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ABSTRACT 

Research into species inhabiting 
Benguela current region has been 

the southern part 
biassed towards 

of 
those 

the 
of 

commercial importance and 
accessible than others. A 

those which are either more visible or 
crude evaluation of material flows and 

standing stocks, including the lesser studied species, was made. 
Estimates suggest that the productivity of juvenile hake C3 
million metric tonnes per year or morel, squid(> 0. 5 million 
metric tonnes per yearl, and midwater shoaling fish (together > 
0. 5 million metric tonnes per year) is substantial compared to 
the total annual landing of ~arine fish off South Africa which is 
in the region of 0. 5 million metric tonnes. The consumption of 
anchovy and other epi-pelagic shoaling fish is dominated by 
piscivorous fish, particularly snoek. Snoek may consume as much 
as 0. 4 million metric tonnes of anchovy per year, out of a total 
anchovy production of in the region of 2 million metric .tonnes 
wet mass per year. Anchovy are the main fish consumers of 
plankton, with an estimated consumption of more than 20 million 
metric tonnes wet mass per year. Total annual plankton production 
is in excess of 800 million metric tonnes wet mass. About 32% 
of this enters higher trophic levels in the epi-pelagic region, 
mainly through zooplankton grazing. It is suspected that the 
bulk of production in the zooplankton and hake communities is 
recycled by omnivorous feeding in the case of zooplankton and 
cannibalism in the case of hake. The amount of cannibalised hake 
is about 10 times the amount taken by trawlers. The biomass, 
production and consumption rates of apex predators such as seals, 
whales, dolphins and seabirds (sizes of the order of metres to 
10' s of metres) is quantitatively unimportant in comparison with 
species consisting of smaller individuals (sizes of the order of 
10's of centimetres). Due to the complexity of the food web, a 
conceptual model based on size may be preferable to one involving 
trophic levels. Overall, however, the complexity of the system, 
and the sketchiness of knowl~dge about it mitigates against the 
use of multispecies models for making useful predictions. 

A maximum likelihood estimation approach to Virtual Population 
·Analysis ( VPAl is adopted, developed and implemented. It is 
shown from results obtained using artificial fisheries data that 
the database conventionally considered adequate for VPA work, 
viz. the catch mass and age structure, does not lead to reliable 
estimates of stock abundances for recent years. Use of further 
data related to stock adundance, such as effort data in 
situations where catch per unit effort is proportional to 
abundance, is investigated. Results using simulated effort data 
show dramatic improvements in abundance estimator precision~ It 
is therefore argued that VPA should not be attempted in the 
absence of data complementary to the catch masses and age 
structures. With this in mind, VPA is applied to three stocks of 
commercial importance which occur off the South African 
coast 1 i ne: anchovy, pi 1 chard and hake. 

Results are presented which show that anchovy biomasses are 
determined with reasonable precision if catch rates can be 
assumed to be proportional to stock abundance, and if the 
selectivity functional form is known. However it is argued that 
it is unlikely that catch rates are proportional to anchovy 
abundances. Furthermore, recent surveys of the anchovy stock 
size and habitat range suggest that the relationship between age 
and sele~tivity is different to that used in the analysis, and is 



essentially unknown. Accordingly further analyses are performed, 
excluding the _ ef£o~t da~a, and replacing the initial one 
parameter selectivity function with unique selectivity parameters 
for each age class seen in the catch. Very imprecise biomass 
estimates are obtained when the likelihood function is formulated 
in this way, due to the now enhanced instability of the position 
of the maximum of the VPA likelihood function. Separate 
simulations illustrate that the bias in abundance estimates 
introduced by using the same age length key in all years for 
converting catch length distributions to catch age distributions 
may be as much as 50%. This, the aforementioned imprecision of 
VPA biomass estimates, unassessed but probable errors in the 
single age length key which is used, and finally very recent 
ageing re-evaluation studies suggesting that the catch consists 
almost entirely of 0-year-olds, effectively rule out the 
possibility of obtaining management-orientated information from 
the anchovy VPA. 

Complementary data for the pilchard VPA is obtained by analysis 
of records of guano harvests which are made at a number of 
islands off the South African coastline. Evidence is presented 
suggesting that the harvest at Bird Island, Lambert• s Bay is 
approximately linearly related to pilchard recruitment and these 
guano harvests are thus included in the likelihood function for 
the pilchard VPA. The resultant biomass estimates are plausible 
in terms of the likely system carrying capacity for pelagic fish. 
The biomass trend does not reflect the major peak in biomass in 
1960 which earlier work consistently suggested. An appropriate 
sum of squares _minimisation procedure is adapted from the Ludwig­
Wal ters' formulation for fitting the pilchard stock recruit 
function to the recruitment and spawning biomass data from the 
VPA. The surplus production curve is estimated by combining the 
estimated recruitment function parameters with a yteld per 
recruit analysis. The results indicate a mean virgin spawning 
biomass of 2. 4 million metric tonnes, and an MSY spawning biomass 
level of 1. 0 million metric tonnes. The maximum sustainable 
annual catch, for a 20 -year scenario starting with the population 
at half the unexploited biomass, and ensuring a 10% maximum risk 
of obtaining a stock size of less than 0.2 of the pristine size, 
is 187 thousand metric tonnes. 

The surplus production curve for the hake stock off the west 
coast of South Africa C ICSEAF Div. 1. 6> is estimated using the 
same methods as applied to pilchard. No substantial difference 
between the VPA results and those produced using dynamic catch­
effort models could be demonstrated - both VPA and the Schaefer 
model predict a maximum sustainable yield of about 140 thousand 
metric tonnes. Closer analysis shows however that the additional 
age structure information taken into account by the VPA has not 
led to better estimates than a~e provided by the catch mass and 
effort data alone. The suspected past practice of discarding 
small hake at sea potentially invalidates all sustainable yield 
calculations, even those based on the dynamic catch-effort 
models, by introducing spurious effects into the catch-based 
statistical records. The future in hake stock assessment may 
therefore lie with Casis the case for the pelagic species> 
direct survey techniques. 



1. INTRODUCTION 

1. 1 OVERALL PEBSPECT!V~ 

Past management of the fish stocks inhabiting the pelagic region 

of the southern Benguela ecosystem is notable for significant 

differences between scientific recommendations and quotas awarded 

( Alant et al, 1983). The conclusion that the final quotas have 

simply been a political compromise between various interest 

groups therefore seems unavoidable. Underlying this, there are 

no convincing purely ecological rationales for management, except 

possibly that species extinction may be undesirable. 

Gordon ( 1954) attempted to explain why fish stocks were 

persistently reduced far below "reasonable" levels, 

fishing industry was economically inefficient. 

and why the 

The simple 

explanation offered by Gordon <op. cit. ) hinges on the 

observation that fish stocks are not privately owned; instead 

they are regarded as the common property of those who choose to 

en.gage in fishing. The economic conseqence of this is that the 

fishery reaches bio-economic equilibrium at the average social 

rate of profit. Hardin <1968) has described this dissipation of 

potential economic rent as the "tragedy of the commons". Clark 

< 1973) presents a simple bio-economic model in this regard, which 

predicts that, for certain values of the economic discount and 

per capita stock production rates, monopolistic overfishing 

appears to be a meaningful management option. Thus, for either 

open or closed access fisheries < i. e. competitive or 

monopolistic>, severe stock depletion may result from the pursuit 

of economic goals. 

The "tragedy", in Hardin's terms, for the open access fishery, is 

1 



twofold. First, the bio-economic equilibrium state often occurs 

at severely depleted population sizes, which may be "ecologically 

undesirable". Secondly, there is good reason to expect that by 

reducing fishing effort below the bio-economic equilibrium effort 

1eve1, 

This, 

larger catches and profits may be made (Clark, 

and the extensive worldwide empirical evidence of 

economically inefficient overfishing (Clark, op. cit.), suggests 

that appropriate statutory control may be of considerable benefit 

to both the industry and the state. 

Thus fishery management is frequently undertaken at a national 

1 evel, as is the case in South Africa. The local pelagic 

industry developed after the end of World War II, but quotas set 

between 1950 and 1974 had little scientific basis. Limitation by 

quota was in fact dropped between 1960 and 1971, although effort 

restrictions, various closed seasons and minimum mesh size 

regulations <Butterworth, 

time. 

1983) were still enforced during that 

In. the 1970' s quantitat~ve scientific assessments were made which 

suggested global sustainable pelagic yields of 360 <Newman et al, 

1974) and 375 <Crawford, 1979) thousand metric tonnes <see also 

Butterworth, 19 83) and these analyses played a partial role in 

quota decisions in the late 1970' s. Si n c e that ti me, sci en ti st s 

have argued for caution in exploiting stoc.ks (scientific quota 

recommendations are summarised by Alant et al, 1983). 

However, recent research has shown that policies resulting from 

such an attitude can limit understanding of stock dynamics 

<Walters, 1984), 

Thus 

leading perhaps to underexploitation of a 

resource. it is not necessarily the case that a 

"conservationist" viewpoint need always require a cautious 

2 



term conservation is used here in a broad sense approach (the 

including the possibility of rational exploitation of the 

resource). In this context, a risk averse tendenc~r is 

essentially a prejudice, which is not necessarily backed by 

sour.id, scientific arguments. 

This risk averse tendency on the side of scientists has 

in an unhealthy and polarised relationship with the 

resulted 

fishing 

industry. 

reliable 

dynamics 

At the root of this conflict is the lack of any 

insight concerning and quantification of the pop~lation 

of the stocks of commercial interest ( anchovy and 

pilchard population size trends are. poorly determined, see 

Chapters 5 and 7; 

underdeveloped). 

overall predictive capabilities are relatively 

This is due partly to the complexity of the 

ecosystem, which has fuelled a debate, seldom properly 

articulated within local scientific circles, about the 

appropriate scientific response to this complexity. 

can be identified in this regard. The first Two viewpoints 

( i_mplicitly if 

complex models 

not e_xpli ci tly) supports the 

the 

development of 

which take into account numerous system 

variables and interactions , both biotic and abiotic, at either 

to have the whole system or subsystem level, and this appears 

been a justification for the existing multidimensional framework 

of the Benguela Ecology Programme C Siegfried and Field, 1982). A 

brief examination of important species groups and material flows 

in the southern Benguela ecosystem is conducted in Chapter 2, the 

aim being 

( a) to overcome previous research biases with respect either 

to commercially important or visible and accessible 

species by analysing existing data on di et, biomass, 

3 



( b) 

consumption and production, and 

to illustrate the complexity of the biotic 

suggest appropriate ways of modelling it. 

system and 

The study method involved a large number of interv~ews with a 

broad cross-section of biologists, and combining this information 

with addit.ional published and unpublished material. Results show 

that there are a large number of groups of species which should 

be considered as interacting in the southern Benguela ecosystem. 

If one considers the minimum number of parameters required to 

define the set of differential equations describing the dynamics 

of this ecosystem, one is still faced wi~h estimating of the 

order of 30 to 40 parameter values. The sampling requirements 

for obtaining initial estimates of all these parameters to a 

reasonable degree of precision are anticipated to be excessive, 

and it is thus pointed out (Chapter 2) that the success of 

multi species 

limitations. 

models is thwarted by severe statistical 

The alternative view of ecosystem modelling is that because of 

measurement constraints, the only models that are feasible and 

usable (i.e. with some predictive capability, which is essential 

for management purposes), 

fundamental assumptions. 

are very simple models embodying a few 

The definitive example of such an 

approach is ~he single species population model. 

1.2 THE SINGLE SPECIES MODEL 

The term "single species model" describes a set of models which 

treat populations in isolation from other stocks which may 

impinge on their dynamics. Links with the ecosystem are made via 

a few very basic assumptions. 

4 



As a first attempt at defining the population dynamics of a 

resource, it, is assumed that the population can be adequately 

described by a single variable indicative of its size, usually 

chosen to be its biomass, B( t). The dynamics is then described 

by the derivative, dB\U/dt, which is taken to be a function of 

B( t) only. It is argued that unexploited populations fluctuate 

around some average equilibrium population size, K, since there 

must be some environmental limitation to population size. These 

fluctuations are due to biological interactions and· enviro~mental 

variations which are assumed to have a stochastic nature - this 

will be discussed in due course. For the moment, considering the 

deterministic limit, there is an equilibrium at B< t) =K, where 

dB(t)/dt = 0. Furthermore, it must be true that; 

dB(ti/dt = 0 for B<t> = 0. 1. 1 

Therefore, for B< t) between 0 and K, dB(t)/dt must be positive 

over at least part of that range; for B( t) greater than K, 

dBCtJ/dt will be negative, so that B<t>=K is a stable equilibrium 

situation in the absence of exploitation. 

The simplest nonlinear function which captures these essential 

features is a quadratic, which leads to what is c.ommonly known as 

the <Verhulst) logistic growth equation for describing resource 

dynamics in the absence of exploitation; 

dB\t)/dt = rB!t)(1-B(t)/K) 

where the parameter r is the specific (i.e. 

growth rate at stock sizes approaching zero. 

1. 2 

per ca pi ta) stock 

Other more complex 

forms have been suggested for the surplus production function 

(equation 1. 2) by for example Pella and Tomlinson < 1969) and 

Shepherd (1982l. These other forms can usually still be 

5 



expressed in terms of parameters r and K, where 

r = lim [dB/dt (1/Bll. 
f. - > 0 

Equation 1. 2 can be modified to include the possibility of 

fishing; 

dBCt)!dt = rBCt)C1-BCU/K) - CCU 1. 3 

where CC t) is the instantaneous catch rate. Depending on the 

time dependent behaviour of CC t), equation 1. 3 may be solved for 

BC t) in terms of t only, and a number of parameters. The 

parameters would include r, K and an arbitrary boundary value for 

BC t) at t=T, BC Tl . The seemingly modest task of estimating r, K 

and BC T) (or at least combinations of these reflected in 

sustainable yields or TAC' s) is a crucial concern of most fishery 

management models. 

The bulk of this thesis is concerned with the estimation of the 

last quantity BC T), the stock size (Chapters 3, 4,5, 7 and 8), and 

examines the usefulness of the existing fisheries data base for 

doing this. The estimation of the surplus production function 

is treated in somewhat less detail <Chapters 7 and 8; using yield 

per recruit techniques with a fitted stock/recruit relation 

rather than an empirically fitted functional form such as that of 

equation 1. 2). The problem of estimating fish population sizes 

is known in fisheries parlance as stock assessment <to a lesser 

extent this also implies estimation of sustainable yields). 

Techniques of stock assessment can be broadly categorised as 

either direct or indirect. Direct stock assessment techniques 

involve some attempt at estimating population sizes from direct 

observations of fish density and habitat range, while indirect 

6 



techniques use altetnative data C which in some sense index the 

population biomass), typically pertaining to the landed catches 

C such as the catch mass, catch effort and catch age structure) to 

infer population sizes. Although all direct estimation 

techniques are partly indirect, it is usual to refer to 

hydroacoustic and egg surveys as direct assessment methods and 

to mathematical techniques such as VPA CVirtual Population 

Analysis) and dynamic production models based on CPUE CCatch Per 

Unit Effort> data, as indirect methods. At the time when the 

research reported here was initiated C1982), the SFRI C Sea 

Fisheries Research Institute· - the government research body) was 

heavily committed to using a particular indirect method of stock 

assessment, known as Virtual Population Analysis CVPA> and 

sometimes termed Cohort Analysis <subsequently effort has shifted 

towards using direct stock assessment techniques). Virtual 

Population Analysis techniques of stock assessment are examined 

in detail in this thesis, and subsequently applied to three 

stocks of commercial importance. 

1. 3 YIBTUAL POPULATION ANALYSIS 

The research into VPA which is reported here was initiated at a 

critical time for local anchovy stock assessment procedures. 

<Anchovy is the dominant pelagic shoaling fish species in the 

ecosystem as well as in the pelagic catch.) Prior to this time, 

VPA offered the only technique of stock assessment; CPUE had 

been disregarded because of the difficulties essentially 

encountered in defining effort in a pelagic fishery and 

allocating it between different fish species, and also because 

the catch rate for shoaling fish may be poorly related to 

abundance. 

7 



The VPA method was mathematically appealing, and it produced a 

single bi omas,s estimate for each year since the inception of 

fishing, which gave the (misleading> impressjon of much greater 

reliability compared to direct survey estimates not yet attempted 

at that ti me, but for which it was known that variance would be 

large. Nevertheless, there was some debate about the 

appropriateness of some of the basic assumptions and application 

procedures for VPA. For example, the assumption of constant 

natural 

absence 

terminal 

concern. 

mortality appeared to be questionable. Likewise the 

in some analyses of an objective criterion for setting 

fishing mortality values was cause for considE;lrable 

The need for the research reported here thus sprang 

from the requirement to place VPA abundance estimates in a more 

meaningful perspective. 

At the same time, 

abundance es ti mates, 

again because of the uncertainty of 

the SFRI started work on a programme 

VPA 

of 

combined hydroacoustic - midwater trawl surveys for anchovy. 

Ap.art 

this 

from providing preliminary anchovy abundance estimates, 

survey work has very recently provided some revolutionary 

insights 

coupled 

into the anchovy biomass and habitat range. This, 

with recent otolith daily growth ring studies, has 

suggested that past anchovy catches consisted almost entirely 

(more than 90% by number> of recruits CO-year-olds) rather than 

about 60% as had been previously thought. Thus the fishery has 

effectively sampled recruits only, and VPA must therefore 

disregarded as being of any use for anchovy stock assessment. 

To a large extent these findings render the estimates of 

abundance precision reported here outdated. Nevertheless, 

be 

VPA 

the 

techniques used in assessing the VPA abundance estimate precision 
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are instructive both in respect of other stocks for which 

indirect techniques such as VPA are still used (such as hakei, 

and also for comparison with other assessment techniques. It 

would thus be prudent to subject the direct survey results 

Chydroacoustic and egg-production methods of biomass assessment 

are now being used for anchovy) to similarly rigorous statistical 

analyses. Furthermore, it is important to dispel a number of 

concerning historic anchovy and pilchard biomass trends, 

which have entered the scientific literature. 

In fishery mathematics, the term cohort refers to all the fish in 

a population which have the same birthdate, normally to within 

one year. The basic model of cohort dynamics is a simple account 

of the decay rate of cohort numbers, NCtJ <eg. Gul 1 and, 1965)' 

which assumes that depletion rates are proportional 

present; 

to number 

d N ( t) I d t = - F N ( tJ - MN ( tJ 1. 4 

where FNC t) is the death rate due to fishing, and MNC tJ that due 

to natural predation. F is known as the fishing mortality and M 

as the natural mortality. Both F and M have units of t- 1
• 

Equation 1. 3 can be solved for NC tJ; 

N<tJ = N<OJ expC-CF+MJtJ 1. 5 

and a complete description of cohort decay is possible if the 

parameters N< OJ, F and M are given. Knowledge of the status and 

dynamics of all the cohorts in a population can be used to define 

the population size trends over the period that data exist. 

Cohort analysis techniques will not be dealt with in depth at 

this stage <see Chapter 3 instead). It is to be noted however 

that a fixed value is normally assumed for the parameter M, and F 
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can be obtained from catch information. NCU is given in terms 

of NC T> , where T is some other point 

relationship; 

NCU = NCT) expC-CF+M><t-T)) 

so that the problem of estimating 

estimating NC tl for any convenient t. 

NC 0) 

A 

in ti me, by the 

is equivalent 

fishery which 

1. 6 

to 

has 

exploited a stock with a maximum age of m years, for n years, has 

exploited a total of n+m-1 cohorts <the number of diagonals in an 

nxm matrix). The estimation of these n+m-1 cohort sizes (for any 

convenient stage t in each of the cohorts lifespan) is of crucial 

concern to Virtual Population Analysis techniques. This problem 

may also be viewed as the problem of estimating the set of n+m-1 

terminal fishing mortalities (Chapter 3>. 

The development of the original VPA technique C Gulland, 1965) for 

application to populations consisting of a number of cohorts has 

been attempted by Doubleday <1976), Gray <1977>, Pope <1977>, 

Fournier and Archibald <1982> and Pope and Shepherd <1982), to 

name a few. Their papers are mainly concerned with estimating 

the n+m-1 crucial parameters <cohort sizes at some age, or 

terminal fishing mortalities) by use of objective statistical 

procedures (for which the crucial model assumption is that the 

fishing mortality trends with age in any year is the same as 

those in other years). 

Two of these techniques <Pope and Shepherd, 1982; Fournier and 

Arc hi bald, 19 82) are reviewed in Chapter 3. 

the method of Fournier and Archibald <1982) 

It is argued that 

(insofar as the 

assumptions on which it is based are appropriate to the data set 

under consideration) provides a statistical treatment which is 

superior· to Pope and Shepherd's < 1982> procedure. This is then 

10 



investigated further using simulated fisheries data sets. 

Techniques are set up to evaluate abundance estimate variance for 

typical anchovy populations, the aim being to determine the 

adequacy of the classical VPA data, the catch-at-age estimates. 

In furth~r developments a resampling procedure is suggested for 

evaluating abundance estimate variance in practical situations 

where only one data set exists <compared to simulations· where 

numerous data sets are generated for obtaining variance 

estimates) . Applications of VPA, using the Fournier and 

Archibald < 1982) approach, 

the anchovy (Chapter 5), 

8) are reported. 

to three South African fish stocks, 

pilchard (Chapter 7) and hake <Chapter 

The application of VPA techniques to the South African pilchard 

and anchovy stocks was first attempted by Centurier-Harris 

(1977). Results for both anchovy and pilchard are quoted in many 

of the papers recorded in ICSEAF Reports, and most recently by 

Crawford et al < 1983> and Shelton and Butterworth <1983), 

Armstrong (1983>. VPA results for hake are similarly presented 

in ICSEAF documents, 

<1984). 

most recently by Butterworth and Andrew 

In the context of this thesis, the results quoted in most of 

these papers are seen as poorly founded. This is because either 

the n+m-1 

mortalities> 

critical 

are not 

VPA parameters (the terminal fishing 

determined in an obje~tive fashion, or 

because the objective technique used is inadequate (for reasons 

discussed in Chapters 3>. Furthermore, in most cases (excepting 

Butterworth, 19 83; Butterworth and Andrew, 1984> the input data 

consist only of the estimates of numbers of fish caught at age. 

Results presented in Chapter 4 and by Pope and Shepherd (1982) 
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suggest that these data are insufficient for obtaining reliable 

estimates of biomass trajectories (see also Cooke, 1983). For 

example, using the VPA with only catch mass and age structure 

information, it is sometimes impossible to tell whether a stock 

is increasing or decreasing at the present time <see Chapter 5). 

Other results C Chapter 4) show that supplementary data must 

normally be used before reliable biomass estimates are obtained. 

For the stocks under cons1deration here - pilchard, anchovy and 

hake - the additional data over and above catch mass and age 

structure information which are immediately available are 

measures of effort for the demersal and pelagic fisheries, and 

records of commercial guano yields . (Effort is assumed 

proportional to fishing mortality - although this assumption is 

open to question for the pelagic fishery) The relevance of the 

guaho yields to pilchard population dynamics follows from an 

argument C to be presented in Chapter 6) that they reflect 

recruitment trends. Records of commercial guano harvests dating 

back to 1896 are analy~ed <Chapter 6> in an attempt to extract an 

abundance indicator for pilchard, 

breeding seabirds. 

the preferred prey for certain 

It is therefore only because a limited amount of relative 

abundance and recruitment information about a few South African 

fish stocks exist that the VPA work presented here is of 

potential value. The main advances achieved in indirect stock 

assessment are thus the recognition of limitations in the catch 

at age data, the application of a technique (developed by 

Fournier and Archibald, 1982> which incorporates additional data 

in an objective fashion, and finally the application of a 

resampling procedure for determining VPA estimator variance. 
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For anchovy and hake, estimates of the age structure of the catch 

are biassed (for a variety of reasons to be discussed, Chapters 5 

and Bl. Results are presented to illustrate the impact of these 

biases on final biomass estimates; these results highlight the 

need for foresight in planning data sampling strategies for 

eventual use in stock assessment procedures. 

The spawning biomass and recruitment data produced by the VPA can 

be used in separate calculations for determining maximum 

sustainable yields CMSY' s) Cvia a yield per recruit approach 

combined with an estimated stock-recruitment relation> and the 

MSY and unexploited biomass levels, BM s v and K respectively. 

CMSY was chosen as a measure providing some indication of the 

sustained production capabilities of the resource - some of the 

compl~xities of such a concept given the existence of extensive 

recruitment variability are treated for the case of the pilchard 

stock in Chapter 7.) Est i mates of MS Y, BMsv and K for pilchard 

and anchovy using this approach were previously reported by 

Butterworth C 1983> and results for hake from a dynamic catch-

effort model by Butterworth and Andrew <1984>. 

Appropriate procedures for fitting a stock recruit function are 

developed here <Chapter 7l, based on a method reported by Ludwig 

and Walters < 1981>. Their method is modified to account for 

differences between the errors in measuring recruitment and 

spawning biomass using VPA. This case is not treated in detail 

by Ludwig and Walters. Furthermore the simultaneous occurrence 

of model prediction and observational errors in recruitment 

es ti mates, treated in the final model, was not dealt with by 

Butterworth ( 1983). 

Although Butterworth and Andrew <1984) report VPA estimates of 
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hake abundance, they do not use these data to obtain estimates of 

MSY, but instead they employ a dynamic Catch Per Unit Effort 

fitting procedure for estimating MSY, Bttsv and K. Stock 

recruitment curve related yield per recruit estimates of MSY 

produced in Chapter 8 are also compared to their results. 

Estimates of MSY, Bttsv and K for pilchard and hake are presented 

in Chapters 7 and 8 respectively. Likely correction factors 

which should be applied to obtain unbiassed estimates 

BMsv and Kare estimated from simulations (Chapter 7>. 

of MSY, 

A recurrent theme which will be encountered in this research is 

the question of model complexity in the context of estimation 

models. The two estimation models used for hake, the VPA and the 

dynamic production model using only CPUE data employed by 

Butterworth and Andrew (1984>, represent two examples in this 

regard: of a rather complex model on the one hand CVPA>, and a 

very simple one (dynamic production) on the other. From an input 

data standpoint, the VPA model using effort can be viewed as a 

CPUE model incorporating additional catch age structure 

information. VPA model complexity is apparent in the large 

number of associated model parameters to be estimated (between 20 

and 80 for typical situations), while dynamic production models 

of the sort used by Butterworth and Andrew may require only a 

small number of parameters <typically about 3) . The crucial 

issue, when reasonable catch mass, age structure and effort data 

are available, is whether to use the age structure information 

rather than just to follow a dynamic CPUE approach? ( i. e. does 

the extra information provided by the age data more than 

compensate 

est i mat i on?) 

for the additional parameters that require 

Some comments about this are made with regard to 

the hake stock on the west coast of South Africa. 
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Oyerall discussion and conclusions drawn from the thesis are 

summarised in ,Chapter 9. 

In the chapters which follow, a large number of mathematical 

symbols are 

Appendix1.1, 

used. Their different meanings are described in 

which includes a section on English symbols, Greek 

symbols, mathematical conventions and acronyms. An attempt has 

been made to be consistent, and to avoid the duplication of 

symbols, as far as possible. Nevertheless a certain amount of 

duplication has been unavoidable, but in such cases the 

distinction will be clear from the context in which a symbol is 

used. 
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2. AN OVERV! EW OF MATER I AL FLOWS IN THE 

SOUTHERN BENGUELA PELAGIC ECOSYSTEM 

2. 1 INTRODUCTION 

··Like most other ecosystems the southern Benguela ecosy~tem is 

extremely complex and this has produced a wide range of responses 

from scientists concerned about renewable ·resources in this 

region. Two extreme viewpoints are presented here, since the 

results of the material balance set out in this Chapter have a 

bearing on this debate. 

Proponents of the first extreme argue that because of the 

multitude of possible interactions between species and the 

e nvi ronme nt, these should first be understood individually at a 

microscopic level before the whole system can be understood. 

Thus, the argument goes, the multitude of species interactions 

requires that each and every interaction should be fully 

understood before a complete understanding of the dynamics of one 

species of particular importance can be reached. Strictly 

speaking this is absolutely correct; however, the logical 

extension of this type of argument ignores the reality of 

contraints imposed by statistical sampling theory, since it 

e xpl ai ne d. requires that every source of variation be 

Alternatively, and on the basis of statistical limitations, other 

researchers argue that the system is so complex that it 

never be understood at the level of species interaction, 

will 

and 

instead they promote the use of simpler models with very few 

par a me t e rs . 

These two approaches are mirrored by multispecies fish management 

models on the one hand and single species models on the other. 

Although. seldom articulated in quite this way, the aim of an 
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eventually useful multispecies model appears to have shaped and 

justified 

ecosystem. 

much of the research carried out on the Benguela 

However, it is clear from statistical considerations 

that at some level or other understanding of reality is, and 

al ways 

other 

will be, empirical. This has been formally realised in 

scientific fields where far simpler models 

Gas Laws) provide adequate working descriptions 

( e g. 

of 

Boyle's 

physical 

systems for which behaviour at the microscopic ( or molecular) 

level is extremely complex. 

It is felt therefore that ecosystem models of the multi species 

type may ignore fundamental statistical limitations, and that 

absolute 

because 

1 i mi ts to knowledge about ecosys terns probably exist 

of . practical measurement constraints. In local 

scientific research directed towards fishery management a major 

dispute is centred on the level at which the determination and 

understanding of fundamental underlying processes is necessary. 

There is growing support for very simple management models, 

although opponents 

possibly important 

of this approach argue that they ignore 

processes. This problem reflects 

general problem encountered in statistics, in which the 

complexity is described by n, the number of parameters 

a more 

model 

which 

define the model. These param~ters are estimated from k observed 

data values. In general it is expected that the closer n/k 

approaches 

estimates 

approaches 

unity, the ·larger the variance of the parameter 

decrease 

but 

0, 

the 

the 

smaller their bias. 

variance of the 

In contrast, as 

parameter estimates 

drastically but bias is substantially increased. 

n/k 

may 

The 

optimum model or regression equation is one which minimises the 

sum of bias and variance, and this sum is therefore logically 
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defined as the effici~ncy of the parameter es ti mat or ( eg. 

Wonnacott and Wonnacott, 1977). For fishery management this 

implies some compromise between models which are either too 

simple or too complex. 

It is hoped that the analysis presented here will help decisions 

about what level of resolution of ecodynamics is practical for 

the Benguela ecosystem. 

key aspects of the system, 

Thus it helps to tentatively identify 

which may for example facilitate the 

construction of more appropriate limited parameter stock 

assessment models. Thus in carrying out the data search for the 

material balance, additional-information which could be used with 

Virtual Population A~alysis CVPA) techniques may be identified 

Cthis is taken up in more detail in Chapter 6>. 

Finally, improved limited parameter models may be suggested by 

this approach. It i~ possible for example that general relations 

(analogous for exam-ple to Boyle's Gas Laws) such as Sheldon et 

al's (1972> particle size model exist in marine ecosystems and a 

whble system approach may help to identify these. 

It is then in this general context that the following very crude 

ecosystem material balance is presented. 

2. 2 . AREA OF INTEREST 

Upwelling of nutrient-rich water off the west coast of southern 

Africa creates a suitable habitat for a variety of productive 

pelagic shoal fish, which form the basis of important fisheries 

in the Benguela current. region. The Benguela current system is 

bounded in the north near Cape Frio C18°S) by the southward 

moving Angolan Current, and in the south near Cape Agulhas ( 35°S) 

by the .Agulhas current retroflection (Nelson and Hutchings, 
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1983) .- However, from the ecological point_ of- view the system -

needs to be deTined in terms of the populations of interest, in 

this instance the pelagic shoal fish. 

Traditionally, the South African and Namibian fisheries have been 

managed separately, and Stander and le Roux ( 1968) concluded that 

Cape and Namibian pilchard < Sardinops ocellatal stocks are 

reproductively isolated; further, even though tag returns 

demonstrated limited interchange of individuals, :tJewman ( 1970) 

concluded that they were practically separate stocks. There is 

also the suggestion from egg and larval surveys that anchovy 

( Engraulis capensis) stocks off Namibia (King, 19 77; le Cl us, 

19 83) 

19 82) 

and the Cape <Crawford, 1981a, b; Shelton and Hutchings, 

are separate. Recent starch gel electrophoretic studies of 

population genetics have been less conclusive about separating 

Namibian and Cape anchovy stocks (Armstrong et al. ' 1983)' but 

comparatively little interchange is needed for this approach to 

lose its power of discrimination. 

Boyd and Cruickshank <1983> have shown that there is an extensive 

zone of semi-permanent upwelling between about 25°S and 31°S, 

which probably forms a low-temperature barrier separating the 

Benguela system into two sub-systems or "environmental basins" 

( MacCall, 19 8 3) of preferred habitat for both species. These 

stocks may on occasion tend to merge by migration of adults 

and/or transport of larvae when the stock sizes increase or the 

thermal barrier disappears through reduced upwelling <Shannon and 

Field, 1985). This thesis is concerned mainly with the southern 

stocks and the area south of the suggested thermal barrier (fig. 

2. 1) . The exact area involved is only of relevance for plankton 

for which gross standing stock and production estimates must be 
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Fig. 2. 1. The southern Benguela region showing positions of 

stations occupied monthly for 12 months for chlorophyll 

measurements (Shannon et al, 1983), and the four upwelling zones. 

The "productively active area" C see text) is shaded. The total 

research area and the productively active area are shown in the 

insert. 
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obtained by multiplying estimates in terms of unit area by the 

total area of interest. In the case of larger species such as 

fish, the exact area is less significant, since gross population 

biomass and production for these species is given independently 

of the precise area of their habitat and in any case this area is 

different for each species considered here. 

For plankton, the area of interest is given by the productively 

active zone <defined in Section 2. 5. 1. 1), shown shaded in Fig. 

2. 1 (the basis for definition of this zone is given later in this 

section). For the purposes of crude production estimates this 

area can be subdivided into four oceanographically distinct zones 

<Shannon et al., 19 83; Shannon and Field, 1985). With reference 

to Fig. 2. 1 these are : 

1. The southern zone over the Agulhus Bank. During the 6 month 

summer season a fairly concentrated sub-surface layer of 

phytoplankton at the thermocline is sustained by nutrients mixing 

across the thermocline. This is about 25 % of the total area. 

2. The Cape Peninsula zone from the Cape Peninsula to just south 

of Saldanha Bay. This forms about 15% of the total area. Plumes 

of water upwell nearshore in pulses related to the south-easterly 

winds, and move offshore. Blooms of phytoplankton develop in the 

upwelled water as it warms and moves offshore. The process is 

disrupted by downwelling, caused by cessation of southerly winds 

or by north-westerly winds <Andrews and Hutchings, 1980). 

3. The Cape Columbine/St Helena Bay zone from north of Saldanha 

Bay to the Olifants River. Plumes develop as in region 2 but at a 

steady, slower rate, without pulsing, allowing the development of 

large zooplankton standing stocks. This forms about 25% of the 

area and.is the region where recruiting pelagic fish are caught. 
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4. The Namaqua zone from the Olifants River to the Orange River. 

This is a zone of perenniel upwelling and strong ~inds, which may 

form a cool thermal barrier to pilchard and anchovy. Few pelagic 

fish are caught in this zone, which forms some 35% of the total 

area. 

Shannon and Field ( 1985) have shown that most of the pelagic 

shoal fish are caught within the "productively active area" of 

the southern Benguela system, an area that includes the highest 

chlorophyll concentrations and fastest rates of primary 

production stretching from 31°S to 20°E; this subsystem narrows 

towards the south and remains close inshore CFig. 2. 1) . The 

boundary of this active area was taken as the point at which the 

NPRL/CZCS-deduced nearsurface chlorophyll ~ concentration was 

higher than 0. 1 mg m- 3 or in the case of shipboard measurements 

where the median con~entration of chlorophyll ~ during 60% or 

more of the surveys was greater than 50 mg m- 2 (Shannon and 

Field, 1985). The active area is some 40 000 km 2 in extent C see 

Table 2. 2: Shipboard estimate is 38 800 km2 ; Satellite estimate 

is 32 400 km 2
, however the shipboard estimate is more reliable). 

The pelagic shoal fish cannot be considered in isolation, since 

they are also preyed upon by populations of larger fish; 

therefore when these interactions are considered this paper will 

be concerned with a larger system extending further offshore. 

Accordingly midwater populations such as lanternfish 

C Myctophidae) and the demersal populations such as hakes 

CMerluccius spp.) which are common over the continental slope to 

depths of some 1000 m are also considered. This larger . total 

southern Benguela area is some 140 000 km2 in extent; 

the exact area is not particularly relevant since it 
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come into the calculations in any way <cf. 

total active area is important). 

phyt opl ankt on, where 

2. 3 THE HISTORY OF THE PELAGIC PURSE-SEINE FISHERY 

Fig. 2. 2 illustrates the history of the pelagic fishery in the 

southern Benguela region. Initially, the fishery was mainly for 

pi 1 chard, but catches declined dramatically after 1963, and in 

1964 small ( 12. 7 mm) mesh nets were introduced in substantial 

numbers to enable anchovy to be exploited. Thereafter anchovy 

dominated the catches, with annual landings averaging over 250 

000 tonnes between 1972 and 1983. The figure includes the 

combined biomass of small pelagic shoal fish <pilchard, anchovy, 

Scomber horse mackerel Trachurus trachurus, chub mackerel 

japonicus, and round herring Etrumeus whiteheadii) as estimated 

by Virtual Population Analysis CV. P.A.) <from data in Crawford et 

al. , 19 83) and hydro-acoustic survey estimates of anchovy 

spawning biomass C Armstrong and Butterworth, 1986>. 

rt should be noted that the VPA calculations shown here are based 

purely on catch mass and age structure information, and this data 

base is considered CPope and Shepherd, 1982, and Chapter 4 this 

thesis) to be insufficient for estimating recent stock abundances 

at least. It is possible that for longer lived species 

historical trends are revealed by VPA calculations. 

species just mentioned are not in this category, 

However the 

and in fact 

hydroacoustic and egg-production <Armstrong and Butterworth, 

19 86) estimates of the anchovy spawning biomass are very 

different to these VPA results. 

The record of seabird guano collected commercially from islands 

around the southern Benguela coast (Crawford and Shelton, 19 7 8) 
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2. 2. Landings of pilchard CSardinops ocellata) and anchovy 

CEngraulis capensis) in South Africa, with virtual population 

analysis estimates of the combined biomass of pilchard, anchovy 

and other exploited small pelagic shoal fish since the fishery 

commenced in 1950 (dashed line). Guano production is also shown. 

Levels A and B respectively indicate the best estimates of 

average total pelagic fish biomass before and since 1964, when 

small-mesh nets were introduced. Carbon equivalents of the 

biomass are also given. C From Shannon and Field, 1985; data from 

Crawford et al. , 1983 l. 
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is also shown, agreeing remarkably well with the estimated 

biomass trends, apart from the biomass peak in 1959. This figure 

suggests that the total pelagic fish community supported before 

1964 had a relatively constant biomass of approximately 1. 8 

million tonnes <equivalent to 225 thousand tonnes of carbon) 

which was dominated by pilchard, and that the system then changed 

rapidly to a new state dominated by anchovy, with a fairly stable 

biomass of approximately half the previous level <Shannon and 

Field, 1985) which has persisted to the present .. Again, the 

validity of the VPA calculations upon which these deductions are 

based is highly questionable, 

later chapters. 

as will be shown in more detail in 

The present chapter aims to study the pelagic fishery in an 

ecological manner, by considering the trophic links between the 

main components in the pelagic ecological system. Since so 

little is known about the trophic interactions in the pelagic 

system, many estimates that have to be made are the first of 

their type, but it is argued that, initial crude estimates may 

provide a useful framework within which to view the fishery. 

2. 4 STUDY METHOPS 

In order to obtain the best available information about important 

flows through the food web, a questionnaire was circulated to key 

biological researchers concerned with different aspects of the 

Benguela pelagic region. In this way it was hoped that 

additional qualitative and semi-quantitative information based on 

both unpublished material and years of experience would be 

obtained. 

A crude summary matrix of some important interactions between 

predator.and prey components in the pelagic ecosystem is given in 
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Table 2. 1. To quantify this matrix, some knowledge of species 

bi om as s , pr o d u··c t i on, f o o d c on s ump t i on r at e s a n d di e t i s re q u i re d . 

For most species, more is known about their life-histories and 

taxonomy than about their quantitative behaviour as populations. 

A series of assumptions, described below, was based on the 

literature and on discussions with biologists who have a good 

feel for probable annual mean diets. Certain other assumptions 

are better documented and are based on experimental and 

observational results. 

2. 5 FLOHS IN THE PBOpUCTIYELY ACTIVE AREA 

This section is concerned with the epi-pelagic region of the area 

where most of the pelagic fish catches are made, 

above Csee Fig. 2.1). 

i. e. zones 1-3 

2. 5. 1 Estimation of biomass. production and consumption 

2. s. 1. 1 Phytoplankton 

Th~ phytoplankton standing stock in the active area was estimated 

by a combination of shipboard and satellite techniques detailed 

in Shannon and Field <1985). Chlorophyll~ in the upper 50 m of 

the water column was measured spectrophotometrically at eight 

depths 

Fig. 

at 120 stations around the south western Cape coast 

2. 1) every month for 12 months C Shannon et al, 1983). 

C see 

The 

productively active area was demarcated by considering those 

stations wh~re the median depth-integrated concentration of 

chlorophyll ~ during 60% or more of the surveys was greater than 

5 0 mg m- 2
• Near-surface chlorophyll ~ concentrations were also 

estimated from Nimbus-7 Coastal Zone Colour Scanner CCZCS) 

satellite ocean colour images to give synoptic maps of 

phytoplankton standing stock <Shannon et al., 1983). Depth-
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Table 2. 1. A matrix of important predator (consumer) prey 

C producer) interactions in the southern Benguela pelagic 

ecosys~em. Asterisks indicate that a flow of carbon or energy is 

believed to occur from the producer rowl to the consumer 

C col umnl. 

p 
R 
0 
0 
u 
c 
E 
R 
s 
p 
R 
E 
y 

Note: 

1. Phytoplankton 

2. 8acteri a 

3. Zooplankton 

4. Pilchard 

5. Anchovy 

6. Mackerel 

7. Maasbanker 

8. Round 
Herring 

9. Myctophids 

10.Garfish 

11. Squid 

12. Hake 

13.Snoek etc. 

