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_ABSTRACT

The predictive power for short-term forecasting of selected biomass
dynamic models was examined using the standardised catch and effort
data from ths 1944/45 to 1990/91 season of the western rock lobster. Risk
analysis of the fishery based on the predicted fishing efforis with the
Deriso-Schnute delay-difference model indicates a high probability of
recruitment failure. Some hypothetical management strategies of reducing
fishing effort were evaluated by taking into consideration the total catch
and biological risk ta the fishery.
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CHAPTER 1
INTRODUCTION

11 BACKGROUND TO TRE RESFARCH

- The'wcstem rock [ohster. .Aus:ra!ia's rﬁ'{;st val.uable single-species fishery,
7 was worth around A$200 million to the fishermen for the 1989/50 season

The annual: scrlcs of catch-and effort dam from the Flsher:es Dcpariment

_ of Western. Austmha in Flgurc 2.1 shows that wh:!e thc total catch has

namamcd at around 10.5 million kg for the last ten years the fishing’ effort

shows an mcreasmg trend. The catch’ per unit el'fort averaged around

. 1645 kg per pot for the 19_50 season whereas it averaged 0.68 kg per pot
~ for the 1986.-‘874990!94[ seasons. This downward trend in the catt:ﬁ per

unit effort da(a indicates lhc pO‘iS[bl]lly of endangermg the fishable s'ock'

- of the wcstcrn rock lobsler

. 12 . OBJECTIVES OF THIS RESEARCH

-.This research analyses the risk aspect of the stock if thc current tre'n.d in
. fishing effort is maintained, As a result of the analysis, an investigation
using some hypothetical strategies of -reducing the fishing effort to
. achieve a farget catch rate without inﬂiéting serious biological damage to

- the stock was carried out. ‘This research also involves selecting the most

.t
]
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appropriate model using only the catch #@nd effort data for short term
prediction of catches for the western rock lobster fishery.

1.3; .. DEFINITIONS OF TEﬁMS

Some commonly menf_ioned terns in this_" thesis aria"the f‘o!]ﬁwing:
"Berﬁq:d" fem.ales - those femalé'rock léli'étem car_r}ing lﬁe'f'crti[.iseql: éggs.
Biomass - lhe__ t.pla[ m:iss of the fcck lobé.t;é.rs (mci.i:sﬁred in.l__\ﬁl.ilograﬂjé).

B, - hiorﬁass 'qf the ﬁ#ligble rock lcf.bslr;r.:s.al time t

Cntch - the annua! Ianded rock lobsters caughl by both the professional

and amateur ﬁshermcn (mcasured in kﬂograms)

Flshmg Eff'orl - the lotal numbcr of pols lifted by the f's‘1ermen for each

qcascm

 Efféctive fishing effort - the standardised fishing effort.

J uvemlc rock Iobsters - rock lobsters whosa carapace length is less than

the mlmmum [egal s:ze ‘of 76 mm

k - the age at recruitment to the fishable stock,

. Page2



N, represents the number of rock lobslers agea (greater than or equal to

&) at year t

N, - tntal.nu'_n_ibcé"of rock lobsters agc.k-;iﬁd greater at time .

ae - the larval stage of _rgick Jobsters.
Puerutus ]zirvﬁé - last larval stage,

Recrultmcnt - thosc rock labslers attalnmg the legal size of 76mm

carapace ]ength thus entering the exp]mtable po;m!mmn

"Red" lobé'i'e;':s - these rock lobsters. (caught at the beginning of January
until the end of the season) which are m a more sedentary phuse of their
life hlstory and because of their decp rcd colour are more valuable on

overseas m;;gkets

R:sk - lhe pcrcentage of time the blomass of the sp‘lwmng stock falls

below 20% ofthe virgin blom.lss.

Spawmng Stock - (breeding stock) assumed equal to the bioma..s of

- lobste:s at: lhe begmmng of the ﬁqhmg scason less the blomass of new
; . . f)
recruits,

Surplus. p llCtan - represents lh sum of the bmmass of new' . crum

together wnh the growth of exnsnng members after accountmg for dcath

due to nalural mortahty




"White" lobsters - those rock lobsters which have just moulted and are
very pale in colour. They undertake extensive migrations from inshore to

offshore waters,
W, - weight of rock lobster at recruitment,

Working day - obtamed by dmdmg total put lifts by pot quota held by all

fishermen.

1.4 BRIEF OUTLINE OF THIS THESIS

Chapter two gives a bnef dmussmn on the dcve]opmcnt of the westem
rock lobster fishery from an under e*{p]uned fishery (o its present stage '
where there is concern that. the reduction of its breeding stock might

Jeopardise the fishery.

The proposed models to be used for he risk analysis of the western rock
lobster are presented in chapter three. The formulation of the widely used
biomass dynamic model by Schaefer (I954, 1957) and its varintions by
Pella and_’f‘omlinson (1969 and that of Marchessault and Saila (1976) are
also presémed Derivation of the Deriso-Schnute delay- diffcrenéc models
s also presenled along with the n,qulred process models for growih,

survival, and rccrultmem

Chapter- four givés u bnaf description of the life hlsmry of the wesien

rock lobster For the nsk analysm of the f' shcry. it is essenual that the
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proposed model possesses good forecﬁsting ability. The suitability of the
proposed biomass dynamic medels are evaluated using the standardised
catch and fishing effort data from the 1944/45 to 1990/91 season. The
evaluation suggests that the Deriso-Schnute delay-difference mode! is

more appropriate than the other models considered.

In many fisheries around the world, recrvitment failure occurs when the
spawﬁing biomass falls below 20% of the virgin blomass (Peterson and
Smith 1982; Francis 1991). Hence, in this thesis, risk to the western rock
lobster ﬁ'shcry is taken to be the percentage of time the biomass of the
spawning stock falls below 20% of the virgin biomass in the 199];".92 o
19954’96 seasons . The risk-associated with the'_l_ﬁ_anagement of the wegtem
reck lobster fishery is examined using . the Deriso-Schnute t.:I'elay-
diffcrence models in chapler five. Results of lhc analysis mdlcate !hat
there isa 73% chance lhat the spawning slock mll fall betow the crmca]
!e.vel Hence, some hypcthetlcal management stratcgles of cffort reduction
are propo'ied and then evaluated The .malys:s based on the catch- and
effurt data from the ]994!45 to 1990/91 season indicates that recruitment
fallure is more likely to ]1'1ppen in the 1991/92 and 1992/93 seasaon if there

is no plan to reduce ths fishing effort.

' Pﬁg’e 5



__ CHAPTER 2
THE WESTERN ROCK LOBSTER
FISHERY

21 INTRODUCTION

The fishery for the western rock lobster P. cygnus, is one of the major
rock lobster fisheries in the world and the -most valuable single-species
fishery in Australia. It represents apprommately 20-25% of the country's
gross income from fisheries produets (Brown, Caputi and Hall, in press).
Over the 10 years to 1950/91, the annual catch averaged around 10.5
mi]lion-kg'.' The catch f'm:'thc 1989/90 season was worth approximately
$200 million to the fishermen (Hall and Brown, 1990}, Most of the rock
lobsters \\;ére exported to the USA (40,5%), Japan (40.3%} and Taiwan
(19.2%) (Monaghan 1989);

The Hcvc]opment of the western rock ]abstef:ﬁshcry in We;térn Australia
from an under exploited fishery in the 1930s to the present fully-exploited
fishery can be represented by the graph of annual catches in Fig 2.1, The

commereial fishery for P. cygnus began with the establishment of a small -~

fishery at the Abrolhos Islands during the Second World War to suppl;'.*
canned rock lobster tails to the armed forces. Without efficient mclhucls of
ﬁshmg, the fishery was restricted to the shallow reefs. The rock lobs:ers

were captured using pots, which were pulled by hand from a small
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eff' cient boats, took. approx1mately 9.19 million kg of rock lobsters
: (Morgan 197?}

As shown in Figure 2.1;. tl;;'“\_growth in effective fishing effort (refer to
section 4.2) from 5.4 miltion p.(.)t 1ifis in 1958/59 to 11.95 million pot lifts
. in the 1962/63 season did not produce any significant increase in the
" catches (similar observations can be obtained from nominal fishing
effort). The resulting downward trend in catch per pot lift (based on
.~ nominal fishing effort) prompted many fishermen to approach the
" government with proposals to prohibit the éﬁt_r_y of additional boats and
limit the number of pots per beat. The limited entry regulation was
introduced on | March, 1963 (Hancock 1981), and limited the number of
ok lobster boats in the industry to existing boats and fixed the nuriiber
” of pots per boat to 3 p_ots' per foot (Morgan 1977}, Both regulations
limited the lﬁtal number of rock lobster pots licensed in the industry with
. the objectives of achieving optimal utilisation of the resource, reasonable
- economic fetqm to the fiéﬁcrmen, and orderly exploitation or fishing 1o
: fninimise conflicts .a_r_n_ong commercial fishermen -~ and  between
._'co'mmercial and recr.eutinﬁal fishermen (Meany 197‘9}} ' :

- .The limited entry, regu]auon was mtroduced usrjllndtcated above, to
_'-_stabl]lse both the catch: and the cateh per unit cffort "The catch per unit
-.cffort from the 1964!65 to 1972173 seasons in F:gurc 2.1 showed .a
E -Edownwmjd trend which vlu_'as uccompzmled by an up\yard_: trend in the
- ‘effective effort. Morgan (1977) noted that this increa_sé' in éfféctivc effort
- was the result of an iticrease in the number of days wurkeq_:par boat per

