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ABSTRACT 

The surplus production model and ad hoc tuned VPA assessment methods currently used to 

provide the basis for scientific TAC recommendations for the Cape hake resource off South 

Africa provide rather different appraisals of the current status and productivity of this resource. 

The production model approach is based on the Butterworth-Andrew observation error 

estimator, and takes catch per unit effort (CPUE), as well as biomass survey data into account. 

The ad hoc tuned VPA is based on the Lauree-Shepherd tuning algorithm and utilizes catch-at

age and effort information. Applications of an age-souctured model, which takes both CPUE 

and catch-at-age data into account, provides similar results to the production model if more 

weight is given to the CPUE data than the catch-at-age data and similar results to the ad hoc 

tuned VPA if more weight is given to the catch-at-age data rather than the CPUE data. This led 

Punt (1993) to conclude that the discrepancies between the various sets of results obtained from 

surplus production model and ad hoc tuned VPA methods are a consequence of a conflict 

between the catch-at-age data and the CPUE data and that they are not primarily a result of 

differences in the two assessment methods. However, the above two approaches are based on 

certain assumptions regarding recruitment, natural mortality and fishing selectivity. An attempt 

was made to obtain estimates of fishing selectivity-at-age from an age-souctured production 

model. It is commonly assumed that selectivity-at-age has a slope of zero at older age classes. 

The estimates obtained all suggest that selectivity-at-age for older age classes (> 2 to 3 years) 

decreases with age. The results obtained in this study also indicate that the conflict between the 

observed trends in the catch-at-age data and the CPUE data can be basically resolved by 

assuming that for older age classes selectivity-at-age decreases. 

1 



INTRODUCTION 

The Cape hake resource 

The Cape hake fishery is of considerable social and economic value to South Africa. Cape 

hakes form the bulk (62% in 1991) of the catch of the South African demersal industry 

(Stuttaford 1993). The wholesale value of the hake catch exceeded 300 million rand in 1989. 

This was almost 30% of the wholesale value of all marine species harvested off the South 

African coast (Punt 1991 ). Annual hake catches by the South African fishing fleet over the 

period 1982-1991 remained fairly constant, averaging 138 000 tons per year. Payne (1989) 

provides a detailed history of the hake fishery off southern Africa, while Payne and Punt ( 1992) 

provide the rationale for the current management approach, which is based on an f 0.2 

harvesting strategy. 

Reviews of the biology of this resource are provided by Botha (1980), Crawford et al. (1987), 

Payne ( 1989) and Payne and Punt (1992). Cape hakes consist of two morphologically similar 

hake species, Mer/uccius capensis and M. paradoxus (Van Eck 1969). Since it is not easy to 

distinguish visually between the two species only the total combined species catch is recorded. 

The distribution of each species is depth-dependent; M. paradoxus occurs in deep water while 

M. capensis is a shallow water species (Botha 1973) (Figure 1). The distribution areas of the 

two species overlap in intermediate waters where small M. paradoxus occur together with 

medium to large M. capensis individuals as the size of fish of each species tends to increase with 

depth (Botha 1973). Consequently the adults of the two species do not mix and the species 

maintain their integrity by spawning at different depths (Botha 1973). 

Earlier workers (e.g. Roux 1949) were convinced that there was some form of horizontal annual 

hake migration, but such conclusions were drawn on the erroneous premise that only one 

species existed. Van Eck ( 1969) later confirmed the presence of two hake species in local 

waters. There is a tendency for hake to move offshore into deeper water as they grow older and 

there appears to be some seasonal movement of adults inshore and offshore (Payne et al. 1989), 
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but apart from that, there is no firm proof of extensive horizontal migration (Botha 1973, 1980). 

Vertical migration, which is characteristic of all hake species, takes place in the local species. 

Cape hakes have a regular and pronounced diurnal vertical migration pattern, being concentrated 

near the sea bed during the day (where they are in reach of the bottom trawls) and scattering into 

midwater at night (Botha 1973). There is a marked decline in vertical migrations during the 

spawning season. As far as their trophic relationship is concerned, there is no doubt that hake 

are an important link in the Benguela trophic chain, both as predator and prey (Payne et al. 

1987a). Hake are generally opportunistic predators, with young hake preferring crustaceans, 

but with older hake tending towards piscivory (Payne et al. 1987a). Extensive cannibalism has 

been found to exist in the species. Botha (1980) noted that M. capensis was highly 

"cannibalistic" on juvenile M. paradoxus with other food organisms of very large M. capensis 

individuals may constitute less than 2% of the diet of these fish. 

Management of the fishery 

Since the tum of the century Cape hakes have formed the basis of a substantial local trawl 

fishery. This fishery was initially based at Cape Town, but later (in the 1960s) became 

established at Saldanha. Only a thousand metric tons was caught in 1919, but catches steadily 

increased to 30 000 metric tons before the Second World War. Later catches of Cape hakes in 

the southern Benguela increased from 50 000 tons in 1950 to about 160 000 tons in 1960 

(Crawford et al. 1989). After 1962, Cape hakes also became a sought-after target for foreign 

trawlers from several countries. By 1973, some 14 different countries achieved a catch of just 

under one million tons with more than 300 large vessels (Botha 1985). The increasing fishing 

effort made a substantial impact on stock densities and catch rates decreased by 47% between 

1940 and 1966, and a further 50% between 1966 and 1975 (Jones and Van Eck 1967). 

The local fishery has traditionally confined its activities to the fishing grounds around Cape 

Town and to a lesser extent off the southern coast of South Africa. Foreign vessels concentrated 

in areas further north, off the coast of Namibia. The International Commission for the Southeast 

Atlantic Fisheries (ICSEAF) was established in 1972 to investigate and control the international 
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fisheries for hake off South Africa and Namibia (Andrew and Butterworth 1987). Since 1978, 

total allowable catches (TA Cs) off South Africa were set to rebuild the stock, by applying an 

Jo.I or an/0.2 harvesting strategy. The fishery off South Africa has been managed exclusively 

by the nation since the declaration of a 200-nautical-mile exclusive fishing zone in 1977. 

However, the ICSEAF Scientific Advisory Council continued to consider assessments for the 

hake stocks in SA waters, and to allocate quotas for hake off Namibia until ICSEAF was 

dissolved in 1990 following the independence of Namibia. More recently effort has 

concentrated on the investigation of alternative management procedures for the Cape hake 

resource off the west coast of South Africa (see Punt 1991). 

For management purposes ICSEAF divided the area under its management into Divisions. Off 

South Africa Division 1.6 corresponds to the west coast, and Divisions 2.1 and 2.2 correspond 

to the south coast (see Figure 1). In all four ICSEAF Divisions, catch per unit effort (CPUE) 

figures indicate a steady decline up to the late 1970s, when catch rates reached their lowest 

recorded levels. However, subsequent reductions in catch have led to a slow increase in CPUE. 

The increasing trend in CPUE in the South African hake fisheries over the past 15 years 

indicates that these resources have recovered since the mid-1970s (Butterworth et al. 1992). 

From 1976 to 1983, the ICSEAF Scientific Advisory Council used the Gulland form of the 

steady-state Fox production model for hake stock assessment (Butterworth and Andrew 1984). 

However, this model produced inadequate fits to the data, and biases in the estimation of 

maximum sustainable yield (MSY) and /O.m quota values (Andrew 1986). As a result a 

dynamic production model was introduced for managing the resource using CPUE data 

(Andrew and Butterworth 1987). A more detailed description of the dynamic model and the 

procedures used to obtain parameter estimates is given in Butterworth and Andrew (1984). 

Although a global TAC is set, for management purposes, the hake resource off South Africa has 

been divided into two stocks, and scientific TAC's are formulated for each stock, under the 

assumption that the stocks of hake off the south and west coasts are biologically isolated (Payne 

and Punt 1992). However, Payne et al. (1987b) suggests that there may be some interaction 

between the M. paradoxus stocks on the south and west coasts. 
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Current stock assessment techniques and the catch-at-age data 

Current scientific TAC recommendations for the South African hake fishery are based on the 

results of two different assessment methods. The first is a dynamic production model estimation 

procedure which utilizes catch, CPUE and survey biomass data. The version used for Cape 

hakes is the Butterworth-Andrew (B 1 = K; Schaefer form) observation error estimator 

(production model). The choice of the Schaefer form and the assumption that B1917 = K (i.e. 

the biomass immediately preceding exploitation is equal to its unexploited equilibrium level) is 

made because this combination was shown to give the best results out of a number of possible 

selections of models for the hake resource off northern Namibia (see Punt 1988, 1990, 1992). 

It is possible to vary a number of the assumptions of the production model (Andrew 1986, Punt 

1991b). In most cases (e.g. taking account of some environmental indices, estimating the 

biomass at the start of exploitation), the results are not qualitatively very different from those 

provided in Table 1, taken from Punt (1993). 

The second assessment technique used is an ad hoc tuned VPA based on a Lauree-Shepherd 

tuning algorithm which utilizes catch-at-age and effort data (Punt 1991a, 1991b). The results 

from the two approaches differ. The TAC estimates provided by the ad hoc tuned VPA are 

substantially lower than those from the production model-estimation procedure. Overall, the 

VPA assessment for the South African west coast indicates that the hake resource is less 

productive, smaller and more depleted than indicated by the production model. If one considers 

the common management quantities (Table 1 and 2), the differences are substantial. VPA 

estimates for MSY are slightly lower than the estimate from the production model, but the 

estimates of BMSY and B9ofK are far lower in the case of the VPA. Production models have 

continued to be the preferred assessment approach both because simulation analyses (Punt 1991) 

have suggested that estimates provided by VPA may be subject to considerable imprecision, and 

because of the sensitivity of VPA TAC estimates to the value assumed for natural mortality, M 

(Punt 1993). For M = 0.5 yrl the discrepancy between the estimates of current depletion from 

the VPA and surplus production methods, is less than for M = 0.3 yrl. Irrespective of the 
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value assumed for M, there are still substantial differences between the estimated trajectories of 

exploitable biomass provided by the two approaches (Payne and Punt 1992). For example, the 

VP A assessment still suggests that there has been little increase in exploitable biomass since 

1978. 

Even in a crude sense it is important to consider the discrepancies that exist in the data that these 

two methods utilize, especially the catch-at-age data. Even a cursory examination of the catch

at-age data (Table 3) indicate that even if M=0.5 the values of fishing mortality, F computed for 

the older age classes lie between 0.3 and 1.2, averaging about 0.8. This must be compared to 

an estimate of F of 0.2 from the surplus production model. Therefore the catch-at-age data 

suggest that harvest proportions average around 80%, whereas the surplus production model 

suggests that the harvest proportion is more in the region of 20% - a major discrepancy which is 

often ignored. 

This discrepancy could be either due to: i) decreasing selectivity for older ages, and/or ii) very 

high natural mortality for these ages, and/or iii) consistently increasing annual recruitment levels, 

and/or iv) biases in the CPUE due to changes in the catchability coefficient. In this study, 

selectivity (i) is considered as the most likely possibility for the discrepancy. An assumed 

decrease in selectivity-at-age for the older age classes would explain why the catch-at-age data 

shows lower numbers of fish in older ages than that which is expected under the present fishing 

pressure. The idea of fishing selectivity decreasing in older age classes is not new. Andrew 

(1986), for example, suggested that emigration of older fish (into deeper, unfished waters) will 

lead to selectivity decreasing with age at older age classes. To investigate this possibility in 

more detail both the CPUE data (basis of production-based) and the catch-at-age data (basis of 

VPA analysis) need to be incorporated into a new assessment approach which has the flexibility 

of incorporating different selectivity-at-age relationships. 
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Aim of study 

The aim of this study is to construct an age-structured production model (Hilborn 1990, Punt 

1993) in order to reconcile some of the discrepancies that exist between the catch-at-age data and 

the surplus production model by considering that selectivity-at-age could be decreasing in older 

age classes. The strength of the age-structured production model assessment method is the 

flexibility for varying input information such as fishing selectivity-at-age (Hilborn 1990). The 

original feature of the work reported here is thus the estimation of fishing selectivity-at-age 

considering the possibility of more complex fishing selectivity patterns than those that have been 

considered in past assessments in which selectivity-at-age is not assumed to decrease with age at 

older age classes (e.g. Butterworth et al. 1986a; Hilborn 1991; Punt 1993). In the process the 

productivity and status of the west coast stock is also estimated, and is compared to the VPA and 

surplus production model results. The results produced here are also compared to those 

obtained by Punt (1993) who used a slightly different version of the age-structured production 

model (Table 4). Furthermore, in this study, estimates are computed two different stock

recruitment relationships. 
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METHODS 

Age-structured production models 

The age-structured production model (Hilborn 1990; Butterworth and Punt 1992; Punt 1993) is 

an assessment technique which can take account of the age-structured nature of fish populations, 

but does not necessarily require estimates of the age-composition of the catches (although the 

option to incorporate catch-at-age data exists). This approach involves constructing a 

deterministic age-structured population model and fitting it to the available abundance indices by 

maximizing the likelihood function for CPUE. The model requires only total catch mass data for 

each year, commencing at the start of the fishery. It assumes further that recruitment is 

deterministically related to spawner biomass. These simple age-structured models include 

numbers of individuals at each age, age-specific mass, age-specific fishing selectivity, as well as 

natural mortality rates and stock-recruitment parameters. 

The basic age-structured production model 

The basic structure of the age-structured production model is given below (the full method and 

equations are given in Appendix I). Generally age-structured models can be written a variety of 

different ways. The choices that must be made are whether the fishing and natural mortalities 

are assumed to be continuous processes acting simultaneously, or separate discrete time events. 

