallier
fisheries &t that time) may be reflectiors of First
fishking out some locxlized high dernsity concertratiows.

Therefore y, was fixed essentially to prevert it from
exceeding K. Alternmatively {(as is irwvestigated in Chapter
10, ¥, could have been freed and & semi-arbitrary rumber
of dats values at the start of the data series dropped.

Everr irv the abserce of fishing, & stock will wnmot
necessarily be either at the instartareous or average K
level &t army particular time. For example, T&rgom

errvivormental - Fluetuwatioms carm cause variatiorms inm K.
However, the above approach assumes that suck variatiow is
smxll compered to the substantial reductiow iw stock size
over the course of the fTiskery.

.Y Discussion

In constructing the above dynamic mudel, & compromise
between realism and precision had to be resched. The above
models could be made more complex. by it roducing
 additional parameters, kowever usuxily this leads to other
problems. Usivg the CPUE dats to fit zdditional parameters
would probably lead to  less predictive precision.
Riternmatively, other parameters could be irtroduced iF
their wvalues were estimable from differermt indepevdent
data sets, but such data are rot available.

"As  discussed iw Section 2.3, the furmction of fisheries
scientists is often to provide sciertific =dviee For
mErsgeEment witih the objective of ultimately maximizing
vield without impairing future exploitatiom of the
fishery. It is therefore of interest to use the steady—
state and dyrneamic models {in Chapters 4 angd 5 to effect
such wanagemert objectives so that marnsgemernt recommwenda-—
tioms TEv be made according to fined sciertific
procedures. In Chapter 6 such procedures are developed and
the problems which are freguently encountered by fisheries
mamegemert are described.
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Hpperdin 5.t

fr edternative dymamic model developed by tileowsrt. Balat
&ng Roel {17385)

Dyrauwic models carm be described a&s models *with & mewory”
ivn the sense that they take irto comsideration the more or
iess recert history of the fishery to explain the current
situation. One such dyramic model khas beern developed by
Lieornart, Salat &rd Roel (1385). It is based orn the
discrete form of the classical eguilibrium production
model, but reguires the introduction of & mew parameter
cxlled ’ivertis’® whick provides for the abovement i ored
mwemory by represermting the stock®s resistamce to adapt to &
mew erploitation level. A stock with © irmertis would Slways
e it eguilibriwe whereas & stock with irertia of & remains
cornstant irrespective of changes in the exrploitation
pattern {Lleornart &t ai., 1385,

The traditional steady-state model assumes the eguilibrium
situvation {irvertia = ©) for fitting. the curve, but uses the
assumption that CPUE is comstart {(egquivalermt to arm irertis
of 1) for guots calculationm. The dyramic model of Lieorart
gt &i. uses ihe same ivertis vaiuves for fittirg the curve
&nd for obtaining projectioms for guota estimat ton.

It is assumed that the arauxl catoh amd effort data are ot
ivr equilibrium  and do rot lie om the eguilibrium ocurve.
Schaefer and Fox model fits are calculated by mearns of =
linear functional regression om CPUE versus effort data,
adopting estimates for o, B and the irmertix parameter which
provide the closest fit to the dats (that is, the fit with
the highest correlation coefficient).

The results of the model preserted by Lieonart et al. for
ICSEAF Divisions 4.3 + 1.4 and Division $.5 are compared
with those of the dyrneamic model of equation (T. %) [termwed
the Butterworti/Ardrew modeld iv Table AS. t.1 .
The attractiorn of this dyramic approach is that it needs
vrily three parameters and it is conceptuslily easy teo
vrderstand and apply to the data {(Lieorart et &l., 1385,

DIviI5IoN 1.3 + t.4 1.5

METHOD G msv(BT) |8y, (BT) | B 4ey(8S) &y, (85
Butterworth/Ardrew '
&) Schaefer 266 233 187 168
&) Fox 324 253 2313 1866

Lleormart &t =3.

&) Bohaefer 238 27T 173 {64
Yy Fon 33 253 165 1486

Table AS. 1.1 Catohl level estimates fFor bakes i ICSEQF
Divisions (.3 + 1.4 amd 1.5 {ICSERF, 138%hL).
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& A BASIS FOR MANABGEMENT RECOMMENDATIONS

€.1 Introduction

Management is the process of making decisions relating
available resources to desired objectives (ACMRR, 1980).
It is often a complex undertaking inveolving the pursuit of
varied and sometimes conflicting objectives <~ biological,
economic, social, political and otherwise.

Effective fishery management depends on an accurate
definition of the limits of the resource. However, this is
not an easy condition to fulfil since the reaction of the
fish stocks to exploitation and management is difficult to
predict with great precision.

Despite this fact, the fishery management process is
structurally the same as other forms of management. It
consists of the following activities: the setting of
objectives, the definition of boundaries, the collection
of data, the tramsformation of data into information, the
formulation and execution of policies and the evaluation
of results.