- month and an increass in the mean number of boats workinig per month.
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The dramatic improvement in the efficiency of the fishing vessels and
navigational equipment enabled the fishermen to increase the effective
fishing effert from 10.32 million pot lifts in 1973/74 to 13.02 million pot
lifts in 1985/86. For instance, the improved seaworthiness of the vessels is
one of the factors which enabled the fishermen to obtain 19.4 working
days per month (open season was from 15 November to 30 June) in
1990/21 compared to 17.0 working days per month in 1973/74 when the
open season was from 15 November to 14 August. The increase in
effective effort together with the use of advanced technology in fish
finding resulted in the catch increasing from 7.65 million kg in 1973/74 to
a peak of 12.92 million kg in 1982/83. Subsequently, the catch started to
decline to 8.17 million kg in [985/86. '

Caputi and Brown (1986) have p'li'edicted a very low recruitment for the
1985/86 and 1986/87 seasons using the abundance of 3-year-old and 4-
yeaf-old rock lobsters. With the high levels t_)f effort operating on the
predicted recruitment, it was ﬁ:are_d that subsequent breeding stbck would
be ;educed drastically and that l_his would 'Iadv.ersely affect Eolh future
sett.[_ement of puerulus and recru.itment to the fishery. Theréfore it was
recommended that lh;é pot numbers be reduced tcinporari]y by 10% for the
1986/87 scason (Phillips and Brown, 1989). In addition to the temporary
reduction of pot numbers, a permanent reduction of 10%, at 2% per year
from 1987/88 to 1991/92, was implemented in 1987 (Hall and Brown
1990). The centinued reduction in catch per unit effort for the 1987/88 to
1990/91 seasons in Figure 2.1 could be due to a combination of advances .
in vessels, fish-finding technology, and fishing gear (Brown, Caputi and

Hall, in press).

Lo
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22  FISHING AREAS

The fishery now operates from the shallow water of the inshore reefs to
the edge of the continental shelf with depths of 200m, between North
West Cape (21° 44'S) to just south of Cape Leeuwin (34° 24'S).
However, the majority of the commercial caich is taken from the
Abrolhos Islands, and the coastal areas between Kalbarri (27° 43'S) and
Mandurah (32° 43'S), from the shallow reef areas to a depth of (80 m.
Fishing in deeper water is often limited by difficult sea and weather

conditions off the coast.

23 FISHING SEASONS

The fishing season for P. cygnus may be divided into three distinct
phases; the "whites" fishery, the “coastal red" fishery, '_and the Abrolhos

 Islands fishery.

" At the time of writing, the "wﬁit_es" fiskery runs from the 15th of
' - November and extends to December (George;\:l958). During this phase of
the fishery, fishermen set their pots in shallow waters close to the shore
and take large quantities of newly moulted, immature rock lobsters.
- Tagging studies {George, 1958) have shown that these "whites" rock
lobsters, between 4 and 6 years old, undertake a migration towards the

deeper water of the continental shelf with depths of 30m te 150m during
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November and December. As the "whites” season progresses, the
fishermen set their pots further and further away from the shore as they
follow this migration of the lobsters into deeper water. The majority of the
"whites" are 4 year old (Morgan, Phillips and Joll, 1982) with a mean size
around the minimum legal size of 76 mm carapace length (George, 1958;
Chittleborough, 1970).

The "coastal red" fishery commences at the beginning of January and
continues until the season closes on 30 June. During this phase, most
fishermen work closer to' the coast while some fishermen, with larger

‘vessels in particular, continue to fish in deeper water.

~ With no processing establishments in the :Abrolhus Islands, the rock

. l.obsters are held in floating crates and Jater fransported by carrier.b'bnt to
-the processing factories at Geraldton. This mode ﬁf lmnspoﬁation
sometimes resulted in significant mortality of rock lobsters. During the
"whites" fishery when the weather was very hot and the rock lobsters were

- below average conditions, the mortality.::of the ]t;psters was very
pronounced. Hence it was decided that the Abro]hcg Isla-mds ﬁshery
should operate from the 15th of March whqﬁ the weather is much cooler
and should end on the 30th of June (Morgan 1977).

"24  FISHING PRACTICES

© Alf the commercial catch of P. cygnus is caught by pots. The three main -

types of pots used are batten, stick or cane beehive or iron beefive.
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Phillips, Morgan and Austin (1980) give a more comprehensive
discussion on their constructions and suitability. To attract the rock
lobsters into the traps, baits such as fish heads, whole small fish, sheep
heads, cattle hocks or eattle hide, as discussed by Brown and Barker
(1985/86), ase used. The traps are set individuvally and lifted each moming
depending on the weather and expected catch rate, and reset after

rebaiting if pecessary.

To reduce the mortality of undersized rock lobsters due to overexposure
on board, it is i]]eg.al to-take a trap on board while still sorting rock
lobsters from a preceding trap and all undersized rock lobsters must be
~ returned fo the sea within 5 minutes (Brown and Caputi 1986, Phillips and
i Brown 1.989). In additicn, the number of escape gaps (5_4 X 305 m_1_ﬂ__1) in
" traps was increased from one to either 3 or 4'(Brown and Caputi 195‘:6} to
allow undersized rock lobsters the oppeitunity to leave the pots before

they are lifted by fishermen,

25 PROCESSING

Apart from small local and export markets for frozen @_hole {6.7%) and
live {4.4%) rock lobsters, all of the caich is marketed s frozen whole
cooked (48.’?%) and frozen tails (40.2%) (Brown, Caputi and Hall, 1992).
Processing factories are located at Geraldton, Dongara, Jurien Bay,
" Cervantes, Lancelin, Cape Leschenault, Ledge Point, Perth, and
. Fremantle, Rock lobsters are delivered five ta the factories where they are

“tailed" (where the heads are either discarded or pmceséeﬂ as fertiliser),
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The intestinal tract from the "tail" is removed and the tails are graded into
various weight categorie.s:and" 'Epacked into 114 kg cartons and deep

frozen.

26 MAJOR MANAGEMENT REGULATIONS

The majority of the’ management measures or rr*gulallons have been
implemented te contain the cxpans:on in fishing effort to ensure that there
will be sufficient breedmg stock to produce the necessary recruitment and
avoid the decline in recruntment These regulations have been reviewed by
Bowen (1971), Morgan (1977). Hancock (1981] and Phllllps and Brown
(1989). Some of the ma_,o:_' ma_nagcment regulations (Phillips and Brown
1989) are: L |

1897 Minimurn 1égai whole weight of 340g. This is equivalent
to m:mmum swc of 76 mm carapace ]ength which is

. curremly m forcc in the fi ishery.

1899 All "berried” females (i.e those females carrying external

eggs) c_a_ugh't must be returned to the sea,

1962 Closed 's;ia'soﬁ' Coastal fishery. closed from August 16 to
er 14, Abro]hos Island'; fishery closed from
Man:h 14

1863

!In Mm_'ch_- _.1963. the maximum number of
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1965.

1966-

1971172

1973

197778

1981

rock lobster boats was fixed at 858, at the same time the
number of traps per boat was timited to 3 per foot length of
hoat,

The boat replacement policy which requires & boat to be -
replaced with one of exactly the same length prevénted
fishermen from obtaining additional traps under the 3 traps
per foot of boat length regulation. : '
A 51mm X 305mm escape gep was intrdduci:cll into ali®
traps to al[ow unders1zed rock lobsters to escape before the. .

lrap 1s brought to thc surfacc :

The “escape gap was mcrcased lo 54mm X 305mm from
5 l mm X 305mm

Multiple enteances in traps were banned.

Thc fishing season was shorlened to protect newly mated

fcma]cs and to constram fi shmg effort Closed season: the

_Coastal fi shcry c]oscd from July 1to November 14, while

the’ Abrolhos Islands fi shcry c]osed from Ju]y I. lo March -
14,

Max:mum dlameter or Iength of lraps was set at Imto

control the effi cwncy of oversnzed tmps

Page 14 -



1984 The maximum volume for zaps was set at 0.257m’.

1986 The number of escape gaps in the traps was increased to 3
or 4 depending on the position of gaps to allow undersized

rock [obsters to escape before traps are lifted on board.

1986 The number of traps of all licence holders were reduced
temporarily by 10% for the 1986/87 season, This measure
was introduced foltowing very low level of recruitment

Being predicted for the 1986/87 season,

1987791 For the next 5 years, the number of traps of all licence
holders were veduced by 2% (of the [986/87 season) for

every year.

2.7 CONCERNFOR THE STOCK

The anoual series of catch and effective fishing effort data as in Figure 2.1
shows that while the total catch has remained gt around [0.5 million kg
for the last ten ycaré, the effective fishing ¢ffort shows an upward trend;
the resuit of this is the reduction of the catch per unit effective effort from
an average of 1.645 kg per pot lift for the 1950 season to an average of
0.68 kg per pot lift for the 1986/87 to 1990/91 seasons. This downward
trend in the catch per unit effective effort indicates possible depletion of
the fishable stock. This thesis investigates some hypothetical management
slrategies\with"t.hc aim of reducing the risk of future spawning stock

.'I‘\!._i.l .
ri : ~ Pagels



falling below a “critical” level.
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CHAPTER 3
THE MODELS

31 INTRODUCTION
The fundamental model used as a basis for fishery stock assessments and
management decisions (Figure 3.1) describes the dynamics of an

exploited fish (single species) population in terms of the total biomass,

rather than numbers.

' Fishing Mortality
R ’/If“'m..“' .

N | N\ A

. A . -
p Population / o
Growth > Bil:)mss { 1 Recruitment -
h_] ; o \\. e "
. |/ . / \]
..‘\“““-h_'.;_.——"”.