The model used here is a discrete time model based on Hilborn (1990). The general age

structured production model can be written simply as: 

where Ny,a 

Ma 

Sa 

Fy 

- (Ma+ Sa Fy) 
Ny+l,a+l = Ny,a e 

is the number of fish of age a at the start of year y, 

is the rate of natural mortality on the fish of age class a, 

(E.1) 

is the selectivity of the fishery on fish aged a years (0~ Sa~ 1 ), 

is the fishing mortality for fully vulnerable individuals in year y, i.e. fish with 

Sa= 1 (the year effect for the fishing mortality). 
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To take age effects into account fishing mortality-at-age (Fy,a) is separated into an age

component which is common to all years (age-specific selectivity - Sa) and a year-component 

which is common to all ages within a particular year (year effect of fishing mortality - Fy). This 

assumption is justifiable if the distribution of fish and fishing vessels does not vary substantially 

from one year to the next. Two scenarios in which the separability assumption would not be 

justified, and which might be pertinent to the hake fishery (Punt 1991) are: 

a) if the mesh size changes, and 

b) if the distribution of the fishing fleet across the fishing grounds changes as a result 

of changes in market demand for different sizes of fish (fishermen seek out 

particular sizes of fish which are more profitable or required for the market at a 

particular time). 

The separability assumption is based on the following relationship: 

where 

Fy,a = Fy Sa (E.2) 

Fy,a is the instantaneous rate of fishing mortality on fish aged a during 

year y, 

The total exploitable biomass at time y, BEy is therefore: 

where 

BE _ ~ N W S - ((Ma+ Sa Fy )/2) 
y - L- y,a a-0.5 ae 

a=l 

BEy is the exploitable biomass for year y, 

Max is the maximum age considered, and 

Wa-0.5 is the mass-at-age for a fish of age a-0.5. 
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This is computed at mid-year, rather than at the beginning of the year because, as will be seen 

below, BEy is included in the objective function and compared with CPUE. 

The spawning biomass SBy can be calculated as: 

Max 
SBy = L Ny,a Wa (E.4) 

a=m 

where SBy is the spawning biomass at the beginning of the year y, 

Wa is the mass-at-age for a fish aged exactly a-1 

m is the age at sexual maturity. In this model all fish greater than four 

years old are assumed to be sexually mature. 

It is assumed further that there is a relationship between the spawning biomass SBy in one year, 

and the average recruitment in the following year: 

Ny,I = R(SBy) (E.5) 

where R is the function for average recruitment. 

The two most common stock-recruitment relationships are the Beverton and Holt (1957) (E.6) 

and Ricker (1954) (E.7) forms: 

Ny+I,1 = (aSBy) I (SBy+/3) (E.6) 

Ny+l,l = a SBy e - /3 SBy (E.7) 

where a, ,B are the stock-recruitment relationship parameters. 

Equations (E.1) - (E.7) define the dynamics of both numbers-at-age and biomass-at-age. 
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In order to relate the model to observed data, additional relationships need to be defined. It is 

assumed that the available indices of population abundance, Ay, are proportional to stock 

biomass (where the abundance index is either CPUE or survey biomass): 

(E.8) 

where is an index of population abundance, and 

v is a proportionality constant. 

When CPUE is assumed to be an index of population abundance (e.g. Ay), then 

(E.9) 

where is the fishing effort in year y. 

Cy is the catch in year y. 

Based on Equations (E.8) and (E.9), the following relationship will now hold: 

(E.10) 

where q (the catchability coefficient) has replaced v as the proportionality constant. 

In the model a choice must be made whether to use fishing effort or the observed catch pattern to 

calculate Fy. Punt (1988) refers to this choice as 'conditioning on effort' or 'conditioning on 

catch'. The use of the term 'conditioning' implies that the predicted dynamics are conditional (in 

the statistical sense) on a specific catch or effort sequence (Hilborn 1990). 

Although conditioning on effort is the easiest, effort is not as accurately measured as catch. 

Secondly, by conditioning on catch one can see whether the observed catch sequence can 

actually have been taken from the population model without driving it extinct. To condition the 

simulation on catch, the model is tuned by allowing the model to choose a value of Fy (see 
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Equation E.2) which satisfies the condition that total model-predicted catch, obtained by 

summing across age classes is equal to the total observed catch. The equation for model

predicted catch is: 

Max - ( Ma + Sa Fy ) 
Cy= L Wa-0.5 Sa Fy Ny,a (1- e )/(Ma +Sa Fy) (E.11) 

a=l 

Data Utilized 

Annual recorded catch and CPUE data for the South African west coast hake stock are listed in 

Table 5. The CPUE is calculated from the directed effort of only part of the fleets involved in 

the fishery (Punt 1993). The adequacy of the power factors of fishing vessels used in the 

calculation of these data is currently a cause for concern. Although Cape hake in Division 1.6 

have been fished since the turn of the century, comprehensive CPUE are only available from 

1955. The catch statistics are usually reported in tonnes landed weight. Fish are headed and 

gutted before being weighed and therefore catch figures were converted to tonnes whole 

(nominal) weight by multiplying by a factor of 1.46 (Chalmers 1976). Nominal catches prior to 

1972 were increased by 39% to account for discarding of small hake (Andrew 1986). 

The collection of otoliths for ageing purposes and catch-length frequency data permits the 

breakdown of the total catch-by-mass into catch-at-age estimates (see Table 3 for the catch-at-age 

data for the period 1978 to 1990). Length frequency data also exist for the years 1964 to 1977 

for the west coast. In principle, these data can be used to estimate catch-at-age for these years. 

Punt (1993) suggests however that the data may not reflect the length structure of the entire catch 

because the data were collected from the South African fleet only, during which substantial 

catches were being made by foreign fleets. In addition, reliable age-length keys do not exist for 

the years prior to 1978. Therefore catch-at-age estimates based on the pre-1978 catch length 

frequencies are unreliable. 

Although survey biomass data are available from 1983, they are not utilized here. Punt (1993) 

incorporated survey biomass data in his age-structured production model assessments and found 

in his sensitivity tests that the results scarcely changed when survey biomass data were not taken 

into account. Andrew et al. (1989) incorporated biomass survey data into their assessment and 
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found that fits to the relative indices of survey biomass and CPUE data hardly changed from fits 

to the CPUE data alone. Although the biomass estimates have fluctuated over the period since 

1983, they show no significant trend. 

Estimation of parameters 

a) Input parameters 

Four age-specific parameters are needed before the population can be simulated. These include 

selectivity-at-age (Sa), mass-at-age (Wa), and mortality-at-age (Ma) (see Appendix II). The 

remaining parameter is age-at-maturity. The estimates of selectivity-at-age, mass-at-age and age

at-maturity were obtained from other sources (except in the case where selectivity-at-age is 

estimated). The parameter values for the logistic selectivity function (see Appendix II) are based 

on the analysis of selectivity-at-age conducted by Punt (1991). The values for the parameters 

related to growth and maturation were taken from Punt and Leslie (1991) (see Appendix II). 

The natural mortality-at-age was assumed to be constant over the age classes considered for the 

"base case" models, however in one of the sensitivity tests, natural mortality is assumed to be 

age-specific (the relationship is given in Appendix II). There are rarely any data to justify the 

assumption that mortality is age-specific and it is normally assumed to be the same regardless of 

age. In must be borne in mind that the hake size mix in the population is dynamic and affected 

by the survival of the different age classes. As Botha (1980) pointed out, enhanced survival of 

both species to a large size will increase the rate of cannibalism on younger age classes. 

However, increased fishing pressure on large hake will correspondingly increase the survival of 

younger age classes. Therefore it would be important to consider the effects of cannibalism on 

the age-specific mortality as well, however the paucity of data, precludes such a study. 

b) Parameters estimated by the model 

The parameters which are obtained by fitting the model to the available data are the catchability 

coefficient (q), the relationship between the biomass and index of abundance (CPUE) and the 

two stock-recruitment parameters a and {3. The first step in the regression is to obtain a set of 

initial age-class numbers, Ny,l· This is done by setting the initial age-distribution equal to that 
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of the deterministic unexploited equilibrium (denoted by *) level for the stock (i.e. the age

structure corresponding to Fy = 0, for y< 1917), therefore: 

a -1 

-I, Mr 

N*y,a = R*1 e r~I (E.12) 

and 
Max 

SB*1 = L N*y,a Wa (E.13) 

a=rn 

where N*y,a is the equilibrium number of fish of age a at the start of year y 

R * 1 is the average equilibrium recruitment 

SB* 1 is the spawning biomass at equilibrium. 

By substituting equation (E.12) into equation (E.13) it is possible to obtain a relationship for 

spawning biomass at equilibrium (SB*1) in terms of average equilibrium recruitment (R*1): 

• -1 

Max -I, Mr 

SB*1 = R*1 L Wae r•l (E.14) 

a=rn 

• -1 

Max -I. Mr 
setting r= I Wae r•l (E.15) 

a=rn 

gives 

(E.16) 

For the Ricker stock-recruitment relationship: 

R*1=aSB*ye -/3SB*y (E.17) 
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Equations (E.16) and (E.17) can be solved for the average equilibrium recruitment (R * 1) and the 

equilibrium spawning biomass (SB*1). The result is: 

R*1 = In (ay)/(/Jy) (E.18) 

A similar derivation can be done for the Beverton-Holt stock-recruitment relationship giving the 

following relationship for the average equilibrium recruitment (R*1) level: 

R * 1 = In ( a y)l(/3 y) (E.19) 

Equation (E.18) and (E.19) can be substituted into equation (E.12) to compute the initial 

conditions for both stock-recruitment relationships: 

I - J 

-I, Mr 

N1917,a=R*1e r-r (E.20) 

The assumption that the hake stock was at equilibrium at its carrying capacity at the start of 1917 

would seem to be realistic, because catches prior to 1917 were negligible. 

The regression approach 

Once the input parameters and the necessary starting conditions specified, an exploitable 

biomass sequence can be calculated and compared to the observed index of exploitable biomass 

(i.e. CPUE). The simulated and observed indices of abundance (CPUE) are incorporated into 

an objective function of the form: 

1990 
SS = L [In (q BEy) - In (Cy/ Ey)]2 (E.21) 

y=1955 
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The use off logarithms in the objective function is based on the assumption that the dominant 

noise in the model is in Equation (E.10), i.e. the choice of the error in the model is 

"observational error", and that this noise may arise from catchability fluctuations. Changing 

environmental factors, seasonal migration and behavioral/distributional changes tend to produce 

inter-annual catchability fluctuations. One would expect catchability to be influenced by a large 

number of these factors, each of which may well be independent and have a multiplicative effect. 

The central limit theorem implies that the sum of the logarithms of the magnitudes of these 

factors approaches a normal distribution, and therefore taking logarithms is the most appropriate 

transformation to use in the objective function. 

The minimization procedure AMOEBA (Numerical Methods, Cambridge 1988) was used to find 

the parameter values which would provide the best fit. Two variations of the model were used 

throughout the assessment. The Ricker stock-recruitment relationship was incorporated into the 

Model 1 "base case". However, in order to be consistent with previous applications (Hilborn 

1990; Butterworth and Punt 1992; Punt 1993) of this method the Beverton-Holt form of the 

stock-recruitment relationship was also studied (Model 2 "base case"). In the "base case" 

models, q and the parameters of the stock-recruitment relationships a and /3, (for Ricker and 

Beverton-Holt) were estimated. 

Specification of "base case" assessments and sensitivity tests 

The specifications of the "base case" model and of the various sensitivity tests are given in Table 

6. The selection is based on choosing a "base case" assessment and then varying each factor of 

the "base case" specification in turn to determine sensitivity. Due to the computational demands 

of the estimation process, the effects of varying more than one factor at a time has not been 

considered. 

Incorporating catch-at-age information 

As noted before, there appears to be a fundamental conflict between the results of the production 

model-based and catch-at-age-based assessment techniques. Punt (1993) found that although it 
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was possible to reconcile some of the conflicts by adjusting the value of M, it was not possible 

to reconcile the point estimates of biomass, depletion and MSY for the west coast hake stock. 

This dichotomy could be indicative of model mis-specification and merits special attention. 

Although the model underlying the assessment is age-structured, no attempt is made to take 

catch-at-age data into account in the "base case" assessments, so only the information on annual 

catches and abundance indices (CPUE) is utilized. 

In an attempt to detect the reason for the discrepancies between the catch-at-age-based 

assessments and production model-based approaches, applications of the age-structured 

production model were conducted in which a term incorporating catch-at-age information was 

added to the objective function. A weighting factor (~) was then assigned to this term. The 

equation for the sum of squares becomes: 

1990 1990 7 
SS= L [In (q BEy) - In (Cy/ Ey)]2 + ~ L L [In (Cy,a(mod))/Cy,a(obs))]2 (E.22) 

y=1955 y=1978 a=2 

where Cy.a (obs) is the actual estimate of the number of fish of age a caught during 

the year y, 

Cy,a (mod) is the model estimate of the number of fish of age a caught during the 

year y and, 

is the weighting factor used to change the relative influence of the CPUE 

and catch-at-age data in the objective function. 

There are other ways of incorporating the contribution of the catch-at-age data in the objective 

function. The particular form of (E.22) has been selected because of numerical simplicity. The 

form gives equal weight to equal relative differences, and is appropriate if the catch-at-age data 

are log-normally distributed about their expected values. The summation on catch-at-age was 

restricted to ages 2 to 7 in this study. Punt (1993) restricted his summation to ages 2 to 6 on the 

basis that the estimates of the catches of 1-year-old and 7-year-old fish are probably very 

imprecise (the numbers involved for these ages are rather small, and hence may be subject to 
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considerable sampling error). Therefore, the results obtained will not be totally comparable with 

Punt (1993). 