14.Seals 

15.0olphins 

16.Bryde's 
Whale 

17.Gannets 

18.Connorants 

19.Penguins 

20. Man 

The 

P R E 0 A T 0 R S I C 0 N S U M E R S 
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.. ... .. .. .. .. .. .. ... 
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" ... w 

w 
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" 

includes other 

predatory fish and also sharks. This is the reason for including 

the asterisk representing predation of seals by "snoek etc." 

since sharks prey on seals. 
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integrated chlorophyll A values correlated well with surface 

measurements ( r = 0. 70-0. 84, n 126 - 208) for three 

oceanographic zones in summer and winter situations <Shannon and 

Field, 1985). The "productively active area" defined by both 

conventional shipboard and satellite image methods agreed 

reasonably in each zone (see Table 2. 2), totalling approximately 

40 ODO km 2 for shipboard estimates for the whole area shaded in 

Fig. 2. 1. 

Chlorophyll A values were converted to carbon equivalents by 

assuming a carbon chlorophyll A ratio of 60 for the period 

September through February-Cthe main upwelling season in the 

southern Benguela region) and 100 for the period March through 

August when phytoplankton blooms are less prevalent (Andrews and 

Hutchings, 1980; Carter, 1983; Shannon and Field, 1985). Table 

2. 2 also shows the productively active area of each oceanographic 

zone and the phytoplankton standing stock of each zone expressed 

in carbon units. 

Some recent field estimates of primary production in the southern 

Benguela region are summarised in Table 2. 3. The best estimate 

for the active area Ci. e. the average excluding the low values on 

the Agulhas Bank> is 2. 8 g C. m- 2
• day- 1

, which combined with the 

average estimate of phytoplankton standing stock in Table 2. 2 of 

11 _g C. m- 2 , gives a production to biomass ratio of 0. 25 

This is equivalent to a turnover time of four days. These are 

annual averages over the whole active area, and vary considerably 

with locality and season C Shannon and Field, 1985). 

2. 5. 1. 2 Zooplankton 

Cushing C1969l estimated the zooplankton biomass in the southern 

Benguela. region to be about 3. 6 g C. m- 2 <or some 32% of the 
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Table 2. 2. Comparison of satellite and shipboard estimates of 

the "productively active area" C see text) and mean annual 

phytoplankton standing stock ( g C m- 2
) in three oceanographic 

zones distinguished in the southern Benguela system (see Fig. 

2. 1) . (from Shannon and Field, 1985). 

Zone Cape Columbine/ Cape Peninsula Southern 
St Helena Bay 

Active area C km=) 

Shipboard 17 200 1 1 800 9 800 

Satellite 16 500 9 500 6 400 

Standing stock ( g c m- 2) 

Shipboard 14. 1 8. 6 9. 7 

Satellite 11. 7 7. 3 -

Table 2. 3. Some recent estimates_ of phytoplankton primary 

production in the southern Benguela area based on oxygen 

production and carbon-14 uptake experiments. The number of 

observations ( n), mean and standard deviation ( sl of daily carbon 

production measurements- in g C. M- 2
• day- 1 is given (from Shannon 

and Field, 1985). 

Source Area Technique n Mean s 

Carter ( 1982) Inshore 02 29 2. 6 1. 76 

Brown < 1983al Cape Peninsula 

C Spring) 1 4 c 12 4. 0 2. 4 

C Late Summer) 1 4 c 25 2. 9 1. 4 

Peninsula-Columbine 1 4 c 12 3. 5 2. 8 

Brown ( 1983b) Agulhas Bank 1 4 c 5 1. 1 0. 9 
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phytoplankton standing st~ck estimate). - For the Cape Peninsula 

zone which experiences pulsed summer upwelling of an erratic 

nature, Andrews and Hutchings <1980) observed mean summer and 

winter values of 0. 6 and 1. 5- g C. m- 2 respectively (they estimated 

zooplankton biomass as some 12% of phytoplankton biomass). 

The estimate of zooplankton biomass used here has been taken to 

be just 16% of phytoplankton biomass Cas assumed by Shannon and 

Field, 1985), and this is in the range of the values estimated by 

Cushing ( 1969l and Andrews and Hutchings ( 1980). Production has 

been estimated from mean turnover times CB/P ratios) of 10 days 

based on energy budget measurements of Shushkina et al C1978l and 

Sorokin and Mikheev ( 1979) off Peru, and the review of Conover 

(1978). Zooplankton consumption rates have been estimated to be 

about 50% of body mass per day <Shushkina et al, 19 78; Conover, 

1978) which amounts to roughly 32% of primary production <Shannon 

and Field, 1985l. 

2.5.1.3 Booteria 

For the purposes of gauging the possible significance of bacteria 

in the system a ratio of bacterial biomass to phytoplankton 

biomass of 1: 5 was inferred from Newell and Linley <1984), as an 

annual average in the euphotic zone. Assuming a mean B/P ratio of 

2 days for bacteria <both active and inactive), bacterial 

production may be of the order of 1. 6 x 10 7 mt carbon per year 

over the total area. 

2. 5. 1. 4 Planktivorous pelagic shoal fish 

Table 2. 4 shows estimates of the live biomass of the main pelagic 

shoal fish. Shannon and Field < 1985) have argued that under 

present conditions, the shoal fish have been fished down to a 
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Table 2. 4. Biomass estimates of the principal stocks of small 

pelagic shoal fish in the productively active area of the 

southern Benguela region. 

Population Biomass Estimate Source 
(metric tonnes) 

Anchovy 
En:;:raulis capensis 1 300 000 Armstrong & Butterworth, 

1986 
Pilchard 
Sardinops ocellata 100 000 Butterworth, 1983 

Crawford et al, 1983 

Chub mackerel 
Scomber japonicus 30 000 Crawford et al, 1983 

Horse mackerel 10 000 Crawford et al, 1983 
Trachurus trachurus 

Round Herring 
Etrumeus whiteheadii 70 000 Crawford et al, 1983 

Table 2. 5. Estimated biomass and mean annual production and 

consumption of southern Benguela pelagic shoal fish. Level A 

refers to the pre-1964 situation when pilchard was the dominant 

stock, and level B to the present situation. Production was 

based on estimated turnover rates, B/P, and consumption from the 

assumed gross growth efficiency <Shannon and Field, 1985) 

Biomass Production Consumption 
(tonnes) <tonnes per year) 

Level A 
<pilchard up) 225 000 225 000 1125 000 

Level B 
(anchovy up) 100 000 200 000 1000 000 
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state in which the system is dominated by short-lived anchovy and 

juvenile pilchard, whereas the larger, longer lived fish of 

higher quality for human c6nsumption (mackerel, horse mackerel 

and pilchard) have been reduced in abundance. Thus the present 

stocks -have on average a faster turnover rate than in the pre-' 

1964 pilchard-dominated system. Table •2. 5 summarises their 

estimates of fish production and food consumption requirements at 

two states of the system, suggesting that the same pelagic fish 

production is being maintained with similar food . requirements. 

Circumstantial evidence of changes in the length at first 

maturity of both pilchard and anchovy with changes in their 

population sizes C Crawford et al., 1983) lends support to the 

hypothesis that food supply limits pelagic 

(Shannon and Field, 1985). 

fish productivity 

Fig. 2. 3 summarises the carbon flows in the productively active 

region of the southern Benguela system. The estimated 

consumption requirements of 2ooplankton and pelagic fish account 

for some 13 million tonnes of carbon per year, leaving 27 million 

Cor 68%) of phytoplankton primary production to form detritus 

which is either decomposed in the water column or is exported 

from the active area to be deposited on the sea floor. The 

existence of extensive mud belts in the St Helena Bay area (north 

of Cape Columbine) and especially on the continental slope under 

the front between the upwelled water inshore and the warmer 

oceanic water offshore <Bailey, 1985) lends support to this 

hypothesis. 

food supply, 

The paradox that fish production may be limited by 

yet 68% of the phytoplankton becomes detritus, may 

be d~e to the "match-mismatch" mechanism, whereby fish shoals 

<and 2ooplankton) are unable to respond to patchy phytoplankton 

blooms fast enough to utilise them fully. 
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BENGUELA "ACTIVE AREP1' (40 ooo· km 2
) 

103Tonnes C . yr-1 
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BACTERIA, 
DETRITUS 

SQUID 

EXPORT 

21200 

(slope) 
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ZOOPLAN!<TON 
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FISH 
1---..,..HAKE 

MAN SNOEK 
SEALS 

Figure. 2. 3. Estimated flows of carbon in the productively 

active area (40 ODO km 2
) of the southern Benguela system 

<thousands of metric tonnes). The estimated food requirements of 

meso- and macro-zooplankton and small shoal fish account for only 

14% of phytoplankton production, the remaining 34 million tonnes 

is assumed to become detritus which is exported from the 

nearshore surface waters <see text). Metabolic losses and 

population growth are not indicated on the figure, hence no 

balance ~cross compartments is intended. 
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2. 6 FLOWS IN THE HHOLE SYSTEM 

In this section the system is extended to include the whole 

southern Benguela area from the Orange Riv~r in the north to Cape 

Agulhas in the south (see Fig. 2. 1), offshore to the edge of the 

continental slope at some 1000 m depth, and including also the 

midwater and demersal fish, birds and mammals. 

For the species freshly encompassed by this larger area, reliable 

estimates of biomass only really exist for hakes, for which there 

are Virtual Population Analysis and Catch Per Unit Effort model 

estimates of biomass <Crawford et al., 1983, Butterworth and 

Andrew, 1984), whereas the population si2e of other predators can 

only be roughly estimated from annual catches. Most of the 

estimates of this section are therefore very crude, and rely on 

the enquiry approach (see above) combined with a crude input­

output analysis of flows to predators and from prey populations 

C Platt et al., 1981). A similar study has been made off the 

California Current Ecosystem C Greene, 1978>. 

2. 6. 1 Estimation or biomass. production and consumption 

For simplicity, wet mass values are used in this section and 

converted to ca~bon equivalents using a wet mass : carbon ratio 

of 20 for plankton <Cushing, 1969; Platt and Irwin, 1973>, and 10 

for fish <Mills and Fournier, 

table. 

1979> in the final input output 

Scomber japonicus <Chub mackerel> have been studied by Baird 

C1978a,b> who found lantern fish CLampanyctodes hectoris) to be 

their main fish prey off Cape Columbine, while Nepgen <1982>, 

working in False Bay, found anchovy to be important in their 

diet. Both workers found 2ooplankton to comprise the rest of 
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their food intake. Assuming that mackerel consume 12% of their 

body mass in food per day [best estimate from mackerel figures of 

Hatanaka and Takahashi C 1960) and Hatanaka et al. <1957)], and 

allocating anchovy and lantern fish each 10% of the diet with the 

remaining 80% zooplankton, provides estimates using the VPA 

generated biomass estimate of 30 000 mt wet mass< Table 2. 4): 

total annual consumption by mackerel: 1 250 000 mt wet food 

per year C85 000 mt 

carbon equivalent) 

consumption of anchovy: 125 000 mt wet <12 500 mt carbon 

equivalent> 

consumption of lantern fish: 125 000 mt wet C12 500 mt 

carbon> 

consumption of zooplankton: 1 000 000 mt wet zooplankton <60 

000 mt carbon> 

Trachurus trachurus <Horse mackerel) feed mainly on zooplankton 

C Sea Fisheries Research Institute, unpublished data>, probably at 

a· ~ate of some 7% of· body mass per day (general estimate for 

pelagic fish - see Conover, 1978>. Using the biomass estimate of 

Table 2. 4, the estimated consumption is therefore some 300 000 mt 

wet zooplankton per year, or 15 000 mt carbon equivalent. 

Etrumeus whiteheadii (round herring) are estimated to have a 

biomass of some 70 000 mt <Table 2. 4), consume zooplankton C Sea 

Fisheries Research Institute, unpublished data) at a rate of 7% 

of body mass per day C Conover, 1978; Caddy, 1985) and therefore 

probably consume about 2 000 000 mt wet zooplankton <100 000 mt 

carbon) per year. 

Merluccius capensis and M. paradoxus C hake) are the most 

significant demersal fish in terms of biomass and the fishery. 
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Furthermore, they are particularly i.mportant to this - analysis; 

because they' are top predators and their diet offers some 

valuable clues about the ecosystem. 

Botha <1980) has described their biology and diet in detail, 

while the most recent biomass estimates for the ICSEAF sub­

divisions are given by Butterworth and Andrew <1984). For the 

larger research area being considered in this work <ICSEAF 

Division 1. 6 plus part of 1. 5), 

to be about 350 000 tonnes. 

the biomass of hak.e is estimated 

The diet of hake changes distinctly beyond the age of about 4 

years C Bot ha, 1980; Ch1apowski, 1976; Assorov and Kali ni na, 

1979), and they become far more piscivorous than before. A large 

fraction of the fish diet of these older hake is smaller 

cannibalised hake. The fraction of hake older than 4 years old 

was estimated from VPA results which are discussed in Chapter 7. 

The mass proportion of older piscivorous hake is ·approximately 

0. 25 for recent years. Using this and assuming a 2: 1 ratio of M. 

paradoxus : M. capensi s, di et composition data from Botha < 1980), 

and a daily ration of 3% body mass per day <Lane et al, 1979>, 

the estimates of annual consumption of various prey by large and 

small hake are shown in Table 2. 6. Note the large amount of 

cannibalism, and the importance of squid, lanternfish and round-

herring in hak~ diets. 

Thyrsites atun <snoek> are major predators of pelagic fish in the 

Benguela region <Crawford and de Villiers, 1984), but no sound 

biomass assessments have been made yet. From the annual catches 

of 5 000 mt by handline inshore and 10 000 mt demersally by 

trawlers in the study area, as a first estimate the stock may be 

about 75. 000 mt, or 5 times the catch. 
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Table 2. 6. Estimated annuar consumption of vari6us ~rey by hake, 

paradoxus and .M.. capensis, in thousand metric tonnes of wet 

food in the southern Benguela system. 

p 

R 

E 

y 

Total 
Consumption 

.M. paradoxus 
juveniles 

.M. capensis 
juveniles 

Merluccius sp 

Chub Mackerel 

Ribbonfish 

Decapods 

Lanterfish 

Lightfish 

Red eye 

Rattail 

Squid 

Euphausiids 

Amphipods 

Stomatopods 

Dragone ts 

Other 

.M. £SP.:_ 
j UV. 

968 

247 

25 

131 

-

14 

21 

68 

58 

294 

-

-

39 

32 

13 

15 

11 

P R E D A T 0 R S 

.M. £AR.:_ M. l!.21:..._. M. l!.21:..._. Total 
adults juv. adults 

330 1930 638 3866 

169 385 507 1308 

35 - - 60 

- - - 131 

23 50 30 103 

23 - - 37 

- 121 - 142 

- 486 24 578 

- 169 - 227 

18 - 13 325 

6 - 12 18 

5 586 8 599 

- 80 - 119 

- 46 - 78 

- - - 13 

- - - 15 

51 7 44 113 
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The snoek migrate southwards inshore and northwards offshore, 

spending only part C say half) of the year in the study area 

<Crawford and de Villiers, 1984), which one may assume is split 

about equally between feeding on the inshore pelagic fish and the 

offshore demersal and midwater fish. Assuming that the snoek in 

pelagic surface waters consume about 7% of body mass per day 

(from typical data cited in Conover, 1978), the epi-pelagic 

consumption is estimated to be a total of 480 000 mt fish. Using 

the data of Nepgen C 1979) from False Bay, the diet. is assumed to 

be 59% anchovy and 16% pilchard by mas~, resulting in an estimate 

of 280 000 tonnes of anchovy and 80 000 mt wet mass of pilchard 

consumed by snoek per year. 

Similarly, the demersal prey consumed by snoek can be estimated 

by assuming that at the cooler deeper temperatures snoek need to 

consume only 5% of their body mass per day <Caddy, 1985). If the 

deeper living prey are split in four equal proportions between 

hake juveniles, light-fish <Maurolicus muelleri>, lantern-fish 

and crustacea <euphausiids, stoma t opods, and amp hi pods) , the 

average annual consumption would be some 85 000 mt wet mass of 

each. Table 2. 7 shows the assumptions involved in estimating the 

consumption of other predatory fish. The linefish include 

Argyrosomus hololepidotus Ckob), Atractoscion aeguidens <Cape 

salmon), and Pomatomus saltatrix C elf). 

Cape gannets <Sula capensis), Cape cormorants C~halacrocorax 

capensis) and Jackass penguins CSpheniscus demersus) are the main 

resident seabirds which prey on pelagic fish, and together with 

non-resident oceanic birds they are estimated to take an 

exceedingly 

production: 

small fraction of the total annual anchovy 

about 50 000 mt per year wet mass out of the total 

anchovy .production of 2 000 000 mt wet mass Conly 2. 5%). 
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Table 2.7. Assumptions and preliminary estimates of biomass and 

consumption of predatory fish in the southern Benguela system, 

derived from catch data <Anon, 1977-1980) and the enquiry system. 

Biomass has been estimated to be some multiple of the mean annual 

catch <between 2 and 10 times): consumption is evaluated from 

the biomass, % of the year in the study area, % body mass per 

day needed in food, and the proportions of each prey species in 

the diet, mainly from Nepgen <1979, 1982). Linefish include 

Argyrosomus Ckob), Atractoscion <Cape salmon> and Pomatomus 

C e 1 f> . 

Predator Catch Biomass % Year % B. W. /day Diet 
C uni ts: tons wet) 

Snoek Thyrsites atun 

Pelagic 15 000 75 000 25% 7% anchovy 
pilchard 

Demersal 25% 5% small hake 

Consumption 
C tons wet> 

280 ODO 
80 ODO 

85 000 
lanternfish 85 000 

Yellowtail Seriola lalandii 

1 500, 15 000 . 25% 

Tuna Thunnus spp. 

2 000 20 000 10% 

Linefish 

15 000 30 000 20% 

1. Magnuson ( 1969> 
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lightfish 
crustacea 

7% anchovy 
pilchard 
squid 

15% 1 

5% 
horse 
chub 

anchovy 
total 

anchovy 
mackerel 

mackerel 
pilchard 

round herring 
squid 
total 

85 000 
85 000 

28 000 
10 000 
28 000 

?2 000 
100 000 

15 000 
4 000 
4 000 
4 000 
4 000 

15 000 
100 000 



Si mi larl y, from crude biomass estimates, the consumption of 

anchovy by Bryde' s whales <Balanoptera edeniJ, seals and dolphins 

is estimated to be 30 000 mt <geometric mean of upper and lower 

estimate cited in Best et al, 1984), 75 000 mt, and 6 000 mt, 

respectively. Preliminary diet studies of Cape fur seals 

<Arctocephalus capensis) indicate large amounts of hake <probably 

scavenged from trawlers) .and considerable amounts of squid in 

their diet <J.H.M. David, pers. commn), from which the trophic 

flows used below were estimated. 

2.7 THE INPUT-OUTPUT TABLE 

Table 2.8 presents the input-output matrix of estimated annual 

carbon flows between some of the main components in the southern 

Be nguela system. The matrix reflects some of the current 

concepts of the pelagic ecosystem. For example, it suggests that 

about 32% of phytoplankton production is consumed by 2ooplankton, 

which is compatible with 2ooplankton gra2ing experiments in the 

Cape Peninsula 2one performed by Olivieri and Hutchings <1983>. 

Note that the annual flows are calculated assuming that diet 

compositions are constant in time and space; however this is only 

true as an average over a long period of time, 

feeding is probably highly variable. 

since daily 

The matrix presentatio.n potentially provides a .check- for 

c~nsist!ncy, but in doing this the assumptions underlying various 

estimates should be considered. Each row total gives an estimate 

of the total production <P> of that component, and this can be 

checked against the biomass estimate <BJ to see if the P/B ratio 

is realistic compared to published values. Si mi 1 arly, the 

columns add up to the, total consumption c er by that species, and 

one can check this for realism by comparing the P/C ratio with Kt 
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Table 2.8. Input-outp~t matrix of estimated annual carbon flows 
from producers or prey <rows> to consumers or predators <columns> 
in the southern. Benguela system. Units are thousands of metric 
tonnes of carpon per year, assuming that for plankton 20 g wet 
mass is equivalent to 1 g carbon, and that for other components 
the ratio is 10: 1 <see text>. The first column gives the biomass 
estimate <B> in thousands of tonnes of carbon. Rows sum to give 
total production <P>, with production/biomass <PJB> in the last 
column <see continuation overleaf>. Columns sum to give total 
consumption CC>, with Gross Growth Efficiency <Kt = P/C, see 
text> given in the bottom row. Caution: note that two total 
production values, viz. for phytoplankton and bacteria, and one 
total consumption value, viz for squid, are not given by 
totalling the respective rows and columns. These are labelled 1, 
2 and 3 in the table. The value for squid <total amount of 
material consumed by squid = 250 thousand tonnes of carbon> is 
just taken to be three times the 83 thousand tonnes of carbon 
consumed by squid. The basis for values 1 and 2 is discu~~ed in 
the text. 

P R E D A T 0 R S I C 0 N S U M E R S 

BIOHASS 
l Bl 1 2 ~ 4 c:; b 7 8 Q 10 

1 . Phytoplankton 440 27200 12800 120 4b5 

2. Bacteria. 88 

3. Zooplankton 70 80 840 bO 15 100 ? ? 

4. Pilchard 10 ? 

5. Anchovy 130 13 

b. Chub Mackerel 3 ? 

p 7. Horse Mackerel 1 ? 

R 8. .Round Herring 7 ? 

0 Cl. Lanternf ish ? ? 

D 10. Saury ? ? 

u 11. Squid ? ? 

c 12. !lake 35 ? 

E 13. Snoek etc. 13 

R 14. Seals 1. 7 
-

s 15. Dolphins 0. 1 

1.b. Bryde's Ibale 0. 15 

17. Gannets 

}<•. 02 
18. Cormorants 

1Cl. Penguins 

20. Han 

Total = Consumption C Cl 27200 12800 200 1305 >73 >15 100 ? ? 

P/C O.b O.O<l 0.08 0.08 0. 15 0. 18 0.3b ? ? 
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Table 2. 8 cont. 

P R E D A T 0 R S I C 0 K S U M E R S 

' I 
11 12 13 14 15 1b 17 18 1q 20 Prodn P/B 

I C Pl . I 
1. Phytoplankton 40 000 1 q1 

2. Bacteria 1b 0002 182 

3. Zooplankton 10 15 1 120 1b 

4. Pilchard ? 14.3 ? ? ? ? ? ? 1. t 1b"3 1. b 

5. Anchovy ? 52.b 7. 5 0.bO 3 0. 8 2.20 1. 88 30 110 0.85 

p b. Chub Mackerel ? 10 1. 5 ? ? ? ? ? ? 0. 1 >11 >3.7 

R 7. Horse Hackere ? ? 1. 5 ? ? 1 0.00b ? ? o.' > 2. 7 >2. 7 

0 8. Round Herring ? 32.4 1. 5 ? ? ? 0.04 ? ? 2 >3b >5. 1 

D q. Lanternfish ? 58 18 ? 7b ? 

v 10. Saury ? ? ? ? ? ? 0.24 ? ? ? ? 

c 11. Squid ? bO 14.3 q ? ? ? ? ? 0. 1 • >83 ? 

I 12. Bake ? 130 q 15 ? ? ? ? 13 1b7 4.8 

R 13. Snoek etc. ? ? ? ? ? ? 0. 01 ? ? 2 > 2 >O. 15 

s 14. Seals ? 0. 1 > o. 1 >0. Ob 

15. Dolphins 

1 b. Bryde' s Rhale 

17. Gannets 

18. Cormorants 

1 q. Penguins 

20. Han 

-
Total = c 2503 300 >130 >33 >O. b f4 > 1. 1 >2. 2 >2 ::: 48 

I 
P/C: 0.33 0.5b 0.02 0.003 ? I ? ? ? ? -

I 
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(gross growth efficiency) values in the literature (e.g. Conover, 

19 7 8; Mann, ,1982). However, this line of reasoning povides no 

real check if P and C are both calculated from B according to the 

literature. For example, if C is obtained using plausible 

percentage body mass per day values and P from plausible turnover 

times for the category in question, then it is likely that P/C 

will agree with typical values quoted in the literature. Rather, 

it is useful to compare P/C with literature values of Ki when P 

or C or both are estimated by additioti along a row· or c6l~mn in 

the input - matrix (Table 2. 8> and similarly .for P/B. 

For biomass estimates which·are obtained using VPA <pilchard for 

example), there is an inbuilt assumption of stock productivity, 

since M, the natural mortalit~ is assumed. Thus plausible B/P 

ratios for these species are a direct result of assuming 

plausible values of M, the natural mortality, if P is calculated 

from the VPA as well (rather than from predator consumption rates 

obtained fr~m Table 2. 8>. 

The bacterial P/C ratio is calculated to be 0. 6, suggesting that 

bacteria are 60% efficient in converting phytoplankton carbon 

into bacterial production. .This figure may be too high <Newell 

and Linley, 1984). However bacteria are also likely to feed on 

faeces and corpses of zooplankton, fish and other organisms, 

carbon fl-0ws which are not reflected in this mattix. Therefore 

bacterial consumption would be underestimated and may in fact be 

twice the value quoted here (for consumption of phytoplankton 

alone>. 

On the other hand, the ratios for anchovy and pilchard agree with 

the ranges in the literature, indicating that the assumptions are 

at least consistent with one another. The P/B ratio for hake of 
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4. 8 appears to be high. for a fish that lives for 9+ years <Botha, 

1980), but Lt may be real, and the fact that much of this 

production circulates within the hake community <Table 2. 6) 

would make it undetectable in catch and effort statistics and 

models based thereon. 

Predation on 2ooplankton adds up along the row to a sum 

production of 1 120 000 metric tonnes carbon, 

for 2ooplankton of. 16 turnovers per annum. 

giving a P/B ratio 

The P/C ratio for 

2ooplankton CO. 09) is small, but nevertheless lies within the 

range of literature values <Conover, 1978 indicates values in the 

neighbourhood of 0. 05 - 0. 5>. One might expect that P/C for 

zooplankton would be estimated too low by the method used here 

due to the known complexity of the 2ooplankton community. 

It should be noted that the zooplankton category spans a wide 

size range from nauplius larvae of copepods to large 

chaetognaths, euphausiids and larval fish. Thus much of the 

carbon flow in the zooplankton community is likely to occur in 

the smaller size classes within the 2ooplankton CAzam et al., 

1983), and will not be reflected by transfers of production to 

fish, the prime interest of this study. This is analagous to 

cannibalism in hake referred to above; i. e. rapid turnover of 

carbon within the category, which would not have been detected. 

without the studies of hake diet referred to above. Only 13 000 

tonnes of hake carbon is harvested annually by trawlers, compared 

to 130 000 tonnes that is estimated to be consumed 

cannibalistically by adult hake. Thus total zooplankton 

production has probably been estimated too low because it fails 

to take into account the complexity of the zooplankton microcosm, 

as indicated by the low P/C ra~io. 
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Fig. 2. 4. Estimated production of some major components of the 

southern Benguela ecosystem plotted on a logarithmic scale, 

summarised from the input-output matrix. The category "snoek 

etc." includes other predatory linefish Csee text> and sharks. 
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2. 8 A SUMMARY OF KEY FEATURES IpENTIFIED 

2. 8. 1 Key component• 

Fig. 2. 4 summarises the production of the main components in the 

input-output matrix on a l~garithmic scale. The largest standing 

stocks and carbon flows in the system involve the phytoplankton, 

bacteria and zooplankton. For big~er "particles" such as anchovy 

and larger species, there are major gaps in current knowledge; in 

particular the biomass and feeding of midwater lanternfish, 

lightfish, sauri es, and squid need quantification. 

Although little is known about Bryde' s whales and particularly 

dolphins, the estimates presented here suggest that they are 

relatively unimportant quantitatively, and the same applies to 

seabirds. However, Crawford and Shelton C 1978) have shown that 

seabirds are invaluable as independant indicators of pelagic fish 

population dynamics. The same may apply ~o marine mammals which, 

although long lived so that 'their total population may respond to 

prey population changes only slowly, may nevertheless provide 

more sensitive indicators of such changes through indices of 

their reproductive success. Cetaceans <without the restriction 

of land based breeding colonies> may also provide clues to prey 

distribution changes. Furthermore, these top predators may play 

an important stabilising role in_ the ecosyst&~ by feeding on both 

the smaller ~redator~ and small fish and switching among them 

according to their relative abundance. 

The data of Botha <1980> on hake diet and calculations made here 

indicate that horse mackerel, round herring, lanternfish, 

lightfish and particularly squid are important components of the 

ecosystem. Hake consumption of squid is considerable, and 
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s_ugges_t.s tha_t squid . production is some 100 000 tonnes carbon 

annually < 1 'million tonnes wet mass). In other marine 

ecosystems, squid have been recognised as important predators of 

small shoal fish. ror example, Greene < 1978) estimated that 

squid accounted for up to 30% of the total mortality of small 

school fishes in the California Current. Likewise, Idyll ( 1973) 

mentions squid as a pre~ator on anchoveta off Peru. In the 

Southern Ocean, Everson < 1977) estimated that squid production is 

larger than fish production. It is possible therefore that squid 

are also important in the southern Benguela system, where they 

are relatively unexploited <see yield to man in Table 2. 8). 

Squid may however be overr~presented if their beaks are used to 

estimate the frequency of occurrence in diet, since the beaks are 

particularly difficult to digest. Hence the findings with regard 

to the importance of squid in the ecosystem need to be regarded 

with some caution. 

2. 8. 2 Key proceaaea 

Fig. 2.5 illustrates the consumption estimates derived from the 

input-ouput matrix. Again the large role of lanternfish is 

prominent. The major roles of squid <which is questionable) and 

hake are also evident, and both are able to meet a portion of 

their requirements canni bali sti cally. Fig. 2. 6 

illustrates the relationships between hake, squid and small 

school fish and their larger predators in a flow diagram, 

indicating the central role of squid, both as prey of hake and 

predators of small fish. It seems therefore that changes in squid 

and hake exploitation may have a direct bearing on the dynamics 

of the small shoaling fishes. 
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Fig. 2. 5. Estimated annual consumption requirements of some 

major components in the southern Benguela system, summarised from 

the input-output matrix in thousands of metric tonnes of carbon. 

The category "snoek etc." includes other predatory linefish and 

sharks (see text>. Multiplying by 10 converts the given 

quantities to wet mass units. 
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SOUTHERN BENGUELA SYSTEM 
3 -1 (Tonnes Carbon x 1 O . yr ) 

SMALL 
SHOALING 

FISHES 

FISH 

SQUID 

7 

HAKE 

SEALS 

Fig. 2. 6. Estimated annual flows of carbon (thousand tonnes 

carbon per year> between some major components in the southern 

Benguela system <area 140 000 km 2 >. Note the central position of 

squid, which are prey of hake, snoek and other fish, and seals on 

the one hand, and predators on small shoaling fish on the other. 

<See text for discussion>. 
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Piscivorous fish, of which snoek are the major component Csee 

Table 2. 7), are shown to be major predators particularly of 

anchovy. 

2. 8. 3 Comments about appropriate limited parameter models 

The study of flows between conventional compartments, the species 

stocks, cannot be usefully classified in terms of transfers 

between trophic levels. This is due to the complexity of the 

food web, especially when it comes to dealing with the phenomenon 

of cannibalism C eg. squid and hake) which appears to be common in 

low diversity upwelling systems CCaddy, 1985). A complementary 

approach which may avoid some of these difficulties might be to 

model the system in terms of the "particle-size spectrum" 

(Sheldon et al., 1972; Platt et al., 1981; Azam et al., 1983>. 

For hake, cannibalism has important consequences for indirect 

stock assessment using VPA techniques, since these conventionally 

assume natural mortality to be constant, independent of year and 

age. Predation of juveniles by adults makes this assumption 

highly questionable, and a realistic VPA requires additional 

comprehensive diet information which is not available for all 

years c see Lleonart et al, 1984>. 

Overall, this analysis has had some success in achieving the 

goals originally set out. Areas of research neglect which have 

been revealed do seem to have a bearing on the development of 

rational management strategies fo~ the renewable resources. For 

hake, the implications of extensive cannibalism needs to be 

assessed in terms of current harvesting strategies.· The 

relationship between snoek and anchovy is important and generally 

the piscivorous fish seem to be dominant predators. Untapped 
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midwater resources Clanternfish/lightfish) are shown from 

predator diets to be highly productive, 

significant component of the ecosystem. 

and squid may be a 

The complexity of the food web has been illustrated, and this 

does not encourage the use of multispecies models of fish 

dynamics. This is related to comments about model complexity 

made in the introduction. It would seem that a working 

description of the ecosystem outlined in Table 2. 1 would require 

the estimation of quite an overwhelming number of parameters. 

This should be seen in the context of work concerned with stock 

assessment using VPA methods reported in the remainder of this 

thesis, which illustrates the problems associated with obtaining 

reliable estimates of just some of these parameters. 
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CHAPTER 3. AN EVALUATION OF TWO METHODS - OF VIRTUAL 

POPULATION ANALYSIS 

3.1 INTRODUCTION 

In this chapter two different approaches to the VPA problem are 

described. Only the second technique <Fournier and Archibald, 

1982> is developed and applied in subsequent chapters and the 

reasons for this are set out here. However the first method 

described <Pope and Shepherd, 1982> provides a useful example of 

a specific solution to the problem, and produces similar basic 

results to those obtained. in this thesis. The practical 

application of VPA techniques is dealt with in subsequent 

chapters. 

3.1.1 Backlround 

The Sea Fisheries Research Institute CSFRI> of South Africa has 

sampled catches of pelagic fish since about 1950. The sampling 

scheme was not specifically designed for the subsequent 

application of stock assessment techniques such as the method of 

Virtual Population Analysis CVPA>. Age structure estimates have 

been obtained from a large sample estimate <about 20 000 fish per 

year> of the length frequency distribution of the catch, and 

smaller subsample estimates of the age distribution in different 

length classes, known as the age-length key. The total number of 

fish caught each year, C obs 
t ' 

length distribution estimates 

lmax 
C1°b•=•c1°b•; l: W1f1,1°b• 

1=1 

is estimated from catch mass and 

3. 1 

where •c1°b• = the observed catch mass in year i 
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f 0 b. 
i ' 1 = the fraction of the catch observed to fall in 

length class l in year i; 

lmax = the total number of length classes, where 

1 • • x 

= the mass of a fish with a length in the middle 

of length class 1, where the length classes 

are generally of width 0.5 cm. 

The observed breakdown of the catch by numbers-at-length in year 

i, C, , 1 ° b • • is given by 

3.2 

The age-length key for year i, a1,1,Jobs is the fraction of fish 

in length class 1 observed to lie in age class j Ci. e. 

between j and j+1 years old>. 

m 
,;:. a1,1,J 0 b•=1 

j=1 

Thus 

are aged 

3.3 

for all i,l where mis the oldest fish recorded over the history 

or the fishery. The proportions of fish caught in year i and 

estimated to be aged j, the quantities p,,Job•, are therefore 

given by the relation 

lmax 
p,,,obs = L a,,,,,ab•f,,rab• 3.4 

1=1 

These sampling and calculation procedures have an important 

bearing on the formulation or VPA techniques which are applied to 

South African fish stocks in subsequent chapters. To avoid 

confusion later on it is important to npte that the sum 
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m 
:::E PtJob•c,ob•w.; 3. 5 

j=1 

where w.; is the midyear mass of an individual fish in age class 

j, and the sum. 

lmax 
L f i , 1 o b • Ci 0 b • W1 3. 6 

1=1 

where lmax is the largest length class observed, and w1 is the 

mid-length class fish mass, are not necessarily equal. Note that 

for the two sums to be equal it is required that 

m 
l: 

j=1 

lmax 
[ l: 

1=1 

so that 

lmax m 
:::E [ :::E 

1=1 j=1 

lmax 
a1,1,Jf1,1lw.;= l: f1,1w1 

1=1 

lmax 
at,1,.;f1,1W.;J= l: f1,1W1 

1=1 

3.7 

3. 8 

For this always to be satisfied it is necessary (for arbitrary 

cases> .that 

m 
[ l: a1, 1, J WJ) = W1 

j=1 

which requires that w1 is year dependent contrary to conventional 

calculation procedures. Thus the equality 3.7 is not in general 

satisfied. Note further that the sum in 3.5 is an approximation 

for the integral; 

t=GO 
J we t > c , c t > d t 

t=O 

where C1Ct) is the instantaneous catch rate in year i, and t 

refers to age. The sum in 3.6 is an approximation for the 
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integral; 

l=OO 
/ we 1 > c i < 1 > dl 

l=O 

The two integrals are equal, so that if fish ages and length 

classes were considered over infinitesimal time and length 

intervals, then the equality in 3. 7 would hold. However, ages 

over the range Cj,j+1l yrs are represented by a single mas• and 

so are lengths over the range £1,1+0. 51 cm. The time 

discreti2ation is more severe than that for length, since for a 

species like anchovy the first year step spans a large number of 

length classes. 

. 
This discrepancy should not normally be a problem, because the 

VPA calcul~tio~ considers fish numbers only. The final abundance 

estimates are then calculated for a fixed time of the year 

<usually the beginning> for which the appropriate estimates of WJ 

can be given. However, catch mass is in many cases a basic 

observation, so that a mass quantity is sometimes incorporated in 

the VPA likelihood function <see Chapter 5>. Thus it becomes 

necessary to define catch mass by summing over ages <equation 

3. 5>. This is not exactly equal to the true catch mass because 

of the discreti2ation error noted above, but it is considered 

that this quantity is adequate for use in the the objective 

function as used in Chapter 4 beca-use the di°fference is usually 

quite small. 

In the VPA, historic estimates of cohort numbers are made by a 

process of backcalculation by adding up the estimated numbers 

caught at each age and allowing for natural predation. The 

number of live fish aged j at the beginning of year i, 
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those caught in year i, Ct.J, the fishing mortalities, Ft.J, and 

the natural mortalities, Mt,J, are related by the catch equation: 

Ct, J =Nt, J Ft, JC 1-exp< -Mt,; -Ft,;) l /C Ft, J +Mt, J l 3.9 

This equation is the result of assuming that removals via 

predation and fishing follows a classical 

model. The differential equation for this is; 

exponential decay 

dNC t> t,; /dt=-Mt, J NC t> 1, J -Ft,; NC t) 1,; 3. 10 

Pope < 1972> has shown that <unless fishing has made a very 

insubstantial impact on th~ stock> the error caused by a poor 

estimate of the terminal cohort size <or associated terminal 

fishing mortality> decreases as one calculates further back in 

time. Thus one expects that, in the absence of systematic 

is fairly from model assumptions, recruitment departures 

accurately determined compared to numbers of older fish. 

Bssen·tially, a VPA calculation can be. performed if estimates of 

FtiJ for the oldest recorded age of a c~hort are given. Using 

equation 3.9, the fact that 

Nt + 1, J + t =N1,; exp< -F1, J -Mt, J > 3. 11 

and assuming some value for M1,J <usually taken to be one 

constant value>, all the N1,J and F1,; can be attained by the 

process of backcalculation already described. However, the 

current year biomass is given only in terms of the catches and 

the terminal fishing mortalities for that year, which must 

somehow be estimated. Thus the precision of the current year 

biomass is critically dependent on the precision of the terminal 

fishing mortalities, 

numbers. 

as are the estimates of the oldest cohort 
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For the local pelagic fish species, these terminal . fishing 

mortalities have previously been •xtremely crudely determined 

CCenturier-Harris, 1977; Crawford et al, 1983; Shelton and 

Armstrong, 1983; Butterworth, 1983>, without taking cognisance of 

the errors in the basic data. For example, in some cases the 

terminal fishing mortalities for the last column in the catch-at-

age matrix <i.e. for fish born m years prior to the last year of 

fishing> have all been given the same fixed value <Centurier-

Harris, 1977; Crawford et al, 1983; Shelton and Armstrong, 1983>, 

and this is tantamount to assuming the value of the current year 

biomass <see equation 3. 7>. 

It is thus not surprising that some previously estimated anchovy 

biomass trajectories have matched catch trends C Crawford et Bl, 

1983; Shelton and Armstrong, 1983>, since this is a consequence 

of year invariant catch age structures and using a single value 

for all the terminal fishing mortalities. 

Alternatively, the terminal fishing mortalities could 

determined by iteratively forcing 

F1,1c=F1-t,k 

F1,1c=F1,1c-t 

be 

3. 12 

for the terminal year and age fishing mortalities respectively 

Cl=terminal year, k= terminal age>, which allows some measure of 

obj ect.i vi ty. Butterworth <1983> actually averaged the last 3 

ages and years for the two equations shown in 3. 12 above; 

P1 ,1c=<F1-1,1c+F1-2,k+F1-3,1c)/3 

F1 ,1c=CF1 ,k-1+F1 ,k-2+F1 ,k-3>13 3. 13 

However, this gives considerable statistical weight to age 

structure information for old fish~ which is known to be poorly 
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determined Csee Chapter 4>. 

More recently, methods have been developed which allow a more 

objective interpretation of the available information. In 

particular, these estimate the terminal fishing mortalities 

within the VPA calculation. Two examples of this are the 

separable VPA devised by Pope and Shepherd <1982>, and the more 

general approach of Fournier and Archibald <1982>, based on 

maximum likelihood theory. These methods are di£cussed in some 

detail in Section 3. 3 and 3. 4. 

Pope and Shepherd <1982> conclude that VPA is only really of use 

as an abundance estimation technique if other information about 

the fishery, for example relative abundance. information such as 

CPUE, is available. It is only in this context that further 

development of the application of VPA techniques for the South 

African fish stocks considered here is justified. Furthermore, 

there is a great need to demonstrate the inaccuracy and 

imprecision of South African stock size estimates, even when the 

most appropriate statistical techniques are 

through the impasse that has been reached by the 

used, to break 

indiscriminate 

application of deterministic techniques and subjective 

assumptions such as mentioned above with regard to the estimation 

of critical parameters. Thus the originality of this work rests 

on the specific and practical application of existing techniques 

rather than the development of fundamentally new approaches. 