<=

Natural Mortality

W - Figu'rté 3.1 Fundamental model of fish population dyhamics
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By ignoring immigration and emigration, the four forces affecting the
biomass of an exploited fish population are the grdwth of the existing
fishable population, recruitment of new members te the resource, fishing
mostality (removals by man) and natural morality. Before the
introduction of the delay-difference model by Deriso (1980), the
population dynamic models used in fish stock assessments could be
divided into the simple biomass dynamics models and the age-structure

models with more flexible applications,

The widely used biomass dynamic models assume the growth rate of the
total population biomass to be some function of biomass and fishing
effort or effecitve fishing effort while ignoring scientific representation of
lhé biologicalmproccsses o.f growth, recruitment, mortality, .and age

B

characteristics.

Detailed age-structure models described in Ricker (1975) are defined
using parameters for grnwlh". natural mortality, and recruitment. However,
8 .detai:led age-structure model requires not only relinble inf_ormalion
__-rcgardmg the “growth, mﬂrtalny. and recruitment pdl’dmclcr‘.‘i. of the
'populalmn, but also the manner in which they might change with
expimtauon, often, only the recruitment process is assumed Lo be density

dependent while the olher parameters are held constant.

A 'comprom'ise between the simple biomass dynamic model and the
detailed dynamic pool medel is the delay-difference model introduced by
De_.riSo {1980}, This model incorporates the effects of seasonal breeding

and approximates the behaviour of the Beverton-Holt age-structured
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32 BIOMASS DYNAMICS MODELS

During the early stages of a fishery, where data are not available to make
detailed analysis of growth, mortality, and recruitment, the biomass
" dynamics models are widely used for stock assessments. These models

- require only catch and (effective) fishing effort data,

321 FORMULATION OF BIOMASS DYNAMICS MODELS

A fundameniﬁl model of ﬁsh:‘biomass (in units of weight} dynamics as in

Figure 3.1, may be expressed as

. New Biomass# Old Biomass + Recruitment + Growth

- Mortality - Catch _ 3.0

The above g_xpressio_n suggests that there are four main factors which
affect the bib_mass of the cxplqiled stock; growth of existing members and
recruitment of new members \{rihich will increase the biomass of the siock:
Bt calcfi'by fishermen and natural mortality _(inéludes oll other deaths) which

will decrease the biomass of the exploited stock.

Using surplus production to represent'lhe sum of recruitment and growth

minus the natura! mortality, then the above biomass equa}ion can be
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rewritten as
New biomass == Old biemass + Surplus Production - Catch  (3.2)

. From the above expression, a simple model of the fish biomass dynamic
can be formulated if the surplus production can be expressed as a function
_' of biomass, In the absence of fishing, as cited by Ricker (1975), Graham
.postulated that by assuming biomass equilibrium (new biomass = old
‘biomass), the instantaneous rate of change of surplus production of a
stock can be expressed as the following differential equation (Ricker
1975y

dB B _
—=mB(l- -} (3.3)
dt B ' _

o

where B is biomass of lhé: 'stock
ris the intrinsic gmwth rate of the populatton, und

B, is the maximum blom'lsq of the stock.

Imcgrnung the above dlfferennal equation with rcspect to time t gives the

logishc growth curve of Verhulst (Ricker 1975),
B=B.l+ exp(~'"r(t_- ) o (3.4)

- where L, is the start time, -~
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By including the catch, C, in the Graham mﬁdel, the result is the simple

pnpﬁialioh model

@ .B) . _ )
—=B(l--)-C : 1 3.5)
m 5 | (3.5)

The above model states that.;thc,’-:érowlh rate of the total population
bim;r_!ass is equal to its natural logistic growth rate minus the catch rate.
However the above model in its present form requires direct estimates of
stock- biomass for model fitting, which unfortunately are u_éually not

readily available in the fishery world.

3,2,1.1 SCHAEFER MODEL

To éliminate the need for direct estimates of stock biomass in the simple '.
production model of equation (3.5), Schacfer (1954, 1957) assumed the

catc._h to be proportional to fishing cffort and.stock size, re'sulting in the

following formulations:
—=B(- -)-C . -' o (3.60)
dt I B, = ' S
C=qfB: B | (3.6b)

U=qB | | L ()

:\i.vl'ie_rg ris the i_ﬁlrinsic growth rate of the pop_u]ation,
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B is the biomass of the fishable population,

B,, is the maximum biomass of fishable population.
-C is the instantaneous catch,

q is the catchability coefficient,

f is the effective fishing effort, and

U is the instantaneous catch per uniteffort. .

"Equation (3.6¢) states that Uis proportional to the biomass only and

: =.5-__theref_'orc it can be used as an index of population biomass under the
. foilowing assumptions: tﬁe fish are uniformly distributed over the fishing
areas, fishing efforts are randomly distributed, and each unit of fishing

. effort is independent of each other,

" -The Schaefer model in its c\l;l.l‘;i'é'ﬁf form predicts only :tﬁc equilibrium yield
" and does not predict the irajectory of the slock': th?ff_ 1980). Hence to
" forecast the catch, catch per unit effort, or the '_s_t.oé_:k biomass of the
western rock lobslé,r, thc._ differential equation of lhe_::Sf:hacfer model wili
be replaced with an nﬁa!ogous diffarence equﬁtion_i_ és in Walters and
* Hifborn (1976) and Uhler (1978). -

_ The proposed model in discrete difference equations may be expressed as:

DT |
B, = (14)B, - -Cy - (3.72)
C=qff, ' S (3.7b)

U=g8, o (3.7c)
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where B, is the fishable biomass at fime t;
. ris the intrinsic population growth rate;
- B,,) is the fishable biomass at time t-1;
" B, is the maximum fishable biomass;
.C, is the total catch at time t;
C,. is the total catch at time t-1;
" is the effective fishing effort at time t;

. U, is the catch per unit effort at time t.

3.2.1.2 PELLA AND TOMLINSON MODEL

In the Schaefer model, the surplus production curve {equations 3.6). rpi;st
be perfectly symmetric in .relation to populntibn-biomass. To accouﬁ:t_. for
possible skewness in the surplus production curve, Fox (1970) proposed
an asymmetrical surplus production curve basc__ci_ on Gompertz grov..'l.ﬁ'. In
this thesis, the generalised model of Pella and Tomlinson (1969) which
treats both the Schaefer and Fox model ﬂs_ special cases will be
considered. With an extra parameter m, the gérieralised model when
expressed in analogous difference equation form can be defined by the

following set of equations "

5 (B, )" o L
. B‘ = (1'”)[?'1-1 - B_ - Cl_l ' {3.83)
o C=afB = ~(380)
Us=aB, (38)
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where B, is the fishable biomass at time t;
r is the intrinsic population growth rate;
B,., is the fishable biomass at time t-1;
B,, is the maximum fishable biomass;
' C, is the total catch at time t;
C,; is the total catch at time t-1;
f, is the effective fishing effort at time t;
U, is the catch per unit effort at time t; and

m is a dimensionless constant.

3'.2,_1.3 MARCHESSEAULT DELAYED RECRUITMENT MODEL

Silliman (1971) noted that the assumpticn of instantaneous recruitment in
the models doeé not allow for reproductive lag in population growth. As
many fish (especially the western rock lobster) first enter the fishery many
years after hatching, possi.b]e time lag should be investigated. To account
for reproductive lag in population growth, Walter (1973) introduced an

expi_icit term for the time lag in the Schaefer model

dg, - B} 3 :

—=1B,- —+cB.B,, -qfB, (3.9a)
d . B, : N
C=of, " '_ e
U,=gB, L a%)

‘where B,is the population biomass at time t;

‘B, is tlfié maximurn biomass of the stock;
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ris the intrinsic growth rate of the population;
.C, is the total catch at time t;

U, is the catch per unit effort at time t;

.q is the catchability;

fis the fishing effort at time &

w is the time lag; and

¢ is a dimensionless constant.

In the ﬁodel. the rate of recruitment is interpreted as directly proportional
to the product of the cunéﬁt stock ar_ld spawlriing stock. As it is difficult to
 quantify this relattonship between the current and spawning populations,
Matchesseault and Saila {1976) proposed that the rate of recruitment be
dependent only on the spawning'ﬁopu]alion" B,., The proposed model
- with an explicit stock-recruitment relationship can ihe expressed in

difference equations as;

B> ' ' _
B, =(1+)B, - ? +cB.,,-C., . (3.102)
C,=qfB, . ' - (3.10b)

U,=qB, | '_ ' _' (3100

: wheré '.Bl, T, C-,.- B.. U, q, f, and ¢ are defined aé in the Schaefer and

Waiter models. -

Other modifications of the Schaefer model can be found in Schnute
(19??.},- Walter (1973), and Jensen (1984). Some criticisms associated

~ with the above-mentioned models are: the assumption that the offspring
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age instantaneously to adulthood; the parameters in the model have no
direct relation to observable phenomena - hence the estimated parameters
_. usually cannot be supported by estimates which are independent of the
| models. Despite their limitations, these models are widely used because
mathematically, they are relatively simple and require only catch and

effort data for model fitting.

3.3 DERISO-SCHNUTE DELAY-DIFFERENCE MODEL

- The simple biomass dynamic medels as described earlier require only
_ catch and effort data and were widely use.l':l in stock assessments during
' the carly stages of the fishery when little or no .biological.data \a;'.ere
available, However, in fisheries such as the western rack lobster fishery
~ where valuable biological data are available, it would be “risI;y“ to ignore
these data while performing stock ass.cssmenls.._ Qne I_ﬁodel wﬁ_ich
incorporates some of these bio]o.gica] data is the delay-difference model
proposed by Dreriso (1980} and elaborated by Schnute (1_98‘.5).. The delay-
difference model is a biomass dynamics model  which incorporates the
obvious time lags due to growth and recruitment with parameters w_hich

are biologically meaningfu) and can be measured directly.