Any expleoited fish stock forms part of a complex ecosystem
which is continuously changing as & result of many
factors. Only one of these factors, predation by man, can
be controlled to any significant degree by fishery
management. If such contrel is possible at all, it must be
implemented through control of the activities of the
fishermen. .

Fisheries policies are therefore designed to regulate
fishing so as to effect changes in the fish population
and/or catch.,. These changes should be preferable to those
obtained if fishing took place without the intervention of
management. In general, a ’*preferable’ fishing pattern is
difficult to determine gquantitively or objectively as it
is a function of a great many factors.

Agreement on quota levels is often more easily reached if
it is based on objective scientific advice about the state
of the fish stocks. This is usually provided by fisheries
biologists. To understand how such regulations can
influence fish population size and yield, the outcome of
changes in the intensity of fishing on the fish population
(and vice versa) must be examined. This analysis is
usually performed in quantitative terms. Projection models
are useful in this respect as results of different fishing
strategies can easily be compared. In addition, such
models can help clarify the steps that are needed <to
attain certain objectives. '
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If production models {(see Chapter &) are to be suitable
for mansgement they should be exsily understarndable 1o
gerisiory makers and should rexlistically describe and
predict 1o & acceptable degree  of precision everds
 surrounding the particular fiskh stock  corcerned. In
ddition they should make low demands in data armd arxlysis
{Gulleand ard Hoerems, 1373). Hoth ke steady—-state and
dyriemic models described iw Chapters & and S satisfy this
cordition in that they regquire only cateh and effort dats
for their implementation. These are retatively easy and
cheap to obtain as ovpposed to bicliogical data {suchk as
cateh—age structure, watural mortality rates, growthk rates
etc). '

.2 Ehoice of & suitable marmgemerdt obiective

Effective marnzgemert recessitates the establistment of
clexr obyectives., To achieve suek cbyectives, regulations
- must  be  imtroduced which should be kept as  simple as
possible so0 as to be bothk efficient and enforcible.

A common and traditional objective of managemernt has beern
the biclogical ome of MBY, that is, the greatest yield
that can be removed from & stofk each chosern time peTriod
{ususlly Yaken to be one year) without impairing the
capacity of the resource to renmew itself. Thus MEY bas
beerr used as & reference poivt for mavisgemert purposes to
describe the maximum poterntial productivity of & steck in
terms 6f catch and is usuxlly associzted with &Yy
erploitation policy,. fuey, that is reguired to hold the
stock &t that level of productivity (ACMRR, 1380).

Production models &re therefore mostly concermed with
estimating MSY, tie associzted steady-state fishing effort
&nd the corresponding stock biomass, yuy (in terms of =
relative if rmot absciute index). If the fisk stock has
beer: drivern below this biomass level associzated with MsY,
ther, by limiting the fisking inmtensity, average cstoh
rates canw be  ircreased and the stock  returned to MSY
ievel.

Objectives must &lsc be realistic. Durivg early stages in
the developmert of & fishery, as the fish population is
reduced  from its initizl size, the cateh may rise well
g&bove the MSY level. However, this initial period gduring
which surpius catches are available carmot continuee
indefinitely. Once it is over, such surplus catch will no
lovger be available and it is unlikely that the fishery
will ever be restored to the maximum historical levels of
production.

MSY is, however, wreot nrecessarily the best marsgemernt
obyective. A magor problem of its use s & marisgemert
criterion is that often MSY estimates are blindly accepted
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&S beirg correct without teakimg into  accourt the
assumptions mxde to reasch those  estimates. The stezdy—
state e&wd dynamic models described i previous chapters
vffer & simplified descriptiorn under average corditions of
events poourrivng inm the sea. I rexlity, the situation is
far more complex. M5Y is therefore rnot & static parameter
as ofter it is zssumed to be. Im fact it is &5 dywamic in
nature &s the fisk populatiorns it attempts to estimste
{RACMRR, 1380).

There are many sources of stock size variatiom other than
exploitation. The most important of these is eénvirormental
perturbation which causes variations iw recruitmert. Since
sdverse Errvi rorunertal coviditions TE cause large
reductions irn stock biomass, biclogists would chioose to
manage the stock at some cateh (or effort) level below the
level associated with M5Y s as to keep the stock somewhat
above its MBY level and to reduce the probability of &
collapse of the resocurce.

Bullarnd &nd Foerems {(1373) presernt & method to choose such
& level which is easy to apply and furthermore, whiclk does
rot differ too radically from M5Y. This *fo,° procedure is
described irm sectiow 6.3.1¢iii). Another advartage of this
method is that in & stexdy-state cortenrt {that is,
igrering gy ramic effects  and discounting), the
corresponding effourt level €, differs from Engy in  the
direction of the effort level assecizted with INER T v
profit (Clark, 13876). Therefore ofien Eo, represents &

grester profit than would E . This feature of the model
will be discussed further in Chapter it.