3. 2 A GENERAL PARAMETERISATION or THE YPA PROBLEM 

Typically, the fisheries mathematician is presented with an m x n 

matrix of values of Pt.Jab•, of the proportion by number of fish 

aged j in the catch of year i <where m is the maximum age 
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detected over all the n years of the fisheTy> and the n 

observations of total catch mass, • C1 ° b •, or total catch number, 

C obs 
i • for each year. The purpose of the VPA is to use this 

information to obtain estimates of Nt,J, the number of fish aged 

j at the beginning of year i. With additional information about 

fish masses at different ages, 

stock abundance estimates, Bt: 

m 
B1= I WJNt.J 

j=1 

WJ • this can be used to obtain 

3. 14 

If the only model assumptions are those of exponential mortality 

<equation 3.10>, then the VPA can be regarded as a problem in 

estimating 3nm+n parameters from nm+n pieces of information. The 

model parameters to be estimated are the nm fishing mortalities, 

'Ft , J , the nm natural mortalities, M_1 • J • the nm proportions of 

fish of M ages for n years in the catch, and the n catch 

mass quantities, or catch number quantities, C1, 

However, it will be shown that because the terms, c i • J C or 

for the same year class are all related by catch 

equation~ <equation 3. 16>, and because for each year the P1,J sum 

to 1, the nm P1,J parameters and n C1 parameters are in fact 

reducible to n+m-1 unique parameters. Thus the total number of 

parameters that must be estimated is 2nm+n+m-1. Nevertheless, it 

is clear that the problem as stated is underdetermined, because 

the number of parameters C2nm+n+m-1> exceeds the amount of data 

C nm+n). 

It is mathematically necessary to formulate a problem that is at 

least perfectly determined, and statistically desirable that the 

problem is well over-determined. By making a number of 
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assumptions, the number of parameters can be radically reduced to 

achieve this succ~ssfully. Given an over-determined formulation 

of the problem, it is further necessary to devise an objective 

function such as the sum of squares of the ~esiduals between the 

fitted and observed c~tch mass and age structure data, 

minimum defines the optimum choice of parameters. 

whose 

To start with, it is usually assumed that natural mortality is 

constant over all ages and for all years. The nm natural 

mortality parameters are thus replaced by one parameter, M. 

Thi~ is probably the mos~ sweeping assumption one can make 

because it reduces the whole gamut of mortality-causing 

interactions with other species <even with itself if cannibalism 

occurs> and with the environment into a single value. It can 

only be hoped that the extreme complexity of these other effects 

results in an approximately random distribution of the actual nm 

natural mortalities around M with no marked trends with age or 

stock biomass. 

The total number of parameters is now nm+n+m, if M is included, 

so that the problem is still underdetermined <data= nm+n>. At 

this stage, 

different 

separately. 

however, the parameterisation procedures adopted by 

workers diverge, and two of these will be discussed 

The first is due to Pope and Shepherd <1982>. 

3,3 THE METHOP or POPE AMP SHEPHEBP 

Apart from the assumption of constant natural mortality over all 

years and ages, Pope and Shepherd <1982> assume that the fishing 

mortality for a cohort in any one year may be represented by the 

product of two effects, one dependent on age and the other on the 

year. T~us they propose that the nm fishing mortaliti~s. Ft,J, 
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can be separated into the product of n year effects <usually 

related to the-amount of fishing effort in that year>, F1, and m 

age effects C selectivities>, SJ: 

3. 15 

This equation requires that the average age specific selectivity 

pattern of the fishery, which is just the relative susceptibility 

of fish of different ages to being caught, is unchanged from year 

to year. This fixed selectivity assumption is often difficult to 

j us ti fy, because fish stock habitats are frequently age 

stratified, and in the South _African pelagic fishery for example, 

fish catches of significantly different age compositions are off-

loaded at different ports . Thus the selectivity pattern could 
. 

vary systematically from year to year if the quota allocations to 

companies based at different ports change differentially over 

time. 

Pope and Shepherd assume further, although this is not explicitly 

stated in their paper, -that the total number of fish recorded as 

caught each year, C1 ° b •, is known exactly. This eliminates the 

n parameters, c,, the total numbers caught which would best fit 

the model, so that c, now equals C1°b•. 

The nm parameters defining the proportion by number in the catch 

consist of a smaller number of unique parameters Ci.e. 

t-he number of ·age· classes mi nus 1 >. This is because for each 

cohort, all the Pt.J'S can be expressed in terms of any one Pt.J, 

given then F1's, m SJ'S and n C1's, by a relationship involving 

the catch equation 

lnP1, J +lnC1-lnP1+1, J + 1 -lnC1 + t =lnD1, J 3. 16 

where D1,J is the ratio 
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3. 17 

and the Dt,J quantities are expressed in terms of the model 

parameters F1 and SJ from the catch equation 

Pt, J C1 =Nt, J Ft SJ C 1-expC -F, SJ -M> >/(Ft SJ +M) 3. 18 

Pt+ 1, J + 1Ct+1 =Nt + s, J + s Ft+ s SJ+ s C 1-expC -Ft+ s SJ+ 1-M> > /C Ft+ s SJ+ s +M> 

3. 19 

There are n+m-1 diagonals in an mxn matrix <Fig. yielding 

n+m-1 P t , J par a meters. In addition, for each year the Pt.J'S 

sum to one; 

m 
l:Pt.J = 1 

j=1 
3.20 

so that a furth~r n Pt,J parameters are eliminated. This leaves 

m-1 unique P1,J parameters. Pope and Shepherd do not make use of 

this contraint probably because this complicates the formulation 

and minimisation of their objective function. They retain the 

n+m-1 unique Pt,J parameter formulation, and these will be termed 

"fundamental P,,,'s" hereafter. 

The VPA problem has thus been redefined in terms of 2Cn+m> 

parameters and nm+n observations, and these are summarised in 

Table 3. 1. In this table, the Pt.Job• represent the observed 

proportion by number of fish of age j in the catch in year i. 

Prospects of a solution exist if the available amount or data 

exceeds the number of parameters i.e. if nm+n > 2Cn+m). For 

m=1 no solution is possible 
m=2 a solution exists for n>4 
m=3 a solution exists for n>3 
m>3 a solution exists for n>1 

so that for most fishery data banks solutions are in principle 

potentially attainable. 
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Table 3.1. A- break?own of'_ th_e paramete~s which must be estimated 

and the input data for the Pope and Shepherd <1982> Virtual 

Population Analysis model, usi~g only catch mass and age 

structure data. 

PARAMETERS QUANTITY INPUT DATA QUANTITY 

Ft n c i D b 9 n 

p" ' k n+m-1 p ob• 
i ' J nm 

- - - --
s, m 

K 1 

TOTAL 2< n+m) nm+n 
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3.3.1 Method of parameter estimation 

Pope and Shepherd <1982> propose that the Ft and SJ parameters 

and the fundamental P1,J parameters be estimated by two separate 

least squares minimisations. It is assumed that some reasonable 

estimate of M, the natural mortality constant, can be made 

independently. 

For the fishing mortality parameters, and s,, the least 

squares objective function suggested by Pope and Shepherd <1982> 

is 

n-1 m-1 
I: I: C1/D1.J•b•-11D1.J) 2 

i=1 j=1 
3. 21 

3. 22 

and Dt,, is calculated from Ft and s, according to the catch 

equations. Note that when D1,J is expressed using the catch 

equations 

Dt,, :exp< Ft+ 1S,+1 -tM) Ft s, C Ft+ 1s,+1 -tM> C 1-expC Ft s, -M> > /[ 

C 1 = F, + 1 SJ + t C Ft SJ -t M> C 1 -e xpC - Ft + 1 S, + t - M> > 3.23 

it has only Ft, Ft + 1 , SJ+t as parameters, and as has been 

mentioned, M is regarded as a constant value for which a 

reasonable estimate is input. 

The main justification for this particular objective function is 

its mathematical convenience. It is independent of the 

fundamental Pt,J parameters, so that the Ft ands, parameters can 

be obtained without considering the parameters Pt.,, C these are 

obtained in a separate calculation>. The objective function in 

question leads to a convenient iterative algorithm which produces 

positive definite estimates of Ft and s, <Pope and Shepherd, 
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1982). Their computational algorithm requires, however, that the 

last year value of Ft and some SJ value <Fn ands. respectively) 

be specified, provided that the SJ' s are normalised. By trial 

and error Fn and s. are chosen to minimise the least squares sum 

of residuals Cthe objective function, expression 3.21, which is 

shown to be very insensitive to Fn and s., as is discussed later 

on>. 

The fundamental Pt,J' s, the n+m-1 P,, 1c' s, are estimated by 

minimising the sum 

b+m 
:r CP,,,-b+tab• nc,a"•-p,,,_ 11 • 1 nc,abs)2 3. 24 

p=b 

for each cohort in turn Ci. e. along each diagonal in the catch -

age matrix>, where b is the cohort birth date. An exact 

analytical solution to this can be found by differentiating the 

sum for each cohort with respect to ita fundamental Pt,J. Pope 

and Shepherd C1982> choose these to be the first Pt,J of the 

diagonal or cohort, the Pt.s's and Pt"' s, but any of the Pt"' s 

down a diagonal can be used. 

Prom the estimates of Ft, s, and Pt.J, a matrix N1..J, the number 

of fish of age j at the beginning of each interval i, can be 

calculated using the catch equations 

N, J = p, , , f 
1 t n c 1 ° 11 • C Ft , , + M> IC F 1 , J < 1-e xpC - F' , J - M> ) l 3.25 

Together with fish masses at age, the N1,J provide estimates of 

stQck biomass at the beginning of each year, B t, by using 

equation 3. 13, as required. 

Pope and Shepherd find that even for quite small deviations from 

input data that fits the model exactly, the least squares 
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objective function <3. 21> becomes very flat, so that it is very 

difficult to fix Fn and Sa precisely. It is on this basis that 

they conclude that catch mass and age structure information is 

insufficient for· .estimating stock abundance trends, and that 

additional information about the fishery is required to determine 

Fa and Sa precisely. 

If this additional information can be incorporated easily, then 

the overall VPA technique under consideration has much to 

recommend its use. First of all, the independence of the 

objective functi.on for the ~i and SJ parameters from that of the 

Pt,J parameters permits a quick estimate of the relative 

catchability of different age rilasses, the quantities SJ, to be 

made. The existence of a reliable convergent algorithm for 

estimating fishing mortalities and an explicit formula for 

calculating the fundamental P,,,•s simplifies the minimisation 

procedure substantially, so that a microcomputer can usually 

complete the calculations within a reasonable period of time. 

However, given the accessibility of computer packages on 

mainframe computers that can solve many parameter problems with 

relative ease, methods which consider weighting of the various 

input data in a more appropriate manner can be applied. In this 

regard it can be shown that the two objective functions used by 

Pope and Shepherd ignore reasonable assumptions that should be 

made about the error structure of the input information. For 

e~ample, the homoscedasticity assumption for 1/D,,,ob• <this is 

gives equal 

weight to age information regardless of the contribution that 

fish of different ages make to th~ catch. 

Instead, one expects the coefficient of variation CC. V. > of 
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Pt.Job•, the observed proportion by number of different aged fish 

in the catch, to increase as the true proportion by number of 

fish in the catch, Pt, J, decreases. This follows directly if one 

makes some simple assumptions about the error structure of. 

For example if Q fish are randomly sampled each year 

for aging, the coefficient of variation CC.V.> for Qt.Job•, the 

number of fish thought to be aged j is 

C. V. =CC 1-Pt, J > /C QP1, J > l 0 
• ' •. 3.26 

This increases as Pt,J, the true proportion, decreases. 

Likewise, when an age length key is used, it can be shown that 

increases as Pt,J the coefficient of variation of Pt.Job• 

decreases <see ~hapter 4>. 

3.3.2 Hailhting 

The practical application of the method of Pope and Shepherd 

<1982> frequently requir•s that certain catch information, namely 

that for ages contributing small amounts to the catch but large 

residuals to the residual sum of squares, be discarded because of 

the destabilising effect these residuals have on the minimisation 

algorithm CJ. Pope, pers. comm.>. These are usually the very 

young or very old age classes. This in itself is a manifestation 

of the large variance associated with age -classes which are 

infrequent in the catch. 

However, instead of discarding this information it may be 

preferable to weight it on the basis of reasonable assumptions 

about its error structure. The objective functions devised by 

Pope and Shepherd do not provide an inbuilt objective method of 

weighting the catch information. This is more conveniently 

achieved by directly maximising the likelihood function, which 
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has inbuilt weighting, rather than attempting an approximation to 

the likelihood function such as the residual sum of squares used 

by Pope and Shepherd. The method developed by Fournier and 

Archibald <1982> attempts to do this by constructing a single 

likelihood function for all the parameters, and can include some 

of the weighting constants as potentially estimable parameters; 

3.4 A MAXIMUM LIKELIHOOD APPROACH TO JPA 

In contrast to the previous method, Fournier and Archibald <1982> 

regard the true number or fish caught, as parameters that 

require to be estimated. The estimated numbers caught, 

are thus random variables. 

Fournier and Archibald (1982> have suggested that the 

selectivities, can be represented by a number of parameters 

less than m, the number or age classes. They propose that a 2 

parameter function be used for this. An asymptotic relationship, 

different to their proposed function, has been used in 

calculations in subsequent chapters: 

SJ=aj/Cb+j) 3. 27 

but is modified in the case of hake C caught by trawlers> to 

include an inflexion in the catchability versus age curve and· 

time dependence in the point of inflexion: 

s, = 1/C1+exp(-b(j-jo))J 3.28 

where jo is <linearly> related to i <see Chapter 8>. It is not 

essential that the selectivities be described by only a few 

parameters in this way, and the full set of m selectivities can 

all be treated as parameters as done ·by Pope and Shepherd. The 

fishing mortalities are now defined by only n+1 unique 
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parameters, since the parameter a in the selectivity tunction can 

be absorbed in the F1 parameters 

F1.J = F1aj/Cb+j) 

3. 29 

As be fore, it is assumed that natural mortality is constant for 

all ages and years. The parameters are thus then F1* parameters 

and b. Together with M and the n+m-1 parameters associated with 

P 1 , J and Ct , the total number of parameters are thus 2n+m+1, m-1 

less than Pope and Shepherd's <1982> model Cthe reduction arising 

because selectivities are now represented by a functional form). 

These are summarised in Table 3. 2. For this model solutions 

exist if the available data exceed~ the number of parafueters i.e. 

if nm+n > 2n+m+1. For 

m=1 no solution is possible 
m=2 a solution exists for n>3 
m=3 a solution exists for n>2 
m>3 a solution exists for n> or = 1 

arid as with Pope and Shepherd's model solutions are in principle 

potentially attainable, for typical fishery data banks. 

3.4.1 The likelihood function 

There are two terms in the likelihood function, one for each set 

of observations. These are the set of Cq1,Job•: i = 1 ... n, 

j = 1 ..• ml , the number of fish which were sampled and judged to be 

of age j, and the set of cc,ob•: i: 1 ... nl. is positive 

definite and this is conveniently assured by assuming that c, 0 b• 

is log-normally distributed about C1, with mean lnC1 and variance 

a2 C i. e. 1 nC t 0 b ' z NC 1 nC t , a2 > ) . The skewness in the lognormal 

distribution results in C1°b• on average overestimating C1 
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Table 3. 2. A breakdown of the parameters which must be estimated 

and the input,data for the Fournier and Archibald C1982> Virtual 

Population Analysis model <selectivities parameterised). 

PARAMETERS QUANTITY INPUT DATA QUANTITY 

Pq. kc" n+m-1 cl a b I n 

Fi n p Obi 
l • J nm 

b 1 

K 1 

TOTAL 2n+m+1 nm+n 
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since for a random variable X, with 

the expected value of X is 

E<X> = exp<~+o2 /2) 

and var< X> = exp< 2~+o2 >. C exp< o2 > -1) 

so that the variance of C1°b• is proportional to C1 2 and ECC1°b'J 

is exp< o2 /2) times bigger that the true catch, C1. Arguing the 

reverse, if 

distribution, then 

is well represented by a symmetrical 

the log transformation employed <under 

assumptions of lognormality> will tend to produce a negative bias 

in estimates of C1. However, it is reasonable to assume here 

that the coefficient of variation of the catch estimate is small, 

say with a C.V. of about 5% <since landings in the South African 

pelagic fishery are individually weighed>, so that o2 is 

probably in the region of 0.0025. The bias factor is therefore 

exp< 0. 0025/2), which is about 1 .. 0013, and so the bias is likely 

to be minimal. The error assumption for c,ab• has introduced a 

further parameter, o, and this must somehow be estimated. 

Fournier and Archibald C1983> assume that Q fish are sampled each 

year for aging purposes. The compartmentalisation of this sample 

into different age classes provides the values Qi.Jab•, the 

number of fish in the sample which are assessed to be of age j in 

year i. 

each year 

P,,,ab• is just the normalised vector of q,,,ab• for 

3.30 

Thus t~e P,,,ab• are multinomially distributed about the true age 

proportions, the P1.J'S. If one ignores constant terms, and for 

71 



the situation sketched so far, with Mand 02 considered as given, 

the likelihood function is; 

qi,Job1 
'II 'II P1" 'II expC-ClnC1°b 1 -lnC1) 2 JC2o2 )J/C2'1I0) 0 ·~ 
i j i 

and the log-likelihood function is given by 

n 
~ q 1 , , 0 b 1 1nP1 , , -

n 
~ 

i=1 j=1 ·i=1 

for a regarded as given, and ignoring other constant terms. 

3. 31 

3.32 

Maximisation of 3. 32 has still to be achieved subject to the 

constraints represented by equations 3. 16-3. 19 and 3. 20, vi2. the 

catch equation relationships for cohorts and the normalisation 

requirement for P1,J. It is convenient to make the following 

notational changes <Fournier and Archibald, 1982>; 

fi 1 , J = 1 nC P 1 , J C 1 IC 1 ° b 1 > 

T1=lnC1° 111 

<1>1,, =lnD1,, expressed in terms of F1 and s, 

since, if equation 3. 16 is written as 

3. 33 

then it is given in terms of fi•s, T's and <l>'s, by 

fi1, J +T1 -fi1 + t, J + t -T1 + t =<1>1, J 3.34 

This equation is identical to the previous diagonal relationships 

<equations 3.32 and~. 16>. However, the advantage of using the 

fi, rand <I> variables is that the parameters P1,J and C1 need no 
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longer, be considered separately, since these are substituted in 

the likelihood function <Fournier and Archibald, 1982) by the set 

of n parameters only, through use of the following relationships 
m 

~hich follow.from the constraint I Pt,J = 1~ 
j=1 

m 
Ct=Ct 0

b• I Cexp<fi1,J)) 3.35 
j=1 

m 
P1,J=expCfi1,J)/ I CexpCfi1.;» 

j=1 
3.36 

All the fi• s of a particular diagonal can be calculated given an 

estimate of the fundamental n for that cohort, and estimates of 

and SJ to the necessary fishing mortalities, by using 

equation 3. 34. It makes sense to choose as the fundamental q,k 

location for the fi•s that point for which P1,J 0 b• is largest 

along a diagonal, since this will accelerate the convergence to 

the maximum; 

Ignoring constant terms, the log-likelihood function can now be 

written simply as 

n m m n m 
I I Q1.; 0 b•cn,"-lnl I exp<fi1.J>ll - I ln2 CCI exp<fi1.;)J/C2o2 > 

i=1j=1 j=1 i=1 j=1 

3. 37 

This expression permits the constraints 3.16 - 3.20 to be met in 

a straightforward manner <since only fi1,J parameters are 

considered>, rather than being bound by the awkward set of rules 

which would apply in attempting to fit P1,J and C1 as separate 

parameters <note -that neither P1,J or C1 occur explicitly in 

3. 37>. 
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The model has some important deficiencies. For one, it has been 

assumed that the annual observed catches-at-age, the products 

P 0 b. 
i • J deviate from a fixed selectivity model only by 

way of random sampling error. This requirgs that the actual 

catches, the terms P1,JC1 conform exactly to the fixed 

selectivity function. It is inevitable though that some model 

prediction error exists, so that the actual catches, the products 

do not necessarily conform exactly to the fixed 

selectivity model. 

However, to account for this in the estimation process, sampling 

error and model prediction error need to be distinguished from 

each other. This leads to a further nm parameters, which specify 

the deviations from the fixed selectivity model, and these cannot 

be estimated since there are too few data to allow a 

maximisation of the ~bjective function <or even a deterministic 

solution> . 

In terms of the present formulation, one way of illustrating the 

effect of increasing amounts of model error may be to reduce all 

quantities by a factor, which will increase the 

variance of the p,,,ab•. This adjustment would only be 

reasonable if the additional model errors follow a similar error 

structure to the sampling errors on the age structures, viz. 

increasing binomially as P1,J decreases. 

Note that the parameter o2 , the variance of lnc,ob•, has been 

overlooked in the final maximisation process <Table 3.2>. At 

this stage it has been assumed that o2 can be reliably estimated 

independently. In practice this is seldom possible, although 

one expects that the amount of fish caught each year in the South 

African p_elagi c fishery is fairly precisely determined, say with 
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a C. V. or less than some 5% so that 0 2 < 0. 0025. Attempts at 

including 0 2 ,, and similar parameters required for further 

developments of the likelihood function formulation. or the 

problem, in the parameter set to be estimated by maximising the 

likelihood function will be made later. First however, it is 

worthwhile investigating the behaviour of solutions corresponding 

to the maximum of the objective function for some typical 

simulated data, for the case where o 2 and M are taken to be 

estimated independently. 
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4. SIMULATIONS OF THE BEHAVIOUR OF SOLUTIONS MAXIMISING 

THE VPA LIKELIHOOD FUNCTION 

4.1 INTRODUCTION 

This chapter describes the results of fitting the generalised VPA 

model described in Chapter 3 to simulated fisheries data. The 

fitting procedure is tested and developed to a point at which 

there is confidence that the iterations have converged to the 

true maximum of the likelihood function. Initially, the aim is 

to reproduce the findings of Pope and Shepherd C1982> and others 

<Gray, 1977; Doubleday, 1976) regarding the inadequacy of catch­

at-age information alone for stock assessment. Thereafter, the 

effect on estimator variance of including additional relative 

abundance information is shown. Imprecision in estimates of 

abundance is estimated using a resampling procedure closely 

allied to the technique known as bootstrapping <Efron, 1981> and 

this procedure is validated to a limited extent in a series of 

simulations. 

The simulation study has been. specifically designed to 

investigate VPA as applied to the South African anchovy. 

Throughout the simulation study, a single true parameter set 

c i. e. one corresponding exactly to. the model parameter values 

chosen, with 2ero sampling error) has been used, f·rom which 

further data sets are generated by random sampling techniques 

Cthe true sp~wner stock abundance trend is shown in Table 4. 2l. 

Thus the conclusions that are drawn from this work are specific 

to this parameter set, 

situation. 

and hence to the South African anchovy 
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4. 2 SIMuLATION STuDY METHODS 

The simulatio~ of an. assessment based on typical fisheries data 

consists of two consecutive steps. In the first, the underlying 

true parameters, the number of fish caught annually, C1, and the 

age structure of the catch by number, are calculated 

according to predefined recruitment and mortality model 

parameters <section 4.2.1 below>. These are then corrupted with 

sampling noise to obtain the simulated data sets c,obs and 

p,, J 0 
b • c section 4. 2. 2 below>. 

4.2.1 Generation of catch maaa and age structure data aeta 

The study was aimed at an idealised anchovy stock with a natural 

mortality of M = 1 yr- 1 <thought to be typical for anchovy; 

Butterworth, 1983>. If Z is the average mortality experienced, 

and only the first k age classes are considered in the VPA , then 

the fraction Cby number> which the remaining fish form of the 

total population number (including all age classes) is 

expC-Zk> <ignoring age-dependent effects>. The first 5 anchovy 

age classes have been considered here, 

1. 3, expC-Zk> is equivalent to 0. 15%, 

and assuming a Z value of 

so that the remaining age 

classes 

exactly 

can be safely ignored. Ct and P1,J were 

function 

generated 

described using the 2 parameter selectivity 

previously <equation 3.27> taking b = 3 yrs, and the F1 trend and 

selectivities at age shown in Table 4.1. Recruitment was 

modelled as being log-normally distributed about a Beverton and 

Holt spawner-recruit relationship: 

r1 = C 0<y1 /C fi+y, > J *exp< u, > 4. 1 

r1 = recruitment 

y, = spawning biomass, calculated with a 1 year age to maturity 
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Table 4. 1. The Ft' s <years increasing from the start) and SJ' s 

Cfor ages 0 to 4> used for the model anchovy population. 

Ft' s 

1964 0. 3 1969 0. 4 1974 0. 6 

1965 0. 6 1970 0. 3 1975 0. 3 

1966 0. 5 1971 0. 2 1976 0. 2 

1967 0. 4 1972 0. 5 1977 0. 5 

1968 0. 7 1973 0. 7 1·978 0:4 

Age range SJ 
C years> 

0-1 0. 25 

1-2 0. 40 

2-3 0. 5.0 

3-4 0. 57 

4-5 0. 63 
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Table 4. 2. The true spawner biomass trajectory for the model 

anchovy popul~tion over the period investigated <units '000 

tonnes>. 

1964 26"17 1969 970 1974 831 

1965 2189 1970 947 1975 (36 

1966 1577 1971 1011 1976 804 

196'7 1322 1972 1128 1977 939 

1968 1233 1973 1030 1978 884 
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Ui z NC0,0.09> < i. e. normally distributed with mean 0 and 

standard deviation 0. 3> 

~ and n are constants with the following values; 

~ = 150 <recruits) 

n = 1640 (in. 000 tonnes) 

-.2.2 Generation or Cg' 11 ' and p,,,• 111 

and Pi , J 0 
b • were generated ac~ording to the various 

statistical models already described <Chapter 3>. The q . . 0 b. 
l ' ' 

are the number of fish sampled in year i which are judged to lie 

in the age interval C j, j+1l, · said to be of age j. These were 

modelled as being obtained from random sampling of the catch, and 

subsequent aging of the whole sample, and it has been assumed 

that fish ages are correctly assessed. The various methods used 

for obtaining the data sets C1 ° b • and P1, J 0 
b • from C1 and P1, J 

are described in Appendix 4. 1. 

-.2.3 Numerical maximiaation or the likelihood function 

For the South African fish stocks dealt with in subsequent 

chapters-the anchovy, pilchard_ and hake stocks the 

maximisation of the likelihood function for the VPA <equation 

3. 35> requires the estimation of a large number of parameters, 

usually between about 20 and 80. The first derivatives of the 

likelihood function with respect to these parameters are all 

complicated non-linear functions and thus a straightforward 

solution is not possible. It is also difficult to write down 

analytic expressions for the first derivatives due to their 

complexity, and even the calculation of the first derivatives 

using these analytical expressions would be expensive in terms of 

computer time. Thus it was decided that the most practical and 
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flexible approach would be to use existing derivative - free 

computer specially designed for maximising many 

parameter problems. 

The NAG <Numerical Algorithms Group Ltd., Oxford> routine E04JAF 

was chosen to perform the objective function maximisations, and 

this was found to be adequate <Strictly this is a minimisation 

routine, but maximisation is readily achieved by changing the 

sign of the objective function, so for convenience this text will 

refer to maximisation throughout>. Elsewhere, first derivative 

packages are being used < D. Fournier, pers. commn>. However, if a 

first derivative maximisation routine is used, the addition of 

further terms to the log-likelihood function requires 

considerable software development. On the other hand, if the 

derivative-free approach is used, the addition of extra terms to 

the, log-likelihood function entails only minor software 

adjustments. Consequently derivative-free maximisations are far 

more flexible than their first derivative counte~parts, and this 

makes them compatible with the likelihood type of objective 

function, into which further information can be incorporated in a 

very flexible way. For the research reported here, software 

flexibility has been a high priority, 

calculations have been used. 

and thus derivative - free 

Note that EOFJAF provides the option of including ~onstraints on 

the parameters which are estimated. Upper and lower bounds were 

imposed on all the model parameters, to avoid, for example, 

taking the logarithm of a negative number. Final parameter 

estimates were checked to ensure that they did not occur at a 

lower or upper bound. 

The use of optimisation routines like E04JAF, particularly for 
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the number of parameteis being considered here, may require 

associated but independent validation. For example, some 

criterion for the confidence of attainment of an optimum point is 

required, and inbuilt predefined criteria may be inadequate for 

the purpose intended here. These criteria normally involve some 

test of how close the first derivatives are to 2ero. It is 

important that the fineness of this test is appropriate to the 

flatness of the objective function. This problem is particularly 

acute here, since the VPA likelihood functions tend to be- very 

flat in the vicinity of their maxima. 

The computer offers some flexibility in this regard, since either 

single or double precision variables and fitting routines can be 

used. Since the criteria for attainment of a maximum depend on 

computer precision, the fineness of the test is altered by the 

degree of precision used. Thus preliminary model fits, using 

both single and double precision variables and fitting routines, 

can be compared. If the results for a particular situation 

depend quite heavily on the degree of precision used, then the 

double precision result is preferred. This was often found to be 

the case during preliminary analyses. However, given some 

disagreement between single and double precision results, one is 

still left with the problem of validating the double precision 

result. This can be done by testing whether ~arameter estimates 

are sensitive to the starting values used in the optimisation 

routine. 

The NAG routine E04JAF produces a test parameter, I FAIL, for 

which the highest level of confidence of attainment of a local 

maximum occurs for IFAIL=O. The criteria for an exit with 

IFAIL=O are that CB1 and B2 and B3> or B4 is satisfied, 

these conditions are given as: 
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B1 cx<k> 11.t'k/>ll < <2Eo·'> x c1.o-.+ ljx<k'll 

B2 IF<k>-F<k-t>j < C2E)*C1.0 + IF<k>I 

B3 llGz<k>ll < CE113+E1/2)*(1.0 + jF<klt 

B4 11 Gz I k > 11 < 0. 01 *Et I 2 • 

11 l I denotes the Eucli di an norm of a vector; E is the smallest 

number representable on the computer such that 1. O+E>1. O. The 

superscript k refers to the k th iteration in the maximisation 

procedure, so that x<k> is the k th estimate of the position of 

the maximum, F<k> is the value of the function at that point, and 

Gz < k I is an estimate of the- first derivatives of the function 

with ~espect to the 2 free parameters <these are the parameters 

which are not bounded at that stage of the calculation>. p (le I i S 

"" 
a unit vector which denotes the direction of the incremental 

change in x 1 1c 1 from values for the previous iteration. The 

scalar o« k , is chosen in each iteration such that 

F< 1c 1 cx'1c 1 +oc 1
1e 1 P 1 1c 1 > is maximised. -

Other values of IFAIL which are important regarding attainment of 

a maximum position are: 

IFAIL=2 There have been 400xN <the number of estimable 

parameters> function evaluations, yet the algorithm 

does not seem to be con~erging. The calculations can 

be restarted from the final point held in x<1c>. This 

error message may also indicate that there is no 

maximum. 

IFAIL=3 The conditions for a maximum have not all been met but 

a lower point could not be found and the algorithm has 

failed. 
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IFAIL=5 
I FAI L=6 
IFAIL=7 
IFAIL=8 

These 

There is some doubt about whether the point x<t> found 

by ~04JAF is a maximum . The degree of confidence in 

the result decreases as .IFAIL increases. Thus, when 

IFAIL=5 it is probable that the final x<k> gives a 

good estimate of the position of the maximum, but when 

IFAIL=8 it is v~ry unlikely that the routine has found 

a maximum. 

inbuilt measures of confidence of attainment of a 

<hopefully global> optimum notwithstanding, it was clearly 

necessary to validate the results independently. This was done 

by means of a sensitivity analysis which involved testing whether 

parameter estimates depended on the starting values given for 

them in the optimisation procedure. 

4.2.4 SenaitiyitY or parameter eatimatea to different atartinl 

values for the Fa parameters 

The sensitivity of the worst case VPA, vi2. catch-at-age data 

only (for a typical anchovy fishery>, was investigated. 

Preliminary results, using 15 years of fishing and 5 age classes 

CM=1 yr- 1
), suggested that depending on how the objective 

function is scaled, the IFAIL=O result produced by the NAG 

routine used may be unreliable. 

For fast convergence to the optimum, the routine requires that 

the maximum value of the log-likelihood function lies in the 

range C-1,11. This is approximately the case if the log-

likelihood function is either divided by or subtracted from the 

sum: 

n m 
I: I: Qi 1 J 0 b I log( pl 1 J O b I ) 4. 2 

i=1 j=1 
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Initially, using the scaling by division method, rapid 

convergence to an IFAIL=O result was achieved. However parameter 

estimates depended on the starting parameter values used <Fig 

4. 1) . This is partly due to the large si2e of the first term in 

equation 3. 37, which swamps the contribution from the term 

involving the total catch number estimates. 

Alternatively, using the method of subtraction, consistent and 

reliable results were achieved. In Table 4.3 the true and 

starting parameter values for Ft which were used are set out. 

For two very different starting parameter sets shown in Table 

4.3, estimated abundances agreed to about 6 significant figures. 

The IFAIL values for these results were generally not equal to 0 

but lay somewhere between 5 and 8. 

Tab1e 4.4 shows the percentage changes in the value- of the 

objective function caused by a 10 % change in each of the model 

parameters in turn, for scaling the likelihood function either by 

subtraction or division. It appears therefore that when the 

objective function is ~caled by subtracti~n the log-likelihood 

function is of the order of 1000 times more sensitive to its 

constituent parameters than when scaling by division is used. In 

the light or this, the dependence of the estimated position or 

the maximum on the starting position used when scaling by 

division is unders~andable. 

The different techniques of scaling the objective function are 

used in conjunction with a sequential parameter estimation 

technique, which attempts to start the optimisation routine in 

the vicinity of the true maximum of the likelihood function. 
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Figure 4. 1. Estimated biomass trajectories which result if the 

objective function is scaled by the division method, and for 

different starting parameter value sets for Ft: 

1. Ft = 0. 5, i<=19; Ft = 0. 1, i>19 

2. F1 = 0. 5, i<=19; Ft = 2, i>19 
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Table 4. 3. True and estimated spawning biomass trajectories for 

. a model anch9vy population which is fished. The objective 

function was scaled by subtraction .csee text>, and the estimated 

biomass trajectory <for a single set of sampl~d data> is 

insensitive to 2 extreme starting parameter value sets CF1°, 

F1°
0

) used for F1. The estimates are obtained by VPA using only 

catch at age data, which were polluted by random sampling noise . 

Year B t r u • Bes·ti••t•d F1 
. 

f; 
. . F

1
true 

1964 2677 2704 0. 5 0. 5 0. 3 
1965 2189 2169 0. 5 o. 5 0. 6 
1966 1577 1579 o. 5 0. 5 0. 5 
1967 1322 1340 0. 5 0. 5 0.4 
1968 - 1233 1302· 0. 5 0. 5 0. 7 
1969 970 1045 0. 5 o. 5 0. 4 
1970 947 1075 o. 1 4 0. 3 
1971 1011 1131 o. 1 4 o. 2 
1972 1128 1237 0. 1 4 0. 5 
1973 1030 1017 0. 1 4 0. 7 
1974 831 745 0. 1 4 o. 6 
1975 736 51.1 0. 1 4 0. 3 
1976 804 503 o. 1 4 0. 2 
1977 939 530 0. 1 4 0. 5 
1978 884 272 0. 1 4 0. 4 

87 



Table 4. 4. The percentage decrease in the value of the 

likelihood function for a 10% change in each of the model 

parameters away from the optimum point, for the model excluding 

effort information, and scaling either by subtraction or 

di vision. 

Cohort n parameter SUBTRACTION DIVISION 
birth value at 'optimum . 
date C n+m-1 such parameters> Percentage Decrease 

1960 -. 66 8. 3 0. 011 
1961 -. 13 15. 7 0. 018 
1962 -. 21 18.2 0. 022 
1963 -.30 14. 0 0.017 
1964 -. 39 7. 4 0.0092 
1965 -.56 6. 6 0.0085 
1966 -. 55 5.8 0. 0070 
1967 -. 56 5.8 0. 0066 
1968 -. 50 5.0 0. 0064 
1969 -. 52 . 5. 8 0.0059 
1970 -.52 5.0 0. 0069 
1971 -. 56 ·5 .. 0 0.0069 
1972 -. 49 4. 1 0. 0075 
1973 -.50 5.0 0.0001 
1974 -. 46 4. 1 0. 0070 
1975 -. 51 5.0 0.0060 
1976 -. 53 5.0 0. 0055 
1977 -.52 4. 1 0. 0058 
1978 -. 52 2. 5 0. 0028 

Year Ft parameter 
c n such parameters> 

1964 . 32 15. 7 0. 019 
1965 . 66 :J 8. 2 0. 022 
1966 . 50 17.4 0.021 
1967 . 41 16.5 0. 020 
1968 . 69 18. 2 0. 022 
1969 . 33 17.4 0. 021 
1970 . 30 16.5 0. 02-0 
1971 .19 15. 7 0. 020 
1972 . 54 - 16. 5 - 0. 020 
1973 . 71 17.4 0.022 
1974 .62 18. 2 0. 021 
1975 . 28 16. 5 o. 019 
1976 : 19 15.7 0. 019 
1977 . 58 13.2 0.015 
1978 . 48 5.8 0.0069 

b parameter 

2. 9 26.4 0.034 
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4. 2.5 Sequential parameter estimation 

In the VPA, 

given by: 

reasonable starting values for the n parameters are 

n i • J = 1 nP i ' J 
0 

b I 

C note: this assumes tha~ the best fit value of Ct is close to 

Ct Obi) 

where ni 'J has an upper bound of close to zero, and is not 

bounded below. For Fi and b, the fishing mortality parameters, 

no obvious starting points exist. The starting values chosen 

were: 

Fi = 0. 5 

b = m/2 

with both F1 and b having zero a~ their lower bounds. 

preliminary model fits were performed in. this 

parameter set being the full number of 2n+m 

way, with 

parameters. 

Some 

the 

The 

correct values of M and o2 were given, and it was assumed that 

1000 fish were sampled each year for ageing, which is shown in 

Chapter 5 to produce a similar variance on P1,Jobs as does the 

real anchovy age-length key, for typical P1,J. 

It was found that the routine E04JAF often failed to reach an 

optimum point with these as starting parameter values, when the 

objective function was scaled by the method of division described 

earlier. However no attempts at fitting the model using this 

approach were made with the subtraction method of scaling. The 

problem may therefore also have been related to the scaling 

procedure used. 

A more reliably convergent approach was devised by recognising 
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that apart from natural mortality and the variance on the catch 
, 

estimate, there are really two ty~es of parameters in the model. 

These are the n+m-1 fundamental fit ,J's and the n+1 parameters 

associated with fishing mortalities. Two runs with E04JAF were 

carried out as a prelude to obtain reliable starting values for 

all the parameters. In these two preliminary runs, model fits 

were obtained first with respect to the n+1 fishing mortality 

parameters only, and then with respect to the n+m-1 fundamental 

fi1,J parameters only. The parameter estimates thus obtained were 

then used as a starting point for the final maximisation 

involving all 2n+m parameters. This procedure was extremely 

successful in attaining fast convergence and reliable parameter 

estimates. 

Software testing was performed for the case of no sampling error 

on both the catch number and the age structure input data, and 

the correctness of the numeriQal optimisation routine was 

confirmed when parameter estimates yielded the true biomass 

estimates to within about 6 significant figures. 

~.2.6 Biaa and variance or abundangt eatimatea 

Previous investigations into the errors in estimates of cohort 

size obtained from Virtual Population analyses have been 

primarily concerned with the propagation of errors after the 

terminal fishing mortalities have already been fixed on some 

basis.· The literature in this regard is reviewed by Sampson 

<1984>, and the following summary is based on his discussion. 

Pope C1972> proposed an approximate solution to the catch 

equations which he used to demonstrate the pattern of errors in 

fishing mortalities resulting from errors in either the terminal 
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fishing mortality estimate or catch-at-age estimates Che 

considered a single cohort, rather than an assemblage of 

different year classes>. The results showed that estimates of 

cohort size CNt,J> and fishing mortality CFt,J> obtained in 

backcalculations were relatively insensitive to errors in the 

terminal fishing mortality estimate. Relative errors in Nt,J and 

were shown to decrease with decreasing i and j, and this 

result has been taken as an implicit justification of the general 

application of VPA techniques. 

Pope produced additional results concerned with the propagation 

of errors from inaccurate catch-at-age estimates through the 

calculations. For errors in the catch-at-age estimates, Ct,J, he 

derived a relationship between C.V. 'son the fishing mortality 

estimates, the Ft, J's, and C. V. 's on the Ct, J estimates. The 

results indicate that the C. V. 'son the Ft.J'S are between about 

80% and 120% of the C.V.'s on the estimates of C1,J. Further 

results indicate that the C. V. 's on· the estimates of cohort size, 

the Nt,J'S, are between about 30% and 100% of the C. V. 'son the 

estimates of Ct , J. 

Pope did not consider the case of simultaneous errors in terminal 

fishing mortality, catch-at-age and natural mortality estimates. 

Agger et al C 1971> had earlier investigated the effects of 

simultaneous errors in the terminal fishing mortality estimate 

and the natural mortality estimate.. For the cases they studied 

they concluded that estimates of F1,1, the fishing mortalities, 

would be positively biassed by about 25% for Min the range 0.1 

to 0. 3 yrs- 1
• Ulltang C1977> studied other sources of error, 

including migration, errors in natu~al mortality values, and the 

uneven temporal distribution of annual catches. His results 

suggest . that for moderate random fluctuations in natural 
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mortality, errors in N1, J, and Fi, J are- sli..ght.- -Problems 

regarding the ~neven temporal distribution of annual catches have 

also been studied by Sims <1982>. Results reported by Sims 

suggest that the relative error in stock size when a VPA is 

carried out with the supposition of catches evenly distributed 

throughout the year are not severe unless the natural mortality 

is large and/or the fishery is heavily exploited. 

Sampson C 1984) has followed the methodology of Pope <1972> and 

others < Agger et al, 1971; Ulltang,. 1977> to determine the errors 

in F1,J and N1,J estimates due to simultaneous errors in terminal 

fishing mortality, catch-at-age and natural mortality values. He 

defines clearly the conditions under which the magnitude of the 

relative errors in successive cohort size · estimates do not 

increase for decl'.'easing cohort ages, which qualifies Pope's 

result. He also extends Ulltang• s ( 1977> findings on the 

significance of random fluctuations in natural mortality. 