RN | ..DERIVATION OF DERISO-SCHNUTE
DELAY-DIFFERENCE MODEL

The derivation of the delay-difference models is based on specific process
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models for growth, survival, and recruitment. These process models and
assumptions are then substituted into a general population bicmass

equation to arrive at the delay;difference equation,

3.3.1.1 ASSUMPTIONS

Apparently, all fish from the time of birth follow an S-shaped growth
curve (Ricker, 1975). The initial portion of the growth curve with
increasing slope correspoﬁds to the faster growing young ﬁsh, while the
decreasing slope of the latter parl of the curve represents: the growth of
older fish with slower growth rate. By dividing the S-shhped growth curve
at the point of inflexion (Ricker 1975), the growth can be rcpresented by

the following equations:

W, =2 _ @
W,=b-cc® = . SR R /)

where W, represents the weight of fish at time t;
b and ¢ are some constants; and

K is the Brody growth éocfﬁciem.

Equation (3.11) with expenential rate of change rcpresents the faster
growing young fish, Older fish where the rate of growth tends to be
slower, may be described by equation (3.12). Studies of exploited fish
populations have concentrated mainly on the more mﬁtjire:ﬁsh. Hence,

equation (3.12) or equivalent forms would be more appropriate in many
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instances (Ricker, 1975).

Schnute (1985} used another form of equation (3.12) which invelved the
Ford growth coefficient (Ricker 1975, p 222, equation 9.17). Using
p=exp(-K), the growth equation may be written as

W =a+pW, - BERL)

where W, is the weight of an animal in yearl
W, isthe wenght of an anima in year t-1;
@ is n constant; :
' K is the Brody's gmwlh coefficient; nnd
p is Ford's growth coeff cient,

Morlahly in a fish papulatlon can be due-to fi sl‘ung, predation, discase,
accident, cannibalism, and other causes of death Ricker (1975) notcd that

in general,', all mortality rates may be expressed numerically as either

-I"_(i) a percenlage of the fish which die from all causes during

the year; or

(iiy  an instantaneous martality rate: If the numbcp_._@f all deaths
' _in a small interval of time is proportional to the number of fish
‘present at any instant, then the rate al which the numbers in the

! ) '.populatlon are changing may be cxpressed as
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' where Z 1s lhe mstamaneous total monallly cocfﬂclent.
' Ni |s the population size in number, and

t |s the tlme Co

" Since 1t is the b:omass ralher than_the numbers in the populanon which
= will be modelled amore appropna{e expresston may be

® L
~=-ZB" ' - (3.15)

- where B'is the biomass o_t_‘.'.thc fishable population.
“The solution of the differential equ#ﬁon (3.15) is

_;}3;=Bu-_r_'§_¥13(-2') N A1

g where : Bl g5 lhe mltlal blomass. .md

B is Ihe hmmass after one uml of nrnc

_An equwa]ent and SImpler rcprcsentanon of the model mvolvlng survival

“rate (rather than mortahty rale} may be wrnten as g
'fifﬁl=théi- f3-1-.':?5-
where:_ 515 the [i;_bportioﬁ.-s.ilrvivih'gi'bver onéyéar'..
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Ricker (1975} noted that all the causes of death in a fish popu]alion may
be divided into fishing mortality, which corresponds to the catch by man,
and all the other causes of death, known as natural mortality. It can be
assumed that the annual survival rate at any year, 5, =exp(-Z,) canbe
written as the product of a constant natural survival rate o, and a time-

varying survival from fishing, ¢;:
s,=0f, ) (3.18)

~ where a =exp(-M);
¢, -exp{- l) and
E, is the cffectwc fishing effort at time ¢,

With the above assumption, the number of fish age a-i'_-l':zk+1 at the

beginning of year t+1, Ny, can be 'rep'resemcd by
Nn+l,.l+l.f s N,y . _ co o (3.19)

where N represcnls the number of ﬁsh apge a z k, the age at recruitment
to the fishable: stc—ck at the year t. '
o B
If W, represents the weight of a sing_l_é rock lobster aged a j‘ﬁ"'lime 1, then
the biomass, By is ' '
B,= LWN,,
azk
* Another signiﬁé!mt assumption is lhﬁl’ fish of age axk will experience

uniform fishing. mortality while younger fish are not vulnerable to the
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fishery, This implies that the catch C, at any time, t, can be expressed as
C=(l- ¢l) B, . ) (3.20)
where ¢, is the fraction of the population that survives fishing.

In most fish populations, the number of recmité to the fishery is usuvally
determined at the egg and larval st;igeé. Although tfle 'monality sates will
vary due to environmental factors, the annual recruitment to the fishery,
R, which is the number of rock lobsters reaching weight W’k at any time t,
can be assumed to be related to the size of spawning stuck at the end of

year t-k by some function, f. Malhematlcaliy, the relation can bc

expressed as
R, = (5.5 o | @3.21)
where S, =By -Coe . (322).

The most widely used slock—rccru:tmenl refationships i in the study of fish

population are dcscnbed bclow

‘Ricker Stock-Recruitment Relationship

Thls stock—mcrunmant model is based on the blologlcal assumpuon that

the martallly ratc of the cggs and Juvcmles is proportlonal to the size of
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the spawning stock (Hilborty and Walters, 1992). Hence, Ricker's model
will be mon: appropriate when the main regulatory mechanism is due to
chﬁnibalisni; or when the effect of higher density slows down the growth
of young fish to the exploitable size (Ricker, 1975). The form of the

mbdcl used here js
R, = a5,,exp(-bS,.) (3.23)

where R, is the biomass of the recruits at time t;
S,k is the biomass of the spawning stock at fime t-k;
a is the recruits-per-spawner at low stock sizes;
b describes the drop in recruits-per-spawner. with

increasing stock size.

Beverton-Holt Stock-Recruitment Refafr'ons!u'p

The Bcverlon-ﬂoll stock-recruitment model assumes that the mortality
rate of juveniles is proportional to the size of the cohort at any time prior
to recruitment, This model will be more appropriate in situations when
the nvailahili.ty of 5helter or food becomes the main - regulatory
mechanism. The preferred form of the Beverton-Holt stock-recruitment

mode!l is

ASy
B +S,)

(3.24) .

* whero R s the biomass of the recruis i time
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Six 15 the biomass of the spawning stock at time t-k;

A is the maximum number of recruits produced; and

B is the spawning stock needed to produce (on average)
recruitment equal to A/2,

33.1.2 GENERAL DERIVATIONS

H N, and B, represént the total stock number ai_id biomass of fishable
_population respectively (age k and older, weight W, and heavier) at the

start of ye'ar( then

N, = ENM EN Ny (325
_ azk “azk i ;
and

B EWHN (326

v.;lhcre W;,"Iis the weight of a single rock lobster agéd'a in year' l
Substituting equation (3.25) into equation (3.26); *
Bt = wk Nk,l + Z Wu Nn.t
. ~oazk+l -

";wk R[-q:-"E W, Ny since R, Ny,
Jazksl T

S =WeR '*'E W, 51-"; N from (319)
ST e T
SR B
) az]f+1p nl (el ul__,t:l
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=W R+ sy ZN 1y + P8y 2 Woy Ny
S azk+f . azk+l

B, =Wy R + s, Ny +ps By~ (327
where ot i's':a_i___'c\onstant; and

p_ is'}ford's growth coefficient,

From equatmn (3 25) equation (3. ]9}, and R Ny the number of ﬁsh

agek and more, N, may be wnllcn as.

+R,

ON= EN,,, XN

azk azk +1'

-‘r’fgfr""‘ &

Ne=s Ny +R, - (328)

5 R
Equation (3 28) can be combined wuh equatlon (3.27 lo arrive at the

delay- dnfference equat:ou containing oniy the biomass.

From lh_e '{:Elqa':_'gon (3.27),

a "B - Wy R¢-ps. B,

W=

(3.29)
o5 .

and Sl!hS.(.i_l..ll.l_t.iI_l_.g.[-l bytandtby ety ..

By -WiRy-psB, L e
N . (330)
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. Substituting both (3.49) and (3.30) into (3.28) will resultini .

= B;- WL:R{

B 'kat/;l -8B |
I rrc— = P8y Brg + R,

8.

which after some algebraic manipulations becomes -

By = SIBI +psgB, - P38 B, _ _(Wk - )R, + WkR|+l

B Usmg o= Wk p“{, , the result 1s Derlso Schnuies cle]ay dlfference

meodel represent_e.d as

By = _st__]?i +ps,By - P-“;;S:-IBL_-I_'..'-.iPSIWk-IRt + W Ry

or

Bu-l":_. ('.1.'.':[’)5|Bt - PSISI-IBII-HI ":t_j_slwk-I_Rl + W R, (3.31)

Equatton (3 3]) 1mplles that bmm' _ s for year t+1 can be predlcted from
(i} the survwmg “biomass frum ycar t sBI, (ii} the growth of surviving
 individuals from yeart, psB, - psls, ,Bl - psWia R, and Iastly (iii) the

new recruits added to the stock, WkR, e

To a.ccuunt-'for differe'nt hehavibui'.'s" for individual ﬁsh sfcicks. Deriso -

(1980) proposed a slock»recrultment funcuon R, whlch has lhe Beverion-

Holt and Ricker modcls as specml cases The model uses s

(1 ch)




where ¢ {with values -, -1, 0, and 1) will determine the general form of
Lh'_e maodel. Different formulations of the model can be found in Hilborn
" and Walters (1992) and Schoute (1985). Pleas§ refer to Schnute {1985)

for discussion of its properties.
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CHAPTER 4
MODEL SELECTION

41 LIFE HISTORY OF P. CYGNUS

Mating of the \westem rock lobster, P. cygnus normally ‘cccurs during
winter/early spring (July-August). A'_ﬂcr the eggs are extruded and
fertilised {dctoiﬁiﬁ:_i'—December}. the féfﬁales will then carry the fertilised
' eggs on the.pléopods for o periad-up to 9 weeks before hatching
(Chittleboreugh, 1979).