In the followimg section, the formulae for three different
managemert strategies are develuped: the resulis of these
applied to the hake stocks under comsideration fTor the
years following 1984 are listed inm Tables 8.: - 8.8 .

6.3 Catehr iimit recomwendatiocns

All catoh  limit recommendat i ons hiave beern basegd om the
-following prescription as indicated iw ICSEARF (i?BSb);

A A
& = (E/E).E . {B. £
t

where & = the cateh . limit for & particular harvesting
strategy, for example, & Mgy (CorrESsSponding to
an "fo strategy) '

E, = correspording estimate of effort {that is,
target effort) For the selected obiective,
for example, E, o for an MSY objective

64



" ' ’
grd {(C/E) = estimate of expectec CRUE for the year for
' which the catoh limit is to be set.

Three possible forms of catek limit recommerndations svre
described Tor both the steady-state {(s-s) and dynamic
models., They are a5 follows:

{1) the catelh that would maivtain fhe stock &t its
presemt {(1385) biomass, 8
' 5-5

{33} the catch that would evertuzlily result ivi the
harvesting of the maximum sustzinable yield, @
msY

{iii) the catch advocated by the fog procedure, @&, {see
: Sectiornm 6.3.314{31i1))
In this éna}ysis the foiiawing~watatiows have beew usedt

®x = =x , the observed value of »
obs - '

R ,;-the erpected {(true) valuwe of  =» which is

CEin)
B ERp

IEVET Krmowr:

%>

]

r , the estimate of the expected value of x.
ERp ‘

Sometimes = is used to derote Ei{x).  Where possible
-econfusion may arise, the aiterwative‘natations R obs &ng
Rexp &7TE used to differemtiate betweern the twe variables.

6.3;1 Steady-state models

in the case of the steady-state models, averzge effort
values &s prescribed by Bullarnd kave been used . {see

. . ) A
‘equation (4.15)). The expected catohl rate, {C/E}) is
‘assumed to be the same as that of the most recert year

* o -
€1384), (C/E) . This privciple has been applied by the

cbs o : v
Btarding Committee Ffor Stock Assessmert of the I10SERF
Sciemtific RAdvisory Courcil in the past (ICS5EAF, 138a).

Using eguation {6.1), values for & , & amgd & can

s—s msY 0, 8
"be cxlculated:s ' :
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(i) & = {(C/E) .E arnd therefore
5-5 cbs =®m-5
* : *
{x) Beke & = {C/E) {3/ BY. LXK —(L/E) 3 6.2
5—-5 obe . obs . .
. *
where E was cxlculated usirg f i the
5-5 ' .
* . *

f3i1)

stexdy-state relationt (C/E) = X -B.F

. - * : . ' %
() Fort @ = {C/E) .4=1/B ).1mfts/00"). {O/E) 3
g : =T ) : ocbs . _ s
- . - (6. 3)
where calculatioms of E were based on the
E-g ‘
x - B*.f%
relationshipt (C/E) ='.e
& = {L/E) . E arid therefore
mMsY obs mwsy
. _ . _ .
{x) Bocke € = {(C/E) LE0, 5B 3 - {6.4)
msyY obs .
{b) Foxt & = {(C/E) .E2/B 3 ' _ - 6.5

MsSY chs

The marginal yield, dC/dE, is defived a5 the
increase in total yield achieved by sddivg ore exntra
unit of effort. In other words, it is the slope of
the tangent +to the curve of catch . agairst  effort
{Bulland, 1968). From the catch-effort equat ions
given in equations {(4.8) and (4.7) it carw be seen
that the marginal yield is a decrexsirg fumction of

"effort, with & maximum at the virgin steck {zero

-effort) position amd decreasing to zerec at the level
where MSY is attained. The fo, policy as described
by ©Bullamd and Boeremx {(1373) is to Fish &t anm
effort level where the marginal yield is ore termth

.of the value of dC/dE at the origin. As can be seer

from Figure 6.%, this effort level will be 1less
than that corresponding to M5Y. The eguilibriwm
catch level corresponding to this strategy, €, and
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the cormstant level of effort, Eoﬂ, spylied uwrder
this strategy &re derived iv Appemdix 6. 1. They &re
a5 follows:

ta) Schaefer: E = 0,53 E
: 0O, % maY
= 0,3 {X/2PB3 . (6.6)
_ z
C =0,33 <L sap) 16.7)
o, 8 :
= 0,33 C

{i.8. the exbected catoh under such & strategy once
eguilibrium is reached would be 99% of the MSY)