In view of the stated practical aims of this thesis, there are 

two deficiences in the research summarised above concerning VPA 

estimator precision. First, the terminal fishing mortality 

es ti mates, even though.at times incorrect, have been regarded as 

given in the analyses. However in reality some knowledge about 

the terminal fishing mortality variance is necessary to express 

VPA biomass estimate precision with any meaning. This 

uncertainty in the terminal fishing mortalities would normally 

result from their estimation from the available catch-at-age 

data, something which is not considered in the research reviewed 

in the preceeding paragraph. To achieve this, the terminal 

fishing mortalities have to be set up as estimable parameters. A 

number of techniques have been suggested <Pope and Shepherd, 

92 



1982; Gray, 1977; Doubleday, 1976; Fournier and Archibald, 1982>. 

Amongst these~ abundance variance estimates are quoted by Pope 

and Shepherd <1982>, but any of the other methods could be 

extended to compute variances. What is most striking, is that 

the precision of the terminal fishing mortality estimate is one 

of the most significant components of each year's overall 

abundance estimate precision. 

Finally, there is no evidence in the 1iterature that any general 

statement on VPA precision is emerging. Attempts at producing 

general analytical results have not been successful <Sampson, 

1984), and indiscriminate brute force techniques such as Monte 

Carlo experiments have all too soon to be invoked. With this 

background, and with a practical.end result in mind, subsequent 

extensive use of Monte Carlo experiments and re sampling 

procedures is made in this thesis for the purpose of estimating 

variances. 

In order to compute variances, a large number of data sets were 

generated and fitted to the VPA model, the exact number depending 

on the computer time required for fitting data sets wit-h 

different levels of sample error. From the resulting sample of 

abundance estimates, variances were evaluated using the standard 

equation Csee Stage A in Fig. 4. 2, particularly in relation to 

subsequent discussions relating to Stages B and C set out in the 

same figure>: 

kt kt 
var<Bt>= l: ca, ... - l: Bt,1c/kt> 2 1Ckt-1> 4. 3 

k=1 k=1 

where a,, .. is the abundance estimate for year i from the k th 

data set, and kt is the total number of data sets processed. 

Bias was· taken to be the difference between the true known 
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abundance and the mean of the set of model fitted abundance 

es ti mates. 

4. 3 PRELIMINARY RESULTS 

4. 3. 1 Without additional relatiye abundange information 

Preliminary studies· were carried out using 15 years of catch 

information and 5 age classes, and including a minimal amount of 

sampling error, viz. a 5% C. V. on the catch number estimate and 

randomly sampling 1000 fish each· year for aging. For this 

situation, estimates of the coefficient of variation and the bias 

-
are shown in Table 4. 5. 

As expected from other work (Pope,· 1972; Pope and Shepherd, 

1982), the C. V. is highest for the most recent year, and is in 

fact in excess of 100 %. These results show therefore that age 

structure and catch mass in~ormation typical of an anchovy 

fishery does not provide any useful estimate of recent stock size 

<even given a known form for selectivity as a function of age). 

Note further that there is a large positive bias in biomass 

estimates for more recent years, and this occurs for estimates ' 

with a large variance, notably in the more recent years. A 

positive bias might be expected if the biomass estimators have 

positively skew distributions, with the expected biomass. <~he 

mean> being larger than the modal bio~ass by an amo~nt dependent 

on the amount of skewness, which increases with the variance. 

Estimates of the mode for log-normally distributed biomass 

-estimates are given approximately by the geometric 

<imprecisely for a small sample>: 

kt 
B1,eade=[ 'It B1,kl 11

kt 

J<.=1 

mean 

4. 4 



Figure 4.2 A diagrammatic representation of the procedure used 

to calculate the mean, variance and bias of abundance estimates 

resulting from the VPA (Stage A). . Stage B shows how variances 

are calculated in practice, when the true catch at age data, and 

the true biomass trajectory are unknown Cthis procedure is 

utilised in Chapters 5, 7 and 8>. Stage C shows how in principle 

the reliability <precision and accuracy) of results produced in 

Stage B may be assessed. This stage was found to be 

unrealistically expensive in terms of computer core time usage, 

and was not applied in full. Instead, the variances obtained in 

Stage B are used to infer the precision of the abundances 

obtained there. <Effort data are not shown here, however they 

are used in the same schematic way as the other data which is 

represented. ) 

True data 

Simulated 
possible 
observed 
data sets k= 

VPA biomass 
time series 
estimates 

C Obi 
f. ' 

Mean of estimates of 
true biomass 

Variance for 
biomass 

Bias of biomass 
estimate 

1 

STAGE A 

C 0 b I 

i ' 

kt 
Bi= I: Btoklkt 

k=1 

kt 

2 

C B1 tr u • known exactly 
no sampling error in C1 
and Pi,Jl 

C ab I 

f. ' 

kt [ kt=90J 

~ 

Oe , 1 2 = I: C B t , 1c - B 1 ) 2 IC kt-1) 
k=1 

Bias=Bt - Bttrue 
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Figure 4. 2 continued 

Real 
observed 
data 

Best estimates of 
true input data from 
first VPA model fit 

Simulated 
resamled• 
observed 
data sets l= 

VPA biomass 
time series 
estimates 

Mean of resampled• 
biomass estimates 

Resampled• 
variance estimate 
for biomass 

STAGE B 

C B 1 es t i mat e d l 

M C M=90l 

~ 
-
B 1 • 

M 
cr2 s.t•= I: CB1.,1• - a,•) 2 /CM-1) 

1=1 

CThe true biomass will be known.in a simulation only, so that in 

practice, with real data, the bias is unknown. However, bias 

could be estimated crudely from additional simulations by 

assuming that the best fitted catch at age data obtained from a 

Stage B type of approach is the true data set, and then following 

the calculation sequence in Stage A. l 

+ - see Section 4.6. 1 for a description of the resampling 

procedure. 
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Yigure 4. 2 contiriued ... 

True data 

Simulated 
possible 
observed 
data sets 

VPA biomass 
time series 
estimates 

C 0 b I ' , 
k= 1 

Best estimates ..... ~--~--. 
of true input c,, P1,J 
data from 
first VPA fit 

STAGE C 

C 0 b I ' , 

kt 

2 

ca,tru• known exactlyl. 

P Db I 
i ' J 

kt [ kt=90l 

Variance for 
biomass Oe.t 2 = L CB1tk- Bt> 2 /Ckt-1> 

k=1 

l 
Resample <see Section 4. 6. 1> to obtain M possible 

I f 
data sets C*> for each case above 

1 2 3 ... M 1 2 3 ..• M 1 2 3 ... M 

USE STAGE B TO ESTIMATE MEAN AND VARIANCE OF 

\ \ \ 
ABUNDANCES FOR EACR MODEL PREDICTED DATA SET c,, P1,J 

Re sampled 
mean biomass B1,1•, 

estimates 

Mean variance of 
resampled VPA 
biomass estimates 

-. 2 • 
Oe , t Oe , 1 

2 
• • • • Bi , k t • , Oe , t 2 

kt 
Oe , t 

2 
• = L Oe 2 • I kt 

k=1 

Bias of abundance variance estimates= c Oe,1> 2 * - ( Oe , i ) 
2 
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Table 4. 5. Monte Carlo ~stimates <kt=30> of the arithmetic mean, 

geometric mea~ and variance of VPA abundance estimates using only 

catch mass and age structure ·information. Coefficients of 

variation and biases <of the arithmetic mean) are estimated using 

the Monte Carlo mean biomass <Stage A, Fig. 4. 2l. The following 

C true) parameter values were given and fixed in the fitting 

procedure: M=1 yr- 1
, o=O. 05 and Q=1000. 

YEAR TRUE STAGE A STAGE A STAGE A STAGE A·· 
BIOMASS MEAN MEAN C.V.C%l BI AS < %> 

C ARI TH. l C GEOM. l 

1964 2677 2657 2650 8 <1 
1965 2189 2178 2172 7 <1 
1966 1577 1571 1567 8 <1 
1967 1322 1336 1331 8 ( 1 
1968 1233 1249 1246 7 <1 
1969 970 1007 1003 8 <1 
1970 947 1002 998 9 6 
1971 1011 1075 1069 11 6 
1972 1128 1203 1193 14 7 
1973 1030 1106 1088 21 7 
1974 831 963 915 38 16 
1975 736 . 954 842 62 30 
1976 804 1113 922 78 38 
1977 939 1361 1068 88 45 
1978 884 1498 946 117 69 

~ 
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Estimates of the mode obtained from this formula are also shown 

on Table 4. 5, and these are closer to the true biomasses than are 

the means. Clearly the geometrie mean is closer to the true 

biomass. However, this aspect is just of passing interest, 

because the large variance of the biomass estimates renders them 

practically useless anyway. The estimation of the mode of the 

probability density function for the abundance estimates should 

not be confused with the maximum likelihood procedure employed 

here for estimating the constituent model parameters. The fact 

is that the abundances are related to the estimated parameters in 

a complex non-linear fashion; and in any case the mode of the 

likelihood function does not necessarily coincide with the mode 

of the probability density function for the abundance estimates. 

4.3.2 Addition or effort information 

The variance of recent biomass estimates is markedly reduced by 

including additional information ·about the performance of the 

fishery. The preliminary results obtained using only the catch­

at-age data indicate that it is essential to do this to obtain 

any useable estimate of true biomass trajectories, particularly 

only other as regards the most recent years. Usually, the 

relative abundance information available is obtained from a 

measure of annual fishing effort. It is normally assumed that 

the ratio of annual catch mass to fishing effort is proportional 

to stock biomass. A number of CPUE <catch per unit effort> 

models are based on this assumption. Given only the catch and 

effort data, they can be used to obtain estimates of r, q, K and 

B<t> for the logistic <Schaefer> model: 

dBCt)/dt=rBCt>c1~BCt)/K)-qEBCt) 

<for examples of practical applications of these methods to the 
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South African hake stocks see Butterworth and Andrew, 1984). 

These analyses permit one to sp~cify quotas corresponding to 

different harvesting strategies. However it is possible that a 

maximum likelihood abundance estimator which utilises catch mass, 

age structure and effort data will be more efficient than either 

a CPUE model estimator or a VPA estimator alone. However, as 

will be seen, there are other problems· associated with the 

additional use of catch age structure informatio~ which may 

(depending on the specific case> lead one to use the CPUE and 

catch mass data onl~ 

The likelihood VPA method allows one to incorporate effort data 

and other information about the fishery quite easily, and this is 

one of its main advantages. It is possible to incorporate the 

effort data in this manner, under the assumption or 

proportionality between CPUE ~nd population biomass. This 

assumption is roughly equivalent ~o assuming that effort Et is 

proportional to Ft, and this latter model leads to a convenient 

way of incorporating the effort information. 

If one assumes that Ft is lognormally distributed about Et <with 

the variance of lnFt = 01 2 >, then the additional term to be 

subtracted from the log-likelihood function is: 

n 
~ Clnk.E1-lnFtl 2 /C201 2 >+nlno1 

i=1 
4. 5 

where the weight os 2 and the proportionality constant k. are an 

additional parameters which must either be estimated in the 

maximisation or independently. The term nlnO( can be deleted if 

an independent estimate of 01 2 is available. 
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IJ. 3.3 Simulation re1ult1; tffort information ingluded 

Table 4. 6 shows the estimated variance of the maximum 

likelihood abundance estimator if o 2 and 01 2 Cthe variances of 

the catch mass estimate and the effort t~ fishing mortality model 

error) are known, and for a coefficient of variation or E1 about 

.Fi of about 30% Ci.e. 01 = 0.3). M is also assumed known for 

this case CM=1 yr- 1 >. Variance estimates decrease going 

backwards in time from about 22% in the final year .C 1978) to 9% 

in the first year C 1964). Thu"s it appears that the addition of 

catch-at-age data provides more information about the history of 

biomass changes than would proportionality between CPUE and 

abundance alone, since the abundance estimates all have variances 

less than the variance on the effort to F1 relationship itself. 

Moreover, this result further illustrates the absolute necessity 

of additional relative abundance information in the VPA, apart 

from catch mass and age structure data alone <compare Table 4.6 

with 4.5~ particularly the most recent years - eg. 

ror 1978l. 

22% VS 117% 

At this stage a serious objection to the application of the 

procedure presents itself. It has been assumed until now that o, 

Ot and M are known. This is usually not the case in practice, 

and this problem requires some consideration. 

4.4 WEIGHTING 

The quantities o and 01 are unknown, yet they must somehow be 

estimated to provide the correct weighting between the age 

structure, catch mass and effort information. Fournier and 

Archibald C1982l suggest that these cannot be efficiently 

estimated from the available information, and they advocate that 

model sensitivity be tested within a reasonable range of 
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Table 4. 6. The Monte Carlo Ci. e. Stage A results as set out in 

Fig. 4. 2> estimates of mean and variance for the maximum 

likelihood abundance estimators Ckt=90>, with added effort 

information. M is taken as given, and having its correct value 

of 1 yr- 1
• Similarly Q=1000, o=O. 05, and Ot =O. 3 are given. 

C. V. 's obtained without use of effort data (from Table 4.5> are 

shown for comparison. 

YEAR TRUE STAGE A STAGE A C. V. NO 
BIOMASS MEAN c. v. ( %> EFFORT 

1964 2677 2730 8. 9 8 
1965 2189 2230 9.0 7 
1966 1577 - 1495 9. 9 8 
1967 1322 1271 9. 1 8 
1968 1233 1223 8. 9 7 
1969 970 955 10 8 
1970 947 973 11 9 
1971 1011 994 12 11 
1972 1128 1093 11 14 
1973 1030 1074 9.8 21 
1974 831 817 11 38 
1975 736 724 14 62 
1976 804 786 16 78 
1977 939 918 . 16 88 
1978 884 889 -· 22 117 
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varia-nce-s. - This su·ggests -that a range of possible solutions 

should be estimated from these results. 

Kendall and Stuart <1967> have investigated the possibilities of 

obtaining estimates of variance parameters such as are required 

here. They treat a simple analogu~ of this aspect of the VPA 

problem, which is summarised below <see also Ricker, 1973>. 

Two mathematical variables X and Y are known to be related by a 

linear relationship: 

Y=O<o+CXtX 4. 6 

and CXo and D<t are to be estimated. However X and Y are 

unobservable, and instead the raridom variables £ and n are 

observed, being ~efined as: 

Th~ following propertie~ are assumed to apply: 

EC 61 > = E< E:t > = 0 a,'} Var< 61 > = a. 2 Var< E:1 > = • 
for all i 

Cove 61, 6J > = Cov< E:1, E:J > = 0 i !It j 

Cove 61, e, > = 0 for all i, j 

Furthermore e, and 61 are assumed to be normally distributed. 

By equating the first derivatives of the MLF with respect to all 

the parameters to zero and solving this set of equations, Kendall 

and Stuart produce the relationship: 

They conclude that <pp385, ibid): 
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-
• 

" it is not worth proceeding with the ML estimation process, 

for Cthe above relation) first deduced by Lindley <1947>, 

shows that the ML method fails us here. We have no prior 

knowledge of the values of the parameters Dis, Oa 2 , Oe 2 and yet 

<the above relation) gives a definite relation between the ML 

es ti ma tors, which is not true in the model as specified. In 

fact, Cthe above relation> clearly implies that we cannot be 

consistently estimating all three of the parameters Dis, Oa 2 , 

Oe 
2

• The ML solution is therefore unacceptable here." 

Thus for this case it is furidamentally impossible to estimate 

both Oa 2 and Oe 2 given only the set of n pairs of <t1,n1>. In an 

additional calculation they show that efficient Ci. e. minimum 

variance> estimators do exist if the ratio of Oe 2 to Oa 2 is 

specified. 

For the VPA procedure developed so tar, the situation for the VPA 

likelihood function is more complex. Specification of the ratio 

of 0 2 to Os 2 Cby analogy with Kendall and Stuart's result> may be 

inadequate, since there is a further term in the objective 

function, to which weighting must be related, vi2. the 

multinomial term defining the probability mass function for the 

catch at age structure estimates, The effective 

weighting constant for this term, Q, is the number of fish which 

are randomly sampled for aging purposes. There are thus three 

weights in the likelihood function: Q, If the 

analogy to the simple model investigated by Kendall and Stuart 

holds, then two of the three should Cby analogy> be specified, 

but a third may perhaps be estimated from the maximum likelihood 

procedure. Specification of Q and o, and maximum likelihood 

estimation of Os was attempted first. 
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4.4.1 Estimating 0,1 

The loglikelihood function, lnL, with 01 given has the form 

Csummations, where indicated, are from 1 ton>: 

4. 10 

Subscripts q,k denote the fundamental fl parameter sites, of which 

there are n+m-1. If 01 is freed, then the loglikelihood function 

is lnL*, where: 

4. 11 

Note that 

4. 12 

The a represent partial derivatives. Let the model parameters 

other than 01 be represented by the vector p; - the individual 

parameters are denoted p1. Superficially it seems that if the 

position of the maximum of lnL is given by p <components of which -
are F, and k. > , then an estimate of 01 might be from equation 

4. 12 set equal to ~ero, i.e.: 

Ot 2 =I: ClnF1 - lnk.E1> 2 /n 4. 13 

I 

This would be incorrect. Note that the parameters other than Ot 

- the P1 - are obtained by maximising lnL C or lnt. 11
: the equations 

to be solved are independent of the additi~na1 term nlno1 

lnL = fCP> -C1/2)I:ClnF1 - lnk.Ed 2 /01 2 - 4. 14 

The important point is that the p1 parameters cannot be estimated 

independently of 01. A value Ot 191 must first be given before L 
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can be maximised. Thus 01<d
1 which is obtained using equation 

4. 13 is generally different to the value that would ·be obtained 

by including Ot as a free parameter in the maximisation 

procedure, using lnL•. Either 4. 10 and 4. 13 must be used 

iteratively, or 4. 11 maximised directly including Ot in the 

parameter set. · 

Preliminary tests were performed to determine whether the log-

likelihood function exhibited sufficient sensitivity to 01 to 

I 

consider including it in the full set of parameter values. The 

effect of a 10% change in ~ach of the Ft parameters Cat the 

estimated optimum> on the log-likelihood function are compared 

with the effect of a 10% change in the true value of Ot in Table 

4. 7 Cthe best fit estimate of 01 was not available at this 

stage>. Changes in the log-likelihood function due to changes in 

Ot therefore seem to be comparable to those due to changes in Ft. 

In addition, preliminary fits using two very different starting 

parameter values for Ot yielded identical estimates of Ot <see. 

Table 4. 8>, which shows that the fitting procedure is insensitive 

to starting values given for Ot over a large range CO. 2 - 2. 0). 

The variance and mean estimates for 01 were obtained by fitting 

the VPA model, including Ot as a parameter, to a number of 

equally probable data sets. Results are set out in Table 4. 9. 

These results suggest that Ot may be accurately es-timated. By. 

analogy with Kendall and Stuart's <1967> analysis however, it 

seems unlikely that o can also be obtained by maximising the 

likelihood function with o as an additional parameter. 

4.4.2 Estimating qa 2 and gz 

Further investigations into the possibility of fitting both 01 2 
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- Ta·ble. - 4. 7. The percentage changa in the log-likelihood function 

resulting from'a 10% increase in each of the Ft model parameters 

in turn, including 01. The base values for the model parameters 

were the estimated maximum position, and for 01 the true value of 

0. 198 was used. 

Year for Ft Percentage change in the log-
likelihood function 

1964 5-6. 19 
1965 63. 96 
1966 60. 44 .. 

1967 58.66 
1968 64. 19 
1969 60. 78 
1970 59.23 
1971 58. 51 
1972 59. 63 
1973 65. 37 
1974 62.37 
1975 56.93 
1976 55.26 
1977 45.49 
1978. 20.25 

01 17. 16 

Table. 4. 8. Estimates of 01 2 in the VPA model, for different 

starting values of 01 2 <i.e. 01 2 is a free parameter in this case 

but o 2 and Mare taken as given>. 

O t r u ". 1 • 0. 198 

Ot
2

START 01
2

ESTl"ATED 

0. 2 0. 104365882_ 

2.0 0. 104365881 

Table 4. 9. Mean and variance of 01 estimates obtained by 

maximising the VPA likelihood function using 20 different sets of 

equally probable data < M=1. 0, o = 0. 05, Q=1000). 

0 t .. u. t . : o. 198 0.30 

Ot 
.. • t < CV>: 0. 176 ( 20%) 0. 276 ( 18%> 
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and 0
2 ·were conducted. Table 4. 10 shows the percentage c.hange 

induced in the log-likelihood by a 10% change in each of the 

model parameters in turn. The base value for each model 

parameter was the best fitted value obtained by maximising the 

log-likelihood function without including O't 2 and o 2 as estimable 

parameters <their true values were given: 0'1 2 = 0.04; 0'2 = 
0. 0025). In evaluating the results presented in Table 4. 10, the 

term {-nlnC 0'10']} was included in the log-likelihood function. 

Table 4. 10 suggests firstly that the relative sensitivity of the 

likelihood function to 0'1 is comparable to that shown in Table 

4. 7. Also it suggests that ~ is better determined than 01, since 

the likelihood function appears to be more sensitive to o. Both 

o and Ot therefore appear to be estimable, however attempts at 

fitting the VPA model were unsuccessful. All the attempted fits, 

using equally probable data sets, resulted in flag values of 

IFAIL=2, indicating that the criteria for convergence were not 

satisfied within 400N iterations. N, the number of parameters, 

was 38, so that the convergence cr1teria are unsatisfied after 15 

200 iterations. Some additional mechanism, not reflected in 

Table 4. 10, 

likely that 

acts to render both weights inestimable. 

o is confounded with 0'1, so that dual 

It is most 

estimates 

cannot be achieved. The analogy to Kendall and Stuart's analysis 

is that only one of the variance parameters is potentially 

estimable in the best fit procedure. The numerical indications 

tend to suppport this for the particular likelihood function in 

question, viz. O't C or o> alone is potentially estimable; however 

0'1 and o cannot be fitted together. 

Thus it must be assumed that a reasonable estimate of o or O't can 

be made independently. Reasonable estimates of Q may be obtained 

independently < see Chapter 5) . If 01 is to be fitted, then the 
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Table 4. 10. Sensitivity of the log-likelihood function to a 10% 

increase in o and Ot compared to the same changes in the Ft 

par a me t e rs. 

Year for Ft Percentage change in the log-
likelihood function 

1964 7.28 
1965 8. 29 
1966 7. 84 
1967 7. 59 
1968 8. 30 
1969 7. 87 
1970 7.68 
1971 7.60 
1972 . 7. 73 
1973 8. 48 
1974 8. 09 
1975 7. 40 
1976 7.18 
1977 5. 91 
1978 2.60 

Ot 1.43 

0 3.22 
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estimate for 0 2 may just have to be an educated guess. The guess 

made in subseq~ent practical applications Csee Chapters 5, 7 and 

8) assumes that the quantity or' fish caught each year is 

estimated quite precisely, with a C. V. of about 5 %, which 

corresponds to a value of o2 of close to 0. 0025. Note with 

regard to this that the mass and species composition of SA fish 

catches <pelagic and demersal) is monitored by a government 

inspectorate; imprecision and a~so perhaps inaccuracy is most 

likely to arise from species composition estimates, particularly 

for the e~ily years of the fishery. There have been indications 

of malpractices such as underestimating the catch and species 

misidentification CAlant et al, 1983> but this seems more a 

problem for the Namibian pelagic fishery. 

Alternatively, some estimate of 01
2 can be obtained from the 

results of dynamic CPUE model ~nalyses, where these are 

available. Using this approach, a value of 01 
2 z 0. 01 is 

indicated for hake <Butterworth, pers. commn). Given such an 

i nd.ependent es ti mat e of . al , it would seem that a C or 

alternatively Q> 

. procedure. 

could then be obtained from the best fit 

Another crucial parameter whose value is normally regarded as 

given in the VPA is M, the natural mortality constant. Attempts 

at estimating M as a model parameter in the VPA maximum 

likelihood estimation procedure ar.e presented in the following 

section. 

•.5 ISTIMATING NATYBAL MORTALITY 

Fournier C1983> attempts to estimate the natural mortality 

parameter, M, for pacific cod Cfor which typical values seem to 

be in the vicinity of 0.5 yrs- 1
). After substantial manipulation 
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of the basic VPA model, his objective function shows a weak 

minimum Ca maximum likelihood since the sign of his objective 

function is opposite to that of the loglikelihood function) at a 

value of M=O. 65 yrs- 1
, which is then used in a series of other 

calculations. 

However, from the re~ults he presents, the slope of the objective 

function close to the best fitted value of 0. 65 is very slight, 

so that a 10% change in Mon either side of 0. 65 yrs- 1 produces a 

change in the objective function of roughly 0. 02%. Fournier 

C1983> does not produce a variance estimate for the M value, but 

one suspects it to be intolerably large given the insensitivity 

to M revealed in the objective function. Prospects for 

estimating M for anchovy with Min -the vicinity or 1 yr- 1 do not 

therefore seem to be good, and this is borne out by results which 

follow. 

4.5.'I Beault1 

Preliminary results CTable 4. 11) show that the likelihood 

function is very sensitive to M at the estimated maximum 

position. Table 4. 12 however shows large CV's on estimates of M 

- in the range of between 39% and 54%. The associated CV's for 

biomass estimates Cnot shown here) are also very large, being in 

the region of 50% for 01 = 0. 2 and well over 100% for 01 = 0. 3. 

These results are not particularly surprising, since relaxing the 

fixing of M in the model injects a potential ambiguity into the 

interpretation of the data set, even with additional effort data 

included. This concerns the relative impact made on the 

population by predation and by fishing operations, which the 

model is· now required to estimate. It is.difficult to imagine 
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Table 4. 11. Sensitivity of the log-likelihood function to a 10% 

increase in M C 1. 0 ~ 1. 1) compared to its sensitivity to the 

estimated F1 parameters. The percentage change in the value of 

the log-likelihood function <scaled by subtraction> due to a 10% 

increment in each of the F1 parameters and M <each amended 

separately) is shown. 

With effort With effort No effort 

Ot=O. 2 Ot=O. 3 

Year of % change % change % change 

F1 
-

1964 15. 81 10. 57 20. 28 
1965 18. 00 12. 03 23. 21 
1966 17. 01 11.37 21. 93 
1967 16.51 11. 01 i 21. 34 
1968 18.06 . 12.05 23. 33 
1969 17. 10 ·11. 42 22. 16 
1970 16. 70 11. 13 21.60 
1971 16. 46 11. 02 21. 32 
1972 16.78 11. 21 21. 92 
1973 18~ 39 12. 31 24. 75 
1974 17. 55 11. 73 24. 42 
1975 16.02 10.74 21. 20 
1976 15.55 10.42 20.34 
19_77 12. 80 8.58 20. 14 
1978 5·. 10 3. 77 2. 14 

M 259. 8 173. 13 346.7 

Table 4.12. Estimates and CV of M obtained by maximising the VPA 

likelihood function for Q=1000 and o=0.05 and Mtrue = 1 yr- 1
• 

(Jt t r u • : - - 0.-2- 0.3 

M· It C %CV>: 0. 87 ( 39%> 0. 88 ( 54%> 
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how the model would place realistic restrictions on the estimated 

M value in these circumstances <except perhaps in special cases 

where large data contrast has been produced by, for example, a 

very variable fishery>, and it appears that other assumptions 

must be made to facilitate the estimation of M. For example 

independent estimates of anchovy consumption by natural predators 

may provide some information in this regard. However other 

assumptions which are sometimes introduced, such as restrictions 

placed on permitted per capita recruitment rates, are more 

meaningfuly applied to K - selected species such as marine 

mammals than pelagic shoaling· fishes. 

Note further that changes in M generally affect absolute biomass 

levels rather than trends. It is therefore- not particularly 

surprising that the addition of CPUE information - a relative 

biomass measure - does not help in estimating M. This may not be 

as serious as it seems, as change.s in ·M tend to affect absolute 

magnitude of biomass rather more than trends <which are more 

im~ortant from a manag~ment point of view>, and the increased 

CV's in -biomass estimates upon freeing M predominantly reflect 

the former of these effects. It is anticipated however that 

incorporating absolute abundance estimates from independent 

assessment techniques such as direct stock surveys would greatly 

facilitate the estimation of' M. 

~.6 ESTIMATES OP BIAS ANp VARIANCE OP THE MAXIMUM LigELIHOOp 

ABUNQANCI ESTIMATORS USING A R!SAMPLING TECHNIQUE 

Fournier <1983> utilises the asymptotic properties of the log-

likelihood function to evaluate different VPA models. 

resampling method based on the bootstrap procedure <Efron, 

A 

1981) 

is used here, and this offers a powerful means for evaluating 
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biomass estimate variances obtained from different VPA procedures. 

In practice, the variance of the abundance estimators, Os 2
, 

cannot be estimated directly by techniques using the true values 

of the various model parameters Cas done for example in section 

4. 3, using the procedure headed Stage A in Fig. 4. 2)' because 

their values are unknown. However, the first model fit does 

provide an estimate of the various model parameters and these 

estimates can be used in the same way that one might use true 

parameter values for estimating abundance estimate variance. 

Thus estimates of Oa 2 can be- obtained by a "bootstrap" procedure 

C Efron, 1981>; this procedure, as outlined below, is Stage B in 

Fig. 4. 2. It is necessary to subject the bootstrap procedure to 

a series of trials in order to validate it <this is Stage C in 

Fig. 4.2>. 

•.6.1 The bootatrap progedure 

At a simple level, the bootstrap uses the residuals <differences 

between observed data and the model predicted values> as a 

measure of the probability density function of the true residuals 

C or errors>. This approach has considerable merit in cases where 

analytical estimators for the variance of fitted parameters 

cannot be obtained Cit can be generalised to include other 

statistics>. The situation dealt with here is a good example of 

this type of. regression problem. 

If there are n pieces of data, Ci ab•, for which the logarithm of 

the true values, lnC1, are estimated by regression techniques, 

the residuals are: 

t1 = lnC1abs - lnC1 4. 15 

In the bootstrap approach further possible data sets, are 
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generated via a random sampling procedure. A series of probable 

residual sets ~c £1 *: i=1 .... nJ are obtained by randomly sampling k 

with replacement and with equal probabilities between 1 and n: 

4. 16 

The additional <from a resample of the empirical residuals> data 

sets C1* are therefore given by: 

Thus a number of data sets can be generated by considering only 

the initial fitted model and the single given set of observed 

data itsel.f. For the VPA this allows one to obtain a series of 

possible biomass estimates, by fitting the VPA model to each set 

of resampled data in turn. Variance estimates of the biomass 

estimators can then be calculated using standard equations <see 

Stage B, Fig. 4. 2). These results must however be regarded with 

some caution. 
n 

Note that the sum<~ £1 2 I n> 
i=1 

biassed estimator for o2 • For a linear model, 

is probably a 

and with the £1 

having equal variances and all uncorrelated, the bias-corrected 

estimate of 0 2 is C Kendall and Stuart, 1967>: 

n 
o2 = I: £1 2 I C n-p) 4. 18 

i =1. 

where n is the number of data values, and p the number of model 

parameters estimated from the data. In the special case of the 

VPA likelihood function the additional terms <involving P1,J, F1 

and a few other parameters> and mathematical relationships 

linking them lead to a model which is definitely not linear, so 

that the correction shown in equation 4. 18 may be inappropriate. 

The extent to which bootstrap estimates of the variance of 
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abundance estimates are biassed Ca priori one might expect 

negative bias for the variance es ti mate> is therefore 

investigated using simulation techniques instead. 

The estimates of P1,J from the first model fit can be taken to 

define the empirical distribution function of q, ,Job•, since the 

variance of a multinomial probability function is a function only 

of the population means and Q, the number of samples taken. The 

additional sets q*1,J were obtained by multinomially resampling 

1000 fish with age distributions P1, J each year, as described 

before <Appendix 4. 1), where Pt,, are now obtained from the first 

model fit to the given data. 

The aecuracy Ci. e. bias> of the bootstrap biomass variance 

estimates was tested by comparison with the variance for -results 

obtained in the case when the true parameter values are known 

C see Section 4. 3; see also stage C, Fig. 4. 2). 

4.6.2 Simulation resulta using the reaampling procedure 

The accuracy of the bootstrap estimate or variance, based on 

resampling the empirical residual sets <equation 4. 17; Stage B, 

Fig. 4. 2>, was estimated by comparing it to the sample variance 

obtained in section 4. 3 C Stage A, Fig. 4.2>. In that process 

C Stage A>, which has b~~n used until now, the model parameters 

are all kno.wn exactly, while for the bootstrap <Stage B> the 

parameters are estimated from an initial fit or the model to the 

data Cthe distinction between these two calculation procedures is 

illustrated in Figure 4.2. 

However, the number of sets of data which can be processed is 

limited by the required computer time, and only 90 data sets 

were processed. From the x 2 /d.f. distribution for s 2 /o2 , with 89 
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degrees of freedom, 95% of the estimates of s 2 /o2 are expected to 

lie between about 0. 7 and 1. 3, and this sort of precision is 

adequate for the purposes required here. For the situation under 

consideration, the model was defined by: 

n = 15 yrs M = 1 yr- 1 b = 3 yrs 

m = 5 yrs Q = 2500 fish Ot = 0. 3 

a = o. 1 

Midyear fish masses for age groups Oto 4 years.were; 20, 40, 55, 

65, and 75 grams respectively, and 90 data. sets were generated 

and processed for both Stage A and B techniques Csee Fig. 4.2 for 

further clarity). 

Recall that variances for the results in 4. 3 <Stage A, Fig. 4. 2) 

are obtained using- the 90 biomass trajectories, obtained 

from fitting the VPA model to 90 unique data sets cc,ab•; 

P ab•. 
i • J • Et) obtained from; 

Et. = F1 exp< e1 l lk. 

' 
Pt, J 0 

b • drawn from Pt, J < Q=500) 

Ck. is a proportionality constant> 

However, for the resampling procedure, a single estimate of model 

parameters is provided by the first fit of the model to the raw 

data~ prodticing ~h~ resi~uals; 

et = lnk. E1 - lnF1 

and the estimated age structure matrix Pt,J. A further 89 data 

sets were generated from; 

Ct= C,expCt1c> 
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with Pt.Jobs now drawn from P1.J <Q=500) 

Resampled variances were calculated from the Bt ,k biomass 

trajectories resulting from fitting the VPA model to these 

resampled data sets <see Fig. 4. 2, Stage B>. 

Table· 4. 13 gives the results of the . simulations ·as outlined. 

These only give an indication of likely estimator bias, as a 

definitive analysis would require additional determination of the 

precision of all the entries in Table 4. 13 using for example the 

procedure headed Stage C in Fig. 4.2 <this was impractical 

because of computer time considerations>~ 

For a linear model, one expects that the variances o2 and 01 2 

estimated by~ tt 2 I n and~ e1 2 I n would be negatively biassed 

by the factor Cn-pl/n ~here pis the number of model parameters 

and n the number of given data points (for the case under 

consideration <n-p)/n is about 1/2). Since the residuals are 

therefore negatively biassed, this would cause the resampled 

estimates of abundance estimator variance to be negatively 

bi ass ed. Results shown in Table 4. 11 in general reflect this, 

however the effect is not large en6ugh to be of practical concern 

<at least for the data/parameter ratio and configuration 

considered here). 

Results for this section therefore suggest that the bootstrap 

procedure does give reliable <i.e. not markedly biassed) 

estimates of biomass variance. 
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Table 4. 13. ~omparison between the bootstrap <model parameters 

estimated - Stage B> and simulated C model parameters known 

exactly - Stage A> estimates of mean and variance for the maximum 

likelihood abundance estimators Ckt:90 in both cases), with added 

effort information, and the true values of M=1 yr- 1
, Q=500, 

i 

o=O. 1, and 01 =O. 3 given . 

. - . 

YEAR BIOMASS STAGE A STAGE B STAGE A STAGE B 
ESTIMATE ESTIMATE C.V.<%> c. v. ( %) 

1964 2677 2730 2389 8. 9 9.4 
1965 2189 2230 2113 9.0 7. 5 
1966 1577 1495 1588 9. 9 8. 3 
1967 1322 1271 1299' 9. 1 8. 1 
1968 1233 1223 1183 8. 9 8. 3 
1969 970 955 928 10 9. 8 
1970 947 973 . 917 11 10 
1971 1011 994 900 12 9.6 
1972 1128 1093 1025. 11 8.0 
1973 1030 1074 924 9. 8 8. 2 
1974 831 817 761 11 8. 9 
1975 736 724 642 14 12 
1976 804 786 707 16 13 
1977 939 918 819 16 15 
1978 884 889 727 22 22 
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~.? INCLUDINq ADDITIONAL INFORMATION IN THE JPA LIKELIHOOp 

FUNCTION 

A considerable advantage of the maximum likelihood approach {s 

the ease with which additional information about the fishery can 

be included by adding further terms to the log-likelihood 

function. If the additional data provides an index of 

recruitment or biomass <for example spawning biomass) over all 

or part of the history of the fishery, then this entails the 

estimation of 2 extra parameters. The first is the 

proportionality constant between the index and the cohort biomass 

or number. The second is the variance of the index to cohort 

proportionality relationship - one parameter if the time series 

of indices can be assumed to be homoscedastically distributed. 

If not, then instead n parameters - the variances for the index 

for each year - must be provided. 

It should be recalled that an earlier result suggested that these 

variances had to b~ estimated independently of the VPA 

likelihood function maximisation and so the index is only really 

of use given these independent variance estimates. The 

sensitivity of the final result to these variances should be 

tested <Fournier and Archibald, 1982). The forms of the 

likelihood function for some of the more common indices are shown 

in the following paragraphs. <While the above has related only to 

the provision of one additional data set - say a relative 

abundance index - it is readily generalised if more than one 

such set is available) 

~.7.1 Tht u1t or rtgruitment indi911 

It is to be expected that a recruitment inde~, can be 

used to improve the quality of VPA results. However, recruitment 
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( 

I 
information ii probably not as useful as effort information "for 

obtaining abundance estimates. This is because the Et fix the Ft 

trend, and the Ft's d.efine the ab~ndance fairly rigidly from the 

catches, since the F1' s are closely related to the catch - to-

biomass ratio. On the other hand, the recruitment index only 

provides an index of abundance m years after the first year of 

fishing considered in the VPA, since m years are necessary for 

recruitment to £ill all age classes with an index .of cohort 

number. 

This shortcoming may be offset by the ability of the VPA to 

determine earlier es ti mates of abundance re la ti vely precisely, on 

the basis of catch mass and age strti~ture information ohly, as ·' .. 

has been shown here <Table 4.5> and by Pope <1972>. Furthermore, 

recruitment indiaes prior to the .first year in the· catch-at- age 

matrix can be used t~ impose additiohal constraints on fishing 

mortality ·estimates for cohorts born before year i=1, as is done 

for example for pilchard in Chapter 7. 

It is necessary to assume some error model for the · recruitment 

index, and to include it in the log-likelihood function according 

to this model. If the recruitment measurement errors in 

N · ind 
i • t are approximately log-no~mally distri~uted with constant 

variance, Or 2 
, then the following term must be subtra6ted from 

the log-likelihood function: 

n 
·I: [ lnkrN1, ttnd_lnN1,11 2 /(2CJ_r 2 > +nlnCJr 4. 19 

i=1 
:··.· 

where kr is a proportionality parameter. The Nt,s can be 

expressed in terms of n, y and s model parameters 

Nt, s=expC fi1, t >Ct 0 
b 'C Ft St +H> /[ F1S1C 1-expC -F1 St -H> > l 4. 20 
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n 
- I: ClnCBi>-ln(ksB1 1nd)) 2 /C20, 2 ) - nlno, 

i=1 
4. 23 

where k, is the proportionality parameter between the biomass and 

index estimate Ck, falls away if the data are absolute abundance 

es t i mat es > , and a realistic independent estimate of Os must 

accompany the data. 

!i. 8 ·SUMMARY 

In this section the basic Fournier and Archibald <1982> VPA 

procedure has been considered· in detail for a specific case. 

Considerable care must be taken to scale the VPA objective 

function suitably to obtain reliable convergence to the position 

in parameter space of the maximum of the likelihood function. 

This applies to both the derivative-free and first derivative 

fitting procedures, although only the derivative-free approach 

was attempted here. 

Results using the procedure <Stage A in Fig. 4. 2, for which the 

true model parameters are all known exactly) confirm that 

reliable current biomass estimates cannot be obtained using catch 

at age data alone. When effort data are included, the increase 

in precision for recent biomass estimates is ~ramatic, and. this 

suggests that VPA should only be used in conjunction with 

additional information Cto catch at age data) about the fishery, 

such as effort. Recruitment and spawning biomass indices are 

further examples of data which can be used in the VPA. 

The suggested resampling procedure <Stage B, Fig. 4. 2, model 

parameters are unknown> appears to provide an adequate assessment 

of abundance estimator variance for the specific example studied 

<computer time limitations precluded an exhaustive study of this 
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aspect). 

However variance estimates should be viewed with caution when the 

deviation between P . . 0 b I 
l • ' and P1 .• J is larger than one would 

expect on the basis or the sampling variance from multinomially 

distributed age data, since this is probably an indication that 

error in assuming selectivities fixed from year to year is 

substantial. This model -error is flat treated in ~ournier and 

Archibald's <1982> VPA model and is the proportion or the error 

between Pt,Job• and P1,J <where P1,J conforms exactly to a fixed 

selectivity pattern) not explained by consideration or random 

sampling errors in obtaining Pt, Job•. The most important effect 

or this is that abundance estimator variance derived from the 

resampling procedure d~scribed is negatively biassed. 

It is reiterated here that the model investigated thus far has 

assumed a particular functional form for the age dependent 

selecti vi ti es. The assumption or functional form for selectivity 

is crucial to results obtained in real situations Csee for 

example Butterworth et al, 1986>. The effect or relaxing the 

fixed selectivity shape or the assumption or asymptotic flatness 

of the selectivity as a function of age is demonstrated in 

Chapter 5 in the case of the South African anchovy. 