On hatching thé phyllasoma !awaa__sﬁi_m to the surface, and the majority
of them are tr;n.sporlcd and dislribﬁ’t’é&_i'qver a wide area of the south-
easiern Indian Ocean during their 9¥i_l months larvae life {(Phillips and
Brown 1989), Ai-the end of the p]ank_tf:__nic life, the late phy[.losoma larvae
are transported towards the contincnt.al' shelf o.f Wéstern Australia by the
water circulation of the south eastern Tn_dian Ocean (Phillips et al., 1979).
The late phyllosoma larvae moults to the peurulus stage in the water
beyand or just on the continental shelf of Western Australin. The peurulus
' stage completes-the planktonic cycle by swimming approximately 40 km
across the continental shelf and settling in the shallow inshore limestone
" reef areas along the coast (Phillip$.- 1981). The peak settlement of

peurulus along the coast of Western Australia occurs between September
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and January (Phillips, Bm\#n, and Rimmer 1979).

After .s"ettling on the - limestone reef areas, the peurulus stage
metamorphoses into a juvenile rock lobster, with a carapace length of
approximately 8 mm (Phillips, Morgan, and Austin 1980) and then spends
the next 4 to 5 years on the shallow "nursery" reefs (Chittlebarough,
1975). In their first years after settlernent, these small benthic rock
lobsters _lli.\;fe in holes and crevices in the shallow limestone reefs to a
depth of 10 m, The older juveniles are found under the limestone reef
ledges during daylight or while foraging for food in the surrounding sea

grass beds at night {Joll and Phillips 1984},

Each ye;ir in November and December, lhé_ juveniles beiween 4 and 6
years old migeate from 'lh'c? shallow reef areas into the adult 'po'pulation in
the ou_t_é_r continental shelf into depths of 30-150 m (George, 1958). These
migraiiﬁg rock lobsters are usually the very ]ﬁxle. newly mou]té;i animals
commenly referred to as "whites" (Morgan; Phillips, and Joll 1982). Mast
"whites;' are composed of t.he. 4 and 5 yenr o]d'juveniles (Morgan.'Phillips
and Joll 1982). For the remmndcr of the year, the rock lobsters are noan-

mlgratory, have a deep ted colour and are commonly referred as "reds",

The mlmmum legal size for the western rock lobster fishery (carapace
' length ‘?6 mm) is general]y ]css than the varlable size at first breeding of
the fe_r_na]es (Morgan, 19_?_2). At the Abrolhos Islands the. majority of
breediﬁ'é females are heldiﬁ 76 mm carapace length while in the coastal
suuullon, the reproduclwe maturity of females generally occurs 12- 24

months after reaching the !egal size.

i
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42 CATCH AND FISHING EFFORT STANDARDISATION

The western rock lobster fishery is considered a fully exploited fishery
with an exploitation rate of about 85% through the entire fife after
recruitment to the fishery, and an annusl exploitation rate in excess of
60% (Phillips and Brown 1989; Bowen and Hancock 1989). Since most
of annual stock assessments conducted are based on the commercial catch
and effective fishing effort data {Table 4.1), it is essential that the catch
and effort estimates are accurate (e.g. account for under reporting of
catch) and unbiased (e.g adjust the ef’ficie;_i'cy of ﬂshiﬁg effort due to
advancements in fishing tech.nology). In Brown, Caput.i and Hall (in
press), the authors (i) examiné_ the methodé'_uscd to obtain the nominal
catch and fishing effort estimates for the western rock lobster, (ii) identify
the biases and innccuracies in the time series of catch and fishing effort

data, and (iii) describe the process vsed to adjlist or standardise the data.
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. Table 4.1: Catch and Effective Fishing Effort

Season - | Catch Effective Fishing Effort
U (Million Kg) {Million Potlifts)

1944145 0277 0240
1945/46 0.556 0380
1946/47 0921 0.570
1947148 1.062 0,680,
194849 2415 1.220
1949450 3.063 1.780
1950/51 - 3396 1.860-
1951452 4.114 2320
1952453 3,649 2.460
1953/54 4.455 3000
1954/55 5203 3.430
1955156 | 5099 3580
1956/57 5347 4,110
195758 | 6435 4330
1958159 8.487 5.400
1960461 .18 6.630
1961492 - 8203 6310
1962163 8931 8510
1963/64 10010 11952
1964465 §.950 2907
1965166 8.220 8276
1967768 9,779 5.260
1968/69 - 1111 9.297
196970 . | 927 10,120
197071 7173 0032




Season  Catch Etfective Fishing Effort
(Million Kg) (Million Potlifis}

19712 | 877 10,039
1972773 9125 10368
197374 |- 7626 9478
197475 7646 " 1oz
1974775 |- 9.357 110758
1975176 ‘0474 ‘10,828
197677 ‘53519 11.669

Ctomme | 007 T1.521
197879 12,189 11933
1979/80 11,090 (1.946
1980481 10370 12,286
1981/82 11094 12.845"
198283 | . 12922, 13,428
1983/84 11383 13,108
1984/85 9.691 13730
1985/86 8.166 13,026
1986/87 8.520 13872
198788 | 12,066 16,015
1988/89 12312 15504
1989/90 | : - 10298 " V15550
1950/91 9220

15790
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43 EVALUATION/SELECTION OF MODELS

The catch-effort data from 1944/45 to 1990/91 of the western rock lobster
may provide us with some insight regarding the past and present size of
the steck, Hence, with the "right" models, one may be able to predict the

general status of the stock under various levels of fishing effort.

4.3.1 FORECASTING POWER

The size of the residuals after fitting a model to thé catch and effort data
will give a good indication of the goodness of fit-of the model. Howeﬁer,
thcre_'ﬁis no evidence of its accﬁracy or ability to forecast future catch,
catch per unit- effort, _f.'_lf_ biomass, Henc.e.,_ t.hc evaluation or'seleclio'n of
models should be based on ihe'-'-forccaslir_ig power -of the models rather

ther the goodness of fit _of mode:!s_ to the catch and effort data.

To test the forecasling'-power of the models, the forecast values of the
catch per umt effort U, will be compared with the observcd c.nch per unlt
effort, U, usmg the tlme serles of catch and efforl dam not used in

parameter estimations.

The usual method of eva[ualmg the forecastmg power of moc[e]s s to

measure lhc mean square error (MSE) whlch may be defi ned as:

X [00% . - @0

MSE-—-.- _Z}
N

v,
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~.where N is the number of forecasts.

._--'EHowever...i.t is possiﬁle that the selected model (Jowest MSE) ﬂﬁght have
‘poor forecasting power if its predicted values differ widely from the
: .observed values. S0 mmean absolute percentage error will be used in the
- gvaluation or selection of models. The Mean Absolute Percentage Ermror
(MAPE) to be used may be defined as:

L IU-U)
MAPE=- X X 100% - . (4.2)

Uy

+where N is the number of forl_:r:_{a,sls.

Asa mcasure of model acceplablllty mth respccl Lo prec1smn 20% has
" been adopted as the’ maximum acceplable Ievel (Roff 1980). Thls implies-
that a mode] wilh MAPE grcater lhan 20% Wl" be conSIderecl to be
unsultable for risk analyqls '

Another |ssue whlch needs to be cons:dered in parallel to MAPE is :he:
o bias of the forecasls To measure forccast bas, the statistic wh:ch will be

' used is lhc mean psrcentagc crror (MPE‘.) wrltten as :

(U U;}

'MP NE x 100% . C 43

U

where U, is calch per unit effort at time, t and

U is predlcted catch per effort al ume.
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If no bias is present then one would expect the MPE to be zero. In this
thesis, the range of the acceptable MPE is from -20% to 20%.

432 MODEL FITTING"

_ As the catch and effort data from 1944745 to 1990/91 are time series data, -
one should consider the poss'iblé. functional relation bctwe.en' each
observation (predicted biomass, catch, or cat;h per unit efforty when
© fitting models to the data, Hence, it is better not lb treat each of the
- observation as an independent obse'rvat\i_:on but to é’ssume_that each of the

observations at any time depends on previous values,

432.1 FITTING THE TIME SERIES CATCH AND EFFOKT
ara | S .

To c_oﬁsider lhe time series nature o.f_ the catch and effort data of the

western rock lobster, the variation from .cach of the il1d;pendent
- {observed) variables should be'takep into cdnsidemlion. This means that
the observed value of a \'E}l:i?_]_?_]_‘.’-”‘éit any time, t, can be wrillen.' {as in
Hilborn and Walters 1992)as | |

XlthSF(X'l.V;). . | B . o (4;4). .

" where X is the observed value of X attime t, -

f is an observation error function, and
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v, represents the observation error at time t.

Under the assumption of observation error, using the Schaefer model as

arr example, the model may be written as

BHIBM = BH-I + vlfi _. - (4-5&)
rBM'Z .:..‘. . -
B =(+0B, "E‘ -G (4.5b)-

where B™ is the obsewed value of the true b:omass attime t,
"+ v isanormally dlstnbuted random \«'anable wnh mean zero ’g -

and standard de\rlat:on g, it time t.