In order to examine the effect of the catch-at-age data, values of the weighting factor (0) between 

0=0.001 and 0=4 were considered. The choice 0=0.001 corresponds to putting nearly all the 

weight on the CPUE data (essentially the "base case" scenario), while 0=2 or 4 reflects the 

opposite extreme where most weight is placed on the catch-at-age data. 

Estimating selectivity-at-age from the model 

The main aim of this report was to consider the possibility of an age-specific selectivity function 

with a negative slope for older age classes. The main reason for postulating that selectivity has a 

negative slope at older age classes is because of the observed trends in the catch-at-age data (see 

Introduction). Hake age tends to increase with depth and large M. paradoxus are found in 

deeper water than that in which trawlers normally operate (Punt 1993). This could lead to a 

smaller selectivity on older fish and hence a negative slope for older age classes in any assumed 

selectivity function. It may also be the case that older fish are avoiding the net and swimming 

ahead of the gear. In order, to obtain estimates of selectivity-at-age, an attempt was made to 

estimate the selectivity-at-age values. Since catch-at-age data exist for age classes 1 to 7, the 

maximum number of age classes was set at 7 in this version of the model. In the first analysis, 

selectivity-at-age was estimated for age classes 2 to 7, the selectivity-at-age value for age class 1 

was set at 0.02 and the selectivity value for age class 2 was set at the value half way between 

0.02 and selectivity at age class 3. In the second analysis, selectivity-at-age was estimated for 

age classes 1 to 7, and the selectivity-at-age value for age class 1 was set at half way between 0 

and selectivity at age class 2. It is important to note that because of the assumption that the catch 

is taken at mid-year and the equations for exploitable biomass (E.3) are computed at mid-year, 

selectivity at a particular age is being estimated at mid-year of a particular age. In all the above 

analysis, where selectivity is being estimated the CPUE and catch-at-age data are weighted 

equally in the objective function (i.e. ¢=1.0). 
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Non-parametric estimation of parameter uncertainty 

The estimates of the coefficient of variation (C.V.) of the model parameter estimates are obtained 

using a non-parametric bootstrap procedure. The details of the bootstrapping procedure are 

presented in Appendix III, while a brief summary describing its implementation follows. 
,,.... 

The bootstrap method (Efron 1981, 1982) assumes that the empirical probability distribution F 

is equal to the unknown distribution F for particular sample values. To calculate the variance of 

a statistic for the "base case" model, the model CPUE sequence was used as a basis for 

generating new CPUE values. A residual data set was first constructed from the differences 

between the observed In CPUE values and the best model-predicted In CPUE estimates obtained 

from the initial fitting procedure. A new sequence of residuals is obtained by randomly selecting 

residuals from the original residual set with replacement. The new sequence of residuals is then 

added to the original best model-predicted CPUE estimates to obtain a new set of "pseudo" 

observed CPUE data. The model was then fitted to this new CPUE sequence and the process 

was repeated a number of times. Each bootstrap procedure yielded an associated set of 

parameter estimates. Referred to as "bootstrap samples", these estimates constitute a randomly 

constructed hypothetical sampling distribution, from which the variance of the various 

parameters and variances of management quantities such as MSY and BMSY estimates can be 

estimated. 

The chief measurement of precision used for comparison of the various applications of the 

model is the coefficient of variation (C.V.), defined as the sample standard deviation (S) 

expressed as a percentage of the sample mean (Y ): 

c.v. = S(Y x 100 (E. 23) 

Variance estimation for this approach is extremely computer time intensive (Butterworth and 

Punt 1992), so that it was only possible in the time available to provide C. V. estimates for the 

"base case" implementation. However, an attempt was made (in one case) to obtain variance 
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estimates of the estimated selectivity-at-age values obtained from the model. The model which 

estimates selectivity-at-age for ages 1 to 7 and assumes a Beverton-Holt stock-recruitment 

relationship was used. In this model, where both the CPUE and the catch-at-age data are used 

in the objective function, the residuals of the CPUE fit are used to obtain "pseudo" observed 

CPUE data and the residuals obtained from the differences between the observed In catch-at-age 

values and the best model-predicted In catch-at-age estimates obtained from the initial fitting 

procedure are used to obtain a new catch-at-age data matrix. The model was then fitted to this 

"pseudo" observed CPUE sequence and new catch-at-age matrix and the process was repeated a 

number of times. 
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RESULTS 

"Base case" models and sensitivity tests 

Figure 2 shows actual and model-predicted CPUE time series for the "base case" age-structured 

production model assessments for the Ricker (Model 1) and Beverton-Holt (Model 2) stock

recruitment relationship models. The fits of the model in both cases are slightly mis-specified. 

Plots showing the exploitable biomass series for each "base case" assessment are provided in 

Figure 3 (the absolute biomass values are very similar to the exploitable biomass values). The 

exploitable biomass estimates obtained from the "base case" model assuming a Ricker stock

recruitment relationship are smaller than that obtained assuming a Beverton-Holt stock

recruitment relationship for the time range considered. 

The results of the applications of different variations of the assessment method are presented in a 

common format. Two tables (one for each assumed stock-recruitment relationship) containing 

the estimates of 8 management quantities and their bootstrap C.V.s are given for the different 

applications of the method. The values of the estimated parameters (a, f3 and q) and their 

associated C.V.s are also included. The 8 management quantities are: 

a)MSY 

b) BMSY 

c) BE9() 

d) KE 

e) BE9ofKE 

g) K 

h) B9o/K 

the maximum sustainable yield. 

the absolute biomass, not selectivity weighted, at the MSY, 

the exploitable, selectivity weighted, biomass in the middle of 1990, 

the unexploited, but selectivity weighted, equilibrium biomass, 

the exploitable, selectivity weighted, biomass in the middle of 1990 as a 

fraction of the corresponding unexploited, but selectivity weighted, 

equilibrium biomass, 

the absolute estimated, not selectivity weighted, biomass in the middle of 

1990, 

the absolute, not selectivity weighted, unexploited equilibrium biomass, 

the estimated absolute biomass, not selectivity weighted, in the middle of 
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1990 as a fraction of the corresponding unexploited, not selectivity 

weighted, equilibrium biomass. 

The results of the two "base case" assessments are shown in Table 7 and the results of the 

sensitivity analyses for the two "base case" models are summarized in Table 8. The estimates of 

four of the management quantities are shown [MSY, BMSY, BE90 and BE9ofKE]. In addition, 

mcx:iel estimates for catch-at-age are shown in Table 9. 

Incorporating catch-at-age information (" base case" selectivity assumption) 

Table 10 presents the estimates of MSY, BMSY, BE90 and BE9ofKE for each of the applications 

incorporating catch-at-age data. For each application a different weight was assigned to the 

catch-at-age data in the sum of squares function (see Equation E.22). The results are presented 

for both the Ricker and Beverton-Holt forms of the model. The model catch-at-age data are 

shown in Table 11 (for ¢= 1.0) and these can be compared with the observed catch-at-age data 

(see Table 3). The residuals of the fit of the model catch-at-age to the observed catch-at-age data 

are shown in Table 12 (for ¢=1.0). The exploitable biomass trajectories are shown in Figure 4. 

Results are shown for the "base case" and variants (p = 0.001, 0.01, 0.1, 1.0 and 2) which 

utilize catch-at-age data when estimating the model parameters. As the weight assigned to the 

catch-at-age data is increased from ¢=().001 to ¢=2 or 4, the expected quality of the fit of the 

model to the CPUE data deteriorates (Figure 5, for ¢=1.0). 

Incorporating catch-at-age information and estimating selectivity-at-age 

In the first analysis in which selectivity-at-age was estimated (for age classes 2 to 7) the 

selectivity-at-age value for age class 1 was set at 0.02 and the selectivity value for age class 2, 

was set at half way between 0.02 and the estimated selectivity for age class 3. In all these 

analyses the weight factor assigned to the catch-at-age data in the objective function was the 

same (i.e. ¢ = 1.0). The results are presented in Table 13. In both cases (Ricker and Beverton

Holt) the estimates of the absolute biomass of the resource, B90 and K are larger than the 

estimates of the exploitable biomass, BE90 and KE (Figure 6). In the case of the Beverton-Holt 
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results they are 2 to 3 times larger. The estimates of selectivity-at-age are shown in Figure 7. 

The model-predicted and observed CPUE time series are shown in Figure 8. The model catch

at-age data are shown in Table 14 (note ¢=1.0) and these can be compared with the observed 

catch-at-age data (see Table 3). The residuals of the fit of the model catch-at-age to the observed 

catch-at-age data are shown in Table 15 (note ¢=1.0). 

In the next set of analyses, selectivity-at-age was estimated for age classes 1 to 7 - the 

selectivity-at-age value for age class 1 was set at half way between O and the estimated value of 

selectivity at age class 2. The results for the second analyses are presented in Table 16. As for 

the first analysis, in both cases (Ricker and Beverton-Holt) the estimates of B9() and Kare larger 

than the estimates of BE90 and KE, respectively. Again this is shown clearly in the biomass 

trajectories showing exploitable biomass and absolute biomass of the resource in Figure 9. The 

estimated selectivity-at-age values are shown in Figure 10 and the mcxlel-predicted and observed 

CPUE time series are shown in Figure 11. The mcxlel catch-at-age data are shown in Table 17 

(note ¢=1.0) and these can be compared with the observed catch-at-age data (see Table 3). The 

residuals of the fit of the mcxlel catch-at-age to the observed catch-at-age data are shown in Table 

18 (note ¢= 1.0). 

Additional tests of the sensitivity of the estimated selectivity-at-age values to the value of Mand 

the weighting factor (¢) were carried out. In all the assessments where selectivity was 

estimated, the assumption was made that M=0.3 yrl and ¢=1.0. The mcxlel chosen was the 

Ricker form where the selectivity-at-age was estimated for age classes 1 to 7. In the first trial the 

assumption was made that M=0.5 yrl and in the second trial M was set equal to 0.5 yrl but the 

weighting factor(¢) was varied. Figure 12 and 13 show the estimated selectivity-at-age values 

for these two trials, respectively. 

Since it was obvious from the initial results of fitting selectivity-at-age (Figures 7 and 10) that 

selectivity decreases for older ages a selectivity-at-age function which allows for this behaviour 

was used to do a re-assessment of the analysis where the catch-at-age data in the objective 
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function were assigned different weights. The parameters of this new function and the 

selectivity function are given in Appendix II (Equation A.2.2) and Figure 14 (Function 2). The 

results are shown in Table 20. The aim was to compare these results with those in Table 10, 

where the selectivity-at-age relationship has a slope of zero at older age classes (see Figure 14, 

Function 1). 
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DISCUSSION 

"Base case" models 

Examination of the residual pattern for the age-structured production model (CPUE data 

only/selectivity is given) reveals that biases are evident in both Model 1 (Ricker) and Model 2 

(Beverton-Holt) (see Figure 2). There are non-random runs of negative residuals in the early 

l 970's, followed by positive residuals in the early 1980s. It is possible that this is due to biases 

in the CPUE data rather than in the mcxlel. 

One assumption of production models which, if incorrect, can lead to markedly different results 

is that of constant (time-invariant) catchability. The effects of improving technology can lead to 

increase in the catchability coefficient, however this may be balanced by an increase in the 

targeting of other species (Payne and Punt 1992). For example, post-1985 increases in CPUE 

could be due to changes in fishing strategy rather than increases in the resource biomass or a 

combination of the two. The demersal fishery which in the past targeted hake has become a 

more mixed fishery. With a recovery in the resource, it is postulated that vessels have recently 

been able to concentrate more on other species without prejudicing their ability to reach their 

hake quotas (C.A.R. Bross, pers comm., quoted in Punt, 1993). However, assuming that the 

pre-and post-1985 CPUE data are not comparable does not remove the model mis-specification. 

Payne and Punt (1992) suggest that further consideration should be given to the method of 

defining hake-directed effort. The catch trends show that hake have become a smaller 

proportion of the demersal catch (from 80% in 1986 to 60% in 1991 ). This will affect the 

measurement of effort, as only hake-directed effort should be considered. Incorrect 

measurement of effort could lead to a decrease in the catchability coefficient which is the reverse 

of the effect of improving events in technology which would tend to result in an increase in the 

catchability coefficient. 

The biomass trends for the hake stock for Model 1 (Ricker) and Model 2 (Beverton-Holt S-R) of 

the "base case" model are similar, although the absolute levels differ (see Figure 3). Both 
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exhibit severe depletion during the late 1960's and early 1970's, followed by a subsequent slow 

but steady recovery. The estimated unexploited biomass obtained from the "base case" model 

assuming a Ricker stock-recruitment relationship is less than that obtained assuming a Beverton

Holt stock-recruitment relationship. This results in there being differences between the two 

variations of the "base case" models for the estimated level to which the biomass was depleted in 

1990 (0.41K for Model 1 and 0.35K for Model 2), as well as for the "current" biomass level 

( 1990) (see Table 7). 

In both cases (Models 1 and 2) the estimates of current biomass (B90) and biomass at MSY 

(B MS y) assess the stock to be below the MSY level and therefore still biologically 

overexploited. The estimates for MSY and BMSY obtained from Model 2 (Beverton-Holt) are 

very similar to the results obtained by Punt (1993) for his age-structured production model. 