In the remainder of this thesis, a p~actical application of the 

maximum likelihood VPA procedure for the anchovy, pilchard and 

hake stocks which are fished in South African waters is 

demonstrated. 
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5. ABUNDANCE ESTIMATES FOR THE SOUTH AFRICAN 

ANCHOVY - VARIANCE AND BIAS 

5. 1 BACKGROUND 

VPA is one of the few methods available for estimating historic 

biomass trends, and its usefulness for doing this for the South 

African anchovy resource is now investigated. The anchovy VPA 

calculations reported here have been carried out at a time of 

considerable flux in the data available and techniques used by 

the Sea Fisheries Research Institute CSFRI> of South Africa to 

assess this resource. At the outset, during 1982 and 1983, VPA 

provided the only basis for anchovy biomass and sustainable yield 

estimates. The approach used for estimating the terminal fishing 

mortalities was highly questionable <Butterworth, 1983>, and a 

more rigorous statistical analysis of the data was urgently 

required. Essentially this work has confirmed much of what was 

suspected from the start, albeit in more quantitative terms, 

namely that VPA has little value as an assessment tool for the 

recent and even the historic status of the local anchovy stock. 

Since late 1983, the SFRI has concentrated its efforts on 

hydroacoustic survey techniques, and results from such surveys 

have provided some revolutionary insights into anchovy biomass 

and habitat range, completely superceding VP~ estimates of ~ecent 

anchovy biomass. It should be noted, however, that previous VPA 

results have found their way into the scientific literature, and 

this work suggests that inferences about historic stock trends 

made from these assessments could well be false. 

The likelihood VPA method which has been explored so far is based 

on a crude model of the error structure of the South African 
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fisheries data bank. For example, in reality estimates of age 

structure for,the anchovy catch are made by using an estimated 

age length key and a length frequency distribution, rather than 

by randomly sampling and ageing a fixed number of fish regardless 

of length. The correct likelihood function should therefore be 

formulated to include both the age-length key entries and the 

length frequency distribution as parameters. However this would 

involve an unmanageable number of parameters relative to that 

required by the current formulation of the objectiv~ functi6n. To 

avoid this, it is assumed in the following that the net effect of 

the length histogram and age-length key estimation process can be 

approximated by random sampling for age. This can be achieved in 

quantitative terms by estimating the number of fish which need to 

be randomly sampled and aged to give rise to roughly the same 

variances of the age structure estimates, Pt.Job•, as do the age­

length key and length histogram. 

5. 2 THE PRECISION OP AGE STRUCTURE ESTIMATES 

Sampling error for the estimate of the catch age structure, 

Pt, J 0 
b • C i=year, j=age), arises from the use of an age length key 

which was estimated by ageing only about 400 fish CQ) <Crawford 

et al, 1978>, and a length frequency distribution, obtained from 

measuring bet ween 10 000 and 20 000 fish per y-ear C H> . Al though 

an annual estimate of the length frequency of the catch is made, 

a single age length key, which was estimated from samples taken 

between 1965 and 1967, has been applied to length frequencies for 

the whole period C 1964-1983>. The bias due to this, which is 

considerable, will be discussed later. For the present, some 

number Q must be estimated, so that random sampling and ageing of 

Q fish each year produces a variance of Pt.Jab• similar to the 
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variance resulting from the age length key and length histogram 

es ti mate. Thus the variance of P1.J 0
b• due to the latter process 

must be estimated. 

Variance estimates can be obtained by assuming that the observed 

age length key and length histograms are exactly equal to the 

population means for those quantities. In addition, under random 

sampling, the age length key and length histograms are 

multinomially distributed, so that the means of the multinomials 

can be used to calculate the variances of Pt.Job•. These 

variance estimates can be shown to be unbiassed <Kendall and 

Stuart, 1967>. 

The observed age length key, is simply an estimate or 

the relative frequency distribution or fish aged j in a 

particular length class 1, which is therefore an m <total number 

or age classes> by lmax <total number of length classes> matrix, 

such that 

m 
I: aJ,lob• = 1 

j=1 

The following new variables are now introduced: 

5. 1 

h1 the number of fish sampled for ageing in length class 1 

Ci subscript suppressed> 

H the total number of fish sampled for purposes of 

obtaining the length frequency distribution of the catch 

Ci subscript suppressed> 

lmax the maximum number of length classes considered 

has been defined previously and is the observed 

normalised length frequency distribution of the catch: 

127 



lmax 
! f1,1obt = 1 

1=1 

Values for numbers of fish caught at age, 

given by 

lmax 
Pt,Job•ctob•= ! CaJ, 1ob•ft,iob•c 1 ob•> 

1=1 

and therefore: 

lmax 
Pt,J 0 b'= I: CaJ,1ft,1°b') 

1=1 

The variance of Pt, J, Var< Pt, ·J > is thus: 

lmax lmax 
Var< Pt, J >=Var< ! < aJ, 1 f1, 1 > > z I: C Var< aJ, 1 ft, 1 > > 

1=1 1=1 

and assuming that the covariances .are zero, this becomes: 

lmax 
Var<P1,J>= I: CVarca,,1>·VarCf1,1>+ 

1=1 

( EC a, • 1)) 2 Var< ft • 1) +Var< aJ • I) ( E<. f i • 1 ) ) 2 ] 

5. 2 

are 

5. 3 

5. 4 

5. 5 

5. 6 

It is assumed that the expected values Cthe means> of the age 

length key and normalised length frequency distribution are the 

observed quantities themselves C th·ese are the maxi mum likelihood 

estimators of the true values>: 

EC a J , 1 l =a, , 1 ° b ' 

Elf1,1l=f1,1°b' 

and therefore the variances follow from binomial probability 

distribution considerations: 
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5.7 

Var< ft,,> =fi, 1~b•c1-fi, 1 ob•> /H 5. 8 

For the South African anchovy, the coefficients of variation of 

P 0 b I 
i • J increase with increasing age as P1,Job• decreases <Table 

5. 1) . However, the equivalent number of randomly sampled and 

aged fish which matches these coefficients of variation, the Q 

e s t i ma t e s < Q = C 1 - P 1 , J > I < P t , J C CV. > 2 > , C. V. • s from Table 5. 1>, are 

not constant for different age classes in the catch <Table 5. 2>. 

This is thus some indication of the extent to which the random 

sampling model approximates the age-length-key estimation 

procedure, and a value o~ between 500 and 5000 equivalent 

randomly sampled individual anchovy is indicated by these 

results. The value Q=2500 was us~d in fitting the anchovy model, 

and the effect or using 500 instead is also shown. 

In general, the age length key and length frequency combination 

produces a smaller sampling error in Pt,J than does randomly 

sampling and ageing the same number of fish as were aged to 

produce the age length key, particularly for the older ages which 

constitute a small proportion in the catch <Table 5. 3>. However, 

this is only the case if the age-length key is estimated each 

year. 

5.3 BIAS Qui TO THI USI OP A SINGLE AGl-LINGt.ii KIY 

The anchovy catch age structure matrix, which will be-

used is seriously biassed by the application of a single age-

length key, estimated from samples taken during 1965-1967 

<Crawford et al, 1978>, to observed catch length frequency 

distributions for all years. In general, the age-length key is 

specific to the age structure of the catch for a given year and 

so it is important to illustrate the effect of using only one key 
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Table 5. 1. Estimates of the percentage coefficient of variation 

for values of,the proportion of fish caught at age CP1,J 0 b'>, 

deduced from length frequency distributions and an age-length 

key as described in the text. 

brackets. 

1965 

AGE 

o- 4.6 ( o. 394> . 2. 0 

1 5.8 ( 0. 380) 9.5 

2 9.0 ( 0. 165) 9.0 

3. 15.5 ( 0. 05 5') 16.9 

4 32. 7 ( 0. 007) 42. 2 

P1,J 0
b• values are given in 

1966 1967 

. 
C0.780> 2.3 'C0.760). 

C0.168> 9. 3 ( 0. 194) 

( 0. 039> 12. 2 ( o. 031) 

( 0. 012) 13. 1 ( 0. 012) 

. ( 0. 001) 32.2 ( 0. 002) 

Table 5. 2. A rough estimate of the number of anchovy which must 

be randomly sampled and aged each year to mimic the error 

associated with the value of P1,J. 0 b•, the observed catch age 

structure, by the length histogram and age length key procedure. 

1965 1966 1967 

AGE 

0 742 700 573 

1 483 549 477 

2 '617 2977 2111 

3 719 2934 4660 

4 1342 5228 3881 
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for all years. 

In fact, the application of keys to years other than the specific 

year of age-length key estimation, is equivalent to making a 

number of a priori assumptions about catch age structure. If 

each age class is exclusively associated with a particular length 

range, then there will be no bias, since the age length key will 

be year invariant, and representable by an m x lmax matrix with 

lmax entries all equal to 1. However, when this is not the case 

- as is usual the age-length key defines the age distribution 

of the catch in a particular length class, and thus the use of 

only one key assumes that this distribution of ages within length 

classes is invariant from year to year. If the overall length 

frequency distribution of the catch does not change much from 

year to year then this is tantamount to saying that overall catch 

age structure does not vary, which may not be the case. 

Alternatively, if the catch len~th distributions do change 

significantly between years, then the application of a single key 

over a number of years _tends to produce age structures which are 

biased in the direction of the age structure of the catch in the 

year of age-length key estimation. 

The 1966 Ci. e. average from 1965, . 1966 and 1967> age-length key 

for anchovy, is presented in Table 5. 3 <Crawford et al, 

1978>. It can be multiplied by the catch length distribution in 

1966 Cthe middle of the period during which it was estimated> to 

give a matrix, AJ, 166
, showing the estimated breakdown of the 

1966 anchovy catch by number into age and length classes. This 

breakdown is shown in Table 5. 4. It is commonly assumed Ceg: 

Clark, 1981> that the normalised length distribution of the catch 

within each age class, g,,1 1 , is invariant from year to year, and 

may therefore be represented by g,,1. The matrix g,,1 is 
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Table 5.3. The age-length key, SJ ,1, for anchovy sampled between 

1965 and 1967., The ht are the number of fish sampled and aged 

within each length class. Length classes are denoted by the 

length in centimetres of the mid-point of the length range. Each 

length class is 0. 5 cm wide. All rows sum to 1. <Data from 

Crawford et al, 1978. > 

Age: 0 1 2 3 4 

Mid-length ht 
.. 

< 6. 50 1• 0 0 0 0 -
6. 75 1 0 0 0 0 3 
7. 25 1 0 0 0 0 8 
7. 75 0. 94 0. 06" 0 0 0 18 
8. 25 0.94 0. 06 0 0 0 32 
8. 75 0. 80 0. 20 0 0 0 41 
9. 25 o. 71 0.29 0 0 0 49 
9. 75 0. 49 0. 51 0 0 0 49 

10.25 0.13 0.74 . 0. 13 0 0 38 
10. 75 0. 15 0.63 0.17 o. 05 0 41 
11.25 0. 02 0.40 0.53 0. 05 0 55 
11. 75 0 o. 29 0. 5.1 0. 20 0 35 
12. 25 0 0. 03 0.52 0. 39 o. 06 33 
12. 75 0 0 0.29 0.50 o. 21 24 
13.25 0 0 0. 11 0.67 0. 22 9 
13. 75 0 0 0 0.67 0.33 6 
14.25 0 0 0 0.50 0. 50 4 

• Assumed 
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Table 5. 4. A breakdown of the 1966 anchovy catch, giving the 

observed A,,, 6 ~, the number of ·fish caught which were aged j and 

were in length class 1 <denoted by the mid-point of the length 

class as for Table 5. 3>. Units are 10 9 fish. 

Ale 

length 0 1 2 3 4 
1 ' 

< 6. 50 1734 0 0 0 0 
6. 75 3544 0 0 0 0 
7. 25 3430 0 0 0 0 
7. 75 2971 198 0 0 0 
8. 25 2034 493 0 0 0 
8. 75 1678 671 0 0 0 
9. 25 851 - 887 0 0 0 
9. 75 95 533 95 0 0 

10. 25 91 393 106 30 0 
10. 75 12 252 333 34 0 
11.25 0 117 211 82 0 
11.75 0 7 117 90 14 
12. 25 0 0 12 21 9 
12. 75 0 0 1 5 2 

The associated g,, 1 matrix is: 

Aae 

lensth 0 1 2 3 4 
1 

< 6. 50 0. 106 0 0 0 0 
6. 75 0. 216 0 0 0 0 
7. 25 0.209 0 0 0 0 
7. 75 o. 181 0. 056 0 0 0 
8.25 0. 124 0. 139 0 0 0 
8. 75 0. 102 0. 189 0 0 0 
9. 25 0. 052 0. 250 0 0 0 
9. 75 0. 006 0. 15 0-. 0. 109 0 0 

10. 25 0. 006 0. 111 0. 121 0. 115 0 
10.75 0. 001 0. 071 0. 381 0. 130 0 
11. 25 0 0. 033 0. 241 0. 313 0 
11. 75 0 0.002 0.134 0. 344 0.560 
12. 25 0 0 0. 014 0. 080 0.360 
12. 75 0 0 0. 001 0.019 0. 080 
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therefore given in terms of AJ, 1 66 : 

lmax 
gJ,1 = AJ,166/C I: AJ,q66) 

q=1 

and aJ , 1 
6 6 -are related by: 

m lmax 
gJ,1 = aJ,1 66 [ I: Ak,1

66
1/C I: AJ,q 66 > 

k=1 q=1 

5. 9 

5. 10 

and this relationship also holds for years other tha'n 1966, ··under 

the invariance of gJ, 1 assumption: 

m lmax 
gJ , 1 = aJ , 1 C I: Ak , 1 JI C I: AJ , q > 5. 11 

k=1 q=1 

Thus if the true catches at age, P1,J, are known, then under the 

invariant 8J ,1 assumption the true catches at length in year i, 

Ci,1, are given <suppressing the i subscript> by the product: 

CCt, .•• , C1.ax> =·CC1, 
length 

... ' 
age 

c.> gt • t 

g •• t g.' I•• II 5.12 

If the subscripted variables are represented as matrices and 

vectors: 

c' . J = C"' -
c' . 1 = ca.' -
g,;. 1 = A 

aJ • 1 
66 = .!.6 6 

then equation 5. 12 can be rewritten as: 

ci., = C" t. A - - 5. 13 

In order to s-0lve for c", using equation 5. 13, - one must consider 

134 



lmax Cthe number of length classes) equations in m Cthe number of 

age classes) unknowns, viz. the m entries for CAi. The entries -
for ~. can be derived from CAi, cl, and g using the lmax x - -
m equations resulting from inverting equation 5. 11: 

lmax m 
a,,,= g,,d :E.A,,qJ/C I: Ak,i) 5. 14 

q=1 k=1 

However, since 

lmax 
I: c i • 1 = C1 5. 15 

1=1 

and 

m 
I: c i • J = C1 5. 16 

j=1 

there are in reality only lmax-1 equations in m-1 unknowns 

C Clark, 1981). For lmax < m, the system of equations for 

(essentially them unknown Pt.J'S only) is'indeterminate, and for 

lmax > m there are no unique solutions <apart from special 

cases>. A single unique solution exists for the case lmax = m. 

Further the algebraic solutions do not necessarily satisfy the 

non-negativity requirement: 

C 1 , , > or = 0 5. 17 

To satisfy this constraint, it is possible to-estimate the m 

quantities; P1, J C1, equivalent-ly written as ·c,, j, by constrained 

non-linear optimisation procedures according to some best fit 

criterion such as maximum likelihood or least squares. A 

likelihood function, considering only the error structure of 

f1, 1 ° b •, the estimated length frequency distribution of the catch 

is: 
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lmax 
:r Hf~ • 1 ° b • 1 nc ft , 1 J 

1=1 
5. 18 

where H fish are randomly sampled to estimate f1,1. The 

quantities are dependent on Pt ,J via the following 

rel a ti onshi ps: 

= CL, C as bl!fore), and -
As a first attempt, the likelihood function of equation 5. 18 

ignores the error involved in estimating £, mainly because one 

otherwise becomes committed to estimating S in the fitting 

procedure as well, and this does not seem to be practical 

considering the large number of extra parameters involved. 

For simulated data typical of the South African anchovy Clmax > 

m>, numerical searches for the maxi~um of the log-likelihood 

function <5.18) were generally unsuccessful, even when only small 

amounts of sampling er~or on f1•b• were included, although the 

correct solution was obtained in the absence of sampling error. 

The analysis was taken no further than this, and instead 

simulations have been carried out to demontrate the biases Cin 

abundance estimates> produced by using the approximation: 

~66 

for catch age structure. 

In subsequent Simulations the "true" CAi (Ct ,J) -

5. 19 

are generated 

from a hypothetical anchovy fishery model Cthe same one used in 

previous examples but with different F1 values - see Table 5. 5>. 

However, the assessment of CA , a b • i -
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Table 5. 5. The annual year effect fishing mortality values, 

the Fi• s, used ;in the simulation o.f the age length key effect . ... 

Hypothetical Year F1 

1964 
1965 
1966 
1967 
1968 
.1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
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0. 3 
0. 2 
0.35 
0. 3 
0. 3 
0. 3 
0. 7 
0. 8 
0. 75 
0. 7 
0. 6 
0. 6 
0. 4 
0. 5 
0. 4 



of the catch, ~s achieved by first calculating the 

hypothetical CL1 vector: -
cL 1 = c" 1 s ,., ,., 

assuming that s_ is known exactly., 

5. 20 

CA,abti is then Calculated ,.., 
using the 1966 anchovy age length key, s_66

: 

CA , o b 1 i = CL i f! 6 6 : [ _c A i £..) f! 6 6 - -
so that in general 

c" , o b • i - ~ C" ,.., i. 

5. 21 

5. 22 

The implications of this inequality for VPA abundance estimates 

were investigated using the VPA likelihood function, assuming the 

following error structure for the input data: 

Q = 2500 

C1 = 0. 05 

5.3.1 Catsb and alt data only 

Model fit results, using these corrupted age structure values, 

are shown in Fig 5. 1. This one off model fit suggests that a 

very large positive bias is produced in the estimated biomass, 

due to a number of separate e£fects. First of all, an age-length 
' 

key which was estimated at a time when the stock was in the 

incipient stages of exploitation underestimates the extent of 

subsequent heavy exploitatio~ because the corrupted age structure 

annual mean ages do not decrease as fast as in reality Cnot• in 

this simulation example the input F1 values are larger from 1970 

onwards compared to 1966 <Table 5. 5>>. Thus the fishing 

mortality in later years is underestimated by the VPA, which 

consequently overestimates stock size. 
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Figure 5. 1. Results of single VPA model fits to simulated catch 

at age data, for which the same age-length-key is used in all 

years. C Given true parameter values were M=1, Q=2500, 

a= 0.05, 01 = 0.3>. 
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Note however that this is only the case if F1, which is roughly 

proportional to the average annual fishing mortality, increases 

steadily after the year in which the age-length key is assessed. 

Conversely, F1 may decrease, in whi~h case the biomass estimator 

may be negatively biassed. Fu rt her more, variations in 

recruitment strength change the age structure of the catch 

irrespective of the annual set of fishing mortalities, and this 

will impart bias to the abundance estimator Cvia the constant 

age-length-key effect under examination here>. 

Another concern is the adequacy of the catch at age data for 

biomass trend estimation purp·oses. From the point of view of the 

VPA this data is ambiguous, because changes in catch age 

structure may be due to a number of competing effects Csee 

Appendix 5. 1), of which two are changes in fishing mortality and 

changes in recruitment. Hence the result shown on Fig. 5. 1 seems 

to be the consequence of the fitting procedure incorrectly 

allocating age structure changes between these effects. It is 

likely that the use of a single age length key over the complete 

history of the fishery facilitates this misinterpretation of 

changes in catches at age, 

The case where reasonable effort data are available is now 

considered, since using this might reduce the bias arising from 

use of a single age-length key to within an acceptable rante. 

~.3.2 Effort included 

If reasonable effort informatiori Et is included, under the 

assumption that effort is proportional to Ft, then the biomass 

trend is determined more rigidly. It is desirable to see 

whether this information is able to outweigh the detrimental 

effect or using a single age-length key for all years. The 
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result of a s1ngle simuration (fitting only one set- of data) 

using a single age length key but.including effort information 

Co1=0.3) shown in Fig 5. 1, is positively biassed biomass 

es ti mates. 

Again it should be pointed out that the direction of the bias is 

indeterminable in practice, since changes in recruitment and Ft 

since 1965-67, the period during which samples for the age length 

key were obtained, could cause the bia~ to be eith~r p6~itive or 

negative, and Fig. 5. 1 shows that this error may be greater than 

50% for recent years. 

5. • ANCHOYY SPAWNING BIOMASS VARIANCE ESTIMATES 

In the Fournier and Archibald C1982) VPA model, it is assumed 

that the total number of fish caught each year is estimated 

directly. This leads to a term involving Ct and c,ob• in the 

likelihood function. However, the South African anchovy catch 

.!!!All is monitored directly,- distinguishing the local situation· 

from that modelled by Fournier and Archibald. From the catch 

mass recorded, the total nu~ber of fish caught are calculated 

using the observed length frequency distribution and a fairly 

accurately known length-weight relationship. It is thus more 

reasonable to invoke lognormality for the estimate of catch mass 

c•c, 0 b•), rather than-for the estimates of total numbers caught 

because the latter are simply a derivation of other 

observations. This entails the replacement of the sum for C1°b• 

and Ct in the likelihood function with one for •c, 0 b•and •c,. 

Note that the model-fitted catch mass, 

by: 

m 
•c1=C1 !: CPt,JWJ) 

j=1· 
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To maintain the link between •c1°b• and C1°b 1 in terms of the 

model parameters defined so far, C1°bs should be expressed as: 

m 
C1°b 1 =•C1°b 1

/ I CP1.J 0 b 1 WJ) 5.24 
j=1 

Note that 

m 
C1=•C1/ I CPt,JWJ) 

j=1 

and therefore 

m 
Cln •c1-ln •c, 0 b•1 2 =1n 2 ccc, I 

j=1 

m 
Pt.JWJ)/CC1°b• I Pt.JobsWJ)l 

j=1 

m m 
= 1n2 C C IC Ct Pt • J IC 1 ° b • ) w J ) IC I: P, , J 0 b • w J ) J 

j=1 j=1 

m m 
=ln2 CC I WJexpCfi1,J)/( I Pt.J 0 b 1 WJ)J 

j=1 j=1 

C note that ln2 C xl = lnC xl lnC xl J 

5.25 

5.26 

The VPA log-likelihood function, LF, therefore has the following 

form, if a and M are considered given and the effort term is not 

incorporated: 

n m m 
LF= I I Q1.JCCfi1.J-lnC I expCfi1.Jl·ll-

i=1j=1 j=1 

n m 
I: 1n2 C C I w J e xpC fit , J ) IC 

i=1 j=1 

m 
I P , , J 0 

b • w J > J / c 2 0 2 > 
j=1 

5.27 

The effect of this modification is to allow a relatively greater 

deviation between P1,Jab• and Pt,J for smaller fish (compared to 

the previous situation using catch numbers rather than mass>, 
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since they affect the total mass less for the same deviation by 

number. 

Table 5.6 shows the beginning of year and mid-season anchovy 

masses at age which have been used in the VPA calculations. 

These were calculated using lengths from the anchovy growth curve 

quoted in DAMREP <1983>, and the length weight regression 

equation reported by Davies et al t1981>. In Table 5.7 the catch 

age structure, 

presented. 

catch mass and effort data which were used are 

5.-.1 B11ult1 obtain1d uaint satgh at aae data onlY 

A typical set of spawning Cone years and older> biomass estimates 

for the South African anchovy are shown in Table 5. 8 Cboth for 

Q = 500 and Q = 2500} together with the estimates of variance 

Cshown as CV's) derived from the resampling procedure described 

in Chapter 4. In this particular case, M was given a value of 1 

yrs- 1 , and the assumed variances of catch mass estimates are 

equivalent to C. V. ' s of 5%. Data from 1965 - 1967 is excluded 

from the analysis as it is considered unreliable following the 

~hanges in mesh si2e which occurred in the 1960's. The C.V.'s 

Thus a five 

fold reduction in Q results in an increase in the variance of 

Pt.Job• by a factor of 5, but an increase in C. V. of only 5 112 

Ci. e. 2. 24 ti mes> . The result is an increase in the C. V. on 

biomass estimates of about 2 times Csee Table 5. 8>. 

s.•.2 Result• obtained insludinl effort information 

Results obtained with effort information included are shown in 

Table 5. 9, and in Fig. 5.2 a number of results are compared. 

The variance assumed for the Ft proportional to effort <Et> error 
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Table 5.6. Beginning of year and mid-year anchovy masses used in 

the anchovy fVPA Cin grams>. These were calculated using the 

DAMREP <1983> anchovy growth curve and length-weight regression 

constants quoted by Davies et al C1981>. 

Fish age Beginning of year mass Mid-year mass 
~ 

0 0 5. 19 
1 8. 5 11. 3 
2 13.0 15. 9 
3 18. 1 19.5 
4 20. 5 2·1. 6 

Table 5. 7. Catch age structure P1,Jabs, catch mass •c,abs 

<thousand metric tons>, and effort data E1 <thousands of standard 

boat days> pertaining to the South African anchovy fishery. 

Year p abs 
I. ' t 

p abs 
I. ' 2 P1,3abs p abs 

I. ' 4 
.p,, 5 abs • c I. E1. 

1965 0.394 0. 380 0. 165 0. 055 0. 007 171. 0 9.6 
1966 0. 780 0. 168 0. 039 o. 012 0. 001 143.9 8. 1 
1967 0. 760 0. 194 0.031 0.012 0. OQ2 270. 6 12. 1 
1968 0.698 0. 251 0. 037 0. 012 0. 002 138. 1 11. 1 
1969 0. 782 0. 184 0. 026 0. 007 0.001 149.2 10. 3 
1970 0. 815 0. 150 0. 027 0. 007 0. 001 169. 3 11. 1 
1971 0. 640 0. 273 0.060 o. 024 0. 004 157. 3 10. 1 
1972 0. 507 0. 372 0. 081 0. 033 0. 006 235.6 13. 1 
1973 0. 885 o. 110 0.004 ·- . 0 0 250. 9 12.2 
1974 0. 564 0. 369 0. 058 0. 009 0 349. 8 8. 3 
1975 0.807 0.147 .o. 038 0. 008 0 223. 6 10. 3 
1976 0. 681 0. 271 0. 040 0. 007 0. 001 218. 3 8. 6 
1977 o. 472 0. 283 0. 174 0. 062 0. 008 235.5 11. 2 
1978 0. 660 0. 294 0. 038 0. 007 0. 001 209.5 13. 0 
1979 0. 384 0. 447 0. 139 0. 028 0. 001 291. 4 11. 0 
1980 0.537 0. 367 0. 079 0. 016 0. 001 315. 5 10. 1 
1981 0.577 0. 328 0. 075 . 0. 018 0. 001 292.0 10. 8 
1982 0.730 0. 220 o. 041 0. 007 0 306. 1 11. 1 
1983 0.710 0. 225 0. 060 0. 005 0 240. 2 14. 6 
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Table 5. 8. South African anchovy spawning biomass estimates and 

resampling estimates of the variance<% C. V. 's in brackets), 

using the catch mass and age structure estimates only, and 

assuming that Q=2500 or 500, o=O. 05 and M=1 yr- 1 • 

YEAR Q=2500 Q=500 

1968 116 ( 4. 9) 132 ( 8. 5) 
1969 116 ( 5. 5> 134 ( 7. 7> 
1970 151 ( 5. 5) 176 ( 6. 7> 
1971 202 ( 4. 9) 241 ( 7. 0)' 
1972 207 ( 4. 4) 245 ( 8. 1) 
1973 125 ( 6. 4) 155 C13.0> 
1974 308 ( 4. 2) 379 ( 8. 0) 
1975 232 ( 5. 5> 297 ( 11. 0) 
1976 40-3 ( 4. 4) 524 ( 7. 1) 
1977 471 ( 4. 3> 595 ( 7. 5) 
1978 417 ( 4. 4) 529 ( 7. 3) 
1979 553 ( 3. 6) 667 ( 6. 3> 
1980 387 ( 4. 8> 458 ( 9. 5> 
1981 293 ( 8. 0) 358 (21.0). 
1982 220 ( 21. 0) 286 ( 39. 0) 
1983 199 <55.0> 312 ( 89. 0) 

Table 5. 9. South African anchovy spawning biomass estimates and 

resampling estimates of variance<% C.V. 'sin brackets>, using 

the catch mass and age structure estimates together with effort 

data. The following model parameter values were assumed: Q=2500, 

0 2 =O. 05, Os 2 =O. 09 and M=1 yrs- 1 • 

YEAR ESTIMATE % c. v. 

1968 118 5. 7 
1969 

-
120 

- -6.·5 
1970 157 6.3 
1971 201 4. 6 
1972 207 4. 7 
1973 130 6. 2 
1974 307 5. 1 
1975 234 6.7 
1976 394 5. 5 
1977 442 5.0 
1978 412 5.4 
1979 530 5. 1 
1980 391 5. 5 
1981 297 6.8 
1982 235 11. 0 
1983 246 21.0 
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Figure 5. 2. 1 - Mean anchovy abundance estimates obtained 

without effort information, Q=2500, o=0.-05; 2 - without effort 

i nforma ti on, Q=500, o=O. 05; 3 - with effort i nforma ti on, Q=2500, 

o=O. 05, Os =O. 30; 4 - with effort information, Q=500, o=O. 05, 

01 =O. 30. The 95% confidence limits are shown for each trajectory 

in turn. Trajectory 4 is superimposed in dots on plots 1 - 3 for 

comparison. 
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is equivalent to a C. V. of about 30%. To take account of the 

uncertainty regarding appropriate values for these latter 

variances, model fits were performed for reasonable upper and 

lower limits for these quantities, these being C. V. 's of between 

5 and 15 % for the catch mass v~lUes and model error of between 

20 and 40 % CC. V. > for the effort relationship. The results <see 

Table 5.10) suggest that substantial relative differences in 

biomass estimates only occur in recent years. 

5. 4.3 The importance or apegifYiDI ltlectiyitY rungtional form 

The importance of choice of ~electivity function for anchovy is 

illustrated by the spawning biomass estimates set out in Fig 5. 3. 

These results were obtained using: 

for all j 5. 28 

rather than 

s,=j/Cj+b> 

in the model, for which the terminology "relaxing the selectivity .. 
function requirement", or "not specifying the selectivity 

function", is used here. The different biomass trajectories 

shown in Fig. 5.3 result from fits made to equally probable catch 

at age data sets generated by the resampling procedure described 

in Chapter 4. Very different biomass estimates and trends are 

obtained. The standard deviations of biomass estimates obtained 

with and without specification of the s~lectivity function are 

shown in ~able 5. 11. Ratios of standard deviations shown there 

demonstrate the increased dispersion in estimates which results 

when the selectivity functional form is relaxed. Results are 

presented for Q = 1000 and Q = 400. At Q = 400 the increase in 

variance when relaxing the selectivity function requirement is 
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Table 5.10. Biomass trends for anchovy, for the four possible 

combinations of upper and lower estimates for o 2 and 01
2 <units: 

thousand metric tonnes, Q=2500, M=1 yrs- 1
). The percentage C. V. 

estimates are shown in brackets. 

o2 0. 0025 0. 022·3 

01 
2 0. 039 0. 148 0. 148 0. 039 

1968 132 ( 5) 133 ( 5) 124 ( 23) 116 ( 2 2) 
1969 132 ( 5) 131 ( 5) 109 ( 17) 109 ( 17) 
1970 174 ( 5) 172 ( 5) 157 ( 17) 162 ( 18) 

1971 242 ( 4) 241 ( 4) 277 ( 17) 279 ( 15) 

1972 248 ( 3) 248 ( 4) 313 ( 20) 308 ( 16) 

1973 150 ( 6) 14.9 ( 6) 146 ( 18) 147 ( 15) 

1974 370 ( 5) 372 ( 5) 395 ( 19) 384 ( 16) 

1975 290 ( 5) 292 ( 4) 310 ( 17) 306 ( 15) 
1976 511 ( 4) 518 ( 4) 622 ( 17) 589 ( 15) 

1977 578 ( 5) 590 ( 4) 782 ( 18) 714 ( 16) 

1978 514 ( 4) 526 ( 4) 665 ( 15) 586 ( 14) 

1979 655 ( 4) 667 ( 4) 851 ( 18) 715 ( 1 7> 
1980 443 ( 4) 446 ( 4) 410 ( 16) 387 ( 14) 

1981 332 ( 6) 325 ( 5) 257 ( 24) 257 ( 22) 

1982 255 ( 10) 238 ( 8) 179 ( 2 5) 193 ( 2 7) 

1983 260 ( 19) 219 ( 16) ' 196 ( 3 3) 225 ( 38) 
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substantial. 

A value of Q,= 400 is just beyond the range <on the small side> 

of Q values suggested by the results shown in Table 5. 2. 

However, in obtaining the values of Q shown in Table 5. 2, the 

only error in catch age structure assessment considered was that 

due to randomly sampling the catch. Since there are other 

factors which are likely to increase the imprecision of catch age 

structure values even further Ce. g .. errors in assessing age>, a 

value of Q = 400 is probably still quite plausible.· 

The cause of the ·wide dispersion in estimated biomass 

trajectories with the select{vity function unspecified may be due 

to ambiguities inherent to the catch at age data, and 

consequently the flatness of the VPA likelihood function with 

respect to model parameters. For the current formulation of the 

VPA problem <with selectivity unspecified>, there are 3 different 

possible explanations for high apparent total mortalities in 

catches-at-age <see Appendix 5.1>. These are either persistently 

increasing recruitment trends, high fishing mortalities <Fi>, or 

selectivities <SJ) decreasing with age. Stock emigration is 

another possibility; however the model as set up here does not 

permit fitting of emigration parameters. The fitting procedure 

can thus fairly arbitrarily interpret the observed catch age 

structure <and apparent Z level> as being due to combinations of 

high F1, s, decreasing with age, and recruitment increasing with 

time. Further changes in that structure <a decreasing mean catch 

age> can also be interpreted either as increasing Fi'S, 

increasing recruitment trend. 

or as an 

Fig. 5. 3 shows the wide variety of interpretations possible 

when the selectivity function requirements are relaxed; each 
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YEAR OF FISHING 

A selection of VPA model fits to various resampled 

data sets obtained when the selectivity function is not specified 

and without use or effort information. The single model 

parameter b associated with the selectivity functional form 

C SJ = j/C b+j) > has been replaced by m-1 parameters C m=5 for 

anchovy>, i.e. a selectivity parameter for each age class except 

one <There is an arbitrary parameter since fishing mortalities 

are given by the product or p, and SJ>. The star shows the 

November 1984 direct survey estimate or anchovy spawning biomass. 
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Table S. 11. Standard deviations and their ratios for biomass 

estimates obtained with Co,) and without C Ons> specification of 

selectivity function form for the South African anchovy. Effort 

information is not included in both cases. Units of the standard 

deviations are thousand tonnes. 

Q = 1000 Q = 400 

O' n • O'. C.O'ns/Os) On s a. COns/Os) 

1968 9.7 7. 3 1. 33 29.4 11. 3 2. 61 
1969 10.4 8. 3 1. S6 41. s 12.6 3. 30 
1970 13. 8 10. 7 1. 29 63. 6 13. 3 4. 79 
1971 21. 7 13. 0 1. 66 96. s 19. s 4. 9S 
1972 24. 1 12. 2 1. 96 107. 8 18. 1 s. 76 
1973 21, 1 9. 9 2. 19 94. 4 17.2 S.48 
1974 48. 6 17.4 . 2. 79 222. s 30. 1 7.39 
197S S4. 2 18. 8 2.89 267. 8 2S. 1 10. 70 
1976 83. 4 27. 1 3. 08 413. s 28. 0 14. 80 
1977 86. 0 29.7 2. 89 408.7 29. 6 80. 00 
1978 66.4 24.4 2: 72 333;2 32.9 10. 10 
1979 48 .. S 2S. 2 1. 93 328. 6 so. 1 6.SS 
1980 34. 5. 23.2 1. 49 246.6 46.8 5.27 
1981 33. s 26. 3 1. 27 223.8 so. 2 4. 46 
1982 4S.7 4S. 8 1. 00. 224. 5 70.2 3. 20 
1983 114. 2 100. 2 1. 14 328.6 167. 3 1. 96 
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corresponds 

< resampled). 

to different yet _equally probable data sets 

A recent survey estimate <based on acoustics and egg production 

measurements, Armstrong and Butterworth, 1986) of the anchovy 

spawning biomass is shown as an asterisk on this figure, and this 

information can potentially be used to eliminate unlikely biomass 

trajectories by including a term for this estimate in the VPA 

likelihood function. However considering the imprecision and 

probable inaccuracy in the anchovy VPA, this does not seem 

warranted, and the current practice of using the survey estimates 

alone seems definitely preferable. 

5.5 DISCQSSION AND CONCLUSIONS 

Variance calculations for VPA biomass estimates for anchovy show 

that without effort information, recent biomass estimates are 

poorly determined, with C.V. 'sofas large as some 90% <Table 

5. 8). Including the _<questionable) measure of gross pelagic 

fishing effort, the most recent biomass estimate is given with a 

C. V. of some 20% C Table 5. 9>. 

On the other hand, if the fishing selectivity function is not 

specified <emigration is suspected to occur which would be 

mimicked by selectivity decreasing with age rather than being 

asymptotically flat - Appendix 5. 1) and effort information is 

excluded, the biomass estimates are intolerably poorly 

determined, with certain parameter estimates being confounded 

with others <Fig. 5. 3). The standard deviation of abundance 

estimates for the case where the selectivity function is 

unspecified are shown on Table 5. 11. 

Estimator precision is increased by including effort data in the 
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likelihood fungtion. In doing this, the resultant estimates of 

stock size depend heavily on the validity of the assumed 

relationship between F1 and effort E1. A number of good reasons 

can be given suggesting Fi ~ kE1. For example, 

large shoals with densities in the region of 15 

anchovy form 

kg - 2 m . A 

typical fishing day includes the time taken to get to the most 

favourable region, the time taken to make a number of sets, and 

the time taken to move from one shoal to the next. ·rt seems that 

only the last measure, which is some measure of inter-shoal 

separation, has a direct link with population density; therefore 

the available fishing time measures Csee Table 5. 7> are probably 

not appropriate for the purposes required here. 

In addition, there is observational evidence suggesting that the 

habitat range of the Northern anchovy Engraulis mordax decreases 

with decreasing population size CMacCall, 1983)' which would 

destroy the linearity of the relationship between stock density 

and abundance. The relationship 6etween abundance and density 

for these cases is probably more of the form: 

fish density= kB1• 0 < a < 1 5.29 

where Bt is the fish abundance by mass in year i. Therefore, 

still assuming CPUE is proportional to fish density: 

C PUE t ex B t • 5. 30 

or 

k CPUEt 11
• = Bt 5. 31 

For the previous model Ck CPUE =Bl the relative annual change of 

population biomass, CCB1+1-Bt>/Bd is equal to the relative 

change in the catch rate CCCPUE1+1-CPUE1l/CPUE1l. However for 

the above model: 
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[ ( Bi + 1 - Bi ) I Bi l = < 1 I a> C < C PUE i + 1 - CPU~ i ) IC PUE i l 5. 32 

so that a unit relative change in ~opulation biomass is 1/a times 

' 
greater than a unit relative change in CPUE C1/a > 1 since 

0<a<1). For the South African anchovy, one would therefore 

expect that the estimates of biomass shown in Table. 5. 9, obtained 

assuming E1 and F1 are linearly related <crudely equivalent to 

CPUE proportional to population biomass>, underesti~ate thi true 

fluctuations in recruitment and stock size. 

There are further problems with measures of local pelagic fishing 

effort, the main one being the fact that effort has not been 

split between species, so that the available data reflect only 

the gross undirected effort. These gross effort values are the 

ones listed in Table 5. 7 and used in results including effort 

data. 

s. 5. 1 The baaia for an ancboyy JPA 

At this time the basis for carrying out a VPA assessment of the 

South African anchovy is being seriously undermined by the 

results of recent ageing <Armstrong and Prosch, pers. commn> and 

dire~t survey abundance estimates <Armstrong and Butterworth, 

1986). 

Even if fishing proceeds in an approximately spatially random 

fashion over the area fished, the appropriateness of VPA is 

critically dependent on the absence of emigration. This recent 

research provides strong evidence that substantial emigration is 

taking place. Daily growth ring studies <Armstrong, Prosch, 

pers. commn> indicate that the current <and probably also the 

historic> anchovy catches consist almost exclusively of recruits 
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<greater than 90% by number), compared to previous estimates 

averaging some 60% Csee Table 5. 7). This means that the catch 

age structure estimates, the Pi,J 0
"•, upon which the VPA 

calculations reported earlier in this chapter are based, are 

substantially in ~rror, and it appears that they. are in fact 

primarily artifacts obtained from the application of a single age 

length key to the length distribution of recruits. This is 

corroborated by hydroacoustic surveys, which point to a large 

anchovy spawner stock inhabiting the Agulhas Bank w~ll away_ from 

the main fishing grounds. 

Anchovy reaching the West Co.ast fishing grounds appear therefore 

to be recruits in their first year of life, which subsequently 

migrate southwards onto the Agulhas Bank as they' mature. This is 

illustrated on Fig 5.4. If this is eventually conclusively 

shown to be the case, then the VPA estimat~s discussed earlier in 

this chapter are purely artifactual. To accommodate the migration 

pattern into the VPA, it would be necessary to inflate natural 

mortality to a level at which it included the effect of migration 

away from the fishing grounds. On the other hand, leaving the 

selectivity function unspecified gives the model further 

opportunity to interpret large amounts of emigration from the 

system as steadily increasing recruitment, since this would help 

to explain an unrealistically large apparent Z in the age 
., 

structure of the catch. Trajectory 4 of Fig. 5. 3 seems to have 

opted for this interpretation. 