.If“.;.one assumes that all prediction cmr§ cé_ﬁ‘nc from mcusurcme'rl_t-
(observation} errors, an initial estimate of the pdiml_aljun biomass, Bncan
bé' used by the biomass .dyrlamics models to prcc'l__ir:t.' lﬁe whole time-series
.of.h'bi'omass using the obéerved levels of effective fisking effort, The
values of the parameters are repeatedly .adjuslcd to minimise the

unwe:ghted sum of squares ‘& given by
$= z;‘l’ (Ul - U.-)z- o (4.6)
(= cEe e . . :-

where U, is observed catch per unit effective F shtng effortin yeart,

U, is the pred:clcd calch per effective fi shmg effort i in year t,

“The non- hnear parameter estimation tec]m:ques used by Selver in Exce]

_"-_Vcr 4 are used to fit lhc mudels
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4.3,2.2 FITTING THE BIOM.\SS DYNAMICS MODELS

Fitting the biomass dynamics models involves estimating the virgin
biomass, B,, together with the three parameters q, r, B, of the Schaefer
model. Hilborn and Walters (1992) noted that the extra parameter B, will
increase the existing severe parameter confounding between the three
parameters of the Schaefer model. To avoid estimating B, the starting
population biomass, B, is estimated using the expression, B, =C/{1-
exp(-qE,)} by using the appropriate catch and effective fishing effort data
(Hilborn et al 1992), '

The catch and effort data fur 1945.*‘46 to 1985/86 are used to fit both the
Schaefer model and the gencrallscd mode] (Pella and Tomlinson 1969);
while the catch and effective fishing cffort data for the 1944/45 season is
used to estimate the initial pop’u[atib:n biomass, B,. Estimates for the
biomass for tﬁ_c fishing seasons, 1944/45 to 1985/86 were not allowed to
exceed the carrying capacity of the st&ék B.. Table 4.2 summarises the
estimates for the parameters and the statistics used to measure the

forccastmg power.
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Table 4.2: Estimates of the parameters and the desired statistics of lhe
Schaefer model and the Petla and Tomlinson model.

Parameter Séhaefer Pella & Tomlinson
q 0.026 0026
B. | 66032 . 62582
r 0.556 0561

m - 1987
SSE’ 1006 |5 1003
MPE 45614 ol . 45162
MAPE 45614 | 45162

Calch and effort data from 1944,*’45 1o 1946f4? 1944/45 to- 1947!48 and
|944!45 to ]948;'49 are used to set up the initial 'iystcm state for the
delayed- ~recruitment modc]s with time-lag equa] to 3 years; 4 years and 5
years ;espccuvcly. Similarly, the mode! with pme-lag of 3 years, 4 years
and Slyears are fitted to data fr@m the 1947/48 to ]985!86, 1948/49 to
1985f§6' 1949/50 to 1985/86 se.:l.sons respccﬁve]y For bid]ogica] reﬁiity,
the parameter ¢ must be greater than zero to reﬂect the posﬂwc
contribution of recrultmcnt on, thc overali dynamlcs of the pupulahun
Wllh the estimated paramcters, the catch and’ effecuve fishmg effort data
from 1986/87 to 1990.-"91 are used to delcrmme the forecastmg power of
all lhe maodels. Tab[c 43 summanses the results for . the delayed-

recruumem modcls
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" - Table 4.3: Estimates of the parameters and the desirgd statistics for the
delayed-recmitment models.

Time Lag (years)
Parameter 3 4 5
q 0.017 0.018 0.015
B. 99,063 93.297 104.247
r 0.353 0.379 0.336
c -1E-6 “-1E-6 -1E-6
SSE 0.886 0.924 0.762
MPE - 24.084 -24.331 -18.625
MAPE 24084 | 24331 19.235

- From above estimates in Table 4.3, the parameter, c, w_i_th __time. lag of 3, 4,
and 5 years are ncgatii#e. S0 the dc]aycd-recmi'ui)ent models are
unarceptable as a posili_\.?c value is required to reflect the contribution of

recruitment to the population,

" 4.3.2.3 FITTING THE DELAY-DIFFERENCE MODELS

Fitting the delay-difference models under observation errors requires

: - estimates of the initial population biomass B, and B, to predict the whole

biomass lime-series using the abserved catch and effective fishing effort
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data. The estimated biomass for the 1944/45 season through the 1949/50
season, abtained by dividing the catch with the corresponding value, {1-
exp(-qE)} is used to set up the spawning stocks to initialise the system;
the 1948/49 and 1949/50 data are used to estimate the respective starting
biomass B, and B . Fitting the delay difference models is based on the
catch and effective fishing effort data from 1950/51 to 1985/86, Estimates
of catch per unit effective effort from the 1986/87 to 1990/91 seasons are

used to determine the forecasting power of the model.

Mergan, Phillips and Joil (1982) found that Ricker's stock-recruitment
relationship (equation 3.23) provid.ed an adequate description for the
spawning stock and peurulus larvae of the western rock lobster. With the
discovery of some inconsistencies in'the Iogboc_;k data and that the peak of
the breeding season of P, cygnus may not be._exhibited.in the logbooks,
the Ricker stock-recruitment function wili not be suitable for the western
rock_.lobster fishery (Phillips and B_rown 1989) . Hence, the recruitment
function in the dclay-différcnce mode] will ﬁssume the Bevertoﬁ-—Ho[t

recruitment function {equation 3,24).

In the delay-difference models, there is a-total of seven parameters
comﬁrising W, Wi, p, M, g, o, and B, that need to be estimated from the
catch and effort data, -Since it is not possible to obtain satisfactory
estimates of all the pararhelers using the catch and effective effort data
alone, it becomes necessary to incarporate independent estimates of some
of the pﬂrametérs (W,, W,;, p, and M) into the models (Hall and Brown
1989; Zheng and Walters 1988).
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The weight at recruitment, W,, and the pre-recruilment.weight, W, ,are
~ found to be 0.41 kg and 0.30 kg (Hall and Brown 1989) after converting
lhc. minimum legal carapace length of 76 mm and the estimated ﬁrc-
_ recruitment carapace length of 68 mm (Caputi and Brown 1986; Hall and

- Brown 1989), using the weight-length relationship:
W=2,196 x (051 ' ' o “@.6)

. where W is the weight of a rock lobs_tei'; and .

Lis the carapace length of a rock lobster,

Morgan (19??) provided an estimate of Brody s growth rate, K, as 0,565.
This was determined by fitting the von Berhlnnffy growth equation while
(describing the growth process of adult P. cygnus. Using the relationship,
p=exp(-K). (Ricker 1975), the Ford growth c_oefficient. P is found to be
0.568.

Using p=0.568, W,=0.41 kg, W,;=030 kg, and M=0.226 (Morgan 19??),

the estlmates for the parameters, q, o, and B are:

q=0.032

o= 2326

_ __ B=0,030
with SSE = 0.479.

' Using thc ab :e esumated parameters. thc statlstlcs. MPE and MAPE
T were - :1 20 and 13 834 respectwely '
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4.3.3 DISCUSSION

From Table 4.2, both the Schaefer model and the Pella and Tomlinson
" model are rejected since their MAPEs were greater than 20%, indicating
poor forecasting power. The delayed-recruitment models are rejected
" because the estimates of -the recruitment parameter, c, are negative.
Hence, cnly the delay-difference medel of Deriso-Schnute with a
Beverton-Holt recruitment function with the statistics, MPE = -11.02 and

MAPE = 13.834 is used for the risk analysis of the western rock lobster,
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CHAPTER 5
RISK ANALYSIS AND RESULTS

51 RISK ANALYSIS AND MANAGEMENT

In most established fisheries around the world; the main objecti\l_e'of
management is to constrict a stralegy which'”will reduce the risk of
depletmg the resource and benefit the ﬂsh:ng and related lndustr:es

(Hllbom and Walters 1992 Francis 19915 Pclerson and Smith 1982)

' Td hchieve this, fi shel'y‘ managers have to evaluatc various scieﬁtif c
information and analyse lhe. possible consequePcea of each of their

strateg:es A large proportlon of this scientific irformation includes the

estlmauon of the size ol' fi sh stock, the delemunauon of optimum levels '

" of ‘harvest and its corrcspondmg maxlmum “sustainable yle]d. The

complcxﬂy of the fish populations makes it dlfﬁcl_.llt for stack usses_srnent
‘scientists to produce accurate estimates of the size of fish stock and
'a]lbwablc levels of haf\?est (Brown and Paiil £986). Hence, the étock
'assessmenl results are usually presented to lhe fishery managers along
_ wnh some ranges of uncertamty Expressing these uncertainties in- terms
' :.of ‘vonfidence mtervals or the use of praphs which show the llkely
outcomes of various managcmcnt strategies under different scenarios have

not made it easier for the managers (Francis 1991; Brown and Patil 1986).

Page 52



Another method which may be more useful is to express the uncertainty
using the term risk to the fishery (Francis 199F; Brown and Patil 1986).
Using risk analysis, the fisheries scientists may be able to quantify (heir
assessment advice in 2 more understandable manner which will reflect the
likely outcomes and consequences of different strategies to the managers
(Peterson and Smith 1982; Linder and Patil 1987; Brown and Patil 1986;
Francis 1991,1992),

52 - DEFINITION OF RISK

It is reasonable to assume that the introduction of a fishery to any fish
stock might causes a decline in its breeding stock. So, it is more important
to ﬁn_d out the extent of the reduction in the breeding stock than it is to

detect its occurrence.

Most mangagement strn{eg:es are - dcmgned to conserve . fish stocks,
espemally the spawning stock and Juvemle ﬁsh This is based on the
assumpuon that spawning stock is related to rccrunmenl and paintaining
the stock size 1bovc a minimum lcvcl should ensure the continuity of the
stock provided that the minimum level is sufficient. Hence, it is advisable
to maintain some desired :fraclion of the virgin biomass, B, to decrease
the. ]lkehhocd of Serious damage to the fish stock {(Peterson and Smith
1982 Francis 1991) '

In l_he_' western rack iobster fishery, where the annual exploitation rate is in

excess of 60% dnd the overall expioitation rate through the entire life after

Page 53



recruitment to the fishery is greater than 80% (Brown, Caputi and Hall, in
press; Phillips and Brown, 1989; Bowen and Hancock, 1989}, only a
small . proportion of that annual stock will be available for future
exploitation after each season. Since the future of this valuable fishery
depends significantly on the number of new recruits, it is advisaﬁle to
maintain.' some level of spawning stock to ensure the continvity of this

valugble fishery.