{B) Fonxst . E = 0,782 E o (6. 8)
G, ¢ . mBY

= 0,782 (1/B")

| S -1
€ = O,372 (X?/ B & {6.73)
&, 8 : ' v
= 0,372 C
MSY
Crisy
X Qs.s
O
‘O Qwey
-~ - Qo
A
Eo.tEnsv‘
‘Figure 6.% Schaefer model EFFORT

The expected catch rate for the year inm gquestior . {1385) is
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estimated by the current catch rate (that is, the observed
_ *
catech rate for 1384) and is denoted by (C/E) » Using
obs
this wvalue together with E, or Eyy, management can then
fix the gquota (for 1385) on the basis of the formulat

*
8 = (C/E) .E
0,1 obs O, 1

Interpreting this graphically, the catch level, @,,, which
will cause the stock to move towards the equilibrium
condition associated with such a chosen objective is
determined by the intercept of the effort ordinate
prescribed by the ‘FO’l management objective and the catch
rate vector (see Figure 6.1).

1
Qv = 2 r.

1 ,
Yusy Yo K

BIOMASS

0]

Kios = == -

~

Figure 6.2 Schaefer model.

As can be seen from Figure 6.2, the f,, procedure is a
more cautious approach and will lead to the equilibrium
population biomass being greater than that associated with
MSY, namely, Ywey- In the Schaefer model this corresponds
to a biomass *safety factoer® of 104 and in the Fox, 24% .
The calculation of these *safety factors® is given in
Appendix 6.2 .

The fo, management objective recommended here has no
strict biclogical or economic basis. It simply establishes
a criterion for a position probably closer to bioeconomic
optimality than that of MS8Y, about which fishery managers
can agree in principle and which they can’ easily
understand.
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"B.3.2 Dynamic models

In the case of the dynamic models, the (estimated)
expected catch rate can be estimated from stock

,prOJectxons based on the assumption that the expected CPRUE
is proportional to the mid-year biomass:

N ) A A fal
(C/E) =gq. (y+y ) /2
i i i+t
(see equation (S5.4)).
As in equations €.3.1(i) - (iii), catch limits for the

year (i+l1) are calculated as follows:

(1) . Scht @ . (i+1)

= ry .-y /K (6. 10)
5~-5 . i+l i+l
Fox: @ (i+1) = r.y . (1=-1n{y )/ In(K)) {(6.11)
s=-s i+l i+l
v : A '
(i1) & (i+1) = (C/E) .E which gives
' MSY ' i MSY

a) Sch: @ (i+1) = [g.{y +y )/21. [0,5 r/ql
MSY i i+t o

0,5 raly +y /2. (6.12)
i i+

(see equations (5.4) and (4.9)). Similarly,

(b)) Fox: & (i+1) = [g.(y + y /21, I[r/{q.In(K))1]
MSY i i+l '

= /Iy +y /) (6.13)
‘ i i+l :

(see eguations (5.4) and (4.12)).

. - A "
(iii) @ (i+1) = (C/E) .E . Therefore
0,1 i 0,1

(a) Seh: @ (i+1) = [a.ly +y )/21.{0,9 E 1
- 0,1 i i+l MSY
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= 0,9 0 (i+i)
MSY

= 0,9 [0,5 raly +y  )/23

i 1+1
= 0,45 roly + vy Y/ 2 (€.14)
i i+1

(b) Fox: @ {i+1)

[g.ty +y )/21.[0,782 E 3

0,1 1 i+l MsY
= 0,782 © (i+1)
. msy
= 0,782 (r/In{K)).(y + vy ) /2
) i i+
(6.15)

[Note: To facilitate calculation of the above equations,

A A

(C/E); rather than (C/E),, has been used. While ideally
the use of the latter would be more preferable, its
calculation requires y;, and would therefore need an
iterative procedure. As current biomass rates of change
are not large, differences should not be substantial.
Further, this enables a more direct comparison of catch
limits with those evaluated on the steady-state basis of
the previous section.]

. 8ince E,,, is based on a fit to data for a period of years,

it therefore, to a certain extent, ’averages out’ data

fluctuations. However, in the case of the steady-state"
*

model, the (C/E) component of the formula is based on
obs

data for only one year. A potential advantage of the

dynamic model is that it aliows an estimate of CPUE in the

A
most recent year,: (C/Ef’, which is dependent on more than
a single year’s data. This produces catch Timit
recommendations which, in principle, are less subject to
filuctuations. o :

6.3.3 Cateh limits expressed as a proportion of the

current stock size

The above fngsy and fo, management recommendations were
given in the form of catch limits (B). Since the dynamic
models provide estimates of the parameters r, 4, and K as
well as those for the sustainable yield curves (that is, «
and ﬁ;), recommendations can alternatively be expressed as
a proportion, h, of the current stock size appropriate to
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harvest under the specified policy. For exampie,

h =8 /Iy +y /23
MSY MY i i+t

The folliowing table gives a summary of the Schaefer ang
Fox formulae derived for hng ang ho,) using eguations
{5. 10) ~ {6.15).