A fundamental problem with the application of VPA to the South 

African anchovy stock has thus been revealed by a single 

hydroacaustic survey, which suggests that the stock is distinctly 

geographically stratified by age. The fishery may thus have been 

sampling . essentially only one year class each year, namely 
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recruits, and this eliminates the VPA as a viable method for 

stock assessment purposes. The only useful catch statistics data 

left are the catch masses and the effort data, and the latter is 

also of questionable relevance in view of the shoaling behaviour 

of pelagic fish. Thus there are no reliable indirect indices of 

historic or present population biomass, and previous discussions 

of anchovy biomass trends presented in the literature and based 

on VPA must be considered with scepticism. 

Currently, sustainable yields for anchovy are being calculated 

using the very recent catch history and direct survey estimates 

of population biomass <values are given in Armstrong and 

Butterworth, 1986>. 
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Figure 5.4. Map showing roughly the site of anchovy spawning. 

Fishing takes place mainly in the vicinity of the fish factories 

indicated Ci.e. mainly on the west coast>. Recent surveys have 

indicated that fish on the west coast c north of Cape Point>· are 

in their first year of life, which is consistent with the model 

of egg transport and west coast recruitment suggested on the map. 

Anchovy first spawn at roughly 1 of age, so that the fish which 

occur on the west coast are continuously migrating southwards to 

their spawning grounds. Thus fish become less available to the 

fishery as they age. 
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6. OBTAINING A PILCHARD RECRUITMENT INDEX 

PROM COMMERCIAL GUANO RECORDS 

6. 1 INTRODQCTION 

Seabird guano has been collected from islands off the South 

African and Namibian coasts since at least as far back as the 

nineteenth 

government 

century for use as an agricultural 

has controlled this industry since 

ferti li 2er. 

1896. and 

The 

guano 

harvests from each island have been recorded in various ··annual 

government reports. The total South African and Namibian guano 

harvests for the period 1897 -1975 are shown in Fig 6. 1. 

Islands off the coast or Peru are also sites of guano production; 

however the annual guano harvest there is far more impressive, 

and annual yields or between 50 and 200 times larger than the 

South African harvest are common. For example, in 1962 guano 

harvests were 1. 1,4.6 and 206 thousand metric tonnes in South 

Africa, Namibia and Peru respectively. 

Off the South African west coast, enhanced coastal upwelling, 

caused by coastal topography and longshore winds, brings nutrient 

rich water up into the euphotic 2one where it is utilised by 

phytoplankton CAndrews and Hutchings 1980). This vigorous primary 

production supports large stocks or 2ooplankton, and both 

2ooplankton and phytoplankton are consumed-in large quantities by 

pilchard and anchovy. Pilchard and anchovy are in turn the main 

prey of the guano producing seabirds, the Cape Gannet Sula 

capensi s, Cape Cormorant Phalacrocorax capensis and Jackass 

Penguin Spheniscus demersus. In this chapter these three species 

are loosely termed "seabirds". It is likely that seabird 

population 

related to 

dynamics, and hence guano production, are closely 

the dynamics or their prey, and therefore the guano 
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Figure 6. 1. Estimates or total guano harvests made at South 

African and Namibian islands. <The location or various islands is 

shown in Fig. 6. 2. > 
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data may be useful for fishery management. More specifically, 

the guano data may contain some relative abundance information or 

some other index, which could be used in conjunction with catch 

statistics in the VPA to improve the precision of pelagic fish 

abundance and trend estimates. This lack or precision is a 

logical consequence of the inadequacy of the catch-at-age data, 

as noted in previous chapt~rs. 

The work reported here is an attempt to relate guano production 

to pelagic fish population dynamics - an approach suggested by 

Crawford and Shel ton < 1978>. However, whereas Crawford and 

Shelton <1978> concentrated on similarities in trend between the 

various island guano records and fish populations, the following 

research goes further in analysing the time dependent behaviour 

or the guano records, and possible consistencies between guano 

production at separate islands. The final analysis is treated in 

the next chapter <7> where the relationships hypothesised and 

tested here are used to produce pilchard biomass trends which are 

consistent with models of guano production. 

Guano harvest records at 17 islands off the South African and 

Namibian coasts are subjected to 3 analyses, viz. for . linear 

correlation using Pearson's correlation coefficient, 

periodic behaviour using first univariate and then 

and for 

bivariate 

spectral analysis techniques. -These .results indicate c-ertai n 

p_atterns within the guano records which may be consist.ent with 

aspects of pilchard population dynamics. Evaluations concerned 

with possible complex links between guano yields at certain 

islands provide additional evidence that a pilchard recruitment 

index is given by the Lambert's Bay Bird Island guano harvest. 

The locatiort of the principal guano producing islan~s is shown in 

160 



Fig. 6. 2. Seventeen of these "islands" Cone of them represents 

a combination of the guano harvest from all the wooden man-made 

platforms off Namibia) were harvested more or less regularly, and 

can therefore be compared meaningfully. Although South African 

fish stocks are of primary interest as far as this document is 

concerned, Namibian guano productions may prove to be important 

to this analysis. This is because historically the bulk of the 

Namibian guano harvest was derived from the southern group of 

Namibian islands, and it is possible that at that time the birds 

were feeding on a northern limb of the South African pilchard 

stock. Newman C1970> presents tagging study results showing that 

Namibian pilchards are practically isolated from the South 

African stock. It is significant however that the pilchards 

considered in ~is study were tagged in the Walvis Bay vicinity 

Conly a few of those tagged were recovered in Table Bay in the 

South African fishing grounds> which was at the centre of the 

Namibian pilchard fishery. This is well north of the group of 

Namibian guano islands Csee Fig. 6. 2) considered here. 

Accordingly Newman• s results, while indicative of two stocks, do 

not necessarily fix the inter-stock boundary at the Orange River 

- it could be further north. 

6.2 QIPPBR!NT ANALYSIS PROCEDURES APPLIED TO GUANO 

HARVEST TIME SERIES 

6.2.1 Corralationa batwaan ayano baryaat time aariaa 

The significance levels of elements of the Pearson• s correlation 

matrix of guano records at the 17 islands plus the two trends of 

total harvest indicated in Fig. 6. 1 are shown in Fig. 6. 3. It 

is clear from this that significant correlation exists between a 

number of islands: 

161 



10--. 

NAMIBIA. 

1..,.--1 

2--· 
3,4,5,6/~ 

7. 

SOUTH AFRICA 

_ Pi gure 6. 2. Approximate location of 17 guano islands along the 

South African and Namibian coastlines: 

1. Bird Is., Lambert's Bay; 2. Paternoster Rocks; 3. Mal gas 

Is. ; 4. Marcus Is. ; 5. Jut ten Is.; 6. Vondeli ng Is. ; 7. 

Dassen Is.; 8. Dyer Is.; 9. Bi rd Is. , Algoa Bay; 10. Cape 

Cross Platforms; 11. Mercury Is. ; 12. Ichaboe Is.; 13. Halifax 

Is. ; 14. Possession Is.; 15. Pomona Is. ; 16. Pl umpuddi ng Is. ; 

17. Sinclair Is. 
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Figure 6. 3. Significance levels of Pearson's correlation 

coefficients for relationships between all unique pairs of guano 

harvest series at the 17 islands under consideration, and 

including the totals for South.Africa <18> and Namibia <19> 

<there are 171 possible unique pairs>. The letters C,G and P 

refer to the dominant seabird species on each island, viz. 

cormorants, gannets or penguins respectively. 
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1. The southern Namibian Islands <numbers 11-17>-form a well 

correlated group with coefficients of determination Cr 2 > as 

high as 80%, possibly because they are all very close to each 

other. 

2. Some South African islands Ceg. numbers 3,5,7,8> are 

significantly correlated with some Namibian Islands. If 

guano and fish yields are strongly related, then this 

indicates that either prey stocks in these two regions are 

part of a single large stock, or there are two separate 

stocks responding to the same set of dominating environmental 

conditions. Note however that the Namibian islands under 

consideration are located south and away from the main 

Namibian fishing grounds <which were centred close to Walvis 

Bay for the period that pilchard dominated that fishery, and 

have subsequently spread northward rather than southward>. 

Only since about 1950 with the construction of platforms has 

guano from the vicinity of Walvis Bay, where fishing effort 

was primarily directed, contributed significantly to the 

total Namibian guano production. 

3. Some South African islands are well correlated with each 

other though not as many as in Namibia. This is probably due 

to the South African birds feeding on a mixed diet <Rand, 

1960a,b>, and the greater dist~nces between the South African 

islands. 

Studies have confirmed that pilchards were at one time important 

in seabird diets, and this suggests the possibilit·y of some link 

between pilchard dynamics and guano production. For example, 

before the stock off Namibia uas heavily fished in the late 

1960's, pilchard formed more than 85 % of seabird diet. Mat thews 
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<1961> found that for the years 1~57 - 1958, pilchard comprised 

about 87 % by mass of the di~t of gannets, 94 % of the diet of 

penguins and 87 % of the diet of Cape cormorants. 

Off South Africa, again befor~ the pilchard was drastically 

depleted by overfishing in the 1960's, seabird diet contained 

about 50% pilchard by mass C Rand, 1960a, b). This reflects the 

multispecies nature of the South African pelagic fishery, which 

is based on 6 main species, compared to Cat that time) the mainly 

pilchard based Namibian fishery. Apart from its · dominance by 

weight in the diets of the birds, pilchard is also more 

nutritional, having a high~r lipid content and calorific value 

than other prey species. This is reflected in gannet fledgling 

growth rates, which are faster on a diet of pilchard than on hake 

C Batchelor, 1982>. On the basis of this, and the dietary 

evidence m~ntioned above, it i~ reasonable to e~pect t&at seabird 

population dynamics and therefore presumably their guano 

production as well have been strongly related to pilchard 

population trends - at least prior to the South African pilchard 

population collapse. 

Crawford and Shelton <1978> have demonstrated that guano 

production at certain islands is significantly related to VPA 

biomass estimates of pilchard population si2e and recruitment. 

However, the VPA estimates they utilised are of dubious value, 

since there is considerable debate about pilchard growth rates 

Cand hence estimates of the catch age structure>, and only catch 

mass and age structure information was used, which is 

insufficient for determining stock trends precisely <Chapter 3; 

Pope and Shepherd, 1982). Furthermore, there are potentially a 

number of complicating factors, which make it unlikely that 

pilchard stock si2e and annual guano harvest are linearly 
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related. Some of these are; 

1. Because of their discrete locations, islands may, at best, 

indicate changes in local fish abundance. 

2. Variations in forage time, droppings released at sea, and 

prey-switching further complicate the link between guano and 

pilchar.d. 

3. Heavy rainfall can wash away substantial amounts of guano. 

4. If the birds are rood limited and they have a sufficiently 

high potential rate or reproduction, then fluctuations in 

guano may simpl~ be a reflection of only sli~htly damped or 

undamped oscillations in the bird population with a 

relatively constant fish abundance <see subsequent analyses 

for a detailed explanation>. 

5. When islands are not scraped clean each year, the 

commercial yield of guano is unrelated to its biological 

rate or production. This may have occurred when demand for 

guano was low <this is not well documented by government 

publi cations>. For · example a decrease in the total South 

African guano yield in the early 1930's <see Fig. 6. 1) may 

have been due to the economic depression at that time. 

6. Massive bird exoduses from islands, due for example to 

tick infestations, have been recorded off Peru and may have 

occurred off South Africa. 

7. Migration or birds between islands would complicate the 

interpretation or guano data. 

8. Increased guano production caused by the construction or 

artificial wooden platforms for breeding sites Cas has 

occurred north of Walvis Bay> is unrelated to changes in fish 

abundance. 

9. Inter-annual environmental variation could affect guano 
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production. 

These factors confound attempts at distilling ecologically 

meaningful information from the guano records. ·The Pearson's 

correlation coefficients shown on Fig. 6.3 suggest however that 

some common factor does influence guano production. Some, insight 

into the time dependence of guano records using spectral 

analysis techniques may be useful for identifying common· factors 

affecting guano production. 

6.2.2. Uniyariat1 1p1gtral 1nalY111 or commergial auano barv••t 

r1gord1 

In general, the 2m+1 < =n, i.e. n odd> terms of a time series 

x< t>, t=1,2, ... ,n can be written as a sum of their harmonic 

constituents: 

m 
x<t>=ao/2+ ~ Catcos(2~kt/n)+btsin<2~kt/n)J 

k=1 
6. 1 

where the values of the constants a., at and bt are given by 

n 
a.=C2/n) ~ x<t> 

t=1 

n 
a11 =C 2/n) ~ xC t> cos< 2~kt/n) 

t=1 

n 
bt =< 2/ n> ~ xC t> sin< 2~kt/ n> 

t=1 

k= 1, 2, ... , m 

The harmonic amplitude, ct, is defined as 

Ct=(a1c 2 +bt 2
)

0
·' 

The normalised unsmoothed sample spectrum estimate, 

calculated by the NAG routine G13CBF 
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n 
r•cw>=<11<2'1I» I I: x<t>e'"t I 2 

~ . t=1 
6.6 

<i=<-1> 1 ' 2 > is simply the normalised quantity gt <Shimshoni, 

1971> <for w=2'1Ik/n i.e: 2'1I/n,4'1I/n,6'1I/n .. ; <n-1)'1I/n. 

m 
g1c=C1c 2 /( I: CJ 2 ) 

j=1 

r•cw> can be written as 

n n 

... 6. 7 

f*< w> =< 1/C 2'1t> > [ < I x< t> cos< 2'1Iktln> > 2 +< I. x< t> sin< 2'1tktln> > 2 1 
t=1 t=1 

. . • 6. B 

and the norm~lised version or this is therefore the same as gt. 

Therefore the •ignificance levels for gt estimated by Shimshoni 

( 1971) can be used to test the significance or the unsmoothed 

sample spectrum estimate, r• ( w) • calculated by the NAG routine 

G13CBF. . Shimshoni < 197·1> gives estimates or the critical value 

or the estimated spectral den~it~ function <f*<w>> for the r th 

. highest peak. The first ten highest peaks were arbitrarily 

chosen for purposes or analysis. It was therefore necessary to 

first rank the ten highest spectrum estimates in order to test 

for significance. For n=7B years, the critical levels have been 

roughly interpolated from Table 1Ca,b,c and d) in Shimshoni 

<1971>. These are shown on Table 6.1. 

The sample spectrum estimates, for the commercial guano 

records at 17. Namibian and South African islands and the two 

records of total harvest were calculated for the period 1897-1975 

using the NAG routine G13CBF. The significance, at either the 1% 

or 5% level, of.the 10 largest estimates for each time series are 

shown on Table 6. 2. Apart from Bird Island at Lambert•s Bay, 
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Table 6. 1. Critical levels for the sample spectrum of a time 

series of length n=78, for peaks of rank ~. To test the 

significance o~ various peaks in the normalised periodogram, the 

peaks must first be ranked. Significance at either the 1% or 5% 

levels of the peak ranked ~ is then given-by comparison with the 

values quoted here <Shimshoni, 1971>. 

~ CRITICAL LEVEL 

1% 5% 

1 0.192 0.157 

2 0.125 o. 109 

3 o. 101 0.089 

4 o:oe5 o. 076 

·5 o. 073 0.067 

6 0. 066 0.060 

7 0.059 0.055 

8 0.054 0.049 

9 0.049 0.045 

10 0.046 0.043 
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Table 6. 2. Significance revels of sample spectrum estimates for 

the univariate analysis of estimated guano harvests at all 17 

islands considered in the correlation matrix <Fig. 6. 3>. C, G 

and P refer to the dominant bird species on each island according 

to Crawford and Shel ton C 1978>, either cormorants, gannets or 

penguins respectively. The columns are tabulated according to 

decreasing period, p, which is given in terms of the integer, L, 

listed above each column: P = 50/L; 50 is the baseline time 

interval which is the wavelength of the first harmonic component 

<Le. the harmonic analysis is based on a time period of 50 

years>. No significant peaks were observed for p<50/9. 

ISLAND L: 

p: 

1. Bird, Lamberts CG 
2. Paternoster c 
3. Mal gas GC 
4. Marcus p 
5. Jut ten CP 
6. Vondeling CP· 
7. Das sen PC 
8. Dyer PC 
9. Bird, Algoa GP 
10. Platforms c 
11. Mercury GC 
12. Ichaboe GP 
13. Halifax p 
14. Possession GP 
15. Pomona p 
16. Plumpudding p 
17. Sinclair p 
18. S. A: Total 
19. Namibia: Total 

1 2 3 4 5 6 

50 25 16.7 12.5 10 8. 3 

5 1 1 1 
1 1 

1 5 1 
1 1 

5 1 5 
5 

1 
1 
·1 1 
1 1 

1 1 5 
1 5 5 
1 1 1 
1 1 1 
1 1 
1 1 
1 1 1 1 

1 - a significance level of 1% 
5 - a significance level of 5% 
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there are no significant short period oscillations, and generally 

only the long period oscillations are statistically significant. 

These significant fluctuations have periods longer than 15 years, 

and typically 25 or 50 year.s · C note that the 25 and 50 quoted here 

are accidents of the baseline time interval chosen for performing 

the spectral analysis: the most that can be said is that there 

appear to be statistically significant components with periods in 

excess of 50/3 or, say, 17 years, the next shortest period 

representable with a baseline or 50 years>. From a.rguments which 

will be developed in section 6. 3, it seems that these long 

period fluctuations could only be produced by animal populations 

with ages to maturity of between 7 and 13 years, which is far 

too long for seabirds or fish. These periodic features are 

therefore presumably due to some extraneous effect Ceconomic or 

biological> other than bird or fish ~ynamics. The sample 

spectrum for Bird Island Lambert's Bay is shown in Fig. 6.4, 

peaking at periods of 25, 8 and 6 years. 

It should be noted that, at the 5% significance level, 1 in 20 

periodogram peaks are expected to exceed the critical level due 

to pure chance alone. Therefore, of the k significant levels 

observed, on average k/20 of these are due to chance. Thus since 

19 time series have been considered, results which are 

only are p~obably significant at the 5% level in one island 

chance effects. Furthermore one expects to see one significant 

spectral peak in 100 time series significant at the 1% level by 

pure chance. Thus there is a 19% chance of seeing one in 19 time 

series. The two peaks significant at the 1% level at Lamberts 

Bay, at periods of 6 and 8 years, therefore have a 19% 

probability of being chance effects without any link to 

population dynamics. The bivariate spectral analysis gives a 
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Figure 6. 4. The estimated spectral density function, as 

normalised f*<w>, of guano harvests at Bird Island, Lambert's 

Bay. Periods are calculated as 50/L, where 50 years was the 

baseline time interval given t~ the univariate spectral density 

estimation routine G13CBF of HAG <Numerical Algorithms Group, 

Oxford, 1977>. Significant periodic components at periods of 6, 

8 and 25 years are indicated from the critical levels set out on 

Table 6. 1: 
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stronger result for these short period effects. 

6,2,3 Biy1ri1t1 1p1ptral IDAlYlil Q[ qomml£Qill IUIDO £1QOr41 

' For the situation under discussion, the squared coherency, W<w>, 

is perhaps the most useful quantity provided by the bivariate 

spectral analysis. This gives some idea or the correlation 

bet~e~n two time series at a particular frequency and is defined 

as (Jenkins and Watts, 1969; Bloomfield, 1976>; 

H( W) = Ir II ,, ( w> I 2 I [ r II II ( w> r,, ,, ( w> ) 6. 9 

Where f11,, ( W) is the smootheu sample cross-spectrum of the two 

series Xt and Yt <recall again that w=2uk/nl: 

n n 
f.,,Cw)=1/(2Un)[ l: YteXp(iwt)J.[ l: XtexpC-iwt>l ... 6. 10 

t=1 t=1 

<note again: w=2uk/n, k the k th period> 

The different ways or smoothing the data distinguish the 

different types of spectral analysis. The results calculated 

here were obtained using spectral smoothing by the trapezium 

frequency <Daniel> window, with a trapezium shape parameter of 

p=0.5 CNAG Manual; Jenkins and Watts, 1969; Bloomfield, 1976>. 

This gives similar results to other smoothing techniques "with a 

slight advantage or somewhat less distortion •round sharp peaks, 

but suffering a rather less smooth appearance in fine detail" 

C NAG Manual>. 

Pig. 6.5 shows the total number or squared coherencies at all 

Pourier frequencies and for all possible unique pairs or islands 

C but excluding the S. A. and Namibian totals since there is some 

implicit dependence between these and the individual island 

records, 136 tinique pairs altogether> which could not be rejected 
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Figure 6. 5. . The sum of the significant <95% level> squared 

coherency estimates for all unique pairs of guano harvest time 

series, excluding the total Namibian and South African harvest& 

C136 pairs in total). The hatched histogram shows the equivalent 

result for lognormal noise with an arbitrarily chosen coefficient 

or variation of 40%. Periods· are given as 70/L, where 70 is a 

baseline time interval given to the bivariate spectral analysis 

routines. These noise results suggest that smoothing processes 

have not produced spurious peaks in the analysis of the actual 

data. The average noise level in the diagram is 3 per 136 Cthe 

number of possible unique pairs>. It.is suggested that the peaks 

for p (period> > 23 Ci. e. L < 3> and 4 < p < 6 ( i. e. 11 < L < 

17>, units all in years, are significant, with the level always 

above 10 per 136. 
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at the 5% level by comparing the coherency estimate W<w> with the 

test statistic T derived rrom the upper 5% point or the F 

distribution ror <2,d-2> degrees of freedom: 

T = 2FI< d-2+2F> 6. 11 

where d is the number of degrees or freedom associated with the 

univariate spectrum estimate. 

There is some suggestion in the literature that smoothing 

processes can produce spurious periodogram peaks <Grenander and 

Rosenblatt, 1957>. As a rough test or this the significant 

squared coherencies obtained from 18 series or lognormal random 

data <of length 78 years> with an arbitrarily chosen CV or 40% 

were estimated (shown as hatched histograms on Fig. 6. 5>, and 

this provides some estimate or the effect of smoothing. 

Conspicuous above this background effect, 

coherencies at periods of 23 years and more, 

there are strong 

and in addition 

there is some coherency at periods of 4 to 6 years. It seems 

most likely that the long term effect is ecologically 

meaningless. These apparent 1ong term periodic cycles may rather 

be the reflections of the influences of the growth of the guano 

industry since the turn 0£ the century, two world wars, the 

depression years and the pilchard collapses Coff South Africa and 

Namibia> in the last 20 years. 

The high frequency component may however be of ecological import. 

As mentioned earlier, the most obvious cause of these more rapid 

cycles in guano production is the feedback control mechanism 

governing seabird population size. 

necessary to throw light on this. 
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6.3 QNDAMPBP OSCILLATIONS IN-BIRD POPQLATION SIZE 

6.3. 1 Trando,in total guano production 

An examination of the total commercial guano production for South 

Africa <Fig. 6~ 1> shows that, prior to the start of purse-seining 

on a large scale <circa 1945>, fluctuations in guano, and 

therefore presumably bird numbers as well, were large. Since 

the~, and particufarly following the collapse of the pilchard in 

the mid-1960's, ~he fluctuations appear to have been damped Ci.e. 

their amplitude has d~creased markedly>. The fluctuations are 

what might result from a system whose dynamics are governed by a 

compensation mechanism incorporating a feedback delay such as 

would be caused by the time taken to reach sexual maturity. It 

is necessary therefore to examine the period and amplitude of the 

output of some simple dynamic population models, in an attempt 

either to demonstrate or refute the hypothesis that the 

fluctuations in guano w~re due to undamped fluctuations in the 

seabird population size. 

6.3.2 Plau1ibl1 mod1l1 or 111bird population• 

Seabird breeding incidence is generally not continuous, but 

occurs at a fixed period during the year, 

discrete model is appropriate: 

and thus the following 

where the variables and parameters are 

Vt number or adult seabirds in year i 

T the age to sexual maturity for seabirds 

6.12 

r the maximum number or mature seabirds produced per annum per 

capita of mature seabirds 

R the ~quilibrium population size of adult seabirds 
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For rT sufficiently large, the continuous version or this model 

is expected to have an oscillation period or approximately 4T 

years C May, 1981 obtains just this period ror a very similar 

model>, since the rate-or change or adult population size changes 

sign when the number or adults a time T years previously ·crosses 

the K threshold.· Thus T is the interval on the time axis 

corresponding to the interval between equilibrium and a peak or a 

trough; as oscillations are approximately symm•trical -about 

p~ak/trough positions, the period will be about 4T. 

In the discrete case, the period or oscillation is generally less 

than 4T. This is because peak and trough values can only be 

preceded by T-1 values above or below K respectively, since 

thereafter the growth term changes sign and the population size 

either starts to decrease or increase <Fig. 6. 6>. Thus one can 

account for the 2 peak values themselves, 1 trough value, and 2T-

2 other values preceding the trough and the right-hand peak in a 

full peak to peak cycle. A minimum or 2T+1 points must therefore 

occur from peak to peak inclusive. The remaining points will lie 

between the left-hand peak and K, and between the trough and K. 

These are the points descending from peaks to cross K, and 

ascending from troughs to cross K. 

It has been shown that.there are only T-1 poi~ts to the left or 

peaks and troughs above and below K. This is not necessarily 

true or the right hand points Conly T-1 points to the right of 

peaks and troughs above and below K respectively> , but 

simulations suggest the number of right hand points is usually 

less than T, and orten T-1. This latter value would give 4T-1 

points from peak to peak inclusive, and hence an effective peak 

to peak period or 4T-2 years. In addition, simulations showed 
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Figure 6. 6. A typical population si2e limit cycle for a species 

with an age to maturity of 3 years, using the model described by 

equation 6. 2. The 2 peaks marked PCeak>, 1 marked T<rough> and 4 

marked LCeft-hand> are an unavoidable consequence of the 

functional form used <equation 6. 2l. From simulations using 

parameter values typical of seabirds, there appear to be on 

average a further 4 points marked R. The peak to peak time 

interval is therefore given approximately as 10 years. This 

generalises to a peak to peak interval of 4T-2, for an age to 

maturity of T years. 
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that this model is unstable for r greater than about 0. 7 years- 1 

<with T=3 years>, and the population becomes extinct within a few 

years. 

The problem with the discrete logistic ~odel is that it 

incorporates birth and death rates in a single term. Thus 

unrealistically high rates of population decline, 

extinctions, are possible. It is more reasonable, 

and hence 

for adult 

seabirds, to assume that natural mortality occurs continuously 

and is density independent Ci. e. the effects of food limitation 

are manifest almost entirely in egg-laying and the first year 

survival rate>. If logistic type density dependence in birth 

Cbut not death> rates is permitted, then the following model is 

more stable and suitable for subsequent analysis than equation 

6. 12; 

Vt+t = V1expC-M11> + rVt-T+tC1-Vt-T+t/K> 

Vt+t = V1expC-M11> 

Vt-T+t<K 

Vi-T+t>K 

where M11 is the adult seabird natural mortality constant. 

6. 13 

It is useful to examine the behaviour of the adult seabird 

population size following a perturbation in B1 Ca perturbation of 

20% of K was used). Note that the peak to peak periods of 

fluctuation for this model is also expected to be about 4T-2, on 

. the basis of similar. arguments to those given ~arli~r~ 

Simulated solutions to equation 6.13 show that the period of 

population size fluctuations is critically dependent on T, as 

expected, and minimally so on r and M11. It is therefore 

important to specify the region of parameter space <defined by r, 

M11 and T> of relevance to seabirds, particularly so for the age 

to sexual maturity. Various estimates of these quantities are 
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- Table 6. 3. Estimates of M <natural mortality> and T <age to 

sexual maturity> for cormorants, gannets and penguins according 

to various authors. The logistic equation intrinsic growth rate 

parameter, r, is estimated as half the mean clutch size. For 

cormorants the mean clutch size for the range of 1-5 eggs quoted 

is taken to be 3. 

Seabird T <years> M11 < yrs- 1 > Mean clutch Clutches/yr r . size 

.. 

Gannets 3-4 1 o. o5-o. oe• • 7 1 t 1• 0. 5 

o. 02-0. 07 9 

Cormorants 22 0. 2 8
- 1-5 3 1 s • 2 1. 5 

33 

311 311 111 

Penguins 2• 1. 7 4 2' 0. 8 

4' 36 

56 

311 o·. 13 11 1. 8 8 o. 9 

1. Jarvis < 1971> 

2. Duffy <pers. commn> - "some cormorants may breed at two years" 

3. Berry C 1976> 

4. Jackson et al <1976> bred in captivity 

5. Wilson C pers. commn> - west coast penguins only 

6. Randall < 1983> - south coast penguins only 

7. Nelson C 1978> 

8. Furness and Cooper C 1982> 

9. Appendix 6. 1 
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summarised in Table 6.3. The maximum per capita adult production 

rate, r, is calculated as approximately half the mean clutch size 

<assuming one pair of birds per nest, 50% males and females at 

birth, and zero mortality from egg to adult under ideal 

conditions>. 

In the differential equation; 

dVCt)/dt=rVCt)C1-VCt-T>IKJ, . . . 6. 14 

the population exhibits stable limit cycles when rT>1.57 <May, 

1981>, and a similar law presumably holds for equation 6.13. 

Simulations suggest that for M. values typical of seabirds <Table 

6.3>, the changeover from a stable equilibrium state <this state 

includes the possibility of damped oscillation approach to this 

equilibrium to stable limit cycle behaviour occurs at about rT=2. 

Gannets, with r=O. 5 and T=3 to 4 years are thus not able to 

maintain limit cycles according to this model, although 

cormorants and penguins can. 

6.3.3 Simulation r11ylt1 

The approximate period and amplitude <half of the difference 

between peak and trough population sizes, relative to K=1> or 

population size fluctuations generated by equation 6.13 are shown 

in Tables 6.4 and 6.5. The model predicts that the stable limit 

cycles 

roughly 

for a typical cormorant population may have 

5 to 9 years C T=2 to 3 years). The period 

periods or 

predictions 

are extremely sensitive to the age at maturity parameter, and 

minimally dependent on r and M.. Simulated oscillation 

amplitudes for the adult seabird population are smaller than 

suggested by the guano data, for which fluctuations are in the 

vicinity of half to double the average level <see Table 6.5>. 
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Table 6.4. Approximate simulated periods of seabird population 

size fluctuations from values of r, T and Kb in the vicinity of 

those suggested by Table 6. 3. Continuous oscillations do not 

occur for r<1 and T=2, 

below by an asterisk. 

and for parameter combinations indicated 

r=1 

T=2 T=3 T,=4 

Kb=O. 05 * 10 14 

M11=0.10 lli * 13 

Kb=O. 20 * * * 

r=1.5 

T=2 T=3 T=4 

Kb=O. 05 6 ' 11 16 

Kb=0.10 5 10 16 

M11=0.20 5 9 12 

r=2 

T=2 T=3 T=4 

Kb=O. 05 7 12 16 

Mb=O. 10 6 10 15 

Mb=0.20 6 9 12 
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Table 6. 5. ,A pproxi ma't e simulated amplitudes or seabird 

population size fluctuations for values of r, T and Mb in the 

vicinity of values suggested by Table 6. 3. Continuous 

oscillations do not occur for r<1 and T=2, and for parameter· 

combinations indicated below by an asterisk. Amplitudes are . 
expressed as proportions of K <K=system carrying capacity>. 

r=1 

T=2 T=3 T=4 

Mb=O. 05 * 0. 1 0.19 

Mb=O. 10 * * 0.25 

Mb=O. 20 * * * 

r=1. 5 

T=2 T=3 T=4 

Mb=0.05 0.08 o. 16 0.29 

Mb=O. 10 o. 11 0.25 0.41 

Mb=O. 20 o. 19 0. 32 0.45 

r=2 

T=2 T=3 T=4 

Mb=O. 05 0. 1 0.21 0.36 

Mb=O. 10 o. 15 o. 33 0. 54 

Mb=0.20 0.22 0.53 0. 61 
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This comparison assumes that guano production is proportional to 

adult seabird population size, and from these results it appears 

that fluctuations in guano production do not come from the 

overcompensation in the seabird population regulation mechanism. 

However it is not necessarily the case that guano production is 

solely dependent on adult seabird population size. A reasonable 

assumption, for example, may be that guano production depends on 

the total annual bird-days spent on the island <A. Berruti, pers. 

commn>. This factor would increase as breeding effort incr.eased. 

The result might thus be that guano production is proportional to 

seabird "recruitment" for which the relative amplitude of 

fluctuations depends on the peak levels of the growth term 

relative to their average value. Note however from expression 

6. 13 that the value 9f the growth term reaches 0 under certain 

conditions. If guano production may be adequately represented by 

a weighted sum of adult bird population size and seabird 

.. recruitment n. instead of just being proportional to V1, then 

the expression for guano production might be: 

G, = ocv, + nx, 

where Xt is the production of 0 year old seabirds. If the peak 

value for x, is W <remember X1 returns to zero periodically>, and 

if V1 fluctuations are small enough to regard V1 as a constant 

equal to V, 

approximately 

C approximate> 

then the amplitude or 

fiW/2. Amplitude as 

Gt f~uctuations will be 

a fraction of the mean 

value is therefore just fiW/C2CocV+fiW>J. Thus the 

amplitude or fluctuations observed in guano production depends on 

the weights oc and fi. These weights are not constrained by 6. 13 

so that, provided the seabirds are capable of reducing 

reproductive effort to close to zero <relative to peak levels>, 

fluctuations reaching double the average guano production are 
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compatible with the seabird model. 

In summary, under certain assumptions about seabird population 

dynamics, large fluctuations in guano production occur if the 

population is perturbad from its equilibriu~ state. A critical 

prerequisite for the inducement or continuous oscillations 

< within the ti me period over which the model is run, which was 

300 yea.rs) is that r should be sufficiently large. Gannets 

_cannot produce this effect, since the mean number or eggs 

produced per adult per year is only 0.5, and rT is less than the 

critical level or about 2. For cormorants, if survival from laid 

egg to mature adult is 100%, 

do persist. These may be 

fluctuations observed in the 

for frequency 

then model population oscillations 

comparable in amplitude to the 

guano records < eg. Fig. 6. 1) . 

are more restrictive. Cormorant Requirements 

population 

detected 

oscillation frequencies are only comparable to those 

in guano records if the age to maturity for cormorants 

can be assumed to be 2 years. Only one of the ornithologists 

interviewed < D. Duffy, pers. comm.) speculated that "some 

cormorants may breed at 2 years", ·referring to the species or 

importance Phalacrocorax capensis. It is concluded therefore 

that the high frequency component in the guano records, although 

perhaps influencing seabird population dynamics in some way, is 

not caused by seabird population- -regulation mechanisms. The 

significant short period component at_Bird Island, Lambert's Bay, 

or about 8 years <see Fig. 6.4) may however be due to cormorant 

guano fluctuations <Rand, 1963, estimated that there were at one 

time over 60 000 cormorants on the island, compared to 10 000 

gannets), since this period is probably not markedly different to 

what may be possible for cormorant population size fluctuations. 

As a counter to the analysis or probable seabird population 
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oscillation behaviour - set out in ,this s_ect_ion, - a brief 

examination of similar Cprobable) processes in a typical pilchard 

population is presented in the following section. 

6.3.4 Limit CYQll fr1quan9i11 for tYpigal pilpbatd t•QtUitment 

The recruitment pattern for a wide range of fish stocks is 

typified by the occurrence of occassional large year classes 

C Halters, 1984>. This behaviour is close to what would _be 

expected ir the net survival from the egg stage to recruitment is 

due to numerous multiplicative effects which are independently 

either good or bad, which is the scenario envisaged in this 

thesis for South African pelagic fish stocks. Invoking the 

central limit theorem, the logarithm of the net environmental 

effect over the whole period is approximately normally 

distributed. Recruitment would thus be approximately log-

normally distributed. As a first approximation, it can therefore 

be assumed that pelagic fish recruitment is perturbed from 

equilibrium by a log-normally distributed net environmental 

effect. Because of the spawner-recruit-spawner feedback loop, 

recruitment and stock biomass trends may exhibit certain cyclical 

features. It is these features which are of interest at this 

stage. 

-
The spectral densities, f*Cw>, (defined by equation 6.8> for the 

recruitment trend of a fish with a nat~ral ~ortality equal to 0. 5 

age to maturity of 2 years Cpilchard-like> and log-normal 

environmental perturbations on recruitment were estimated using 

the NAG routine G13CBE. Recruitment, R1, was generated using an 

asymptotically flat stock-recruit relationship: 

6.15 
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Ill -

where Y• = spawning biomass, assu~ing an age to maturity or 2 

years, and ui z NCO,O. 04>. The generation or Rt and Yt was 

started at unexploited equilibrium. 

6.3.5 B11ylt1 for 1imyl1t1d pilchard popyl1tion1 

For 18 typical annual recruitment series 78 years in length, and 

using the fully age-structured model, the highest spectral peak 

in each case occurred at a period or between 5.5 and 7 years. 

In a separate simulation, a spectral analysis or time series 

generated by equation 6.12 <with r=1. 5 yrs- 1 , T=2 years> with 

lognormal noise Cu1 z NCO,O. 04> on the intrinsic growth rate 

parameter r, 

5. 5 years. 

resulted in peak values at periods or between 5 and 

Both these models therefore suggest that a typical pilchard 

population, under random growth perturbations will exhibit 

continuous oscillations at periods or between 5 and 7 years. It 

is anticipated that as the variance or the random perturbation is 

increased beyond some threshold, limit cycles will eventually 

become undetectable in the spectral analysis; however no attempt 

to determine this threshold limit was made. 

At this stage or the analysis, there seems good reason to believe 

that some component or pilchard population dynamics <perhaps 

recruitment> is reflected in the commercial guano harvest 

records. Further evidence for this can be found in the existence 

of complex lag effects between certain islands. 

discussed in the next section. 
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6.• COMPLIX BILATIONSHIPS BBTHIBN RUANO HABJIST TIMI SIBIBS 

6. 4.1 Crawford and Sbelton•a findi~sa 

There is some evidence that complex relationships exist between 

certain pairs of islands, for which guano time-series are poorly 

correlated. In unravelling this link, it is hoped that past 

pilchard recruitment trends can be identified in the guano 

harvest data. The best example of this is the relationship 

between Lambert's Bay Bird Island and Algoa Bay Bird Island guano 

records. 

It is important to note that these islands have not been chosen 

on the basis of a search for the two islands which give the best 

results. Rather these have been chosen on the basis or a priori 

assumptions. Lambert's Bay Bird Island is the main guano island 

located close to the prime pilchard recruitment grounds, and it 

is one or two major West Coast gannet colonies in South African 

waters. It is not clear, just from the records or gross mass or 

guano harvested, from ·which bird species the bulk or harvested 

guano production has resulted. Historical population si2e 

censuses suggest that cormorants outnumbered gannets by 6 to 1 

<Crawford and Shel ton, 1978>. However cormorants produce poor 

quality guano, which is easily blown away CA. Berrutti, pers. 

commn>; gannet guano on the other hand becomes firmly cemented 

into nests, and is better preserved through to the time when 

annual guano scraping takes place. In the analysis which 

follows, it is assumed that guano at Lambert's Bay is produced 

predominantly by gannets. Additional analyses not reported here 

indicates that conclusions drawn from this do not change if 

cormorants 

producers, 

are instead assumed to be the dominant 

188 

guano 



The second island, Algoa Bay Bird Island, is the site of a major 

gannet colony east of the Cape Peninsul~, and is isolated from 

the West Coast colonies. Diet studies C Batchelor, 1982; 

Batchelor and Ross, 1984) have ~hown that gannets at Algoa Bay 

are feeding on adult pilchard, and this suggests that guano 

production 

hypothesis 

tren~s at this island may be useful for testing the 

of the Bird Island Lambert's Bay guano trend as a 

recruitment index, as first suggested by Crawford and pilchard 

Shelton 

1200 km. 

( 1978>. The sea route between the two islands i~ about 

The Pearson's correlation coefficient between commercial guano 

harvests at Bird Island, Algoa Bay and Bird Island, Lambert• s Bay 

is r = 0. 148, n=78, which is not significant at the 5% level. 

Guano production at these two islands is compared in Fig. 6.7. 

Crawford and Shelton C1978> have argued that Bird Island, Algoa 

Bay lags behind Bird Island, Lambert's Bay because the former 

reflects adult pilchard and the latter recruitment. According to 

their paper this is because pilchard recruitment occurs in the 

vicinity of Lambert's Bay and "shoals of adults migrate in an 

easterly 

Bay in 

direction each spring and some are located near Algoa 

winter" <Crawford and Shelton,1978>. This effect is 

evident when correlation coefficients <Pearson's> with Algoa Bay 

lagging Lambert's Bay by successive years are calculated. The 

results show that the highest correlations are obtained with a 

lag of 3 years <r = 0.30 

argument presented by 

Fig. 6. 8>. 

Crawford and 

However, 

Shelton 

implicit in the 

(1978> is the 

assumption or direct proportionality for both islands: guano 

production to pilchard recruitment for Lambert's Bay, and.guano 

production to adult stock size for Algoa Bay. The correct test 

of this model requires that the Lambert's Bay guano production be 
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Figure 6. 7. Guano harvests at Algoa Bay Cdashed> and Lambert's 

Bay <solid) Bird Islands. From a priori considerations based on 

diet one might expect a lag between these two time series. This 

is indicated by the correlation coefficients shown in Figure 6. 8. 

Units: tonnes. 
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PERIOD OF LAG, YEARS 

Figure 6. 8. Correlation coefficients between guano harvest 

records for the Bird Islands at Algoa Bay and Lambert's Bay 

obtained by lagging the Lambert's Bay series through successive 

years. A peak value of r z 0. 3 at a lag of 3 years is indicated. 
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decayed and averaged over several years in the same way that a 

large number of year classes contribute to adult fish stock size, 

before comparison with Bird Island Algoa Bay guano data. The 

effect of fish growth rate must also be taken into account. 