The_term. risk to the western rock lobster.'_ﬁshery will be defined as the
' per&;eﬁta'g};-of time "something bad" will_hﬁbbéns to the fish stock within
a given'time period. In this thesis, "someﬂ1-i_i1g ba " would have happened
if the biomass of the spawning stock falls below 20% of the virgin
biomass, B, in the 1991/92 to 1995/96 seasons (Francis 1991). With risk
analysm, managemenl would be able to “effectively evaluate different
fishing strategies after taking into conmderatlon both the economic and

polltlcal _conscquences.

53  SENSITIVITY ANALYSIS
The evaluatlon process from section 4 4 suggests that the delay-difference
models. are the preferred models for use 1n the nsk analysm of the western
rock [obster. - o

To carry out a-risk analysis on lhe western rock lobster, the first step -

mvo]ves estlmatlng the paramelers by’ ﬂmng thc catch and effort for

]950!51 to 1990;‘91 to the deldy- cllfference models by assuming a
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Beverton-Holt recrultment function (p!easc refer to. Section 4 3.2 for the
procedures), Given the growth parameters K, Wi, W,,,, and’ the survival
parameter, M the estimates for catchablh_ty. q, and the two_._-recruntme_nt
pﬁ'_fameters, @ and B obtained using NLIN, from SAS (please refer-to
Apﬁendix A for the SAS program and A_pfaendix B for the result) are:

q= 0031,

= 26697,
B = 0.903,

with SSE = 0.527.

To ‘evaluate the effects of varlatlons in the mode] parameters on the
Catchlmm and the ratlo of B,ml /B, usmg the de]ay difference mode]s a
sensitivity analyms was carried out using Solver in Excel. Table 5.1 shows
the percentage changt_:s in the Catehgygyg) and lhc__rauo of Byge/B, Wwith

ch_éngcs in i_i_u: model parameters W, Wk_,', K, and M.
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Table 5.1: Percentage changes in the estimated catch for 1990/91 and the
ratio of By /B, using Deriso-Schnute Difference Models with the
Beverton-Holt Recrwitment Function., Changes are rounded to one
decimal place and the signs indicate the direction of the change.

Parameters Catch ijfﬂl'
for 1990/91 %
b :
W, +25% 0.4 03
W, - 25% 10.6 +0.4
W, , +25% 06 | 404
W, -25% 04 0.3
K+25% +0,1 102
K-25% 02 02
M+25% 404 Q.1
M - 25% Q. +0.2
M +25%: K + 25% +0.4 0.1
M - 25%; K -+ 25% 0.1 403
M -25%: K - 25% -0.1: 403
M +25%; K - 25% +04- 0.1
M +25%; p +25% 0.1 03
M - 25%: p + 25% 07 | os
M - 25%; p - 25% +03 4038
M +25%; p - 25% +0.5 +0.1

- From table 5.1, it can be concluded that the estimates of both the catchyys,
- and the ratio By /B, are robust because variations (even greater than

'25%) in the mode] parameters do ni__)t significantly affect them.
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54  EQUILIBRIUM ANALYSIS AND SIMULATION

This section deals with the equilibrium relationship between stock size
and the annuat fishing effort; it is assumed that the fish stock will reach an
equilibrium state if the annual fishing effort can be held at a constant
value for a sufficient number of years. This relationship may help to
identify the optimum level of fishing effort, Eyygy that could produce the

maximum sustainable yield, MSY.
54.1 FORM OF THE EQUILIBRIUM RELATIONSHIP

DELAY-DIFFERENCE MODEL (BEVERTON-HOLT RECRUITMENT)

Under the ass_u__;_ﬁption of cqui[ibr'iqm (by dropping the subscripts off all

the variables), the delay-difference fﬁodcl (3.29} will become
B = (1+p)sB - ps’B + W,R - psW, R o (5.1
By substituting C = hB, where h'is.- the zi_nnual harvest rﬁte. into equation

(3.31) and after some algebraic m'al_iipulations. the equilibrium biomass

and caich under the Beverton-Holt stock-recruitment function will be

given by
A ' el
B=— & . (5.20)
D (1) L
=t e Gy
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where D and h are the growth-survival function and annual harvest rate

respectively, expressed as -

1-(l4p)s#ps® . '
D= r—— (5.3)
Wy - spwl:l .

ha I—cxp( qE) : . | 64

NOTE; The expressmn for D in Zheng and Walters (]988) on page
225 is. not con‘ect due to an error in the third term ‘of
equatlon (8). For confirmation, please see Hilborn and
Walters (1992} page 339, equation {9.3.2),

BIOMASS DYNAMICS MODELS

Under the assump_t'_i.on __ﬁ_f‘ éqﬁilibrium, the Schaefer model (equation 3.7a) -

becomes

r_B_z_._

B=({l4+)B- — - C
B

Using C= hB, lhe cqulll num blomdss, B, and equilibrium catch, C,,, is

- given by
B, (r- y '
B, = - (5.52)
C.=hB_.""

(5.5b)

Similﬁfly; the e'ﬁ_cpfé_ss:qn Pclla and Tomlinson mode] may be given by i
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{B ¢ - by L (5.62)
: C = hB,. A | (5.6b)°

Given tl'lzc'__'ﬁilues of all the parameters an_d"ti.l'e harvest rate, h = 1-exp(-qE} -
the ethbnum biomass and yields can allbe expressed as a function of -
effective fishing effort, E, i.e. B, = g(E) and C, = ((E).

5.4.2 - EQUILIBRIUM 'BEHAVIOUii_ IN RELATION TO TIME
LAGS | |
Using the estimates obtained in sectlon 5 3, and plolung the prcd1cled'
blomnss equauons 5.2a and the yield equ.ltlons 5.2b against effective .'
fishing effort, . the delay-difference model with a Beverton- Ho]t
recrutlment relationship produces the eqmllbr:um catch with fishing effort
as in F:gurc 5.1, The estimated ethbrlum virgin biomass = 66,9 rmlllon _:-
kg, and lhe predicted maximum sust.nnab!e yle]d 8.8 million kg wlnch i
corresponds to a biomass = 18.0 mllllD]‘l kg, However, the estlmatcd
optlmum annual effective [isking effort 0f-22.6 million pot Tifts is weli'

beyond Ihe &urrent maximum levels of effcc(we fishing effort.













Table:_.5.2': Summéry_. of MSY and E,,5y of the biptﬁ_asS dynamics ‘models

. .MUde[ . MS_ Y .. . EM“
Deriso-Schnute B 8.80 22,60
Schaefer . 9.48 13,50
Pella and Tomlinson 8.71 13,70

55  RISK ANALYSIS AND SIMULATION

Phillips (1986} hd{éd that exis_l_:in;g' high Ieve_l of effective ﬁShing effort
and a l_ow'._ijr_;ye] of-'___.pucru]us setf!ément may f:_a'L_l.sc the size of breeding
stock o fall below the critical l-tz\_fe-__l' which may lead to recruitment failure.
To én_éure_ the survival of this ﬁsﬁéry, different'-'_h'ypothctical' rﬁanagerncnt B
strategies of effective ﬁshing.effurt reduction which may"_'rgducc the

biu!b_gica] risk to a more acceptab.l!z level are investigated. The c_waluélion 2
of these strategies should be carried ont aft;ar considcring"thc ather
dlffcrent and sometimes conﬂu,tlng objectives of the management

cconomlc, ,tcrcauona! and social, In this thesm, the relative frequency of
catch . for the ycdr 1991/92 to 1995/96 excecdmg the. maximum
sustainable yield. 15 c0n51dered logelher with’ lhc bmloglcal nsk for a

hetter eva]umlon of the pmposed managcmcnt stratepms

Slnce ach:cvmg thc maximum sustmnab:e ylc]d is one of the. objectwcs, '

the proposad ﬁshmg effort for futurc years 15 set closc lo the optimum -
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f'shing

effort of 13.5 million pot lifts (see seclibn 5.4.2), Th';i'f_ollowing

hypothetical scenarios for reducing effective fi shmg effort (1 {able 5.3) are

used for the risk analysm

Table5.3.  Fishing efforts (millions of pot hfts) for lhc 1991/92

to 1995/96 seasons,

Fishing Season .
Scenario | 1991/2.| 1992/3 | 1993/4 | 1994/5 . | 1995/6
Number o
1 155 ;| 160 | -160 | 160.| 165
2 140 | 140 | 140 | 135 | 3135
3 135 | 135 {135 | 135 | 135
4 125 | 125 | 125 | 135 | 135
5 100°| 100 | 120 | 126 | 135
6 00 | 00 | 135 .]-135 | 135

Fol lowmg the work of Zheng and Walters (1 088}, the.‘-assump:ticns for the

mmulatlons are:

o

=
B

"'due lo the environmema] éfftcls, the recruitmenis are assumed to

bc log- normaliy distributed. If the average recrvitment  is

rcprcsemcd by ¥, the chosen variance has 0. Sy and 27 as the 90%

' conf“dencc mtervals and

ity

o Page 64 :



[+ 38

the parameter of catchability, g is assumed to" be nurmally

distributed with the estimated mean and variance.

The procedure for the simulation is as follows:

W

o)

®

@

Tl'.l.e biomass for the 1948/49 aﬁd 1949/50 .seasons are assumed to
comspond to B, and B2 Us:ng the model, the fishery is slmulated
from B, and B, up to and 1r|clud1ng the 1990/41 season using the

estlmaled pammeters

Simulations from the 1991/92 season up to and: including the -
1995/96 season are can‘ied out with random'catchability, random
recru:tment. and the suggesled effective fi shmg efforts (see Table
5. 3) : N

For cach of the simulated biomass from the 1991/92 to 1995/96

seasons, the catch for each year is catculated using lfexp(-qE)B,..