SCHAEFER FGX
B gy 0.8 r r/In{k)
Fo, 0,45 r 0, 7885 rv/in{i)

The sappropriate values obtzained using the parameters
caicuiated for the best fits of the dynamic Schaefer ang
Fox modeis to the data are shown in Table 8.%5. These
values o6f ©h could then be used to obtain catekl  limit
recommendations based on independent methods of estimating
current stock size such as VPA {see Chapter 3).

6.4 Uncertainty

Uncertainty is an important feature of fisheries
management. Since it is impossibie to eliminate such
uncertainty from fish stock assessment, good manzgement
strategies must take such uncertainty inte accoumt. The
foliowing discussion on causes of uncertainty and methods
of dealing with it is based primarily on Walters {(1584).

A major csuse of uncertainty is emvirormental Fiuvctuations
whose effects on the fish populatiom are not (as yet)
predictable. Perturbations such as these carn cause targe
year to year variations in the wmortality rate between
spawning and the recruitment of Juveniles imto the system,
Suech recruitment variation is primarily griven by marine
climate factors such as upwelling patterns.

in comparison with the pelagic fish populations such as
the anchovy and pilchard stocks, hake have a ipnger 1life
span and therefore the stocks consist of more yesr—
ciasses. This to a certain extent provides security
against environmental fluctuations as their effect is
dampened when the total stock biomass is considered.
However, random and cyclic envirommental perturbations can
still cause & large amount of variation arocund predicted
yields (see Figures 10,15 - 10.18) and stock size and
coulid result in unintended substamtial rescurce depietion.
Therefore the resuits of the steady-~state models together
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with the short and long term stock size projections for
the dynamic models should be interpreted in the light of
unpredictable and possibly major fluctuations as a result
of environmental uncertainty.

Randomness can easily be incorporated into the production
models by introducing a random perturbing factor. The
frequency and magnitude with which this factor operates
can be evaluated from the past history of the fishery.
This method should, however, be used with caution as most
fishery data records are not extensive and future
environmental conditions may not necessarily mimic those
of the past. : '

‘As  soon as random factors are included in production
models, predictions can no lenger apply to one specific
year, but to one of many possible years that could follow.
However, the probability of a particular ocutcome can be
estimated by runming a simulation model many times,
thereby obtaining a number of predictions for each
particular year. By calculating the number of times such
an event occurs in, for example, 1000 random trials, the
distribution of such predictions could then be examined
and the probability of a particular outcome estimated.
This method of assigning odds to various outcomes is
termed Monte Carlo modelling (see Chapter 7). Statistics
such as the probability of collapse of the fishery or the
probability of obtaining a particular level of yieid in
any one year under a given level of fishing effort can
then be calculated. '

When low population sizes occur, neither bad fisheries
management - nor unpredictable environmental events can
necessarily be held sclely responsible for the stock
biomass decline. Usually this state is the result of a
combination of such factors. Thus management policies
which do not reduce the fishing intensity at low
-population sizes take risks as low abundance levels can be
decreased even further ™ by adverse environmental
conditions. It is therefore important that decision makers
have a clear understanding of this fact so that they
“appreciate the need to detect any variation in  the
population without delay and to respond rapidly +to it.
Their management policies must be updated regularly so as
to ensure that the state of the stock remains as near as
possible to that required by management objectives.

A second form of uncertainty exists in the formulation of
models and the determination of their parameters. The
-effectiveness of production models depends on the acecuracy
of the assumed model and the precision with which its
parameters can be estimated. Even if the ’correct’
production functions are fitted to the data, errors can
- occur  in the estimation of their parameters. Sometimes
these are due to large measurement errors, but more often
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there has simply not been encugh variation in stock sizes
and policies over time to allow accurate estimation. That
is, often it 1s found that data can eaqually well be
described by a variety of parameter combinations.

Furthermore, wmodels cannot account for all factors that
influence stock size and production. Their validity could
be seriocusly affected by parameters excluded from the

model which could cause changes in the stock size and
catch.

Usually, the only data sets with information about
variation in stock sizes are those from the early part of
fishery development when variables change rapidly. Owing
to uncertainty most fishery management tends to adopt a
conservative fishing policy where development proceeds
cautiously and stock sizes remain near equilibrium. They
assume the ’best’ current model is correct, waiting for
environmental fluctuations to tell them more about how the
system responds to variations.

Walters (1384) recommends instead the use of experimental
management policies which would provide information about
the system under more extreme conditions than would arise
‘naturally or throuah conservative policies. Ideally, these
probing experiments should be interspersed with longer
periods of cautious management. Small probing tests are
unfavourable since they deteriorate short term performance
without substantially providing new information for
parameter estimation. He summarizes good management as
that which operates within the "safe’ limits of variation
whilst at the same time encourages variation that could be

informative by more markedly increasing the precision of
~parameter estimates.