This is not surprising as Punt (1993) used the same approach and a Beverton-Holt stock

recruitment relationship (see Tables 4 and 7). The estimate of BMsY obtained from Model 1 

(Ricker) is very similar to that obtained by Punt (1993) in his age-structured model, however the 

estimate of MSY is greater. The estimate of MSY from Model 1 (Ricker) is very close to 

estimate of MSY obtained for the surplus-production model method used by Punt (1993) (see 

Table 1 and 7). Of the quantities estimated, the MSY estimates are determined with the greatest 

precision (C.V.s <2%). Generally the results from the model which assumes a Beverton-Holt 

stock-recruitment relationship has lower C.V. values for all the estimated parameters. 

As far as the sensitivity tests are concerned, a change in an estimate greater than 5 percent was 

assumed to be significant (see Table 8 for both variations of the "base case" model). As 

expected, the consequences for the assessment of changing the value used for natural mortality 

(M) is minimal, although significant decreases in the estimates of BMsY were obtained when M 

was changed from 0.3 yrl to 0.5 yrl. The results obtained from assuming an age-specific 

mortality function are also very similar to the "base case" assessments. As far as the selectivity 

function is concerned significant increases in the estimates of BMSY and BE90 were obtained in 

both models when the age-at-50%-selectivity was made equal to lyear instead of 2year. The 
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model which is based on the Beverton-Holt stock-recruitment relationship was significantly 

sensitive (in terms of increases in BMsY and BE90) to the age of maturity (especially when age 

of maturity was 5 yrs instead of 4 yrs). 

Model estimates of catch-at-age (see Table 9) can be compared to the observed catch-at-age data 

(see Table 3). Even though the total model catch in one year is forced to be close to total 

observed catch, the model does reproduce some of the observed catch-at-age trends i.e., the 

highest numbers caught are in age class 2 with progressively less individuals being caught in the 

older age classes. However, the model does not seem to capture the large decreases in observed 

numbers of individuals caught as one moves towards older age classes (as shown by the catch

at-age data in Table 3). As mentioned previously, a conflict exists between the observed catch

at-age and the CPUE (or production model based on CPUE) and this is the main reason for 

exploring the possibility of decreasing selectivity at older age classes in the study, as it may 

explain the reason for the low numbers of fish in the older age classes. 

The incorporation of catch-at-age information 

As mentioned above, the VPA and surplus production currently applied to data for the Cape 

hake stocks off South Africa provide different estimates of the status and productivity of these 

stocks. The two estimation procedures are essentially different in that the one is a production 

model-based assessment techniques which utilizes CPUE data, and the other is a catch-at-age

based assessment technique. In this assessment both CPUE data and catch-at-age data were 

incorporated into the age-structured production model and the weighting factor was varied. 

Table 10 presents the estimates of MSY, BMSY, BE90 and BE90/KE for each of these 

applications. The results are presented for the two variations of the model considered - the 

Ricker and Beverton-Holt stock-recruitment relationships. As the weight assigned to the catch

at-age data is increased from ¢=0.001 to ¢=2 or 4, the quality of the model fit to the CPUE data 

deteriorates (see Figure 5, for ¢=1.0) as expected. Correspondingly, there is a reduction in the 

catch-at-age residuals as the weight assigned to the catch-at-age data is increased from ¢=0.001 
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to s,=2 or 4 (see Table 12). The model catch-at-age data shown in Table 11, (for s,=1.0) should 

be compared with the observed catch-at-age data in Table 3. 

It is clear from Table 10 that it is possible for the estimator to select either of the " production 

model" or "VPA" scenarios depending on the weight placed on the catch-at-age data (Punt 

1993). The biomass trajectories for all these applications are quite similar over the pre-1970 

period, but diverge thereafter (see Figure 4). These results are similar to the results obtained by 

Punt (1993), who concludes that there is a basic conflict between the catch-at-age and the CPUE 

data and that the estimation methods themselves are not necessarily flawed. Punt (1993) 

believes that further research be directed at refining the available data and checking the validity of 

the assumptions made in the assessments. Punt (1993) suggests that it is possible that one of 

the data types used in the assessments may not be indexing the population trends in the way 

assumed. Punt and Payne (1992) have suggested that there should be a re-evaluation of vessels 

power factors used to calculate CPUE. This analysis is currently being undertaken. Punt 

( 1993) also suggests they may be problems with the catch-at-age data, citing ageing errors, and 

otolith sampling errors. However in this report, the possibility of resolving some of the 

conflicts between the catch-at-age data and the surplus prcxiuction estimates, by considering that 

selectivity decreases with age at older age classes is examined in detail. 

The estimation of selectivity-at-age 

The possibility of an age-specific selectivity function whose slope is negative for older age 

classes was examined by making selectivity-at-age a fitted parameter in the regression. The 

resultant selectivity-at-age estimates are shown in Figure 7 (selectivity-at-age for age classes 2 to 

7 was estimated). Beyond age 2 or 3 (Beverton-Holt of Ricker forms, respectively), the results 

indicate that selectivity-at-age for older age classes decreases, i.e. older fish are not being caught 

by the trawl fishery. In both cases (Ricker and Beverton-Holt) the estimates of B90 and Kare 

far larger than the estimates of BE90 and KE (see Table 13). This is clearly shown in the 

biomass trajectories of exploitable biomass and absolute biomass of the resource in Figure 6. 

The exploitable biomass is the biomass which is available to the fishery under the selectivity 
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pattern of the fishery and is comparable to the estimates of biomass from the surplus production 

methods. One of the Sa must be fixed, otherwise the product SaFy is not uniquely determined. 

The model included a condition that did allow the Fy values to get unrealistically high, so the 

resulting S values still range between O and 1, even though one of the Sa was not set. There 

may therefore be some error in the estimates of exploitable biomass and they should not be taken 

as exact. The important point is that some of the results indicate that there may be a larger 

absolute biomass of fish. This may have implications in terms of the risk of the spawning 

biomass dropping below certain threshold levels, although this would require a detailed 

numerical study. This larger absolute biomass of fish may sustain the recruitment to the trawl 

fishery during periods when the exploitable biomass is low. In the recently banned longline 

fishery the selectivity of the fishery resulted in the capture of large hake and concern was 

expressed that the removal of the previously unexploited spawning stock of large fish was likely 

to have a detrimental impact on recruitment to both the trawl and longline fisheries (Anon 1993). 

The selectivity estimates obtained in this analysis are qualitatively similar to selectivity-at-age 

estimates for the trawl fishery reported by Armstrong and Japp ( 1992). In their analysis the 

selectivity-at-age was computed by comparing commercial catch-at-age data with survey 

estimates of the numbers-at-age. The ratio between these estimates are the estimates of the 

fishing mortality-at-age in each year. A selectivity curve can then be obtained by expressing 

each value of fishing mortality-at-age as a fraction of the maximum value (see Figure 15). Their 

results indicated that the hake become most vulnerable to trawling at about 3-5 years, which is 

different to the 2-3 year range suggested in this study. However, both studies the function for 

selectivity-at-age is domed-shaped. Armstrong and Japp (1992) postulate that the decrease in 

selectivity at older age classes is probably caused by the movement of large hake out of the 

commercial fishing grounds. 

There are actually a few possible reasons why the older fish are not been captured by the fishery: 

i) the larger fish may be migrating offshore and not be available to the fishery or the larger fish 

may also be moving on to "rough ground" which may be a more favourable habitat (these areas 
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may be optimal habitats for hake in general, with the larger, older fish taking the prime niche and 

excluding the smaller individuals), and/or ii) the fishery may be targeting particular size classes 

(e.g. for market reasons) by fishing at certain depths, and/or iii) there may be net avoidance. 

The survey catches are assumed to be more representative of the stock than the commercial data, 

because the surveys are conducted in a random pattern over the entire range of the resource. 

Therefore it is possible that ii) is the most likely reason for the discrepancies between the data. 

However i) and iii) remain a distinct possibility. In order to consider the above hypotheses it is 

important to consider the theory behind fishing selectivity in more detail and the evidence that 

exists. 

Fishing selectivity 

In the widest sense, selectivity can be considered as any factor that causes the size composition 

of the catch to be different from the population (Pope et al. 1975). Such differences can arise 

from differences in the area or time fished, differences in the probability of fish of different sizes 

encountering the net, and differences in the probability of fish of different sizes being retained 

by the gear, once they have encountered it. So it is important at this point when considering 

selectivity-at-age to distinguish between vulnerability and availability (Parrish 1957, quoted in 

Fujiishi 1980). 

a) Vulnerability 

Vulnerability relates to the selectivity of the net. Mesh selectivity experiments have been 

important as, for example, on both sides of the North Atlantic the main method of conservation 

of fish stocks has been by regulation of the mesh size of trawls (Gulland 1964). Various mesh 

selection experiments have been performed on hake species (e.g. Gulland 1955; Jensen and 

Hennemuth 1966; Cardador and Borges 1991), including experiments on the Cape hake. 

Extensive experiments were undertaken during the late 1960s and early 1970s to determine the 

optimal mesh size to regulate the Cape hake fishery (see van Eck et al. 1968; Bohl et al. 1971). 

Research was also conducted on the changes in yield with changes in mesh size (e.g. Ikeda, 

1974, Newman 1974, Andrew and Butterworth 1988). At that time it was thought that the mesh 
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size being used would lead to overexploitation and the mesh size was subsequently increased to 

110mm. It is often assumed that as the length of fish increases, the selectivity increases until, 

above a certain size, retention is "complete" (van Eck et al. 1968). However, net avoidance or 

escapement by larger, older fish is important in certain species. Larger fish may be more wary 

or more active and thus be more likely to move out of the path of the trawl before it reaches 

them. Thus avoidance of the net by large fish will tend to make older fish less vulnerable and 

therefore cause a decrease in the selectivity of fish at older age classes, therefore retention will 

not necessarily be "complete" for large fish. The possibility of escapement of large fish has 

been considered, however most of the studies have focused on the ogive in the region of 

younger age classes, since it is the escapement of smaller, younger fish which is the reason for 

having mesh size regulation and conducting mesh size experiments in the first place 

(MacLennan, 1992). Interestingly, the viability of mesh regulation as a management tool in the 

hake fishery is open to conjecture owing to apparently low survival rates of hake passing 

through the meshes of trawl nets (R. Leslie, pers comm., quoted in Andrew 1984). 

b) Availability 

When considering selectivity in terms of availability, one needs to consider that the older fish 

may not be available to be selected by the fishing gear because they may, for example, be 

migrating off shore, or there is the possibility that the fishery is targeting particular size classes 

(e.g. for market reasons) by fishing at certain depths where these size classes occur. If the older 

fish are going into deeper water, there is an effective emigration of older animals to water 

beyond the fishing area. One of the assumptions made in the stock assessments is that fishing 

effort and/or the stock is homogeneously distributed across the range of the resource. It is 

important to consider the implications of these two factors in terms of the effects on fishing 

selectivity. 

i) Distribution of fishing effort 

It is known that fishing effort for hake is definitely not homogeneously distributed across the 

range. The effort is focused on certain areas (Figure 16). The trawlers cannot operate on 
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"rough ground" because of the potential damage to and loss of trawl gear. Even within the trawl 

grounds commercial vessels do not sample the area randomly; instead they use acoustic 

techniques to locate hake aggregations. Trawling is done by bottom gear (otter trawls mostly) 

and, because of the nature of the gear, trawlers are restricted to soft substrata. Large areas of the 

South African coast are inaccessible to the trawl fleet, especially on the shelf margins and in 

areas where coral is prevalent on the South and East coasts. Although bobbins are not 

outlawed, they are seldom used as good skippers can target on hard grounds by flying gear over 

very rough patches or by fishing lightly (Anon 1993). Trawling is done mostly in daylight with 

three to four trawls per day of between 2-4 hours each. Fishing is weather dependent and is 

also determined by species-abundance and size category market requirements. Bottom trawling 

is not selective, although skippers can target to a certain extent on a particular size category of 

hake (Anon 1993). Another factor which may also not be randomly distributed (as is commonly 

assumed) is the distribution of the fish stock. 

ii) The distribution of the fish stock 

The stock is also not homogeneously distributed across its range - differences occur between the 

two species and within the species - the larger fish tending to be found in deeper water in the 

case of both species (MacPherson and Duarte 1991). The distribution of each species is depth

dependent; M. paradoxus occurs in deep water while M. capensis is a shallow water species. 

The distribution areas of the two species overlap in intermediate waters where small M. 

paradoxus occur together with medium to large M. capensis individuals (Botha 1973). Gordoa 

and Duarte (1991) showed that hake abundance data collected along the Namibian coast showed 

strongly aggregated (non-random) spatial distributions. Average fish size was shown to 

increase with depth. They also suggested that the formation of hake aggregations is size 

dependent. Gordoa and Durate (1991) postulated that this will have implications in terms of 

fishing mortality - fishing pressure targeting aggregates of small hake (i.e. shallow shoals) will 

have a disproportionate effect on fishing mortality and recruitment compared with similar fishing 

pressure targeting aggregates off larger hake (i.e. deep shoals). Therefore by fishing at a 

particular depth (maybe because the catch rates are highest or they are targeting particular size 

32 



classes for market reasons) the fishery is selecting for a particular size of fish and species. 

Botha (1980) found that on the west coast the major fishing effort is centered on the juvenile M. 

paradoxus population inducing a substantial fishing mortality on it. 