6 . •. 2 An 111 1tryctur1d pilphard popylation mod1l qt tht 

telation1bip between Lambert's and Alcoa BAY lyanq 

baryests 

A simple model or an age structured pilchard population was 

developed to test the hypothesis that Lamberts Bay guano harvests 

reflect <in direct proportion> pilchard recruitment and Algoa Bay 

harvests reflect the adult populaton biomass. The model assumes a 

constant <instantaneous> natural mortality rate or 0.5 yrs- 1 • It 

allows for fish growth by changing fish mass for each successive 

year to the new midyear fish mass <pilchard masses at age taken 

from DAMREP, 1983>. Recruitment is assumed proportional to guano 

harvests at Bird Island, Lambert's Bay. The fish age structure 

is ·rilled after 9 year• of recruitment have been allowed to grow 

through to adulthood. For each year after this, a hypothetical 

adult population can be generated by adding up the cohort 

biomasses of, say, 3-year and older pilchard cohorts' in that 

year. Thus hypothetical adult pilchard biomasses in year i, Yt, 

are related to recruitment va1ues, Rk, where recruitment is given 

in terms of metric tonnes of guano harvested, Gk: 

t-FA6E 

Yt= Wt - k Rk exp< -( i-k) M> 

l - F A 6 E 

= k Wt - k Gk exp( -( i -k) M> . . . 6. 16 

Wt-k - pilchard mass at the middle or year for age i-k 
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k - a proportionality constant between guano prodµction and 

- ' ' 

pilchard recuitment. 

Pilchard FAGE to MAXAGE years old are therefore assumed to occur 

at Algoa Bay CFAGE = 0 are 0-group pilchard, assumed to be 6 

months old>. 

6. ~. 3 B11ult1 pbtain1d with th• 111 1truotyr1d pilghard modtl 

The correlation coefficients for the relation~hip .between 

hypothetical pilchard adults <obtained using the Lambert's Bay 

guano harvest as recruitment into the model) and the Algoa Bay 

guano harvest are used on a somewhat Csee Appendix 6.2> ad hoc 

basis for comparing the two time series. No comment about the 

significance of differences between different correlation 

coefficients can be made, since these different values are not 

independent. All possible combinations of FAGE and MAXAGE 

between 1 and 8 years were estimated. Results are set out on 

Table 6. 6. The largest correlation coefficient, ·r = 0.55, occurs 

for PAGE = 3 and MAXAGE = 6, corresponding to 3 to 6 year old 

pilchards. As PAGE and MAXAGE approach 3 and 6 from other values 

between 1 and 8, there is a persistent increase to the peak at 

values of 3 and 6 respectively. This C r' t • h • a d • 1 > is greater 

than the largest riae = 0. 30) obtained by simply lagging the 

two time series. 

It is possible to go further than this in the analysis, by 

attempting to remove the effect that seabird population size has 

on the guano producti-0n, hopefully yielding a residual time 

series containing predominantly pilchard recruitment and adult 

biomass effects plus some noise. ·These could then be used with 

C perhaps) more confidence in the age structured pilchard 
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Table 6. 6. Pearson's · correlation coefficients for ·the 

relationship between the Algoa Bay Bird Island guano harvest, and 

a hypothetical pilchard biomass, aged between FAGE and MAXAGE 

years, derived by using the Lamb~rts Bay Bird Island guano 

harvest as recruitment into the hypothetical age structured 

pilchard population. C n=70 throughout> 

M 

.& 

x 

j 

G 

B 

1 

2 

3 

4 

5 

6 

7 

8 

1 2 

0.28 

o. 32 o. 28 

o. 39 o. 39 

0.44 0.44 

0.47 o. 48 

0.48 0.49 

0.48 o. 49 

0.48 0.49 

p A G 

3 4 

. 
0. 43 

0.49 0.41 

0.53 0.48 

o. 55. 0.49 

0. 55 o. 49 

0.55 .0.49 
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0.41 0.28 
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population model for testing the.relationship between the two 

time series. To do this, an appropriate model of the link 

between guano production and seabird population dynamics is 

required. 

6.5 POSSIBLI BBLATIONSHIPS BBtHBBN GYANO PBOQYCTION. SIABIRD 

POPULATION SIZB ANQ RBCBYITMBNT ANQ PISH POPuLATION SIZB 

ANQ BBCBYITMINT 

6.5.1 Quang and 111 prpdygtipn rat11 rpr p1n1yin1 

Siegfried and Crawford <1978> found that a linear regression 

between the commercial egg crop and guano yield at Dassen Island 

for the period 

correlation Cr 

1920 - 1961 produced a 

= 0. 436; P < O. 01; n 

significantly positive 

= 39>. If commercial 

harvests of both penguin eggs and guano are roughly proportional 

to the biological egg and guano production rates, it would be 

reasonable to make the tentative assumption that guano production 

is proportional to seabird nrecruitment". This is really a 

special case of previous comments made about the dependence of 

guano production on bird population size and breeding effort, 

where it was held that guano was some weighted sum or the two; 

G 1 = ocV 1 + fi X 1 ... 6. 17 

where v, = adult seabird population size 

X1 = production of O year old seabirds 

It is now being suggested that the weighting for adult birds, V1, 

may be essentially zero <oc=O>. This does not mean that guano 

production is not influenced by adult seabird population size, 

rather that the influence of V1 is effectively incorporated into 

X1 <as will be seen>. This may require that non-breeding but 

mature birds do not inhabit the islands to any substantial extent 
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during the breeding season. 

Underlying this assumption is the fact that guano production may 

be an index of the annual number or bird days spent on the island 

CA. Berruti, pers. commn>. However, most guano is produced 

during the breeding season and the main presence on the islands 

occurs during the breeding season, so that the two assumptions -

proportionality between guano yield and seabird "recruitment", 

and between guano yield and annual bird days spent pn each_island 

are perfectly compatible. It is assumed from this point 

onwards that this relationship holds for gannets and cormorants 

as well as for penguins. 

In the following section, a model is suggested which relates 

guano production, adult si2e and O - group strength for seabirds, 

and fish population biomass. and recruitment. 

6. 5. 2 A 9on1olidot1d d11gription or bow yarioua fagtor• maY 

influence syano prodygtion 

Three factors of importance to guano - production have been 

identified in the preceeding analyses. These are the strength of 

the 0 - year - old seabird cohort CX1>, adult seabird population 

si2e <Vt>, and the biomass or the assemblage of fish age classes 

CY1>, consumed by the birds at the island in question. From the 

work of Siegfried and Crawford <1978> it is suggested that; 

J 

G 1 = kX 1 • • • 6 . 1 8 

where k is a proportionality constant 

Furthermore, it is suggested that the combined influence of adult 

seabird population si2e and fish biomass on seabird "recruitment" 

Cand hence on guano production as well) is represented by the 
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appropriately scaled product of the two 

G i = kX i = s v' T y ' 6. 19 

where s the proportionality constant 

The parameter T is assumed to lie somewhere between O and 1. 

This confers a broader ecological meaning to the seabird 

population growth relationship, since it permits the derivation 

of an equilibrium population si2e from the balance between 

natural mortality and population recruitment. This is a 

desirable feature in any model of population dynamics. 

The advantage or the seabird model outlined here is that it 

yields indices or v, <mature bird population> and y, from the 

single series Gt, and so Gs can be transformed into y'. This is 

achieved by fi~st generating relative estimates or v, <number of 

mature breeders> in terms or guano, assuming a constant natural 

mortality for the seabirds 

14 
Vt·- I CX1-1exp<M11<i-·1»J 

l=T 

14 
= < 1 I k> I C G, - 1 exp< M11 < i -1 > > l 

l=T 
6. 20 

where T is the appropriate age to mat.urity .for the seabirds found 

on the island in question. To avoid using all the guano 

information in generating the initial adult seabird population 

si:ze, an upper age or 14 years was used for seabirds <If M11 is 

taken to be 0. 05 yrs- 1 , and T = 3 years, then this amounts to 

neglecting as much as 50% or the population> . Indices or Ya are 

therefore given by 
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14 
Yt=Gt/Vt 1141 = kGt :I Gt-J expCM11Ci-j)) 1- 11 • 

j=T 

for all i > 1897 + 14. 

6.5.3 M9d1l output 

. . . 6. 21 

Indices of pilchard recruitm~nt at Lam~ert's Bay and of pilchard. 

adults at Algoa Bay were calculated assuming that gannets are the 

dominant c6ntributors to the amount of guano harvest~d, for-which 

the following model parameters are suggested by the estimates 

summarised on Table 6. 3: 

T = 3 years 

K11 = 0. 05 yrs- 1 

The resulting index of pilchard recruitment at Lambert's Bay, Yt, 

was then used as input for the age structured pilchard model 

described in section 6.4. 1, producing again the index of pilchard 

biomass for pilchards aged FAGE to MAXAGE Cbut now corrected for 

th~ influence of seabird population size on guano production> for 

comparison with the time series of pilchard adults derived from 

the Algoa Bay guano harvests <also now corrected for the 

influence of V1>. 

The highest correlation coefficient was r11trd •odoi=0.61 for r=1 

<this implies that n~ density dependence exists, which seems 

unlikely>, FAGE=3, and KAXAGE=6. This Cr11trd•odo1) is not 

.substantially larger than the value obtained without accounting 

for seabird dynamics Crft•h•odol - maximum value 0.55>. 

6. 5 ... Ih• di19r1pangr b1tw11n mpd1l pr1digt1d pilghard 1111 at 

Algoa Bar. and ob1eryed •S•• 

On the basis of the Pearson's correlation coefficient values 
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calculated in the preceeding analysis, the most likely pilchard 

age classes oocurring at Algoa Bay should be fish between 3 and 6 

years old. Diet studies <Batchelor, <1982); Batchelor and 

Ross, 1984) show instead that gannets at Algoa Bay are consuming 

pilchards aged predominantly between 1 and 2 years. 

Batchelor <1982) found that for the period January 1978 to 

December 1980 the mean fork ,length or : pilchard consumed by 

gannets on Bird Island Algoa Bay ranged between 140 mm and 215 
- . 

mm. Davies C 1956> found that for the years 1954 to 1956 the 

Natal <east of Algoa Bay, further away from the pelagic fishing 

grounds) sardine run was composed of pilchard of caudal length 

ranging between 140 mm and 215 mm. Likewise, Baird C 1971>, 

reviewing the Natal sardine run for the period 1951 to 1969, 

found a similar range in pilchard caudal length. According to 

the best present knowledge or pilchard growth rates <Thomas, 

1985) 140 mm to 215 mm corresponds to pilchard of 1.to 2 years 

old. Furthermore, in all the samples mentioned, there were only 

a .few fish greater cro~k or caudal length> than 215 mm in length. 

From the growth curve information just mentioned, and for an 

unfished population with M = 0.5 yrs- 1
, one would expect that at 

least 30 % of fish in a population aged 1 year or greater would 

measure more than 215 mm caudal length. It is clear therefore 

that the Algoa Bay gannets are feeding on pilchard aged 1 to 2 

years. 

However, there are additional considerations which might lead to 

the observation of gannets at Algoa Bay feeding on 1-2 year old 

pilchard and a 3 year lag between the guano records in question 

being compatible. These are concerned with the historic age 

' stratification of the pilchard spawning grounds coupled with 
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restricted 

Armstrong, 

flows of egg- containing- surface waters < M. J. 

pers. commn>. This explanation is set out in detail 

in the following section. 

6.5.5 A po11ibl1 two 1t111 1xplanation for pilghard r19ryitm1nt 

near Alloa Bay 

Evidence from past egg surveys has shown that prior to the 

collapse or the pilchard in the mid 1960's, their spawning region 

spanned the Cape Peninsula <for geographic sites s~e Fig. -6.9>. 

Older pilchard, greater than 215 mm in caudal length, were 

traditionally caught north or the Cape Peninsula, in the vicinity 

of St. Helena Bay on the West Coast. Maturing pilchard with 

caudal lengths or between 140 mm and 215 mm, aged between 1 

and 2 years <according to recent growth curve estimates such as 

are quoted in DAMREP, 1983>, were mainly caught east or the Cape 

Peninsula, and are thought to have spawned on the Agulhas Bank. 

Surface water movement from the West Coast region during a south-. 

east wind is northward, and since this is the prevailing wind 

direction, the predominant surface water flow in this region is 

northwards. Thus the dominant surface flow between the Agulhas 

Bank region and the West Coast region is towards the latter. 

This is corroborated by the results of drift card studies 

C Shel ton, 1979>, and by direct observations or egg and larval 

transport <Shel ton and Hutchings, 1982; 

Shelton and Kriel, 1976; Shelton, 1979>. 

Duncan and Nell, 1976; 

However, these studies 

also suggest that there is considerable surface drift eastwards 

off the Agulhas Bank, in the direction of Algoa Bay. 

A likely scenario for egg transport and subsequent recruitment 

can therefore be constructed from observed surface water drift. 

Some of . the eggs spawned on the Agulhas Bank may eventually 
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recruit along the immediate inshore region and eastwards thereof 

towards Algoa Bay, 

West Coast region. 

while the rest would be transported onto the 

These would add to the eggs spawned there, 

and it is known that ·pilchard are recruited in the region of St. 

Helena Bay. Now it is possible that, when the stock was 

unexploited, the West Coast spawners made by far the greatest 

contribution to annual recruitment, and that the Agulhas Bank 

spawners, being only partially mature and losing eggs eastwards, 

did not make much impact on West Coast recruitment. 

For cormorants at Lambert's Bay, the energetically most economic 

food available may have been pilchard recruits, and it is well 

known that cormorants are able to exploit small prey such as 

juvenile anchovies <Rand, 1960b). This is perhaps less likely 

for gannets which are often found to have consumed large fish 

C Batchelor, 1982>. The reflection of trends in the year class 

consumed by cormorants, and gannets to a lesser extent, at 

Lambert's Bay in guano production at Algoa Bay would now be 

delayed by the oceanographic and geographic spawning age 

stratification model just sketched. The year class in question 

would first appear on the Agulhas Bank at about 1 or 2 years old, 

approaching full maturity, and may make a major contribution to 

recruitment for the pilchards found at Algoa Bay. However, 

either because they migrate slowly eastwards, or because they are 

the optimum size pilchard for gannets to feed on <gannets consume 

larger fish on average than penguins or cormorants, Rand 1960b; 

Batchelor, 1982>>, they only appear in gannet stomachs at length 

140 mm to 215 mm, aged 1 to 2 years. The absence of large 

pilchard at Algoa Bay and in the Natal sardine run (further east> 

may be due to a return migration of larger pilchard to the West 

Coast spa~ning grounds <Fig. 6 .. 9>. · Thus an overall lag of about 
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Figure 6. 9. Probable pilchard egg transport direction vectors 

during summer <peak> spawning. Spawners on the Agulhas Bank are 

at most 2 years of age, those on the West Coast are older than 2 

years. Since West Coas_t spawning may have ·· dominated overall 

pilchard recruitment, recruitment trends observed at Lambert's 

Bay take 1 - 2 years to c·ause the same trends in spawning biomass 

on the Agulhas Bank, and recruitment resulting from this takes a 

further 1 - 2 years before appearing in gannet diets at Algoa 

Bay. The overall lag between guano trends at Lamberts Bay and 

Algoa Bay would therefore be about 3 years, or about twice the 

age to ma~urity for pilchard CM.J. Armstrong, pers. commn> 
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three years cz twice the age to maturity for pilchard> between 

peak recruitment levels at Lambert's Bay and the biomass of 1 - 2 

year old pilchard at Algoa B~y is still feasible. 

The correlation coefficients between model predicted and actual 

guano harvests at Algoa Bay were obtained by lagging the 

Lambert's Bay guano harvest as a recruitment index for the Algoa 

Bay pilchard population by either 1 <resultant correlation 

coefficient = rt) or 2 C r2) years. These lagged recruitment 

series were then used as input into an age struct~red pilchard 

population <as done in Section 6.4.2>, with additional 

adjustments for seabird pop~lation dynamic effects Cas done in 

Section 6.5.2>. Only pilchard aged 1 and 2 years are assumed to 

occur in gannet diet at Algoa Bay Cas found by Batchelor, 

1982>. The results were rt = 0.34 Cn=69> and r2 = 0.44 Cn=68>. 

These values are smaller than the earlier correlation value of 

0.55 which was obtained without lag, and assuming that pilchard 

aged 3 - 6 years occurred in gannet diet at Algoa Bay. However 

in the case of r2 the difference seems to be insubstantial Ci. e. 

a difference in terms of explained variance of 1-0.44 2 /0.55 2 or 

about 26%>. 

6. 6 SUMMARY ANQ CONCLUSIONS 

The original motivation behind much or this chapter was the 

observation that fluctuations in guano production were apparently 

damped out following the inception of fishing. Initially it was 

thought that this was due to a damping out of seabird population 

si2e fluctuations as food resources diminished. 

Results presented here indicate rather that guano production 

fluctuations are a direct result of changes in pilchard 
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population size and recruitment. In this context the damping out 

of guano production fluctuations would merely be a reflection of 

what was happening to the pilchard population. An explanation 

for this phenomenon is thus most likely to lie in the influence 

of fishing on the pilch~rd population. In an age structured 

model the effect of fishing is most easily represented by an 

increase in the total mortality experienced. In terms of a stock 

recruit plot, the net result is an increase in the slope of the 

effective replacement line Ci. e. 

removed by fishing>. 

including replacement of fish 

The stability criteria for a time delayed age structured 

population are very complex. However if one ignores the age 

structuring and the time delay due to age to maturity, then it is 

clear that the stability of recruitment and spawning biomass is 

critically dependent on the difference in slope of the 

recruitment curve and the replacement line at their point of 

intersection. For points Of intersection to the left of the 

inflexion in the case of a Ricker recruitment curve, this 

difference is reduced by increments in the slope of the 

replacement line Ci. e. by increasing fishing mortalities>. Thus 

the anticipated effect of fishing is to confer stability on a 

stock <when instabilities arise in the deterministic sense>. 

This is also likely to be the case for the more complex model 

incorporating ag~ structuring and time delay. It therefore seems 

to be plausible that the observed damping of fluctuations in the 

guano record following the inception of fishing and particularly 

during and after the pilchard collapse resulted from increasing 

pilchard population stability Ceven though the mean population 

size and hence guano production was decreasing> caused directly 

by fishing. 
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The importance of pilchard in the diet of gannets and cormorants 

suggests that time series of guano harvests may be related to 

some aspect of pilchard population dynamics. 

Time series analyses indicate that, apart from significant low 

frequency fl uct ua ti ons, records of guano harvests contain 

statistically significnt components with periods of between 4 and 

6 years. These relatively high frequency features are, at first 

glance, most likely due to changes in seabird population si2e, 

which may exhibit persistent continuous oscillation~. such as are 

possible for typical models of animal populations <May, 19 76) . 

For seabirds, some discrete version of the usual continuous form 

of the logistic equation is suitable for modelling population 

dynamics, since they breed sea~onally. Critical aspect~ for such 

models to manifest persistent oscillations are the si2e of r and 

T, the maximum specific population growth rate and the age to 

maturity. 

Simulations show that gannets do not have a high enough specifi~ 

growth rate to describe continuous oscillations (females lay only 

~ne egg per year>; on the other hand cormorants do, and 

cormorants may be important producers of guano. For the specific 

equation chosen and in the neighbourhood of typical parameter 

values, 

given 

the period 

roughly by 

of limit cycles observed in simulations is 

4T-2. Nearly all of the ornithologists 

interviewed estimated T for cormorants to be about 3 years <36 

months>, and this is the figure quoted in the literature <eg. 

Berry, 1976>. One ornitholigist suggested that 1!.2.m!. cormorants 

may breed at 24 months, but most at 36 months. This < T=3 years> 

would produce population size fluctuations with a period of 10 

years, and it would therefore seem unlikely that the high 

frequenc¥ component in the guano series is due to seabird 
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dynamics. 

Further simulations show that .Pilchard populations modelled 

either by a discrete logistic· equation or using a spawner-

recruit-spawner feedback loop, both with T=2, 

or displaying persistent oscillations or the 

are quite capable 

observed period 
6 

Cshown only within model runs or finite duration>, provided that 

r Clogistic model> or a Cstock-recruit parameter in age 

structured model> was taken large enough. The impli.cation 

therefore is that pilchard population fluctuations are reflected 

in guano productioL 

Further evidence for the reflection of pilchard population trends 

in guano harvests has been suggested by Crawford and Shelton 

C1978>, who argue that the lag between guano production trends at 

Lambert's Bay and Algoa Bay Bird Islands is caused by the birds 

at these islands feeding on pilchard recruits and adults 

respectively. Their hypothesis was tested using some typical 

models of fish and seabird poulation dynamics. There may be a 

contradiction between the lag between the two islands in 

question, and the lag corresponding to the.pilchard age structure 

indicated by Batchelor's C1982> diet studies conducted at Algoa 

Bay. However, by considering more complex yet plausible models 

of egg transport in the Benguela current region, the.discrepancy 

can be resolved. 

At root, there may be an ecologically meaningful lag of 3 years 

between Bird Island Lambert's Bay and Bird Island Algoa Bay guano 

harvest trends. More complex models of the link between the two 

time series produce better correlation coefficients, however the 

best of a number of competing models could not be identified. 

There are some clear cut surface water movement observations 
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which can explain why gannets may be consuming 1 and-2 year old 

pilchard rather than 3 and more year old pilchard. F~rthermore, 

the guano data appear to contain significant high frequency 

components which are more likely to be caused by pilchard 

population size and recruitment fluctuations than by changes in 

seabird population size. In view of this, the model results 

which have already been presented, and knowing that Bird Island 

·Lambert's Bay lies at the epicentre of the pilchard recruitment 

grounds, it seems reasonable to consider using the guano record 

at Lambert's Bay as a recruitment index in the pilchard VPA 

likelihood function. 
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?. PILCHARD STOCK ASSESSMENT USING THE VPA WITH 

A RECRUITMENT INDEX DERIVED PROM GUANO DATA 

?. 1 THE BASIS FOR THE PILCHARQ RECRUITMENT INQEX 

On the strength of results shown in Chapter 6, it appears that 

records of guano harvests at Bird Island Lambert's Bay may 

provide some index of pilchard recrui·tment. Data such as this 

can be incorporated into the likelihood function for the VPA 

C Chapter 4>, and it is anticipated that they will improve the 

precision of the resultant VPA stock estimates compared to 

results obtained using ca~ch mass and age structure estimates 

alone. 

Recruitment indices are however of limited value compared to 

effort information. This is because, 

effort> is sometimes a reasonable 

while CPUE <catch per unit 

index of stock biomass 

throughout the period under consideration, the recruitment 

associated with the index CN1,1 1
nd) only gives rise to a stock 

biomass index m years after the first year of sampling, where m 

is the number of quantitatively significant year classes in the 

catch, and only if estimates of the fishing mortalities CF1,J> 

and the natural mortality CM> are obtainable. Additional 

recruitment indices for years prior to the first year considered 

in t-he -catch--at-age matrix can however be includ~d to provide an 

effective stock biomass index starting in the first year 

considered in the VPA. 

The guano data in question extend back to 1897. Diet studies 

C Rand, 1960a and 1960b; Matthews, 1961> confirm that pilchard 

used to be the main prey of gannets and cormorants. Recent diet 

studies show however that cormorants and gannets at Lamberts Bay 
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are feeding predominantly on anchovy CA. Berruti, pers. commn>. 

It is likely that the switch from a mainly pilchard to a 

predominantly anchovy diet occurred in the mid-1960's, when the 

pilchard stock is believed to have suffered a rapid decline. 

This is reflected in a drop in pilchard predation in the diet of 

handline caught snoek Thyrsites atun, which switched from 

consuming mainly pilchard to predominantly anchovy over the 

period 1960 to 1965 C Nepgen, 1979>. It may be reasonably argued 

that a changeover in seabird diet to anchovy occurred at roughly 

the same ti me. Therefore it seems quite clear that the current 

Lambert's Bay guano harvest-has ceased to be of any value as a 

pilchard recruitment index. The latest year of correspondence 

between the guano s~ries and pilchard recruitment has been chosen 

as 1971, although this may well be overoptimistic. For the 

purposes of the VPA, this leaves the period 1972-1983 without any 

relative index of recruitment. Consequently little confidence 

shoul~ be placed in VPA estimates of abundance and recruitment 

over that period, considering the_ limited value of catch mass and 

age structure information for determining abundances <Chapter 4 

and Pope and Shepherd, 1982>. 

In the analyses which·follow, maximum likelihood techniques of 

abundance es ti ma ti on C Fournier and Ar chi bald, 1982; Fournier, 

1983> are applied to the pilchard catch mass, catch age structure 

and recruitment index data, each of which a_r_e accorded 

appropriate 

recruitment 

weights. The 

data obtained 

pilchard 

from the 

spawning biomass and 

aforementioned virtual 

population analyses are used to estimate the mean stock/recruit 

function. This in turn is used to estimate the maximum 

sustainabl~ pilchard yield, the MSY biomass level Ci. e. the 

biomass level which produces MSY, Y"sv), and the system carrying 
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capacity for pilchard CKJ, using a yield per recruit approach. 

Simulations are car~ied out to test for bias in the MSY 

estimation procedure for the specific case analysed. Problems 

arising because of recruitment fluctuations, which diminish the 

usefulness of the deterministic MSY cbncept by increasing the 

risk of stock collapse, are considered. 

?.2 THI PILCHABp Lig!LIHOOp PQNCTION 

1.2. 1 Tba use or a regruitment indax instead or effort data 

The VPA likelihood function described in Chapter 3 was used for 

pilchard <equation 3. 37>, with some slight modifications. 

Instead of effort information being included as an index of F1, 

the Bird Island Lambert's Bay guano harvest was used as a 

recruitment index <Table 7. 1J. This involved replacing the least 

squares sum: 

n 
I Clnk.E1-lnF1l 2 /C201 2 J 

i=1 
. . . 7. 1 

by one for recruitment. If the recruitment index is assumed to 

be lognormally distributed, then for Or 2 considered given, the 

new term is the sum C where: 

"1971 
C = I ClnkrN1tl 1 nd_lnN1,d 2 /(20r 2 J 

i=1950 
7.2 

( N1 I l and Rt are notationally equivalent, see Appendix 1. 1). The 

quantity kr is an additional model parameter, being the 

proportionality constant between N1,1 1 nd and N1,1. Note that 

this sum is only taken from 195G to 1971, the upper limit of 1971 

being based on the most recent year for which it may reasonably 
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Table 7. 1. The pilchard recr~itment index C~ecords of guano 

harvested at Bird Island Lambert's Bay in metric tonnes) for the 

years 1943 - 1971 Csee also Fig 6.7). 

Year Year Year 

1943 241 1953 253 1963 204 
1944 320 1954 211 1964 252 
1945 274 1955 295 1965 136 
1946 245 1956 377 1966 138 
1947 273 1957 461 1967 139 
1948 148 1958 395 1968 140 
1949 237 1959 295 1969 232 
1950 230 1960 215 1970. 150 
1951 282 1961 306 1971 80 
1952 310 1962 269 
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be assumed that pilchards dominated seabird diet. 

The pilchard catch-at-age matrix contains some genuine 2ero 

entries <see age structure matrix, Table 7. 2). The way that 

these are handled is to give the best fit values of catch 

prop or t i on by age C t he P ; ,j ) a 2 e r o v a 1 u e w he re P '· , J 0 b • = 0 < t he 

appropriateness of such a procedure is discussed in section 

7. 2. 3). Thus recruitment CN1 ,1) cannot be calculated using 

equation 4. 26: 

N; , t =exp< fi i , t ) C 1 ° b 1 < F 1 St +·M> IC F 1 St C 1 - exp( - F 1 St - M> ) J 4.26 

This is because the fi parameters Cfl,,J=lnCP;,JC1/C1°b 1 J) are not 

defined for P1 ,J=O. Alternatively however, model recruitment can 

be expressed in terms of other cohort si2es which can be 

calculated <from non-2ero catches at age>. Using the link 

equations for a single cohort, vi2. the catch equation C 3. 9> and 

the exponential relationship .between successive cohort si2es 

<3.11), the N t , t can eventually be obtained. The computer 

routine which was used transforms the fundamental fi estimate 

<often at roughly the middle of a cohorts lifespan> into a 

measure of cohort si2e, and then calculates earlier and later 

si2es of the cohort <including N1,1> from this using equations 

3. 9 and 3. 11. 

The complete pilchard log-likelihood function which has been used 

is: 

1983 m 
A = L L 

i=1950 j=1 

1983 
B = L ln 2 C C 

i =195.0 

m 
q1,J 0 b•ccfi1,J-lnC L exp<fi1.J•>JJ 

j*=1 

m 
L WJexpCfl1,J)/C 

j=1 

m 
L P, , J 0 

b 
1 w J ) J IC 2 0 2 > 

j=1 
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Table 7. 2. Observed catch age structures for the South African 

pilchard fishery C Source: M. Armstrong, pers. commnl. The index 

j=1 refers to the 0 year class. A 2ero entry in the table 

represents a value of P1,Jab• of less than 0. 0005. Some of the 

2eros in thi-s table are therefore actually very small values of 

Pi.Jab•, which are used as such in the actual VPA calculations. 

However for neatness of presentation they have been given a 2ero 

value in the table set out below. 

P abs 
i I J 

Age 
class: 0 1 2 3 4 5 6 7 

Year 

1950 0 0. 007 0. 101 0. 277 0. 347 0. 229 0.038 0.001 
1951 0 0. 006 0.060 0. 285 0. 381 0.230 0. 037 0. 001 
1952 o. 003 0. 014 o. 161 0. 342 0. 314 0. 148 0. 017 0 
1953 o. 004 0. 025 0. 084 0. 324 o. 376 0. 169 0. 018 0 
1954 0 0 0. 037 0. 314 0. 432 0. 202 0. 014 0 
1955 0 0 0. 025 0. 295 0.455 0. 211 0. 014 0 
1956 0.008 0. 016 0. 079 0.245 0. 395 0.237 0. 019 0 
1957 0. 003 0. 066 o. 185 0. 308 0. 288 0. 131 0. 019 0 
1958 0 0. 053 0. 509 0.309 0. 098 0. 028 0. 003 0 
1959 0. 009 0. 127 0. 529 o. 285 o. 048 0. 003 0 0 
1960 0. 004 0.088 0.469 0. 355 ·o. 000 0. 004 0 0 
1961 0. 001 0. 020 0. 220 0. 506 0. 225 0.027 0 0 
1962 0 0. 040 0. 324 0. 410 0. 191 0. 035 0 0 
1963 0.030 0.186 0.274 0.339 0. 151 0. 020 0 0 
1964 0. 005 0. 101 0. 434 0.369 0. 082 0. 008 0 0 
1965 0. 147 o. 128 0. 415 0.242 0. 063 0. 006 0 0 
1966 0. 299 0. 037 0. 273 0.278 0. 101 0. 011 0 0 
1967 0.931 0.023 0. 033 0. 012 0. 001 0 0 0 
1968 0.868 0.028 0.062 0.035 0.008 0.001 0 0 
1969 0.848 0. 060 0. 075 0. 016 0. 002 0 0 0 
1970 0. 771 o. 072 0. 134 0. 023 0. 001 0 0 0 
1971 0. 903 0. 029 0. 052 0. 015 0. 001 0 0 0 
1972 0. 739 0. 075 0. 074 0. 080 0. 028 0. 004 0 0 
1973 0. 885 0.052 0. 055 0. 007 0 0 0 0 
1974 0. 257 0. 086 0. 262 0.278 0. 096 0. 021 0 0 
1975 0. 864 o. 047 0. 051 0. 027 0. 009 0 0 0 
1976 0.172 0. 483 0.291 0. 049 0. 005 0 0 0 
1977 0. 862 0. 025 0. 093 0. 020 0 0 0 0 
1978 o. 705 o. 184 0. 096 0. 014 0. 001 0 0 0 
1979 0. 672 0. 188 0.127 0. 012 0. 001 0 0 0 
1980 0. 449 0. 221 0. 286 0. 044 0 0 0 0 
1981 0.552 0.418 0. 029 0.001 0 0 0 0 
1982 0. 709 0. 259 0. 027 o. 004 0. 001 0 0 0 
1983 0.699 0. 241 0. 052 0. 007 0 0 0 0 
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1971 
C = I: ClnkrNt.t 1 nd_lnN1,tl 2 /C20r 2 ) 

i=1950 

Equation < 7. 3> assumes that the,parameters o2 and Or 2 are 

considered given so that the term -nlnC oo.1 can be left out of 

the loglikelihood function. The parameters bt are 

selectivity function parameters defined in Section 7. 2. 3. 

7.2.2 The u11 of guano data prior to 1950 

An important feature of an age structure matrix such as the one 

shown in Table 7. 2 becomes apparent when one views it in terms of 

the information pertaining ~o a specific cohort. The information 

in question occurs along the diagonal for each cohort in either 

the catch-at-age matrix or the age structure matrix. Note that 

there is only one data point on the diagonal corresponding to 

both the most recent and the oldest cohort. These data points 

lie at Ci,j) = <1983,1> and Ci,j) = <1950,8) respectively. For 

the next most recent ~nd next oldest cohorts there are two data 

points each, three for each of the following cohorts, and so on 

until one reaches an inner limit beyond which no further 

information is available for .additional cohorts. The maximum 

number of data points for the "inner" cohorts is m. If the first 

year in the rectangular matrix of catch age structures is 

represented by Y then the birth date for the oldest cohort is Y-

m+1. The number of data points for each cohort increases from 1 

at birth date Y-m+1 to m at birth dat~ Y. These data decrease 

again <from m> for cohorts born in year Y+n-m onwards reaching 

one point for the the most recent cohort born in year Y+n-1. 

Thus, for pilchard cohorts born between the years 1943 and 1949 

and the years 1976 and 1983, there are fewer data in the VPA than 

for other pilchard cohorts. On the basis of statistical 
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considerations, one might therefore anticipate that the estimates 

of cohort size for cohorts making fewer appearances in the catch­

at-age matrix than the "inner" cohorts will be less precisely 

determined than other cohorts sizes. This effect is evident in 

results obtained for the South African anchovy in Chapter 5, 

where results <see for example Tables 5. 9 and 5. 10) show that 

cv· s for biomass estimates increase in the most recent years. 

This effect is not particularly clear for the very early biomass 

estimates and CV' s shown in these tables. 

Additional "constraints" can be imposed on the earlier pilchard 

cohorts by a more imaginative use of the available recruitment 

indices <given in term of guano harvests>. Specifically, 

recruitment indices prior to the first y~ar in the catch at age 

matrix can be used in addition to the available series for 1950 -

1971. It is anticipated that this will reduce imprecision for 

the very early estimates of pilchard biomass and cohort size 

<years Y to Y+m-2 and birth dates Y-m+1 to Y-1). The same does 

not apply to the more recent cohorts for which few data are 

available since recruitment indices are given for these. 

In 1950, the pilchard cohorts born prior to that year appear in 

the population as the set N1950,J, for j=1 to m. The only 

notable annual ~ilchard catch made before 1950 is a landing of 17 

thousand metric tonnes in 1949 <Butterworth, 1983; see also the 

pilchard landings set out in Table 7.3>. This is very small 

compared to subsequent landings, so that fishing mortalities for 

years earlier than 1950 can be safely ignored in the analysis 

presented here. Cohort size estimates for 1950 are therefore 

given in terms of their yearclass strength at recruitment Ci. e. 

for j=1J by the following expression: 

215 



Table 7. 3. South African pilchard landings since 1949 in 

thousand metric tonnes C Butterworth, 1983; DAMREP, 1983>. 

194Cj 17 1961 402 11973 69 
1950 85 1962 410 1974 16 
1951 102 1963 390 1975 89 
1952 170 1964 256 1976 176 
195~ 133 1965 205 1977 58 
1954 88 1966 118 1978 97 
1955 122 1967 70 1979 53 
1956 77 1968 108 ..:; 1980 50 
1957 110 1969 56 1981 46 
1958 194 19·70 62 1982 34 
1959 260 1971 88 1983 61 
1960 318 1972 104 1984 . 27-
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N19~0-J+1,1 = Nt.,~o.JexpCMCj-1)) 7. 4 

Thus the term·c in the log-likeli~ood function <equation 7. 2> can 

be modified to include the guano data from years 1950-m+1 to 

1950-1; for m=B, this corresponds to extending the lower limit 

of the sum in equation 7. 2 to 1943: 

1971 
C' = L ClnkrN1.i 1 nd_lnN1,i1 2 /C2or 2 > 7. 5 

i=1943 

7.2.3 Cban111 in pilgbard gatghabilitY with 111 and oyer time 

The minimum allowable mesh size for purse-seining in South 

African waters was changed from 38 mm to 12 mm during the mid-

1960's <Crawford et al, 1978>. This would certainly have caused 

changes in the relative catchability of pilchard of different 

ages. The c~angeover took 2 to 3 years, and most nets were 

replaced by the beginning of the 1964 season. For the pilchard 

VPA, this process has been modelled by defining two asymptotic 

selectivity functions (equation 3. 22> for pilchard, one each for 

the period 1950-1963 and the period 1964-1983: 

s, (1950-1963> = j/(bt:+j) 

This means that the change in net mesh size has been modelled as 

a step change in selectivity, occurring at the beginning of 1964. 

7. 2. 4 Z1ro•1 in tb1 gatcb-at-111 matrix 

For pilchard, apart from M, 0 2 and Or 2 for which independent 

estimates are condidered given, the log-likelihood function is 

maximised by fitting 78 parameters on the basis of 280 pieces of 

information. There are 55 zeros in the pilchard catch-at-age 

matrix (.Table 7. 2 shows extra zeros, but these are small but non-
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2ero values of P1, J 0 
b • less than 0. 0005>. If the 2ero' s are not 

regarded as input information, then the number of parameters and 

input information are as shown in Table 7. 4> 

The 2eros referred to in the preceding paragraph occur most 

frequently in the 5, 6 and 7 year old age classes. Note that in 

the event of a 2ero value for P1,Job•, the corresponding i,j 

contribution falls out of the first term in equation 7.3. In 

this case, whether 2eros are regarded as information or not, it 

amounts to the same thing since either way the associated P1,J 

parameter is eliminated. T_he only prior knowledge about P1 .J is 

thus the constraint: 

1 > P1, J > 0. 

Non-2ero estimates of P1,J, even where p,,,ob• = O, may however 

arise through the B parameters, and these exert some influence in 

the sum ~ exp<fi1,,> which occurs in both terms A and B of 

equation 7. 3. The procedure adopted here, of assuming P1,J = 0 

when -p 1 , .; 0 
" • = O is strictly incorrect in terms of the F1,J = 

model. However, from a practical viewpoint it may be 

preferable. At various points in this thesis reference has been 

made about the deficiencies in the VPA fitting procedure with 

regard to process errors. The model naively assumes the best fit 

P1,.; estimates correspond to the actual landed catch proportions, 

whereas in actual fact these would be the values best conforming 

to the particular model of selectivity <F1,J = F1S.; and S.; = 

j/( b+j) > in use. In the event that the process error variance is 

larger than sampling error variance, the assumption P1,J = 

P 0 b I 
i • J is most likely a preferred fitting strategy. The 

discrepancy between fitted Pt,J and the actual landed proportion 

is most likely to be greatest for P1,, 0
"

1 = 0, since these cases 
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Table 7.4. A breakdown of the data which are used in the VPA for 

pilchard, including the Lambert's Bay Bird Island guano harvest 

as a recruitment index (for years 1943 - 1971> and the model 

parameters which are estimated ( n = 34, m = 8>, 

Model Parameters Quantity Input Information Quantity . 
Fundamental n· s: n+m-1 Estimates of n 

catch mass: 
Year dependent 
fishing mortality Estimates of nm-55 
effects: n age-structure 

Parameters defining the 
two separate selectivity 
funct i oris: 2 

The proportionality Recruitment 
constant between guano indices: 29 
and recruitment 1 

TOTALS: 2n+m+2=78 n+nm-26=280 
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exert the least weighting in the likelihood function Cthey are 

virtually eliminated, 

the sum~ expCfit,,>>. 

apart from a very indirect appearance in 

The fitting strategy P1,J = 0 when P1,, 0 b• 

is equal 

Admittedly 

but it is 

to zero has been adhered to here and in 

the basis for doing this is not entirely 

thought likely to produce less biassed 

therefore to be prefera~le. 

Chapter 8. 

consistent, 

results and 

?. 3 THI ysa OP AQl-LIHQTH KEYS PO) THI SOUTH APBICAH PILCHABP 

The age-length keys used for the South African pilchard up to 

1976 are tabulated by Crawford et al <1978>. For the period 1950 

to 1976, only 6 different age-length keys are used, and in 

particular only one key is used for estimating catch age 

structures over the period 1950 to 1971. The biases due to the 

use of a single age-length key, under the assumption of i~variant 

length-at-age distributions in the catche~, have been illustrated 

in Chapter 5. 

There are further problems with pilchard aging, which is 

currently undergoing revision. For example, it is now thought 

that pilchard previously estimated as 4 years old, were actually 

2 years old , and some crude adjustments were made to the various 

age-length keys reported by Crawford et al <1978> to account for 

this. These adjustments are reflected in the pilchard catch age 

structure data used here and which were obtained from the Sea 

Fisheries Research Institute of South Africa CM. Armstrong, pers. 

commn> <Table 7. 2>. 

The pilchard catch age structure estimates are therefore 

extremely imprecise, 

Even so, pilchard 

literature. The 

and VPA calculations are poorly founded. 

VPA results have often been quoted in 

uncertainties associated with such 
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assessments should therefore be quantified, to allow a more 

meaningful 

(computer 

interpretation of the resultant biomass trends 

time limitations in subsequent calculations were 

however such that the evaluation of variances by the methods 

discussed in Chapter 4 proved to be impractical>. 

?.~ TESTING THE NUMERICAL ESTIMATION PBOCEpUBE 

The_optimisation procedure was tested as before, using simulated 

data without any sampling error, and the software was assumed to 

be free of errors when true and estimated abundances matched each 

other to within about 6 significant figures. Double precision 

variables and optimisation routines were used throughout. The 

log~likelihood function was scaled by subtracting from it the 

term q,,Jab•lnP,,Jab• summed over all i and j (but excluding 

terms with q,,,ab• = P,,,ab• = O>. In the absence of any model 

or sampling errors this would give the loglikelihood function a 

value of zero for the correct model parameter values. This 

procedure has been s·hown in Chapter 4 to produce parameter 

esti~ates which are insensitive to starting parameter values 

used. 

?.5 BBSQLTS 

Biomass estimates.for pi1chard were obtained ~sing the following 

given values: M=O. 5 yrs- 1 C Butterworth, 1983>, a=O. 05, Or=O. 3 and 

Q=1000. The chosen value of Or=0.3 has little basis. In Chapter 

4 it is suggested that one of the weighting constants is 

potentially estimable, however it will be seen in Chapter 8 that 

this may not be feasible <in the sense of producing realistic 

results> in practical situations. Some value must be used, one 

that does not eliminate the influence of the recruitment indices. 
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Ultimately the results will depend crttic~lly .on t_he _value. 

chosen; the best that can be achieved is to ultimately <not done 

here> demonstrate the sensitivity of final results to Or. 