6.5 Econocmic considerations

So far, only the bioclogical objectives associated with the
fusy and fo,, strategies have been discussed. However, other
considerations should be taken into account when managing
a marine resource. Where, for example, the current catch
is producing a stock decline, fishermen may be unconcern-—
ed, feeling perhaps that in times of low abundance of a
particular resource they could fish several altermative
stocks or take other employment as an alternative means of
income. In situations where the current catch just keeps
the stock at a low level without allowing any increase,
the fishermen may well prefer to maintain current catches
and incomes, rather than accept a smaller present catch
and income on the expectation of future increases, because
of the time—discounting effect (Clark, 1976).

In the above instances, to these fishermen, the biological
optimum would not economically be the most desirable.
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Therefore, although in theory the f,,, and f,,, strategies
might appear to be effective and appropriate means of
controlling the resource, in practice, in times of low or
declining stock size, management agencies might have
difficulty in implementing the quota reductions that such
strategies indicate, especially when the fishermen’s
livelihoods are at stake.

An analysis of the economic situation can be made by
transforming Schaefer and Fox production curves to revenue
curves and then relating them to cost curves to determine

the most profitable level of fishing. An adequate
- representation of all the economic factors would reguire
transformations involving many parameter estimates. These
would further complicate the dynamic models which are
already quite complex and fairly imprecise. However,
despite their inaccuracy, these expansions could help
conceptualize the likely results of economic pressures.
The inclusion of economic variables is dealt with in
greater detail in Chapter 11.

Although  historically fishery management has primarily
focussed on the biological aspects of the fisheries and
has been mainly concerned with the protection and
conservation of fish stocks, it is now apparent that if
fisheries are to contribute fully to society, then social,
economic, political and environmental factors must be
included in the management process. - Greater consideration
of the people invoived in or affected by the fishery is
necessary. Fishery management is now not necessarily only
concerned with the application of restrictive (regulatory)
measures.. Its scope is wider and includes a stronn role in
piaming and executing fishery development.

6.6 Discussion

Uncertainty is one of the most important factors in
fisheries analysis, causing problems when trying to
assess what has happenéd historically and what might occur
in the future. It is therefore necessary to deal with
. unpredictable variation as it arises by working within the
constraints of available facilities and developing

efficient processing systems to ensure that results are
speedily produced. ' '

At present, yearly catch guota limits in conjunction with
minimum ~ mesh size regulations have been used in the
management of the southern African hake populations. An
alternative method of controlling the fishery would be
through the introduction of effort restrictions. However,
fishing effort is a function of the number of vessels and
their power/efficiency, and although it might be possible
to place limitations on the number of ships operating per
year, problems arise when trying to guantify and control
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power. Therefore although catch limit policies are less.
stable against fluctuations than effort limitation
policies, they are easier to monitor and apply.

" The application of a complex mathematical wmodel to
fisheries data is often taken to imply a areater
‘reliability of the answer (for example, quota) obtained
than 'is Justified by the (lack of) quantity and (poor)
quality of the input data; quoting only a single number
can produce a misleading impression. It is therefore also
~desirable to include not only the best estimates of
parameters from the model applied to the data, but alse to
give a quantitative indication of the reliability of such
estimates. For this reason, methods have been applied in
the following analyses to provide coefficient of variation
{standard error/mean) values for parameter estimates for
both the dynamic models and the GFR .approach. These
procedures are described in the following chapter.
‘Suggestions as to how such information might be
incorporated in catch limit recommendations are made in
Chapter 8. ' ‘ '
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Appendix 6.1

Equilibrium catch and effort

strateqy.

{i) Schaefer model:

In equilibrium,

€
=) ,dC/dE
Therefore_dC/dE
and  dC/dE|
. . ' ‘ p

T .

i
o
m
S
>
m

fi
Q
f
RN
v
[ ]
m

levels corresponding to  an_

fo.

The fy, policy corresponds to fishing at an effdft'ievel where

"'dC/dE:]

_ Ther_efo_re a - 2

-and - . EBE - 0=
’ 0,1

Since E =
C Msy
0,1

.Under such a étrategy,_ét_equilibrium,

C .=
0,1

]

. =o0,1 dc'/;:ts}'
E=Eo;_1 _
’ﬁ.E = 0, 1w
0,1
0,9 (a/2p) .