Steps 2 and 3 are then repeated 5000 times. The biological risk
was 'calcﬁlﬁted_ as the percentage of these 5000 runs when the
b'iomass in :iny one of the sedsons”fql:ls below 20% of th§. virgin
biemass '(please ri:fer to Figure 5.4). For the purpose of evaluating
the slrateg:cs. the b:o]uglcal risk (refer to Figurc 5.5) and the
re[alwe frcqucncy of the . catch exceeding the max:mum
sustamab_le yield (assumed lo_he 9.0 million kg) (r_cfcr to Figure
5.6) for each sedton {1991/92 to 1995/96) aré_ calculated,
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26  RESULTS AND DISCUSSION

The.tésulls are represented by Figure 5.4 and Figure 5.5 using the Deriso-
Schnute delay-difference model which assumed ‘a Beverton-Holt stock:-
recruitment relationship and existing life history parameters (W, W,..,p
M). Both ﬁgures illustrate how the risk of recrunment Failure will change

under different effort reduction stratepies.

By assuming the effective fishing effort in the 1995/96 season =16,5
million pot lifis and using the simulation method described later in t_his
section, the percentage of time the spawning stock biomass would fal)

below 20% of the virgin biomass is a staggering 73%,

As is evident from Figure 5.4, the risk of the '_S.pawning _St_o'ck biomé_és
fal]ing below 2[5!_‘:?9 of the virgin biomass within the next 5 years ﬂecregs'és
sharply from 73% for al} the proposed effort reduction strategics. Notice
that scenario 5 and scenario 6 caused the risk of recruitment faiture wtlhm
the next 5 years, to drop from 73% to 3 1% und 4% respectively. Howcver,
to achieve such a significamt drop in the risk of recruitment failure
requires drastic reduction in the fishing cffort for the first two yearé .a's
illustrated in Figufc 5.6. Hence it is not practical 1o inif:l_ement eilhér
sccnﬁ_rio as it would have too great an effect on both the ﬁsh#rmen and t:he

fishing industry.

Figure 5.5 suggésts that if recruitment failure is going to happen within
the next 5 years-then it i_.s_‘"likeiy to 6¢'cur in 1991/92 and 1992!93 rather
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than later, This suggests that scenario 3 and 4 which registered a much
tower risk of recruitment failure for 199192 and 1992/93 are'tl'ie
preferred scenarios. Scenario | with higher fishing efforts dlsplayed a

fairly uniform htgh risk of recruitment failure, -

From section 3.3, the model has _been found to be rather ins_.ensi[ive to tﬁé
assurﬁcﬂ' growth .pérametcr, p,- the natural 'ﬁjortality, M:':thc recruited
weig'ht:, Wk,' and the pre-recruit weight, W,; - Huwever',.'t.he results and
subsequently the abovc dlSCUSSlUl’lS on the effort reductmn stralegles
must be treated w:lh caution. It is very hkely that all the risks to'the
fishery-have not been included a__nd the true ;1_sks to the fi Fs_hery have nqt_'
been _tﬁken into coﬁ"sideration.-Lasl[y. the qna!yéis is carrie.c.l_.- out under the
assuﬁlbtion that lhe Deriso-si',h_nule delay-a.iffcrcncc model accurate.l:y

model the western r_bck lobster fishery,
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APPENDIX A

TTTLE 'Délay-Difference Mode) (Beverton-Holt Recruitment)'s
* Bijomass at Year 1948 and 1949 1aken as B1 and B2;

DM 'log; clear’;

# Clear the Jog screcn;

DM 'cutput; clear;  * Clear the output sereen;
OPTIONS Pagesize=50C Linesize=78; -

DATA Lobster;

INPUT Season Catch Effori Cpue;
IF Catch=. THEN Deleie;

CARDS;

1944
1945
1946
1547
1948

1949

1950
1951
1952

195%
1954

1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
(968
1969
1270
1971

0.2769
0.3560
0.9214
1.0625
24145
3.0632
33959
41141
36486
4.4552
52934
50986
52471
6.4349
8.4872
0.1885
82029
39308

0.2400 i,153%1
0.3800 1.46312
0.5700 1.61645
0.6800 1.56247
1.2200 1.97912
17800 1.72089
18600 1.82577
23200 1.77331
2.4600 1.48319
3.0000 1.48508
1.4300 1.54327
3.5900 1.42023
4.1100 1.27667
4.3300 1.48612
5.4000 1.57170
6.6300 1.38589
6.3100 1.29998
8.5100 [.04544

10.0104 11.951% DB,83755

89495
82204
89181
87793

8.0072 1.00475
2.276! 0.99327
87316 1.02136
9.2599 L.G5610

11113 9.2973 119511

2.1266
7731
85773

2.1252

10.1195 DI0IBT
0.0216 0.86161
10.0392 0.80423
10.3675 0.880t8
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1972 7.6262 9.4779 0.80463
1973 7.6463 10,3264 0.74047
1974 93566 10,7577 0.86975
1975 94742 10.8280 0.87498
1976. 9.5187 11.6695 0.B1569
1977 10,7071 11,5205 0.92039
1978-12.1893 11,9330 1.02147
1979 11.0896 11.9463 0.52829
1980 [0.3696 12.2859 0.84403
1981 11.0939 12.8448 0.86369
1982 129228 13.4285 0.96235
1983 11,3838 13.1084 0.86836
1984 92,6912 13.7300 0.70584
1985 B.1662 13.0260 0.62692
1986° 8.5291 13.8720 0.61484
1987. 12,0661 16,6149 0,75343
1988°12,3118 15.5942 0,78051
1989 10,2985 15.5001 0.66058
1990 9.2205 15.7897 0.38395

RUN;

PROC NLIN DATA=lobster METHOD=DUD;
PARMS 4=0.01TO 0.04 BY Q.01
Alpha=5TO30BY S5 -
Belo=0,0OTO 1 BY 0.2;
BOUNDS Alphn >0, Beta> 0,q> (;

K =065, * Brody's prowth coefficient;
p =exp(-K); = * Ford's growih coefficient;
wa =0.301; - * Weight alnge 4,
wi=0412, * Weight al age 5;

m =0.226; * Natucal Mortalily Rate;
sigma = exp(-m);  * Survival from natural mortality;

RETAIN B BLag1 BLap2 ELug! ELag2;

* Gel the tagged datn; -
ELag2 = lag2(cifort); * Effort: 2 years ago;
ELag1 = lagfeflor); * Effort: | year ago;

* | is differcnt because of "RETAIN® statement;

BLag2 = lag{BY, * Biomass: 2 years ago;
BLagl =B, * Biomuass: 1 year ago;
BLug4 = Ing3{(B); * Diomnss: 4 years age;

BLag5 = lngd{B); * Diomass: 5 years ager;
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. Clagd = lag4{Catch}; * Cotch: 4 years agd:
- CLags = tnpS{Catch); * Catch: 5 years ago;

§= BLﬁg‘l-CLag‘!‘. L *S(tw)=S(i-dy, -
SLagl = BLag5-CLag5; * S0t 1-w)=8(t-5);

phi= EXP( q*cffurl). * Survival from Fishing;

if _obs_ LT 7 then do. * Observations from Yr 1944- 1949
B =calch / (1 - phi); * used 1o determine Bo and B1;
end; * Actually Bo is from Yr 1948 while;
¥ B1'is from Yr 1949
clse do; - :
if _obs_LE 47 then
tl=sipma*exp(-q*ELagl); * Survival from both Natural nnd.
t2=sigma*cxp(-g*ELag2); * Fishing Mortahly.
B =(l+p)*t1*BLagl
- p*1I*12*BLag2
+ wi*(alpho*S)}(Beia+S)
- P *wd*(alpha*SLag 1)/ Beta+SLag }.
end;

* Use observations from year IQSD!SI to year 1990/31;

if _obs_ GT 47 then .
_obs_=1; * Resel alter each ilermion;

il _obs_ LT 7 then do;

PCPUE = ;

end;

else do;
PCPUE"q’B

cnd;

MODEL CPUE=PCPUE; )
OUTPUT;'OUTzLOBSTERZ P=CPUEHAT R=CRESID

PARMS=0QFINAL PARMS=RCFINAL;
RUN; : .
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APPENDIX B

Dclay leference Madel (Bevenon-Holt Rccrultment) 114
; L 9:04 Thursday, January 6, 1994 :

* Non-Linear Least Squﬂrcs Lierative Phuse
Dependent Variable CPUE  Method: DUD
Iter Q . ALPHA = BETA Sum of Squares
0.030478 26672990 0.861836  0.526547
0.03046]  26.691403  0.887015  0.526526
0.030568 26.633843 0878111  0.526525
- 0030538 26654708  0.883763  0.526524
0.030482 26693091 0900162  0.526523
. 0030478 26.6963[0  0.901740  0.526523
0.030478  26.697383  0.902784  0.526523
NOTE: Convergence criterion met.

=1 Chth fd by

Nnn-Li.ncar Least Squares Sumlﬁilry Statislics  Dependent Variable CPUE

Source DF Sum of Squares  Mean Square
Regression 3 47.718806407 15906298802
Residual .38 0526523238  0.013855875

Uncorrecled Total 41 48.245419645

(Correcied Total). 40 4.180486145
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" Parameter ~ Estimate Asymptotic . -~ - - Asympiotic 95 %
' * 8td. Error. J#2bofidence Interval
: L Lower Upper
Q 0.03047810 0.0088530056 0.012556215 0.048399977
ALPHA 2669738312 - 60872431797 14.374466582 39.020299654
BETA (.90278409 24758125880 -4,109210830 5.914779005

Asymptotic Correlation Matrix

Corr Q ALPHA . BETA
' 1 09758253 -0.840265941
ALPHA -0975815% 1 0.9301613981
BETA - -0.840265941 0.9301613981 1
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