The distribution of M. paradoxus extends offshore to depths of at least 800m, although little 

commercial activity takes place deeper than 500m (Payne 1989). Botha (1985) collected data 

that showed that between 1955 and 1974 more than 80 per cent of the commercial catches were 

made in the depth range 230-549m. Most of the fish which have been caught in deeper water 

measured 50-70 cm long and were virtually all female, mostly in post-spawning stages. It also 

appears that the M. paradoxus stock extends substantially deeper than do survey biomass cruises 

(Payne et al. 1988). Payne et al. (1988) postulated from this information that there is a "pool" 

of hake able to spawn seaward of the commercial fishing grounds, this they believe, is a reason 

for confidence in the fishery's future. Therefore the commercial effort is concentrated in areas 

where CPUE is the greatest (normally in 200-300m of water) and the catch size structure is 

dictated by depth related size patterns (where predominately small M. paradoxus and large M. 

capensis can be found). However, not only is the average distribution of the fish stock 

important, but so are possible movements of the stock could have an effect on fishing selectivity 

in terms of availability. 

Effects of possible horizontal and observed vertical hake migrations on fishing 

selectivity 

Although, Roux (1949) was convinced that there was some form of annual horizontal hake 

migration, such conclusions were drawn on the basis of the incorrect premise that only one 

species existed. There is a tendency for hake to move offshore into deeper water as they grow 

older (Payne et al. 1989), but apart from that, there is no finn proof of extensive horizontal 

migration (Botha 1973). Botha (1973) however only sampled along a single line of stations. 

There is some evidence of seasonal offshore-onshore migration, especially for M. paradoxus 

(Dave Japp, pers comm.) 
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Not only is horizontal distribution by depth important but there may be some vertical structure to 

the stock. Hake are known to rise in the water column to spawn (Botha 1980) and this will only 

involve the older mature fish. The commercial trawl nets only sample an area 2 to 3 metres off 

the bottom. It is possible therefore that there are larger fish which are spawning in midwater 

which are not being captured by the fishery, as suggested by the fact that both survey and 

commercial gear catch very few spawning fish. 

Model specification 

Although no quantitative analysis was performed, the conflict between the CPUE and the catch

at-age data can be basically resolved. If selectivity is assumed to decrease at older age classes 

the model is able to fit the model CPUE reasonably well (see Figure 8) and still produce model 

catch-at-age data which are closer to the observed than those of the "base case" assessments 

(compare Tables 14 and 3 and the residuals in Table 15). 

Selectivity-at-age was also estimated for age classes 1 to 7 (see Figure 10) (previously age class 

1 was set at 0.02). For age classes greater than 2 to 3 years the estimated selectivity-at-age 

decreases for older ages. As for the previous analysis, in the estimates of B90 and Kare larger 

than the estimates of BEgo and KE, (see Table 16 or Figure 9). The model is also able to fit the 

model CPUE reasonably well (see Figure 11) and still produce model catch-at-age data which 

are closer to the observed than those of the "base case" assessments (compare Tables 17 and 3 

and the residuals in Table 18). Again, the conflict between the CPUE and catch-at-age data is 

also partly resolved in this case. 

An attempt was also made to consider the sensitivity of the estimated selectivity-at-age values to 

the value of natural mortality and the weighting factor. In all the above assessments, M=0.3 yrl 

and ¢=1.0. The model chosen to test the sensitivity of the assessment to these assumptions was 

the Ricker form where the selectivity-at-age was estimated for age classes 1 to 7. In the first trial 

the assumption was made that M=0.5 yrl and in the second trial M was still assumed to be 

equal to 0.5 yr1 but the weighting factor was varied. Figure 12 and 13 show the estimated 
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selectivity-at-age values for the two trials, respectively. As Mis increased from M=0.3 yrl to 

M=0.5 yrl the selectivity at older ages increases, as was expected. The estimated values are 

more sensitive to M than the weighting factor. 

Temporal changes in fishing selectivity 

Interpretations are rendered more complex by the possibility of a change in the age-specific 

selectivity pattern over recent years, with selectivity increasing for younger fish. The selectivity 

function is assumed in this study to be time invariant. It is possible that this function has 

changed over time, but no other options are practical because paucity of data on the selectivity of 

trawl gear changes over time, precludes the estimation of the extra parameters that would be 

required to reflect changes over time. Butterworth et al. (1986a) found that there had been an 

increase in the number of young fish caught for the most recent years. They attributed this to the 

possibility of increased recruitment and/or the possibility that a change in the fishing strategy 

had occurred over time. They postulated that the trawlers were operating in shallower waters 

recently (which younger hake inhabit) and that if younger fish were easier to catch the changes 

observed in CPUE may be unrelated to changes in stock abundance. The CPUE would then 

prove to be an unreliable index of stock abundance changes (if younger fish are more available 

the net result would be an effective increase in the catchability coefficient ) (Butterworth et al. 

1986a). Hence the increasing trends in CPUE observed would reflect increasing catchability 

rather than increasing stock sizes. This would explain why the CPUE and catch-at-age data 

show contradictory trends. Butterworth et al. (1986a) included a time dependent selectivity 

function into their VPA assessments of the Cape hake stock. For Division 1.6 their fitting 

procedure allocates unrealistically large fishing mortality values to the older age classes in the 

most recent year. Their selectivity function is time-dependent, but assumes that at older age 

classes selectivity has a slope of zero (they do not allow for a dome-shaped selectivity function). 

The results presented by Butterworth et al. (1986a) are probably an indication that their 

selectivity-at-age model is too simple for adequate representation of the data set and that a more 

appropriate model is needed. The results in this study indicate that a model assuming decreasing 

selectivity-at-age for older age classes may be the appropriate model. 
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It is possible that there has been a change in fishing strategy leading to increasing selectivity's 

for younger (and more readily-available) hake. This would have resulted in an effective increase 

in catchability, so that CPUE trends overestimate changes in resource biomass. However, there 

is an absence of independent information to quantify such hypothetical changes. 

Model complexity 

The more complex a model, that is the larger the number of parameters that have to be estimated, 

the more accurate the estimates will be (lower bias). However, the estimates will have lower 

precision (high variance). This higher variance is evident when one considers the C.V. 

estimates of the estimated selectivity-at-age values (see Table 19). The results for the trials 

where selectivity is being fitted should be interpreted with caution as more than three parameters 

are being fitted. The sensitivity of the model parameters to the starting values provided for the 

model-fitting process have not been adequately assessed (it is possible that the sum of squares 

surface is multi-modal in these cases and this could lead to imprecision). This method required 

the estimation of more than 6 parameters, one for each estimate of selectivity-at-age. Experience 

has shown that it becomes difficult to estimate more than three parameters reliably (Hilborn 

1990). In most assessment techniques three parameters are estimated. The amount of contrast 

in the data determines how many parameters can be estimated (Hilborn 1979). The contrast is 

increased if the resource has been fished very hard at some times, and very little at times; and 

also if the spawning biomass has been low at some times and high at others (Hilborn 1990). 

The data contrast has in a sense been provided by the reversal of trends in the catch rates in the 

late 1970s. This would narrow the confidence limits in any assessment provided (e.g. see 

Andrew and Butterworth 1987). Instead of estimating selectivity-at-age by fitting each as a 

parameter to be estimated by the regression, the model could have been simplified by assuming 

that selectivity could be described by a known function involving only a small number of 

estimated parameters like the relationship described by Thompson and Bakkala (1990). 
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Further considerations 

Because of the problems mentioned above with model complexity and the estimation of more 

than three parameters, a further assessment of the effect of decreasing selectivity-at-age was 

performed by including selectivity-at-age as an input function rather than estimating selectivity

at-age using the model (see Appendix II, Equation A.2.3)(Figure 14, Function 2). The new 

function however, assumes that selectivity-at-age decreases for older age classes. The results of 

this assessment are provided in Table 20. The aim was to see whether the results differ from 

those shown in Table 10 where the selectivity-at-age relationship has a slope of zero at older age 

classes (see Figure 14, Function 1). In both different weights are assigned to the catch-at-age 

data. The results in Table 20 differ depending on which assumed stock-recruitment relationship 

is used. For the case of the model where the assumed stock-recruitment relationship is the 

Ricker curve, the estimates do not show the same trend as in Table 10 where as more weight is 

assigned to the catch-at-age data the estimates of the current depletion decrease (the "VPA" 

scenario). As for the model which assumes a Beverton-Holt stock-recruitment relationship the 

results are similar to those in Table 10. It is still clear from Table 20 in the case of the assumed 

Beverton-Holt stock-recruitment relationship, that it is possible for the estimator to select either 

of the "production model" or "VPA" scenarios depending on the weight placed on the catch-at

age data. However, in the case of the model which assumes a Ricker stock-recruitment 

relationship this is not the case anymore. 

These results indicate that the conflict between the catch-at-age information and the CPUE data 

can be partly resolved by making new assumptions about the selectivity-at-age, especially for the 

older age classes where selectivity was assumed to decrease. The conflict may be further 

resolved by additional research into methods which can obtain more reliable estimates for the 

CPUE and catch-at-age data. The CPUE data need to be revised by re-evaluating the vessels 

power factors. Only a crude analysis of power factors has ever been carried out. A revision of 

the CPUE is currently being undertaken and as soon as results are obtained a re-assessment of 

the status and productivity of the Cape hake stocks should be undertaken using the surplus 

production model assessment technique and the age-structured production model which utilizes 
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CPUE and catch-at-age data. However, the discrepancies will not be resolved if one of the data 

types (e.g. catch-at-age or survey biomass) used in the assessments is not indexing the 

population trends in the way that has been assumed in the assessment procedure. It is therefore 

imperative that the validity of the assumptions made in the assessments are substantiated. Even 

if more reliable estimates of CPUE and catch-at-age data are obtained it is not certain that the 

conflict will be resolved. However, the results in this study indicate that the conflict between the 

observed trends in the catch-at-age data and the estimates from the production model can be 

partly resolved by assuming that for older age classes selectivity-at-age decreases. 
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CONCLUSIONS 

* Applications of an age-structured model in which both CPUE and catch-at-age data are 

included and which assumes selectivity increases with age, provides similar results to the 

surplus production model if more weight is given to the CPUE data than the catch-at-age data 

and, similar results to the ad hoc tuned VPA if more weight is given to the catch-at-age data 

rather than the CPUE data. This led Punt (1993) to conclude that the discrepancies between the 

various sets of results obtained from production model-based assessment techniques which 

utilize CPUE data and the catch-at-age-based assessment techniques are a consequence of a 

conflict between the catch-at-age information and the CPUE data and that they are not primarily a 

result of differences in the two methods themselves. 

* The approaches above are based on certain assumptions regarding recruitment, natural 

mortality and selectivity patterns/behaviours. The approaches assume that selectivity at older age 

classes has a slope of zero. Therefore an attempt was made to obtain estimates of selectivity-at

age from the age-structured model which takes CPUE and catch-at-age information into account 

Selectivity-at-age was found to decrease with age at older age classes. 

* The results obtained indicate that the conflict between the catch-at-age data and the CPUE 

data can be basically resolved by making new assumptions about the selectivity-at-age i.e. by 

assuming that for the older age classes selectivity-at-age decreases. 

* Punt ( 1993) believes that the discrepancy between the results from the two current 

assessment methods (VP A and surplus production model) will be further resolved by additional 

research into methods which can obtain more reliable estimates for the CPUE and catch-at-age 

data. However, the discrepancies will not be resolved if one of the data types (e.g. CPUE or 

survey biomass) used in the assessments is not indexing the population trends in the way 

assumed in the assessment procedure. It is therefore imperative that the validity of the 

assumptions made in the assessments are substantiated. Even if more reliable estimates of 

CPUE and catch-at-age data are obtained it is not certain that the conflict will be resolved. 

However, the results in this study indicate that the conflict between the observed trends in the 

catch-at-age data and the estimates from the production model can be partly resolved by 

assuming that for older age classes selectivity-at-age decreases. 
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APPENDICES 

APPENDIX I THE AGE-STRUCTURED PRODUCTION-MODEL 

The resource dynamics are modelled by the following Equation: 

- (Ma+ Sa Fy) 
Ny+l,a+l = Ny,a e 

where Ny ,a is the number of fish of age a at the start of year y, 

(A.1.1) 

Ma is the rate of natural mortality on the fish of age class a, 

Sa is the age-specific selectivity function, 

Fy is the year effect for the fishing mortality in year y. 

The maximum number of age classes considered was 10. Age class a=l are all the fish from age 

0 to 1. So for example for fish four years old, a = 5. 

In order to reduce the number of model parameters which need to be estimated from the data the 

following assumptions are made: 

a) For the "base case" models selectivity-at-age (Sa) is input instead of being estimated. 

b) The resource was at the deterministic equilibrium that corresponds to an absence of harvesting 

at the start of 1917. 

c) The strength of the 1-year-class is deterministically related to spawner stock biomass by either 

the Ricker (A) or Beverton-Holt (B) stock-recruitment relationship. 
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A: Model 1 The Ricker stock-recruitment relationship: 

N I= a SB e -/3 SBy y, y (A.1.2) 

(A.1.3) 

a=m 

where SBy is the spawning biomass at the beginning of the year, 

Wa is the mass-at-age for a fish aged exactly a-1 

a, /3 are the stock-recruitment relationship parameters. 

m is the age at sexual maturity. In this model all fish greater than four 

years old are sexually mature. 