« /42 B)

0,9 E

E .(a-8E .)
0,1 p 0,1

- (see- equation (4.9))

(R6.1. 1)

0,9 Ca/2B)r.La-pB. 0,9 (a/2 )1

2.
0,99 (a /468>
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where C quota corresponding to an fo,, Strategy once the

0,1 ‘
: stock has reached its equilibrium value.
Since C = & /(4p) (see equation (4.8)), it follows that
s MSY
.t =0,99C .
o 0,1 MSY

' (ii) Fox model:

In equilibrium,

7 —B’-’E .
dC/dE|= &’.e o[l --,"B’.EJ

—. I' —ﬁ"EO,] )
dC/dE . = o’.e : . L1 —ﬁ’.E ]

JE=Eq, ' - 0,1
dC/dE = o’ .

As 'in section (i), Ey| is determined as follows:'

dC/dE| = = 0,1 .dC/dE
E=0

E=E 0,1

- ’ ‘,
‘o . - oEo’, .
o s a’".e B . uci"-ﬂ,-E J =O,1 “,n-

Letting x = AB°.E
0,1

. A .
.nn e .[1")(]

]
-Ao |
[y

77



an estimate of

Newton—Raphson iterative procedure,

Using

the
0,782 is obtained. Therefore

X =
E = 0,782 (1/<ﬂ’) .
0,1 _
Since E =_(1/;3’) (see egquation (4.12)), it follows that
MSY o '
E = 0,782 E : {R6.1.2)
MSY

equilibrium quota under such»an-fm{ strategy can be

Similarly the

determined: ,
‘-ﬁ,.Eo‘l
- C = X’.E .e -
0,1 0,1
_ -B7.0,782 (1/3")
= x°.0,782 (1/8").e a
-0,782
= 0,782 e /By .
. , T-1 v
Since c = (xX’/f3%).e (see equation (4.11))
MSY .
~0,782+1
c = 0,782 e .C
0,1 MSY.

0,972 CMSY .
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Appendix 6.2

Eormulae for catch guotas under a f,, strateay.

 (i)'§Qhaefg37modei=

To appfoach.fal; Figurev6;1 indicates the calculation of quotas

on the fo11owingubasis=

_ * _
e =E . (C/E) - (see equation (6.1))
0,1 0,1 ' '
: . * _ v
= E . O . Y (see equation (4.5))
0.1 | _
. * *
= 0,9 E . Q.Y (see equation (R6.1.1))
MSY ' - '
’ *
=0,9 0 r/ (200 J. 9.y _ (see equation (4.9)).
. . .

=0,9 r. {y /2 .

nsv“'i y q _9r
0= 30"y

. '
e /48
X ' '
OQ ' 1 |
b B Moy P == = = [ |
Sanfr A
v (I
L ')
L (I |
L [

e : | _

, I
-0 % Yy Yo.1 o K

| | BIOMASS.
Figuré A6. 2. 1 Schaefer model.

Assuming Yp,1 is the biomass level obtained at equilibrium under

this strategy, it follows that
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0,9 (r/2) . vy =r .y R/
0,1 0,1 0,1
which implies vy / K = 11/20
0,1
or eqivalently y = 1,1 (K/2) .
_ 0,1
Since Yy =K / 2 {see equation (4.10))
MSY '
it follows that y = 1,1y .
' 0,1 . MSY .
Therefore, this policy corresponds to employing a 10% 'safety
factor’. That is, the equilibrium population biomass will be 10%
greater than yuy as is illustrated in Figure AG.2.1 .
(iif Fox model:
Similarly, _ :
, %
8] = E . (C/E) . (see eguation (6.1))
0,1 0,1
%* R
= E « Q. Y (see equation (4.35))
0,1 ' .
* —
= 0,782 E . g .y (see equation (R6.1.2))
. MSY :
. *
= 0,782 [ r/{q.Int(K)) 1 . g . ¥ (see equation (4.12))
- *
= 0,782 [ »/In(K) 1 . ¥ .
-Assuming equilibrium cccurs where y = y .;
. 0,1
0,782 Ir/In(K)1.y = r.y « (1 = Lin(y Y/ In(K)1)
0,1 0,1 0,1
i.e. 0,782 £ In(K) - Inty ) .
: 0,1
. . -0, 782
and .. 'y =K. e .
0,1 :
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(see equation (4.13))

Since y
. MsY

if follows that y
0,1

= 1,244 y
T MSY

such a management strategy corresponds to .a Z4%

Therefore,
'safety factor’.
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7  ESTIMATES GF PRECISION

7.1 Introduction

In t he- previous chapter the sources of various
uncertainties involved in managing a fishery were
discussed. These included bias arising from errors in the
assumed model and the lack of precision of estimates of
management variables (for example, quotas) caused by {(non-—
systematic) errors in the observations (for example, CPUE
as an index of stock biomass). The "quality’ of such
estimates is in some sense inversely proportional to the
sum of these two errors combined. In this chapter the
’quality’ of the parameter estimates provided by the
prescribed steady-state and dynamic models is evaluated by
assuming zero model error and by calculating the precision
of the estimates usina the statistical procedures
described below. )

7.2 Steady—-state models

Estimates of precision were obtained using the Monte Carlo
bootstrap approach presented by Efron (1382). For the
statistical details of this bootstrap approach see
Appendix 7.1 . From the set,

S=4{(Ff, (C/E) ) + i =1 ... m},

i i
{m = the number of years in the data series)
a new data set,
§* = {(f ,(C/E) ) = 3 =1 ... m} (7. 1)
J J

is created by random sampling with replacement from the
original set & of observed data pairs. - From the set §°
parameters such as o and MSY can be calculated as
described in Chapters 4 and 5. By repeating this procedure
a large number of times , N such data sets §8° gcan be
generated. In this analysis, a value of N = 1000 was used.
Each repetition yielded new estimates of <the various
parameters and these were grouped into sets, for example,

T =40 s k =1 ... NI (7.2)

From these parameter sets, the following statistics were
calculated:

(i) Standard error: 5.8, = {7.3)

5

82



1 N 1 N

where the variance, o? = —— (Zo{k2 ) - — (Zo(k)
N—-1 k=1 N k=1

{(ii) Using this estimate of the standard error, the
coefficient of variation {(c.v.) can be determined:t

£
c.v. = o (7.4)

(iii) 95% and 68% ronfidence limits were calculated from
the 1000 parameter estimates in the sets T after
~ordering as follows (Buckland, 1984):

95% limits: (, 975K+, 02500505 , 025K amt, 375K aze ) (7. 5)

68% limits: (, 8600+, 1600 3 , 0250+, 840K g41) (7.6)

Thus, by drawing a sample and calculating its statistics
over and over again, a frequency distribution can be built
up. This distribution will then closely approximate the
. bootstrap estimate of the probability distribution. The
attraction of this bootstrap method is that it .does not
require a known functional form for the probability
distribution of the residuals in the regression. The
particular bootstrap procedure oputlined here is described
by Efron (1982) as being a cautious approach. In Appendix
7.2 ‘an alternative bootstrap procedure is presented, the
results of which are compared with those of the original
Efron (1982) methed in Table 8. 10.

© 7.3 Dynamic models

flthough the approach outlined .in Appendix 7.2 could have
been adopted for the analysis of dynamic model estimates,
a different procedure was used. The Monte Carlo technique
was again employed to calculate sample statistics, but
this time the weighted residuals were assumed to be

distributed wormally with zero wmean and variance o?
estimated by:

ocl=65/ (m - Np ) , {7.7)

-
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where np = the number of parameters estimated. in the
case of the dynamic models, ' three parameters (r, o and
MEY) were estimated and therefore a bias correction factor
m — m—3 was assumed. These correction factors were based
on a similar adjustment used for linear regression models
with np parameters. Later the model was extended to
include a fourth parameter, y;/K and in this case the
correction factor became m-4.

In place of set, § = {(C ,(C/E) ) t i = 1, ...m},
i i
N (= 1000) ’pseudo’ data sets,
8 = {(C ,(C/E)?) % i = 1,...m> (7.8)
i i
were fitted such that
, . -
V(C/E)’ = V(C/E) + €
i i i
. 2,2
where &€ from N{O,0E ) (7.9)
i i
A ’ N
and E =C /(C/E) .
i i i

iit must be noted that time ordering within the sets § is
preserved here.l

By fitting the "prescribed dynamic model to each of
N (= 1000) such data sets 57, parameter sets {see equation
(7.1)) could be constructed from which standard error and
coefficient of variation estimates could be obtained and
confidence intervals evaluated. It should be noted that
since the catch, C, appears to be reasonably well-
determined, the approach assumes that variations in CPUE

account for any disagreement between the data and the
assumed model. '

If this model appropriately describes the observed data,
the weighted residuals should be?

(i) normally distributed

{ii) random {(uncorrelated) and

(iii) homoscedastic (for maximum likelihood estimation).

) 2
To test these conditions, a X test, a rums test and a
test for significant siope in a linear regression of the
modulus of the weighted residuals against &, respectively,

were performed. The results of these tests are listed and
discussed in Chapter 8.

84



[Note that the Efron (1382) method which was employed for
evaluating the precision of static model estimates {(see
Section 7.2) could not be used for the dynamic . models
because of the time ordering of the newly created sets 5’3

7.4 Discussion

The results of these methods of estimating precision are
discussed in Chapter 8 and the c.v. values obtained are
listed (see Tables 8.1 - 8.10). The c.v. values for MSY
and @, estimates (for both the Schaefer and Fox models)
using the GFR approach calculated by the bootstrap
procedure given in Appendix 7.2 (see equation (R7.2.%5))
"and Efron’s more cautious’ approach (see Section 7.2) are
compared in Table 8.10 . From these results it is evident
that although the results of the twoe procedures are
similar, they are by no means identical with the procedure
" in equation (R7.2.4) often yielding larger values.
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