B: Model 2 The Beverton-Holt stock-recruitment relationship: 

Ny,I = (a SBy) I (/3 + SBy) (A.1.4) 

Max 
SBy = L Wa Ny.a (A.1.5) 

a=m 

where SBy is the spawning biomass at the beginning of the year y, 

Wa is the mass-at-age for a fish aged exactly a-1 

a, /3 are the stock-recruitment relationship parameters. 

m is the age at sexual maturity. In this model all fish greater than four 

years old are assumed to be fecund. 
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d) The annual harvest, Cy , is given by: 

Max - ( Ma + Sa Fy ) 
Cy= L Wa-0.5 Sa Fy Ny,a (1- e ) I (Ma +Sa Fy) (A.1.6) 

a=l 

where is the catch-by-mass in year y and 

W a-0.5 is the mass-at-age for a fish of age a-0.5 

The objective function which is minimized to estimate the model parameters is: 

where 

1990 
SS = L [In (C/Ey(mod)) - ln(C/Ey(obs))]2 

y=l955 

C/Ey(obs) 

C/Ey(mod) 

is the observed CPUE for year y and, 

is the model predicted CPUE for year y, and 

(A.1.7) 

(A.1.8) 

where q is the catchability coefficient and is estimated by the model along 

with a and /3 - the parameters in the stock-recruitment relationship and, 

BEy is the exploitable biomass for year y: 

Max - ( (Ma+ Sa Fy )/2) 
BEy = L Ny,a Wa-0.5 Sae (A.1.9) 

a=l 

for the "base case" models, and the function minimized to estimate the model parameters is: 

1990 1990 7 
SS= L [ln(C/Ey(mod))-ln(C/Ey(obs))]2+!21 L L [ln(Cy,a(obs)/Cy,a(mod))]2 (A.1.10) 

y=l955 y=l978 a=2 
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for the models where catch-at-age data are included in the objective function, 

where Cy,a(obs) 

Cy,a(mod) 

is the observed catch-at-age for age class a and year y, 

is the model predicted catch-at-age for age class a and year y, 

computed using Equation (A.1.6) above. 
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APPENDIX II INPUT FUNCTIONS AND PARAMETER ESTIMATION 

(i) Selectivity-at-age 

The selectivity function used in the "base case" model is a logistic curve which is assumed to be • 

time invariant. Paucity of data on the selectivity of trawl gear changes over time preclude 

estimation of the extra parameters that would be required to reflect changes over time. The 

model used is: 

Sa= 1/(1 + e ((-a - Ac)lo>) (A.2.1) 

where is the selectivity of the trawl gear on fish of age a, 

Ac is the age-at-50%-selectivity, 

8 is a "stee pness" parameter for the selectivity curve. 

The values Ac= 2yr and 8 = 0.5 yrl used for the "base case" model are based on an analysis 

by Punt ( 1991 )(see Figure 14, Function 1 ). However to investigate the effect of decreasing 

selectivity-at-age for older fish the selectivity function was used 

where 

Sa= 1/(1 + e ((-a - Ac)lo>) 

Sa= e (- 'I' (a-~)) 

for a<am 

for a>or = am (A.2.2) 

is the age at which selectivity reaches its maximum value - after 

this age selectivity-at-age decreases and, 

is the exponentially decreasing selectivity coefficient 

at older ages. 

The values for the parameters '\jl and am were chosen to be 0.1 and 5yr, respectively (see Figure 

14, Function 2) 
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(ii) Mass-at-age 

The relationship between mass and age is calculated from the following function: 

Wa = A (Ly(l-e -KP(a-TN))) b (A.2.3) 

(i.e. a Von Bertalanffy age-length relationship imbedded in a standard mass-length relationship) 

where is the mass-at-age for a fish aged exactly a-1, 

Ly is the asymptotic length of fish in cm, 

KP is the rate at which length approaches Ly (the growth rate 

parameter and, 

TN is the age at zero growth 

A= 0.0055 

Ly= 230.3 

b = 3.084 

KP= 0.046 

TN= -0.825 

The values for the parameters related to growth and mass-at-length were selected on the basis of 

the results of Punt and Leslie (1991). Punt and Leslie (1991) found that the difference between 

the two species for both maturation and growth is not particularly marked and that it is justifiable 

to use one set of growth/maturity parameter values when performing assessments. 

(iii) Mortality-at-age 

For most estimation procedures mortality is assumed to be constant, either M= 0.3 yrl or M= 

0.5yr-l . In order to be consistent with previous assessments of the resource (eg. Andrew 

1986), a value of M= 0.3 yrl was chosen for the "base case" assessments. However, in the 

sensitivity tests values of M= 0.4 yrl and M= 0.5 yrl are used. Botha (1986) calculated an 
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unweighted mean value of M= 0.4 yrl for the Cape hake off the west coast from age-at-maturity 

data. 

There is no reason to assume that any other relationship exists. In reality, the assumption that M 

is constant with respect to age and time does not hold. Mis dependent on the age of the fish, 

being higher for smaller fish younger fish (which are available to a broader range of predators). 

Therefore, in a sensitivity test the following relationship between mortality and age was used: 

Ma-0.5 = 0.3 + O.Se (- 0.3(a) - 0.5) (A.2.4) 

where Ma-0.s is the mortality at age a-0.5. 

This function defines a relationship where mortality decreases exponentially with age. 
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APPENDIX III : THE BOOTSTRAP METHOD OF VARIAN CE ESTIMATION 

This method, developed by Efron (1981), assumes independent identical sampling from an 

"' unkown distribution F. It is a non-parametric method for estimating the variance of a statistic P 

where Pis based on a number of random bootstrap samples drawn with replacement from the 

"' empirical distribution F . If the unknown distribution F is taken to be equal to the observed 

"' distribution F , the bootstrap variance estimate will simply be the variance of the quantity of 

interest, namely P. The quantity P is based on the observed data set X = (X 1, ... Xn) from the 

"' "' empirical distribution F , while P * is based on a random sample R =(R 1, ... Rn) from the 

unknown distribution F. 

"' ,,.... 
If we let P* = P(R1, ... Rn) where (R1, ... Rn) is the random "bootstrap sample" of size n drawn 

from F, the bootstrap estimate of the variance of P* is defined as: 

.,... N .,... 
s2 = t/(N-1) L cP*i - P(.))2 (A.3.1) 

i =l 

where N is the number of bootstrap samples, 

P* i is the estimate of P* from the i th bootstrap sample, and 
,,.... 

P(.) is the mean of the P* i's, i.e. 

N,,.... 
P(.) = (1/N) L P*i (A.3.2) 

i =l 

The variance thus obtained, S 2, is considered the non-parametric maximum likelihoood 

estimate (MLE) of the true variance S2 of the model parameter P (Efron, 1982). Also we have 

(A.3.3) 
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Usually the choice of N seems not to be crucial, past N = 50 or 100 (Efron 1981). Since values 

of N greater than 50 were found to produce only a slightly better performance, this value was 

presumed to be sufficiently accurate for the present variance estimates. 

The bootstrap estimate of the standard deviation of P is simply given by: 

s=Jsz (A.3.4) 
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Table 1: Management variable estimates, their estimated C.V.s (expressed as percentages) and 

their percentile methcxi 95% confidence intervals obtained from the prcxiuction mcxiel 

approach based on a Butterworth-Andrew (B 1 = K; Schaefer from) observation error 

estimator. Results are for the west coast and biomass units are in '000 tons (from Punt 

1993). 

Parameter Estimate c.v. 95% confidence 

interval 

MSY 138.3 2.1 132.1 ; 143.6 

BMSY 680.5 - - -

B90 623.4 8.0 533.0 ; 724.2 

B90/K 0.458 6.7 0.399 ; 0.520 

57 



Table 2: Management variable estimates, their estimated C.V.'s (expressed as percentages) and 

their percentile method 95% confidence intervals obtained from the ad fwc VPA method 

based on a Lauree-Shepherd tuning algorithm. Results are for the west coast and 

biomass units are in '000 tons. (from Punt 1993). 

Parameter Estimate c.v. 95% confidence 

interval 

MSY 101.9 14.0 78.0 ; 134.5 

BMSY 225.3 - - -

B90 139.7 9.2 119.4; 171.6 

B90/K 0.18 15.4 0.14 ; 0.25 
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Table 3. Catch-at-age (Cy,a) data aggregated over the participating fleets for the Cape hake 

fishery. Units are millions (Source: R.W. Leslie, SFRI pers comm (after Punt 1993). 

Age 1 2 3 4 5 6 7 
Year 
1978 31.06 307.97 65.16 16.65 6.8 2.11 0.39 
1979 34 163.1 64.34 18.97 13.86 3.92 0.99 
1980 14.9 126.21 77.2 29.93 12.73 4.52 1.44 
1981 86.17 171.65 59.97 28.16 10 4.35 1.41 
1982 141.15 187.25 44.33 15.94 8.93 3.58 1.05 
1983 25.58 105.33 54.13 18.04 9.24 3.37 1.26 
1984 22.42 113.88 64.4 25.67 10.77 4.06 1.34 
1985 13.21 126.8 73.75 23.99 12.8 6.01 2.05 
1986 5.87 84.48 89.9 29.83 15.01 6.62 2.37 
1987 7.15 123.23 84.n 31.03 14.19 3.37 1 .22 
1988 11.13 164.61 65.17 14.82 10.56 5.58 1.23 
1989 0.95 49.86 77.95 25.22 11.52 5.09 1.69 
1990 0.41 58.78 93.1 25.71 6.31 2.52 0.85 
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Table 4: Management variable estimates, their estimated C.V.'s (expressed as percentages) and 

their percentile method 95% confidence intervals obtained from the application of the 

age-structured production-model (in Punt 1993). Results are for the west coast and 

biomass units are in '000 tons. (from Punt 1993). 

Parameter Estimate c.v. 95% confidence 

interval 

MSY 122.0 1.1 120.7 ; 125.7 

BMSY 808.1 - - -

B90 793.6 4.4 720.0 ; 851.2 

B90/K. 0.340 4.1 0.313 ; 0.370 
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Table 5: Total catch and CPUE data for the Cape hake stocks off the west coast. Units are catch 

('000 t) and CPUE ('OOOt/ std day). The definition of std day may be found in Andrew 

(1986)(after Punt 1993). Sources: 1917-1954- Chalmers (1976), catches multiplied by 

39% to correct for discarding of small hake (Andrew 1986). 1955-1990-R.W. Leslie, 

SFRI pers comm. (after Punt 1993). 

Year Total Year Total CPUE 
Catch Catch 

1917 1 1955 115.4 17.31 
1918 1.1 1956 118.2 15.64 
1919 1.9 1957 126.4 16.47 
1920 1958 130.7 16.26 
1921 1.3 1959 146 16.26 
1922 1 1960 159.9 17.31 
1923 2.5 1961 148.7 12.09 
1924 1.5 1962 147.6 14.18 
1925 1.9 1963 169.5 13.97 
1926 1.4 1964 162.3 14.6 
1927 0.8 1965 203 10.84 
1928 2.6 1966 195 10.63 
1929 3.8 1967 176.7 10.01 
1930 4.4 1968 143.6 10.01 
1931 2.8 1969 165.1 8.62 
1932 14.3 1970 142.5 7.23 
1933 11.1 1971 202 7.09 
1934 13.8 1972 243.933 4.9 
1935 15 1973 157.782 4.97 
1936 17.7 1974 123 4.65 
1937 20.2 1975 89.617 4.66 
1938 21.1 1976 143.894 5.35 
1939 20 1977 102.328 4.84 
1940 28.6 1978 101.14 5.9 
1941 30.6 1979 92.704 6.13 
1942 34.5 1980 101.538 5.48 
1943 37.9 1981 100.678 5.81 
1944 34.1 1982 85.97 5.87 
1945 29.2 1983 77.677 6.49 
1946 40.4 1984 88.41 6.67 
1947 41.4 1985 99.59 7.29 
1948 58.8 1986 109.091 6.93 
1949 57.4 1987 104.01 6.46 
1950 72 1988 90.131 6.88 
1951 89.5 1989 84.896 7.18 
1952 88.8 1990 78.724 7.29 
1953 93.5 
1954 105.4 
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Table 6: Specification of the "base case" age-structured production model assessments, and the 

associated sensitivity tests. All applications assume the same mass-at-age relationship 

(see Appendix 11). The parameters Ac and a refer to the age-specific selectivity 

function, MAT refers to the age at maturity and MAX to the maximum number of age 

classes considered. 

a) Ricker stock-recruitment relationship 

Acronym Natural Mortality M (yrl) Ac a MAT MAX 

"base case" 0.3 2 0.5 4 10 

M= 0.4yrl 0.4 2 0.5 4 10 

M= 0.5yrl 0.5 2 0.5 4 10 

*Ma=0.3+0.5e(-0.3a-0.5) Ma=0.3+0.5e(-0.3a-0.5) 2 0.5 4 10 

Ac=l 0.3 1 0.5 4 10 

Ac=3 0.3 3 0.5 4 10 

a=o.25 0.3 3 0.25 4 10 

J=l 0.3 3 1 4 10 

MAT=3 0.3 3 0.5 3 10 

MAT=5 0.3 3 0.5 5 10 

MAX=9 0.3 3 0.5 4 9 

MAX=ll 0.3 3 0.5 4 11 

b) Beverton-Holt stock-recruitment relationship 

Acronym Natural Mortality M (yrl) Ac a MAT MAX 

"base case" 0.3 2 0.5 4 10 

M= 0.4yrl 0.4 2 0.5 4 10 

M= 0.5yrl 0.5 2 0.5 4 10 
*Ma=0.3+0.5e(-0.3a-0.5) Ma=0.3+0.5e(-0.3a-0.5) 2 0.5 4 10 

Ac=l 0.3 1 0.5 4 10 

Ac=3 0.3 3 0.5 4 10 

a =0.25 0.3 3 0.25 4 10 

a=1 0.3 3 1 4 10 

MAT=3 0.3 3 0.5 3 10 

MAT=5 0.3 3 0.5 5 10 

MAX=9 0.3 3 0.5 4 9 

MAX=ll 0.3 3 0.5 4 11 

* mortality is age-specific 
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Table 7: Management variable estimates and their estimated C.V.'s (expressed in percentages) 

obtained from the "base case" application of the age-structured production-model 

assuming either a Ricker or a Beverton-Holt stock-recruitment relationship. Biomass 

units are in '000 tons. The values of the estimated parameters a, /3 and q and their 

associated C. V.'s are also shown. 

Parameter Ricker Beverton-Holt 

Estimate c.v. Estimate c.v. 

MSY 137.6 2.0 124.1 0.9 

BMSY 830.1 4.6 829.6 2.2 

BE90 591.5 7.1 697.1 5.0 

KE 1609.7 4.9 2043.0 1.4 

BE9(/KE 0.367 5.9 0.341 5.0 

B90 648.9 6.7 756.4 4.8 

K 1677.7 4.9 2129.2 1.4 

B90/K 0.407 5.8 0.355 4.9 

a 2.33 X lQ-3 10.3 1.01 X 1Q9 2.7 

/3 1.12 X lQ-12 11.6 3.21 X lQl l 9.8 

q 1.36 X lQ-11 7.5 1.15 X lQ-11 3.7 
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Table 8: Sensitivity of the estimates of MSY, BMSY, BE90 and BE90 JKE to the assumptions of 

the age-structured production model assessment method. Biomass units are 'OOOt. 

a) Ricker stock-recruitment relationship 

Acronym MSY 

"base case" 137.6 830.1 591.5 0.367 

M= 0.4yrl 137.8 799.8 538.1 0.373 

M= 0.5yrl 138.1 776.6 488.0 0.378 

Ma=0.3+0.Se(-0.3 a-0.5) 138.0 816.6 532.0 0.372 

Ac=l 138.7 889.4 679.4 0.379 

Ac=3 136.1 780.21 497.5 0.351 

a =0.25 138.1 814.7 585.8 0.367 

d=l 137.2 849.6 588.4 0.367 

MAT=3 135.3 831.9 605.7 0.361 

MAT=S 139.9 831.6 575.6 0.374 

MAX=lO 137.4 803.1 573.6 0.369 

MAX=12 138.6 839.7 597.6 0.366 

b) Beverton-Holt stock-recruitment relationship 

Acronym MSY BMSY BE9() BE9()JKE 

"base case" 124.1 829.6 697.1 0.341 

M= 0.4yrl 124.8 798.3 631.8 0.341 

M= 0.5yrl 125.5 773.1 570.6 0.342 
Ma=0.3+0.Se(-0.3 a-0.5) 124.6 813.6 628.2 0.339 

Ac=l 124.4 896.6 812.0 0.349 

Ac=3 121.7 800.6 583.7 0.325 

a =0.25 123.9 823.7 696.4 0.340 

d=l 129.3 751.6 668.8 0.356 

MAT=3 119.6 897.2 726.6 0.334 

MAT=5 113.9 1032.3 783.5 0.330 

MAX=lO 124.8 803.5 666.9 0.342 

MAX=12 123.5 848.4 723.4 0.340 
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Table 9: Model-predicted catch-at-age (Cy,a (mod)) data obtained from the "base case" 

assessments of the age-structured production model. Units are millions. 

a) Ricker 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 21.67 40.26 29.05 16 .98 10.36 6 .49 3.51 

1979 19.47 34.86 28.41 15.83 8.87 5.38 3.37 

1980 20.93 37.36 29.48 18.61 9.94 5.54 3.35 

1981 21.17 36.75 28.81 17.57 10.63 5.64 3.14 

1982 17.87 31.9 8 24.5 14.86 8.69 5.22 2.77 

1983 15.42 28.15 22.53 13.43 7.82 4.54 2.73 

1984 16.98 30.45 25.01 15.63 8.95 5.18 3.01 

1985 19.22 33.57 26.96 17.26 10.35 5.89 3.41 

1986 21.3 37.41 29.1 18.17 11.16 6.66 3.79 

1987 20.33 36.31 28.34 17.12 10.25 6 .26 3.73 

1988 17.05 31.19 24.92 15.14 8.77 5.23 3.19 

1989 15.36 28.15 23.28 14.54 8.48 4.89 2.91 

1990 13.71 24.92 20.81 13.49 8.1 4.7 2.71 

b) Bever ton-Holt 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 19.78 36.63 27.82 16.83 10.36 6.45 3.6 

1979 17.77 32. 11 26.4 15.56 9.03 5.52 3.44 

1980 19.05 34.38 27.72 17.7 4 10.03 5.79 3.54 
1981 18.94 33.69 27.07 16.96 10.41 5.86 3.38 

1982 15.9 28.86 22.97 14.36 8.63 5.27 2.96 

1983 13.75 25.37 20.84 12.97 7.79 4.66 2.84 
1984 15.07 27.56 23.12 14.9 8.91 5.32 3.18 
1985 16.79 30.24 25.05 16.46 10.19 6.06 3.61 
1986 18.36 33.16 26.95 17.45 11.01 6.77 4.03 

1987 17.45 31.82 25.87 16.41 10.2 6.4 3.94 
1988 14.72 27.31 22.55 14.34 8.73 5.4 3.39 
1989 13.34 24.87 21.06 13.65 8.34 5.05 3.12 
1990 11.91 22.17 18.98 12.65 7.88 4.79 2.9 
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Table 10: The age-structured production-model estimates of MSY, BMsY, BE90 and BE90fKE 

for a range of weight (!I)) assigned to the catch-at-age data in the sum of squares 

function (see Equation E.22) for the Ricker and Beverton-Holt forms. Units for MSY, 

B MSY and BE90 are 'OOOt. 

a) Ricker stock-recruitment relationship 

MSY 

0.001 138.4 820.0 585.1 0.368 

0.01 145.3 727.1 519.1 0.372 

0.1 161.9 508.6 344.3 0.368 

1 161.8 509.0 258.0 0.275 

2 161.8 509.2 226.5 0.242 

4 161.8 509.2 209.3 0.223 

b) Beverton-Holt stock-recruitment relationship 

!I) MSY BMSY 

0.001 117 .0 958.2 751.6 0.332 

0.01 117.3 950.1 733.4 0.326 

0.1 135.0 618.8 504.1 0.292 

1 137.0 569.8 312.0 0.187 

2 135.1 607.1 210.2 0.120 

66 



Table 11: Model-predicted catch-at-age (Cy,a (mod)) data obtained from assessments of the age

structured production model where the observed catch-at-age data (ages 2 to 7) are 

included in the sum of squares function (see Equation E.22)(note: the weighting factor, 

o = 1.0). Units are millions. 

a) Ricker 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 53.01 87.68 44.11 18. 76 9.06 4.2 1.52 

1979 46.04 73.63 47.39 17.5 7.07 3.39 1.57 

1980 48.54 76.72 48.25 22.95 8.06 3.23 1.55 

1981 52.76 75.26 46.04 21.25 9.6 3.35 1.34 

1982 45.14 69.53 38.48 17.25 7.55 3.39 1.18 

1983 36 .91 60.7 37.43 15.38 6 .56 2.85 1.28 

1984 39.41 62.39 41.93 19.41 7.6 3.22 1.4 

1985 46.75 67.98 43.56 21.89 9.66 3.76 1.59 

1986 54.04 79.56 46.1 21.95 10.5 4.6 1.79 

1987 51.96 79.99 46.39 19.85 8.99 4.27 1.87 

1988 41.8 68.38 42.11 18.12 7.38 3.32 1.57 

1989 35.76 58.7 39.67 18.38 7.55 3.05 1.37 

1990 31.13 49.43 34.36 17.65 7.82 3.19 1.29 

b) Bever ton-Holt 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 60.49 91.03 48.6 19.5 8.15 3.28 1.22 

1979 54.86 82.05 46.95 18.22 6.93 2.87 1.16 

1980 58.92 88 50.62 21.21 7.81 2.95 1.22 

1981 60.16 87.33 49.41 20.66 8.21 3 1.13 

1982 50.86 76.02 42.09 17.32 6.86 2.71 0.99 

1983 41.87 65.73 38.97 15.95 6.24 2.46 0.97 

1984 43.04 68.06 43.55 19.36 7.56 2.94 1.15 

1985 46.12 71.76 46.13 22.1 2 9.37 3.63 1.41 

1986 49.52 77 48.35 23.21 10.6 4.46 1.73 

1987 46.45 73.09 45.7 21.37 9.77 4.43 1.86 

1988 37.87 6 1.6 5 39.7 4 18.62 8.3 3.77 1.71 

1989 31.94 53.72 36.94 18.09 8.1 3.59 1.6 3 
1990 26.01 44.8 32.57 17.17 8.05 3.58 1.59 
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Table 12: The residuals obtained from the model -predicted and observed catch-at-age data for 

assessments of the age-structured production model where the observed catch-at-age 

data (ages 2 to 7) are included in the sum of squares function (see Equation 

E.22)(note: the weighting factor, 0 = 1.0). Units are millions. 

a) Ricker 
AGE 2 3 4 5 6 7 

YEAR 
1978 1.26 0.39 -0.12 -0.29 -0.69 -1.36 
1979 0.8 0.31 0.08 0.67 0.15 -0.46 
1980 0.5 0.47 0.27 0.46 0.33 -0.07 
1981 0.82 0.26 0.28 0.04 0.26 0.05 
1982 0.99 0.14 -0.08 0.17 0.06 -0.12 
1983 0.55 0.37 0.16 0.34 0.17 -0.01 
1984 0.6 0.43 0.28 0.35 0.23 -0.04 
1985 0.62 0.53 0.09 0.28 0.47 0.25 
1986 0.06 0.67 0.31 0.36 0.36 0.28 
1987 0.43 0.6 0.45 0.46 -0.24 -0.43 
1988 0.88 0.44 -0.2 0.36 0.52 -0.25 
1989 -0.16 0.68 0.32 0.42 0.51 0.21 
1990 0.17 1 0.38 -0.21 -0.24 -0.42 

b) Beverton-Holt 
AGE 2 3 4 5 6 7 

YEAR 
1978 1.22 0.29 -0.16 -0.18 -0.44 -1.14 
1979 0.69 0.32 0.04 0.69 0.31 -0.16 
1980 0.36 0.42 0.34 0.49 0.43 0.16 
1981 0.68 0.19 0.31 0.2 0.37 0.22 
1982 0.9 0.05 -0.08 0.26 0.28 0.06 
1983 0.47 0.33 0.12 0.39 0.32 0.26 
1984 0.51 0.39 0.28 0.35 0.32 0.15 
1985 0.57 0.47 0.08 0.31 0.5 0.37 
1986 0.09 0.62 0.25 0.35 0.39 0.32 
1987 0.52 0.62 0.37 0.37 -0.27 -0.42 
1988 0.98 0.49 -0.23 0.24 0.39 -0.33 
1989 -0.07 0.75 0.33 0.35 0.35 0.04 
1990 0.27 1.05 0.4 -0.24 -0.35 -0.62 
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Table 13: Management variable estimates obtained from the application of the age- structured 

production-model either a Ricker or a Beverton-Holt stock-recruitment relationship 

where selectivity (ages 2 to 7) are estimated by the model. Biomass units are in '000 

tons. The values of the estimated parameters a, /3 and q are also shown. (Ages 2 to 7 

of the catch-at-age data are used and the weight(~) assigned to the data in the sum of 

squares function is equal to 1 ). 

Parameter Ricker Beverton-Holt 

MSY 147.5 116.5 

BMSY 736.3 1577.2 

BE90 400.1 704.2 

KE 838.6 1471.3 

BE9ofKE 0.477 0.478 

B90 662.8 1770.3 

K 1566.3 4032.9 

B9(}"K 0.423 0.438 

a 4.99 X lQ-3 1.01 X 109 

/3 1.53 X lQ-12 3.21 X lQl 1 

q 2.36 X lQ-11 1.15 X lQ-11 
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Table 14: Model-predicted catch-at-age (Cy.a (mod)) data obtained from assessments of the age

structured production model where the observed catch-at-age data (ages 2 to 7) are 

included in the sum of squares function (see Equation E.22) (note: the weighting 

factor, 0 = 1.0). Selectivity for ages 2 to 7 were estimated by the model. Units are 

millions. 

a) Ricker 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 84.2 94.04 45.03 17.11 9.77 4.44 1.23 

1979 75.96 84.07 47.7 15.17 7.73 3.59 1.32 

1980 79.43 90.92 51.62 19.57 8.3 3.44 1.29 

1981 78.9 86.55 50.45 19.09 9.69 3.35 1.12 

1982 66.98 74.44 41.78 16.1 8.14 3.34 0.93 

1983 58.32 66.63 38.64 14.31 7.28 2.95 0.96 

1984 6 4.44 73.37 44.29 17.04 8.26 3.37 1.08 

1985 72.52 81.01 48.5 19.45 9.82 3.83 1.24 

1986 80.24 89.13 52.06 20.72 10.95 4.45 1.38 

1987 76.46 86.25 49.94 19.31 10.14 4.31 1.39 

1988 63.88 7 4.8 44.41 16.93 8.59 3.61 1.21 

1989 56 .43 68.02 42.59 16.64 8.23 3.32 1.09 

1990 49.61 59.85 38.98 16.02 8.07 3.16 0.99 

b) Beverton-Holt 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 72.79 92.04 46.99 18.05 9.82 4.2 1.25 

1979 67.32 85.1 45 16.24 8.35 3.7 1.25 
1980 72.43 93.7 4 49.8 18.62 8.98 3.76 1.32 
1981 70.5 91.47 49.59 18.64 9.33 3.66 1.21 
1982 59.52 77.26 41.96 16.02 8.04 3.27 1.01 
1983 53.36 69.33 37.88 14.42 7.31 2.97 0.95 
1984 60.45 78.36 43.07 16.51 8.32 3.42 1.09 
1985 68.21 87.93 48.11 18.61 9.48 3.88 1.26 
1986 75.19 96.46 52.34 20.22 10.42 4.32 1.4 

1987 72.04 92.69 49.87 19.1 9.85 4.13 1.35 
1988 6 1.96 80.88 43.66 16.51 8.42 3.53 1.17 
1989 57.2 75.7 41.66 15.76 7.9 3.26 1.08 
1990 52.19 69.16 38.66 14.87 7.43 3.01 0.98 
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Table 15: The residuals obtained from the model -predicted and observed catch-at-age data for 

assessments of the age-structured production model where the observed catch-at-age 

data (ages 2 to 7) are included in the sum of squares function (see Equation E.22) 

(note: the weighting factor, 0 = 1.0). Selectivity for ages 2 to 7 were estimated by the 

model. Units are millions. 

a) Ricker 
AGE 2 3 4 5 6 7 

YEAR 
1978 1.19 0.37 -0.03 -0.36 -0.74 -1.15 

1979 0.66 0.3 0.22 0.58 0.09 -0.29 
1980 0.33 0.4 0.43 0.43 0.27 0.11 
1981 0.68 0.17 0.39 0.03 0.26 0.23 
1982 0.92 0.06 -0.01 0.09 0.07 0.12 
1983 0.46 0.34 0.23 0.24 0.13 0.27 
1984 0.44 0.37 0.41 0.27 0.19 0.22 
1985 0.45 0.42 0.21 0.27 0.45 0.51 
1986 -0.05 0.55 0.36 0.32 0.4 0.54 
1987 0.36 0.53 0.47 0.34 -0.25 -0.13 
1988 0.79 0.38 -0.13 0.21 0.44 0.02 
1989 -0.31 0.6 0.42 0.34 0.43 0.44 
1990 -0.02 0.87 0.47 -0.25 -0.23 -0.15 

b) Beverton-Holt 
AGE 2 3 4 5 6 7 
YEAR 
1978 1.21 0.33 -0.08 -0.37 -0.69 -1.17 
1979 0.65 0.36 0.16 0.51 0.06 -0.23 
1980 0.3 0.44 0.47 0.35 0.19 0.09 
1981 0.63 0.19 0.41 0.07 0.17 0.15 
1982 0.89 0.05 -0.01 0.1 0.09 0.03 
1983 0.42 0.36 0.22 0.23 0.13 0.28 
1984 0.37 0.4 0.44 0.26 0.17 0.2 
1985 0.37 0.43 0.25 0.3 0.44 0.49 
1986 -0.13 0.54 0.39 0.36 0.43 0.53 
1987 0.28 0.53 0.49 0.37 -0.2 -0.1 
1988 0.71 0.4 -0.11 0.23 0.46 0.05 
1989 -0.42 0.63 0.47 0.38 0.44 0.45 
1990 -0.16 0.88 0.55 -0.16 -0.18 -0.14 
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Table 16: Management variable estimates obtained from the application of the age- structured 

production-model assuming either a Ricker or a Beverton-Holt stock-recruitment 

relationship where selectivity (ages 1 to 7) are estimated by the model. Biomass units 

are in '000 tons. The values of the estimated parameters a, /3 and q are also shown. 

(Ages 1 to 7 of the catch-at-age data are used and the weight(~) assigned to the data in 

the sum of squares function is equal to 1). 

Parameter Ricker Beverton-Holt 

MSY 138.6 104.4 

BMSY 898.6 1423.6 

BE90 473.0 600.7 

KE 835.8 1877.5 

BE9ofKE 0.566 0.319 

B90 985.1 1037.4 

K 1948. 3520.81 

B90/K 0.505 0.1706 

a 3.53 X lQ-3 4.037 X lQ9 

/3 9.88 X lQ-13 2.01 X lQl 1 

q 2.11 X lQ-11 1.025 X lQ-11 
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Table 17: Mcxiel-predicted catch-at-age (Cy ,a (mcxi)) data obtained from assessments of the age

structured production mcxiel where the observed catch-at-age data (ages 1 to 7) are 

included in the sum of squares function (see Equation E.22)(note: the weighting factor, 

"'= 1.0). Selectivity for ages 1 to 7 were estimated by the mcxiel. Units are millions. 

a) Ricker 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 15.74 107.58 49.15 16.79 9.9 4.56 1.31 

1979 14.1 98.7 4 48.88 16.65 7.45 3.65 1.33 

1980 14.7 4 104.71 54.14 20.01 8.87 3.29 1.27 

1981 14.25 1 00.41 52.23 20.14 9.71 3.57 1.05 

1982 11.97 84.47 43.76 16.84 8.43 3.35 0.97 

1983 10.6 5 7 4.91 39.94 15.2 7.5 3.08 0.95 

1984 11.92 83.59 45.27 17.7 4 8.61 3.48 1.11 

1985 13.39 93.38 50.09 20 10.03 3.99 1.26 

1986 14.67 102.6 54.31 21.53 11.03 4.55 1.41 

1987 13.86 98.63 51.99 20.29 10.34 4.35 1.4 

1988 11.62 84.93 45.96 17.7 4 8.85 3.6 9 1.2 

1989 1 0.43 77.14 43.77 17.27 8.45 3.43 1. 1 

1990 9.3 68.81 39.94 16.45 8.18 3.25 1.01 

b) Bever ton-Holt 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 14.22 76.96 45 27.89 9.79 4.32 1.42 

1979 12.95 70.96 43.21 26.5 8.07 3.67 1.29 

1980 13.65 76.34 47.39 30.26 9.15 3.6 1.31 

1981 13.37 73.72 46.41 30.22 9.51 3.73 1. 1 7 

1982 11.39 62.68 38.93 25.71 8.2 3.34 1.04 
1983 10.35 56.36 35.32 23.01 7.42 3.03 0.98 
1984 11.81 64.07 40.05 26.32 8.4 3.47 1.13 
1985 13.47 72.59 44.88 29.42 9.51 3.91 1.29 

1986 15 80.8 49.16 31.86 10.32 4.33 1.42 

1987 14.39 78.42 47.28 30.17 9.65 4.07 1.37 

1988 12.26 68.06 41.6 1 26.32 8.24 3.42 1. 1 5 
1989 11.23 62.64 39.47 25.31 7.84 3.16 1.04 

1990 10.28 56.7 36.06 23.83 7.46 2.96 0.95 

73 



Table 18: The residuals obtained from the mcxlel -predicted and observed catch-at-age data for 

assessments of the age-structured production model where the observed catch-at-age 

data (ages 1 to 7) are included in the sum of squares function (see Equation 

E.22)(note: the weighting factor, </J = 1.0). Selectivity for ages 1 to 7 were estimated 

by the mcxlel. Units are millions. 

a) Ricker 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 0.68 1.05 0.28 -0.01 -0.38 -0.77 -1.21 
1979 0.88 0.5 0.27 0.13 0.62 0.07 -0.29 
1980 0.01 0.19 0.35 0.4 0.36 0.32 0.12 
1981 1.8 0.54 0.14 0.34 0.03 0.2 0.3 
1982 2.47 0.8 0.01 -0.05 0.06 0.07 0.08 
1983 0.88 0.34 0.3 0.17 0.21 0.09 0.28 
1984 0.63 0.31 0.35 0.37 0.22 0.15 0.19 
1985 -0.01 0.31 0.39 0.18 0.24 0.41 0.49 
1986 -0.92 -0.19 0.5 0.33 0.31 0.38 0.52 
1987 -0.66 0.22 0.49 0.43 0.32 -0.26 -0.14 
1988 -0.04 0.66 0.35 -0.18 0.18 0.41 0.02 
1989 -2.4 -0.44 0.58 0.38 0.31 0.4 0.43 
1990 -3.12 -0.16 0.85 0.45 -0.26 -0.25 -0.17 

b) Beverton-Holt 
AGE 1 2 3 4 5 6 7 

YEAR 
1978 0.78 1.39 0.37 -0.52 -0.36 -0.72 -1.29 
1979 0.97 0.83 0.4 -0.33 0.54 0.07 -0.27 
1980 0.09 0.5 0.49 -0.01 0.33 0.23 0.1 
1981 1.86 0.85 0.26 -0.07 0.05 0.16 0.19 
1982 2.52 1.09 0.13 -0.48 0.09 0.07 0.01 
1983 0.91 0.63 0.43 -0.24 0.22 0.1 0.25 
1984 0.64 0.58 0.47 -0.03 0.25 0.16 0.17 
1985 -0.02 0.56 0.5 -0.2 0.3 0.43 0.47 
1986 -0.94 0.04 0.6 -0.07 0.37 0.43 0.51 
1987 -0.7 0.45 0.58 0.03 0.39 -0.19 -0.11 
1988 -0.1 0.88 0.45 -0.57 0.25 0.49 0.06 
1989 -2.47 -0.23 0.68 0 0.39 0.48 0.48 
1990 -3.22 0.04 0.95 0.08 -0.17 -0.16 -0.11 
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Table 19: Selectivity-at-age estimates and their estimated C. V.'s (expressed in percentages) 

obtained from the application of the age-structured production-model (assuming a 

Beverton-Holt stock-recruitment relationship) where selectivity (ages 1 to 7) are 

estimated by the model. (Ages 2 to 7 of the catch-at-age data are used and the weight 

(¢) assigned to the data in the sum of squares function is equal to 1). 

Age Selectivity C.V. 

1 0.12 26.3 

2 0.99 13.4 

3 0.97 14.3 

4 0.99 33.9 

5 0.48 44.8 

6 0.28 64.1 

7 0.13 104.2 

75 



Table 20: The age-snuctured production-model management variable estimates for a range of 

weight(~) assigned to the catch-at-age data in the sum of squares function (see 

Equation El.9) for the Ricker and Beverton-Holt forms. The selectivity-at-age 

function used is given in Appendix II (Equation A.2.2) and is shown as Function 2 in 

Figure 14. Units for MSY, BMSY, BE90, B90, KE and Kare 'OOOt. 

a) Ricker stock-recruitment relationship 

K 

0.001 140.1 857.4 470.8 1224.3 0.384 649.4 1778.1 0.365 

0.01 145.7 771.5 430.0 1096.2 0.392 590.4 1592.0 0.370 

0.1 159.9 554.7 319.7 764.8 0.418 436.4 1110.7 0.392 

1 161.9 538.9 297.6 793.8 0.402 407.0 1074.4 0.378 

2 159.9 555.1 280.5 765.4 0.366 384.2 1111.7 0.345 

b) Beverton-Holt stock-recruitment relationship 

K 

0.001 111.3 1173.6 664.5 1995.0 0.333 933.4 2897.3 0.322 

0.01 114.1 1107.5 632.3 1911.1 0.330 886.0 2775.4 0.319 

0.1 111.0 1149.1 590.7 1959.7 0.301 828.0 2846.0 0.290 

1 137.0 599.9 346.6 1344.8 0.257 470.0 1953.0 0.240 

2 109.3 1082.2 223.8 1860.5 0.120 311.5 2893.2 0.107 
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Figure 1: 
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Map of South Africa showing the partition of the ocean into management 

regions. The distribution patterns of the two species (Merluccius capensis 

(shallow-water species) and M. paradoxus (deep-water species)) are also 

indicated (after Payne 1989). 
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Figure 11: 

YEAR 

Actual (solid squares) and age-structured model-predicted (dotted line) CPUE series 

for the West Coast assuming (a) Ricker and (b) Beverton-Holt stock-recruitment 

relationships. Catch-at-age data (ages 1 to 7) are incorporated into the sum of squares 

function and selectivity-at-age (mid-year for ages 1 to 7) is estimated by the model. 
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Figure 12: 

SELECTIVITY 
(Ricker SR relationship, scaled) 

1 2 3 4 5 6 7 8 
AGE 

1--- M=0.3-+- M=0.5 

Estimated selectivity-at-age (mid-year for age), for different values of M (natural 

mortality), from the age-structured production model assuming a Ricker stock

recruitment relationship. Catch-at-age data (ages 1 to 7) are incorporated into the sum 

of squares function and selectivity-at-age (mid-year for ages 1 to 7) is estimated by 

the model. A comparison can be made as the selectivity-at-age estimates have been 

equally scaled. 
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Figure 13: 

SELECTIVITY 
(Ricker SR relationship, scaled) 

1 2 3 4 5 6 7 8 
AGE 

1--- ~=1 -+- 0=0.1 -¥- ~=0.01 

Estimated selectivity-at-age (mid-year for age), for different values of 1/J (weighting 

factor), from the age-structured production model assuming a Ricker stock

recruitment relationship. Catch-at-age data (ages 1 to 7) are incorporated into the sum 

of squares function and selectivity-at-age (mid-year for ages 1 to 7) is estimated by 

the model. The value of M was held constant at 0.5 yr 1 . A comparison can be made 

as the selectivity-at-age estimates have been equally scaled. 
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Figure 14: 

Selectivity 

2 3 4 5 6 7 8 9 10 11 
YEAR 

j -a-- Function 1 -+- Function 2 

The selectivity-at-age values used in the age-structured prcxiuction model, when 

selectivity-at-age was not been estimated. The "base case" mcxiels use the values 

defined by Function 1 and Function 2 was used in the assessment where selectivity-at

age was assumed to decrease at older age classes. 
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Figure 15: 

1 2 3 4 5 6 7 8 9 

Hake Age (years) 

The selectivity values for the trawl and longline fisheries (Fig. 2. from 

Armstrong and Japp 1991). 
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Figure 16: The distribution of effort for the hake fishery off the South African coast 

uring 1991. (the units of effort (uncorrected) are: hours trawled per unit area, 

unpublished data - SFRI, Dave Japp pers comm.). 
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