Spawning biomass estimates corresponding to the aforementioned 

constants are set out in Figure 7. 1. The absolute biomass levels 

obtained prior to 1955 are very large, perhaps unrealistically 

so, when compared to independent estimates of ecosystem carrying 

capacity. Shannon and Field <1985> estimate for example that the 

pelagic system carrying capacity for shoaling fish is in the 

region of 2 million metric tonnes, suggesting that the earlier 

VPA biomass values (for 1950-1955> which are in excess of this 

amount are untenable. Further analyses based on the VPA output 

whose results are given later in this Chapter suggest however 

that the value of K, the equilibrium spawning biomass, is about 

2. 42 million metric tonnes, so that the VPA biomass estimates 

above this should perhaps be viewed as natural fluctuations above 

the mean. 

The spawning biomass trend shown in Fig. 7.1 is compared to 

results produced by Centurier-Harris <1977>. The essential 

differences between the results produced here and all 

estimates <Centurier-Harris's results are typical 

earlier 

of all 

published results preceding those shown here> are clear from Fig. 

7. 1, vi2. 

biomass in 

whereas the earlier e~timates suggest a marked peak in 

about 1960 compared t~ average levels, estimates 

produced here suggest this peak was only a momentary and 

relatively inconsequential recovery at about that time (circa 

1960> superimposed on a generally declining trend. 

It is important now to restate the interpretation accorded these 

early estimates of pilchard biomass trends. Results such as 

222 



fl) 
(I) 

c 
:IE 
0 -m 

5 

4 

3 

2 

0 
I 1 

•O, I 
0 I 

0 

1950 

' I 
' 0 0 , 

'o 

{' 

1960 1970 

YEAR. 

Figure 7. 1. The biomass trajectory Cunits: 

1980 

millions of tonnes) 

for the best fit of the VPA model to the pilchard catch mass, age 

structure and guano based recruitment index is shown by the solid 

line. The dotted line shows the VPA assessment of Centurier-

Harri s < 1 9 7 7 > based only on catch mass and age-structure 

i nforma t·i on. Vertical bars indicate annual catches. 
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those of Centurier-Harris have led to the interpretation that the 

growth of pilchard catches in the late 1950' s and early 1960' s 

followed the entry of some very strong year classes into the 

fishery C eg. Crawford et al, 1983), and that subsequently the 

fishery collapsed following a few years of very poor recruitment. 

In contrast the main feature of the maximum likelihood estimate 

of pilchard stock size trends is a decline in biomass from as 

early as 1950. 

From the most. recent results produced for this Chapter, it 

appears that the relative rate of decline in biomass increased 

markedly in the early 196~ s <there is no overall decline from 

1954155 - 1960>; from 1960-1965 the overall decline was about 

80%; thereafter stock size seems to have remained at a very low 

level C less than 200 000 tonnes>. This suggests that the history 

of the pilchard fishery may represent little more than a 

straightforward case of overfishing. Note that just such a 

reverse S-shaped biomass trend <if one smooths the years 1950-

1960) would be anticipated from a population 

approximately according to logistic growth dynamics, 

fishing effort increases steadily. In particular, 

regulated 

where the 

the marked 

decline between 1960 and 1965 would coincide with the population 

size being reduced below the MSY biomass level. Below that level 

surplus production declines, in due course precipitating a stock 

"collapse". 

It is of course relevant that the estimates· of recruitment for 

the years 1960 - 1965 all fall below the replacement line Csee 

Figure 7. 2>, which supports the notion of a recruitment failure 

contributing to the collapse. However it is quite possible that 

this is a consequence of inaccuracies in the catch-at-age matrix 

arising from the use of inappropriate age-length keys Csee 
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Figure 7. 2. Plots or estimated pilchard recruitment and spawning 

biomasses obtained from the VPA model fit using catch mass, catch 

age structure, and gu~no harvest data. The stock-recruit 

relationship shown is fitted by a method discussed in section 

7. 6. 2. The inclined straight line through the origin is the 

replacement line <i.e. number or recruits required to maintain 

the ~tock in equilibrium at that spawning biomass level>. 

Small dots in the lower lefthand corner represent recruitment and 

spawning biomass since 1969, in an attempt to achieve better 

diagrammatic resolution. 
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' Section 7.3>. It i~ a~so clear however that the substantial 

biomass decline suggested by VPA for 1950 to 1957 could not have 

been caused entirely by fishing as catches were relatively low 

over that period. 

One has only very crude data to appeal to for further affirmation 

of the VPA results; ultimately therefore it may be impossible to 

ascertain which of recruitment failure or overfishing contributed 

most to the demise of the South African pilchard. For the 

moment, and the foreseeable Cand perhaps indefinite> future, this 

question must be regarded as unresolved. 

7.6 MAXIMUM SUSTAINABLE YIILD ISTIMATIS 

The maximum sustainable yield for pilchard was calculated using 

the convexity in the relationship between the spawning biomass 

and recruitment as a measure of the density dependence of 

pilchard population dynamics. To do this it is necessary to 

estimate the mean stock recruit function from the limited data 

which are provided by the VPA. Allowances for likely error 

structures must be made. The recruitment and spawning biomass 

quantities, Rt and Yt, estimated in the VPA are both subject to 

measurement error arising from the limitations of the catch mass, 

age structure and guano data. This error may be modelled as 

either additive normal or multiplicative log-normal, to name two 

obvious error models which are easy to implement. If rt and Yt 

are the true recruitment and spawning biomass quantities, then 

either: 

7.6 

or 
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Y;=y;*Wi 7. 7 

where v; and Wt represent the estimation errors. 

In estimating the recruitment function parameters, a further set 

of errors due to environmental and biological variation should be 

considered for recruitment only. For the Ricker stock/recruit 

relationship, this model prediction error or process error 

CWalters, 1984) may again either be additive or multiplicative 

Cnormal or lognormal for convenience>: 

7. 8 

or 

7. 9 

where the u1 comprise the process errors. 

Halters C1984> notes that random effects in recruitment rates 

often seem to follow a lognormal pattern <most points near the 

recruitment curve, but a few very· high outliers). He argues that 

precisely this pattern is· expected when there is no small set of 

major factors that cause the variation, but rather variation is 

due to many small random effects operating at various life stages 

of the fish prior to recruitment.• There seems little reason to 

dispute this in the case of the South African pilchard, and it is 

assumed in what follows that pilchard recruitment is lognormally 

distributed Chomoscedastic errors after log-transformation) 

about the recruitment function. Furthermore, previous results 

presented in this thesis <Table 4. 6; results using effort 

information> suggest that the measurement errors for recruitment 

and spawning stock biomass resulting from the VPA could be 

multiplicative and very roughly homoscedastic, and these can thus 
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be modelled as lognormal multiplicative errors. 

7.6.1 Ludwig'and Halter•' procedure tor eatimating the 

recruitment relationahip 

The underlying model suggested by Ludwig and Walters C1981) for 

fitting the Ricker stock/recruit function in the face of the 

likely error structures mentioned earlier can be summarised as: 

Yt =yt *expC Wt> 

Rt =rt *exp< Vt) . 
rt=~y1expC-fiyt+Ut) 7. 10 

The errors are all assumed to be . homoscedastic and normally 

distributed: 

Vt ZNCO,Ov 2 ) 

Ut Z NC 0, Ou 2 ) 

To proceed with some sort of maximum likelihood estimation 

procedure it is necessary to be able to assume that Ut, Vt and Wt 

are independent. This is not strictly the case, since the 

"observed" spawning biomass as derived from the VPA is 

functionally related to "observed" recruitment. Thus for example 

positive errors in recruitment lead to positive errors in 

spawning biomass in later years. For this reason, estimates 

produced here, under the assumption of independence of the errors 

Ut, v1 and Wt may not be entirely reliable. 

Ludwig and Walters have considered the estimation procedure 

outlined so far for the situation where Wt=v1. and the ratio 

Ou 2 I Ov 2 is known. Essentially the equality w1=Vt permits the 

effects of measurement error and model prediction error to be 
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separated, so that individual r1 can be estimated. Si nee w1 =v1, 

the likelihood function with parameters a, fl, Ou, Ov and the set 

of v1' scan be set up as a weighted sum of squares of u1's and 

Vi' S. The general form of the problem of estimating parameters 

that maximise this function is iri~ractable, and it is necessary 

to make fu-rther assumptions before a solution is possible 

<Kendall and Stuart, 1967>. The critical assumption which must 

be made is that a value is known for the ratio Ou 2 /0v 2
, which is 

the relative weighting for the sum of squares of .the v1!s and 

Ut' S. Given this value, the log-likelihood function, with the 

Vt's, a, fi and Ou 2 as parameters is: 

n 
L< a, n, Ou 2

, Vt , .. , 
n 

Vn)=-[ L Ut 2 

i=1 
+I: v1 2 /n1/C2ou 2 >-nlog<n1

'
2 ou 2 > 

i=1 

7. 11 

where n=ov 2 /0u 2 • 

Ludwig and Halters suggest that Ou 2 should be estimated 

separately Cnot in the minimisation process) using: 

o u 2 = c I: u 1 
2 + I: v 1 

2 I nJ I c 2 n- n- 3 > 7. 12 

The denominator <2n-n-3> rather than 2n follows if one applies a 

degrees of freedom correction for bias of 2n/(2n-n-3> to the 

maximum likelihood estimate of Ou 2 -. There are 2n data, n+3 model 

parameters Cthe n Vt's, a, fi and Ou 2 >, and therefore 2n-n-3 

degrees of freedom. This correction assumes that the error model 

is linear, and that the errors involved all have equal variances 

<Kendall and Stuart, 1967>; this is not the case, and so the 

correction is really of an ad hoc nature. The estimation 

procedure proposed by Ludwig and Halters' can be summarised by 

the following 6 steps: 
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1. oc, n. Vi Is estimated for each iteration by a first derivative 

approximate minimisation algorithm CNewton' s method). 

2. y1=Y1*expC-v1) 

4. Sum the term, u1 2 +v1 2 In, over all i. 

5. Repea~ 1:--4, to minimise the sum obtained at stage 4. 

6. The stock recruit function is given in terms of the estimated 

values of ()( and n. 

Ludwig and Walters' basic procedure has been adapted for use in 

t_he case of the South Afric.an pilchard as shown in. the following 

section. 

?.6.2 An adaptation pt Ludwil and Halt1r1• <1981> basic model 

It is necessary at this stage to consider the fitting procedure 

for. the situation where Wt ~ v1, which is an unavoidable 

consequence of the VPA estimation procedure CLudwig and Walters 

do comment that their procedure can be adjusted to deal with this 

case>. It was noted earlier that the equality w1=v1 permits the 

disentanglement of model error and measurement errors, so that an 

estimate of the effective annual recruitment rate can be 

obtained. From the point of view of obtaining an estimate of 

mean maximum su.stainable yield, it is only necessary to have ·some 

estimate of the mean recruitm~nt function, without specific 

knowledge about individual annual recruitment rates. The oc and fl 

parameters can be fitted without knowledge of the separate 

effects of the Ut and Vt, and the estimates of oc and n lead 
• 

directly to estimates of HSY. 

To use Ludwig and Walters• estimation procedure, note that u1 and 

v1 must. be combined <they cannot be separated at any later 
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may be obtained from: 

n 
dL/ ~Oe = Oe - 3 t I e1 2 

i =1 

n 
+ I W1 2 I nl 

i=1 
- . 2n/ Oe 7.17 

Setting this equal to zero produces the estimate: 

n. n 
Oe 2 =CI e1 2 + ! w1 2 /nl/C2n> 7. 18 

i=1 i=1 

To allow for bias, the Cad hoc> adjustment factor <2n-n-3>12n 

<Ludwig and Walters, 1981> is used to give: 

n n 
Oe 2 =CI £1 2 +I W1 2 /nl/C2n-n-3> . . . 7. 19 

i=1 i=1 

A value for Oe 2 is needed to obtain a best estimate of the 

recruitment function r<a, n, y). The maximum likelihood-

procedure estimates lnl'rC a, n, y) ] , and so some co~rection for 

skewness in the antilog transformation to get a reasonable 

estimate - of the average recruitment <per se, rather than log-

transformed) is required. 

The correction for obtaining the mean or x, given an estimate or 

the mean or ln<x>, where ln<x> is normally distributed, is given 

by Bradu and Mundlak <1970>. If the maximum likelihood estimate 

is an estimate of the expectation ~f lnCr<a, n, y>J then the 

expectation_ or rca, n, y) is, according to Bradu and Mu.ndlak, 

given by: 

7. 20 

where: 

oo q'Cq+2p> 
Sci C t> = I ( q/[ q+1]) pt' /p! 7. 21 

p=Q q< q+2) ... ( q+2p) 
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where q is the number of degrees of freedom Cq=n-3>. 

However, for typical values of Ou 2 /2 C<0.5> considered here and 

for n>15, the use of the exponential function instead of gq 

produces positive biases of no more than 4% (from data presented 

by Bradu and Mundlak, 1970). Since Ou 2 has been assumed to be 

half of Oe 2 , the mean corrected recruitment function is therefore 

es ti mated to be: 

. . . 7. 22 

and the correction can be incorporated as an adjustment to the 

estimate or oc: 

ex~ ocexpCOe 2 /4) 7.23 

Model parameters were fitted using the constrained nonlinear 

optimisation package <E04JAF of the Numerical Algorithms Group 

Ltd>, which has been discussed previously <Chapter 4>, rather 

than the minimisation algorithm suggested by Ludwig and Walters 

( 1981>. 

In summary, the adapted oc and n estimation procedure consists of 

the following consecutive steps: 

1. Specify OC, fi, and the Wt' s. 

2. Yt =Y t ''''exp< -wt> 

3. et =ln< Rt 1c OCYt > > +fiyt 

4. 

5. Repeat 1-4~ 

E04JAF. 

to minimise the sum obtained at stage 4, 

6. a e 2 = [ ~ et 2 + ~ wt 2 I nl I C 2 n- n- 3 > 

7. oc ~ oce xpC Oe 2 I 4 > 
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Following this, HSY, y"sv and K <equilibrium spawning biomass in 

the absence of fishing) are calculated by the procedure described 

in Appendix 7. 2. 

7. 6. 3 B1timate1 or MSY and a1109iated yarian9e 

The resampling procedure to estimate variances for the VPA has 

been described in Chapter 4. This produces a set of N possible 

series of recruitment and spawning biomass estimates, 

. i = 1 ... n}. The ·computer time necessary for geqerating- these 

estimates of spawning biomass and recruitment is restrictive, and 

so to extend the number of possible data sets to allow variance 

estimation, a further resampling procedure was adopted. The 

procedure suggested here for estimating O"sv 2 is validated in 

subsequent simulations. 

For a particular series of {CR1;Y1>: i=1 ... n} estimated using VPA 

techniques, further resampled data series were obtained by 

randomly selecting pairs trom the N data sets of <<R1;Y1>: 

i=1 ... nL Doing this with replacement, H times, yields a total 

i=1 ... n} CN of these are unique and 

MxN-N are resampled>. In total therefore NxH estimates of HSY 

are produced Cone for each <<R1; Y1>: i =1 ... n> series>, and these 

can be used to produce a variance est,..tmate for HSY. The method 

for obtaining the variance estimate for HSY can be summarised as: 

1. From the resampling procedure used for the VPA, 

sets of spawning biomass and recruitment are obtained: 

i=1 ... nL 

N possible 

{( Rt; Yd: 

2. Resample each set of <<R1;Y1>: i=1 ... n} with replacement H 

times, to produce the additional C HxN-N> 

i=1 ... n}, a total of HxN data sets of spawning biomass and 

recruitment series. 
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3. Obtain ~ and fi estimates for each set using Ludwig and 

Walters' method, and use these to evaluate MSY. 

4. Calculate the variance or the MSY estimates. These are 

analogous to C 0Rsv 2 >c discussed in the simulation exercise 

presented in section 7.8. 

In practice this procedure was carried out for N = 1 and M = 30. 

1.1 RESULTS FOR THE ACTUAL PATA 

The estimated spawning biomass and recruitment data <from VPA> 

and fitted stock-recruitment- runcti on are shown in Fig. 7. 2. 

Results for MSY were computed using the full set or 34 years or 

CR1,Y1> data obtained from the VPA model fit to the catch mass, 

age structure and guano data. Selectivities used were those 

obtained for the period 1964 - 1983 - the best fit suggested no 

dependence·or selectivity on age, i.e. b2 = O. 

The MSY 

The C. V. 

estimate for .pilchard was 442 thousand metric tonnes. 

obtained for this estimate was 22 %. The estimated MSY 

biomass level was 1.02 million tonnes CC.V. = 13 %> and the 

estimated unexploited population si2e was 2.42 million tonnes 

CC. V. = 14 %>. These estimates are equivalent to the simulation 

results obtained in Trial B discussed in tha following section. 

The estimate of Ou was 0.6, and therefore the calculations were 

based upon Ov = Ow = 0.6 since n was assumed to be 1/2. 

7.8 SIMQLATIONS FOB DITIBMINIHQ THI ACCURACY or ISTIMATIS or 

a••r' OBTAIHIP USINQ THI RISAMPLIHQ PBOCBPUBI 

The reliability of the MSY variance estimation procedure <Section 
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7. 6. 3) was investigated in a series of simulations. These 

simulations were also used to illustrate the effect of bias in 

Ludwig and Walters' estimation procedure for ~ and n on 

subsequent MSY estimates.· 

There are two crucial determinants of the efficiency of the MSY 

estimator. These are C1) the spawning biomass data contrast and 

( 2) i=1 ... n> time series. Data 

contrast was regulated by adjusting the total variance of the 

true <simulated> spawning biomass quantities, 1 nC Yi) , to be the 

same as the actual observed total variance of VPA estimates of 

1 nc Y t> for the South Afr~can pilchard. The modal spawning 

biomass was set equal to 1/C2fl), with the following stochastic 

relationship used for generating a typical Yi series: 

Yi =exp< Xi> /C 2fl> 7. 24 

where Xi z NC0,01e 2 > 

Bearing in mind that peak recruitment occurs at a spawning 
~. 

' 

biomass of 1/fi, and that for pilchard the replacement line cuts 

the recruitment curve to the right of this point, the situation 

modelled is that of a heavily exploited stock, and hence is 

appropriate to the current status and available historic data of 

the pilchard fishery. The.value of 01e suggested by the total 

variance of lnCY~> obtained fr-0m the VPA was 1. 9. A da.ta .series 

of length 34_ years was us.ed, which is the same as that available 

for pilchard. A typical pilchard population was considered in 

the simulation CM=O. 5 yrs- 1
), using model parameters in the 

vicinity of values estimated for pilchard from previous 

computations. 

Actual recruitment values Cri) were generated from Yi using a 
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value of Ou = 0. 6, as suggested by the value of <oe 2 /2) 112 

estimated by the method described in section 7. 6, and typical 

values of the stock recruit parameters a CO. 0378 thousand million 

recruits per million tonnes of spawning biomass> and fi <0.644 per 

million tonnes of spawning biomass> from fits to the real 

pilchard data. Observation errors, v1. and w1., were generated 

using Ov=0.6 and Ov=O. 6. 

In the simulation, 3 different trials were conducted, resulting 

in the estimates MSYA, MSY 8 , ( 0" S y 2) A, ( 0" S y 2 ) B , and 

Co"av 2 >c Cthe equivalent statistics for y"sv and K were also 

produced>. MSYA represents the mean estimated MSY in the absence 

of observation errors, MSY 8 is the mean when observation errors 

for recruitment and spawning biomass are included, and MSYc is 

the mean of a set of MSY estimates produced using a resampling 

c o" s v 2 > c is an average variance for the MSY procedure. 

resulting from resampling a single set of observed recruitment 

and spawning biomass data <and not the variance of MSYc>. The 

difference between MSYA <this value was used rather than the 

deterministic MSY because of the non-linear relationship between 

a and n which almost certainly leads to substantial biases 

between the deterministic MSY and that derived from a small 

sample> and MSY8 shows the bias inherent in Ludwig and Walters' 

estimation procedure for the specific situation under 

consideration. The difference between< O"sv 2
)

8 and < o" s v 2 > c 

indicates the extent to which the resampled estimate of variance 

over- or under-estimates the true variance of MSY estimates. 

The simulation is summarised by the following steps: 

1. Simulate a set of true spawning biomass quantities Cy1> with a 

total variance typical of the South African pilchard, using the 
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procedure: 

Yl = expCX&)/('2fi> for i = 1 to 34. 

2. Simulate a set of true recruitment values Cr&> from Y1, 

including model error: r1 = ()(Y& exp< -fiy1 +ut >. Repeat this a large 

number of times - 90 repetitions are used here - and store these 

90 typical recruitment time. s-eries. 

3. Split into three different simulations, A, B and C. Each of 

these produces a mean of MSY estimates and an estimate of o"sv 2
• 

- TRIAL A 

4a. Using all 90 sets Ck=1 ... 90> of <Cr1;Y1>: i=1 ... n}i, 

generated in step 2, estimate KSYk• for -each set, using the 

analytical Ricker. model fit described in Appendix . 1. 1. From 

these: 

90 
MSYA = L MSYtA I 90 

k=1 

90 
C O"sv 2 > 11 = L C KSYt 11 

- KSY 11 J 2 I 89 
k=1 

TRIAL I 

4b. For each or 90 sets of <Cr1;Y1>: i=1 ... n>t generated in 

step 2, obtain the equivalent set <CR1;Y1>: i=1 ... n>t including 

observation errors: 

R1 =r1 expC w1 > 

Yt =y, expC Vt> 

Sb. Fit each set <<R1; Y1>: i=1 ... n>t using the procedure 

adapted from Ludwig and Walters C1981>, obtaining the 90 MSY 
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estimates, MSYk 8 . ?rom these: 

90 
MSY 8 = I MSYk 8 I 90 

k=1 

90 
CO"sv 2

)
8 =I CMSY1c 8 

- MSY 8 l 2 I 89 
k=1 

TRIAL C 

4c. For each of 90 pairs of {Cr1;y1>: i=1 ... n} 1c generated in 

step 2, obtain the equivalent set <<R1;Y1>: i=1 ... n>1c including 

observation errors: 

R1 =r1 exp< w1 > 

Y1 =y, exp< v1 > 

5c. For each set of <<R1; Y1>: i=1 ... nh, obtain a further 29 

i=1 ..• n>1c,1 <1=2 ... 30> <2700 spawning biomass 

and recruitment data sets in total, of which only 90 are unique 

and 2610 are resampled). 

6c.- Each constituent of the super-set of 29 <CR1*;Y1*>: 

i=1 ... n>a,,1 ( 1=2 ... 30> and its single unique counterpart 

<<R1*;Y1*>: i = 1 ... n} 1e , t <i.e. designated 1=1> provides an 

estimate MSY1 ,1cc. The mean MSY estimate CMSY1ec> for the k th 

super-set and the variance of this estimate ((O"av,k 2 >c> is then 

calculated: 

30 
MSY1ec =I MSY1c,1c I 30 

1=1 

30 
< o" a v , 1e 2 > c = I C MS Y 1c , 1 c - KS Y 1c c J 2 I 2 9 

1=1 

.. 
?c. KSYc and Co"sv 2 >c are then given by the means of the values 

for each,of the <90> super-sets: 
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90 
MSYc = L MSYtc I 90 

k=1 

90 
c o" s v 2 > c = L < o" s v , 1c 

2 > c I 9 o 
k=1 

Note that exactly the same Y1 values are used throughout the 

simulation. 

?.8.1 Simulation r1ault1 

The simulation results are set out in Table 7. 5. These do not 

suggest that MSY 8 is positively biassed relative to MSYA on the 

basis of a t-test. However the estimated 95% confidence interval 

on the difference of 44 is C0,881 suggesting a borderline case. 

The simulation was repeated using twice as many simulated CR1, Y1> 

data sets. The mean estimates obtained in this case were - MSYA 

= 433, MSY 8 = 473 - 95% confidence intervals on the difference 

or 40 are £9, 711. Therefore a bias correction factor of 4331473 

fot' the actual MSY es ti mates appears to be warranted. . This bi as 

arises from the adapted Ludwig and Walters' ( 1981) fitting 

procedure, even when the underlying mathematical relationship and 

the correct error model are known <i.e. the true value of n is 

given>. 

Equivalent estimates for YNsv and K for TRIAL B and C relative to 

TRIAL A are also shown. Differences evident between trials B or 

C do not appear to be significant. 

It was anticipated that the resampling estimates of variance, the 

C O"sv 2 > c quantities, would be reduced by a factor of roughly 2 

<or 2 112 for C.V.'s> relative to Co"sv 2 >8 beca~of the fact that 

the model degrees of freedom are approximately half the number of 
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Table 7. 5. Simulation results for the estimation procedure CMSY, 

Y"sv and K> used for pilchard. Trials A, B and C are referred to 

in the text; they represent mean and variance estimates obtained 

without observation errors on either recruitment or spawning 

biomass values CA>, then including observation errors of equal 

variance <though the errors in any one year are not necessarily 

the same) on both recruitment and spawning biomass values CB>, 

and finally using a resampling procedure corresponding to the 

actual procedure used for estimating the mean and variance of 

MSY, y"sv and K for pilchard. %C. V.'s are given as o/x * 100 

where x=MSY, Units are million metric tonnes. 

Correction factors for the mean estimates obtained in practice 

are calculated to be the ratio of the mean estimate obtained in 

TRIAL A divided by the mean estimate from TRIAL B <when the 

difference has been demonstrated to be significant>. 

TRIAL A TRIAL B TRIAL C 

HSY 0.434 0.478 o. 492 

o"·s v 0. 065 0.20 0. 14 

%C. V. 15 42 28 

Y"sv 0.906 0.955 1. 03 

Oa "s v 0.070 0.39 o. 35 

%C. V. 7. 7 41 34 

K 2. 17 2. 29 2.37 

OK o. 176 0.896 1. 56 

%C. V. 8. 1 39 66 
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input data Cthis would be the true reduction for a linear model>. 

Reduction in the variance estimates for MSY and Y"sv between 

trials B and C is evident; however the variance of K in TRIAL C 

is larger than that obtained in TRIAL B Csee Table 7. 5>. 

On the basis of these simulations, the estimate of MSY for 

pilchard therefore becomes 442x433/473 thousand metric tonnes, 

i.e. 405 thousand tonnes. 

The MSY estimate should, in addition to a bias corr~ction factor, 

be adjusted by an amount to account for the difference between 

the observed annual catch masses and those given by summation 

with respect to age in: 

7. 25 

The difference betwe~n the annual catch landed, and the 

equivalent midyear catch •c1• is due to the difference between 

integrating for each age class either w<t>N<t>F <catches made) or 

w<0.5>N<t>F Cas actually used for the MSY estimate> over the 

whole year, where we~> is instantaneous fish mass, NC t> the 

number in the cohort, F the fishing mortality and wC0.5> the 

midyear fish mass for the appropriate age. This is illustrated 

by the difference between catch masses obtained from summing with 

respect to age, ~w,P1,, 0 b•c1°b•, and summing according to the 
j 

breakdown of the catch by length, LW1 f i ' 1 o b I Ci o b I ; since there 
l 

_are more length classes than age classes the summation involving 

masses at length is expected to give a better approximation to 

the realised catch mass. 

Since in practice C1°b• is derived using f1,1°b• and •c1°b• C the 

catch mass>, 

catch mass. 

the term ~w1f1,1°b•c 1 °b• 
l 

is equal to the observed 

The equivalent midyear catch masses for the historic 
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time series of catches are plotted versus the realised catches in 

Fig 7. 3. The differences between these two approximations are 

such that the first term <using numbers caught at age derived 

from numbers caught at length using the age length key) gives a 

catch c•c· ob• in 1962 or 506 thousand metric tonnes, compared to 

the observed catch c•cob•) or 410 thousand metric tonnes. 

. 
It is not clear that the numbers caught at age in the VPA should 

be adjusted to force LWJP1,JC1 equal to the direct catch mass 

estimate for all years, since the catch estimate LWJP1,JC1 may in 

fact be the correct equivalent midyear approximation to the 

annual catch mass. In the latter event it is necessary to 

investigate the effect of individual fish growth during the year 

on the MSY estimation procedure. Ideally, the problem should be 

reformulated to treat the f1,1 as model parameters, instead or 

the P1,J quantities,· which eliminates any need for calculating 

catch masses in terms of the parameters P1.J. Appropriate 

techniques for dealing with this approach have been developed 

elsewhere C D. Fournier, pers. commn>. At the moment however, it 

seems reasonable to reduce the MSY estimate by about 20%, as 

indicated by Fig. 7. 3. 

The final pilchard MSY estimate obtained at this stage is 

therefore 324 thousand metric tonnes CC. V. is roughly 33%, after 

correcting the 22% originally obtained bi multiplying :by a 

correction factor to allow r.or bi as in t;h.e resampli ng . procedure 

for variance estimation; 

using the numerical results shown in Table 7.5. 

?.9 CONSISIINCX QHICgs 

The virgin· spawning biomass level estimate of 2. 4 million metric 

tonnes agrees well with calculations of the maximum carrying 
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Figure 7. 3. A plot of the observed pilchard catch masses •c1•b• 

versus the quantities •c1' ob•. The latter results from the 

following calculation steps: 

= C1,1ob• = •c,ob•fi,l/l:W1 f1,1 
1 

•c,••b• = :E w, C1,,•b• 
j 

The solid line is the y=x plot, with a slope of unity. The 

dashed line is a hand drawn curve with a slope of roughly 0.80. 
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capacity of the system of 2 million metric tonnes estimated from 

gross carbon fixing rates achieved by phytoplankton <Shannon and 

Field, 1985>. 

In Chapter 6 it was argued that the pilchard population 

described undamped fluctuations prior to its collapse: the 

estimates of MSY, y"sv and K obtained so far should be such that 

they permit this phenomenon to occur. 

A deterministic age structured model was developed.for ~xamining 

the potential for oscillations in pilchard recruitment and 

spawning biomass. Recruitment for the model was given as 

a function of spawning biomass by the estimated expected 

recruitment relationship: 

Rt =IX Yt expC-fiYt + Ou 2 12> 

= 0. 0465 Yt exp< -0. 644Y1 > 7.26 

where the factor exp<ou 2 /2) is a rough correction factor which 

converts the fitted Rt value <estimated as ln Rt> to the expected 

value of R1. The units of Rt are 10 9 fish; Y1 is in million 

tonnes. The slope·~f the replacement line, r, in: 

Rt = TY t 

is 0.00976 <units: 

of pilchard>. 

7. 27 

thousands of million fish per million tonnes 

The replacement line cuts the recruitment curve at -

Yt=-ClnCT/IX)/fi; Rt=-rClnCT/IX)/fi. To test for instabilities, 

recruitment was given a small perturbation away from the 

equilibrium point. For the parameter values quoted immediately 

above for IX, n and r, an M value of o. 5 yr- 1
, and using 7 

pilchard age classes the results show that recruitment and 
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spawning biomass oscillations persist over a 200 year time span. 

There was little evidence of either an overall increase or 

decrease in the oscillation amplitude over the 200 year timespan 

investigated. CThe period of oscillation was about 10 years; 

this conflicts with a 6 year peri~d suggested for pilcha~d 

population oscillations in Chapter 6 - however the difference may 

be due to the density dependent mortality in the logistic model 

used in Chapter 6 - the age structured model has density 

independent natural mortality.) This indicates therefore that 

there are undamped oscillation solutions for the parameter 

combinations pertinent to the South African pilchard population, 

for the model type considered here. The estimates of the 

pilchard stock-recruit relationship produced here therefore leads 

to continuous recruitment oscillations as suggested in Chapter 6. 

?.10 THI IPPICT or RANDOM RICBUITMINT FLUCTUATIONS ON RISKS 

OF STocg COLLAPSE 

It is clear that the occurrence of large recruitment fluctuations 

will produce greater collapse risks than are caused by the catch 

simply exceeding MSY. In view of this, the deterministic MSY 

estimates are of limited value from a practical harvesting point 

of view, and should be adjusted to account for the problem of 

recruitment variability. 

If n is assumed to be about 1/2, the estimated value of Ou is 

roughly 0.6 which is equal to a C. V. on recruitment of some 65%. 

This may appear to be unrealistically large; however the 

equivalent value for the Californian pilchard Sardinops caerulea 

is estimated at Ou = O. 76 <Murphy, 1966 and MacCall, 1979 cited 

by Beddington and Cooke, 1983>. When recruitment fluctuations 
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are that large, it is necessary to relate the MSY concept to 

probabilities ~or collapse <see for example Beddington and Cooke, 

1983>. and it is possible that allowable catches should be held 

substantially less than the deterministic MSY level in order to 

reduce the risk of collapse to an acceptable level. 

In 'the brier analysis which follows·, pi_lchard population dynamics 

is again modelled as an age structured population Cas in Section 

7.9> with a constant value of natural mortality .CM=0.5 yr- 1 >. 

However, instead of using expected recruitment as input, 

now regarded as a random variable so that: 

Rs = oc Y1 exp< -fiY1 + u1) . . . 7. 28 

where u1 z NC 0, Ou 2
) 

Since cohort si2e is usually calculated .from fishing mortalities: 

N 1 + t , J + t = N s , J e xpC - F 1 , J - M> , 7. 29 

a computational problem arises in subjecting the population to a 

constant catch strate·gy. It is therefore necessary to solve 

iteratively for the F1,J for each year using the relationship: 

7 
•cl'= L N1,J WJ F1,J<1-exp<-F1,J-M))/(F1,J+M) 

j=1 
7.30 

The best fit selectivities estimated for the- pilchard for 1964 -

1983 were the_ same (or all ages, so that given •c1, WJ, M and 

there is only one unknown CF1 = F1,J> in the above sum. 

This was solved for each year and catch level using Newton's 

method. 

For each constant catch level considered, 500 possible time 

series of recruitment and spawning biomass were generated, each 

20 years long. It is assumed that the stock status at the start 
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of fishing is y, = K/2, since the ideal future scenario for the 

pilchard may/ be to allow the stock to return to approximately 

y"sv from its current depressed state. The situation projected 

here would therefore follow on from that point in time. 

The probability of "collapse" was calculated to be equal to the 

proportion of 20 year projections in which the spawning biomass 

droppeA below 0:2K Ci. e. 480 000 metric tonnes>. For these 

cases the projection was terminated in the year this o~curred. 

Results are set out in Fig. 7.4. An approximate 10% "collapse" 

risk over a 20 year period occurs at a catch level of 255 

thousand metric tonnes <uncorrected>. This value should be 

reduced by the same 20% factor <correction for bias in catch mass 

evaluations> and the factor of 433/473 <correction for bias in 

stock-recruitment fitting procedure) that was applied to the 

pilchard MSY estimate. The appropriate constant quota strategy 

for the risk level specified is therefore an annual catch or 187 

thousand metric tonnes. This is 47% less than the deterministic 

MSY or 352 thousand metric tonnes. The reduction is quite 

substantial, but could perhaps have been anticipated considering 

the large <65%> C. V. of recruitment fluctuations. There is a 

very strong subjective element to this result, since the estimate 

of Oa=0.6 is a direct result of the value assumed for n. The 47% 

factor is most likely on the low side, since the corresponding 

values of Ov=Ov=0.6 are much higher than seem reasonable from VPA 

simulations performed in Chapter 4 Cwith additional relative 

abundance information incorporated). Adjustments for this could 

be made by reducing n, which would increase estimates of Ou, and 

hence decrease the constant catch level evaluated above. 
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1 O'l> RISK LEVEL 

0.25 0.30 0.35 

CONSTANT CATCH LEVEL 

A plot of risk of "collapse" Cp> of the pilchard 

stock (defined as spawning biomass falling below 0.2K over a 

typical 20 year time span of fishing> against the constant annual 

catch level applied. Projections commence with spawning biomass 

at O.SK. Catch lev•ls are uncorrected for the estimation bias of 

433/473 and the 20% factor related to the estimation of landed 

catches c see text>. (Catch units: million tonnes) 
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7.11 SUMMARY 

The use of guano harvests to impo~e additional constraints on the 

pilchard VPA model parameters has merit as it leads to a 

considerable improvement in the precision, of parameter estimates. 

Guano data between the years 1943 and 1971, where 1950 is the 

first year of fishing considered in the VPA, was successfully 

used to impose additional constraints on the fitting procedure. 

The overall estimated biomass trajectory suggests a large data 

contrast, with decreases in population biomass of almost 2 orders 

of magnitude. It is suspected that the precision of recent 

pilchard biomass estimates· <in years for which guano-based 

recruitment indices are no longer available> is poor, although 

this could not be confirmed by using the resampling procedure for 

variance estimation because of the large amount of computer time 

needed for obtaining successful VPA model fits <over 4 hours for 

a single fit>. 

The 1950 1983 pilchard biomass trend estimated in this chapter 

suggests a different development pattern for the pilchard fishery 

to biomass estimates evaluated in past years. A biomass decline 

over the period 1950 to 1968 is the main feature indicated - the 

biomass peak in 1960 which dominates other analyses is much 

reduced in the current estimates. 

An estimate of pilchard MSY from a yield per recruit calculation 

procedure was corrected for a discrepancy between observed 

catches landed <which are by definition consistent with catch-at­

length information> and those calculated using the estimated 

catches-at-age and midseason fish masses. The final MSY estimate 

is 324 thousand metric tonnes. The estimated pilchard spawning 

biomass level at MSY is 1. 02 million metric tonnes and the system 
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carrying capacity Cfor pilchard spawning biomass> is K= 2.42 

million metric tonnes. This value of K is not inconsistent with 

the estimate of system carrying capacity of 2 million metric 

tonnes for all pelagic fish proposed by Shannon and Field C1985>. 

Simulations using the estimated pilchard stock~recruit 

relationship suggest that the pilchard population is capable of 

maintaining regu~ar fluctuations, which is consistent with other 

evidence for this phenomenon presented in Chapter 6. 

On the basis of these results an F"sv quota recommendation for 

pilchard is approximately 32% CMSY/y"sv x 100 %> of the <current> 

beginning of year spawning biomass level. 

Recruitment fluctuations for pilchard were estimated to occur 

with a C. V. of approximately 65% C Ou =O. 6> about the mean 

stock/recruit function. The implications of this for enhancing 

the risks of a stock "collapse" <spawning biomass falling below 

0.2 K> occurring were investigated using an age structured 

population model, with random recruitment fluctuations about the 

b~st fitted stock-rec~uit relationship. It was found that in 

order to keep the risk of collapse during a typical 20 year 

fishing period below 10%, the maximum allowable constant catch 

quota should be about 42% less than the value of 324 thousand 

metric tonnes mentioned in the second last preceding paragraph. 

The maximum -ca-t-ch which can -be taken continuously -consistent wi t-h 

this_ risk level is therefore about 187 thousand metric tonnes, 

which is roughly 20% of the spawning biomass at the beginning of 

the period Cas the projections commence with spawning biomass at 

K/ 2>. 
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8. BSTIMATBS OF HAKB BIOMASS AHD SUSTAIHABLB 

YIBLD OFF THE WBSTBRH CAPE 

8.1 BACJtGBOUHp 

Catches or demersal hakes off the Western Cape consist or two 

species, Merluccius capensis and Merluccius paradoxus. 

Merluccius capensis lives closer inshore than does Merluccius 

paradoxus which is generally caught at depths greater than 200m. 

However, because of identification difficulties, catch mass and 

age structure estimates treat all hakes as one species, even 

though the growth and recruitment rates and probably natural 

mortalities for the two species differ. Thus the available data 

cannot be used to carry out two separate VPA's for each species 

or hake, and any resuitant bias in VPA abundance estimates from 

this cause is practically irremoveable. 

Butterworth and Andrew <1984> have noted a serious discrepancy 

between the results or the Fox and Schaefer dynamic production 

model fits to the CPU°E trends in ICSEAF Division 1. 6 <off the 

Western Cape>, and hake biomass trends obtained from their VPA 

calculations~ particularly for recent biomass trends. It has 

been shown in this thesis <Chapter 4) that the VPA alone Ci. e. 

based on catch mass and age structure estimates> may not produce 

meaningful· estimates or biomass values or trends <see als-0 Pope 
. 

and Shepherd, . 1982>. Since Butt~rworth and Andrew only use the 

very recent effort data for "tuning" their VPA, the discrepancy 

could be due to problems similar to those one expects to 

encounter with a VPA assessment based on catch mass and age 

structure data only. 

More precise biomass estimates are potentially obtainable if the 
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classical VPA data, i.e. the age structure and mass of the catch, 

are combined~with the complete time series of effort data which 

are available. For example a more objective approach would be 

to use a likelihood function such as the one suggested by 

Fournier and Archibald <1982>, incorporating all the available 

effort data. The remainder of this chapter is concerned with the 

methods used to do this, and some results are obtained. Only the 

hake stock in ICSEAF Division 1. 6 is considered <Fig. 8. 1>. 

8.2 THE HAKE JPA LIKELIHOOp FUNCTION 

The basic VPA likelihood function used for anchovy <Fournier and 

Archibald, 1982 and equation 3.37> has been used for hake, with 

some slight modifications. It is suspected that the appropriate 

selectivity function for hake is different to that used by 

Fournier and Archibald <1982>, or to those used in Chapters 5 and 

7 for anchovy and pilchard. Although it may be reasonable to 

use a fixed selectivity function for all years for a stock which 

is well mixed with respect to age, for hakes off the Western Cape 

this may not be a valid assumption. The observed length 

stratification of hake catches and independent data from 

scientific surveys CA. Payne, pers. commn> suggests, for example, 

that the hake population is inhomogeneously distributed with 

respect to age, with younger fish occurring closer inshore. The 

-
implication ~f this is that the age-specific selectivity fuhction 

varies according to the relative fishing effort which is applied 

in different areas. 

8.2.1 Th• choict or an appropriat1 11l1ctiyitv function 

Following the assumptions that natural mortality is constant and 

fishing mortalities are separable into year and age effects, the 

choice of a selectivity function becomes a critical determinant 
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Figure 8. 1. Map showing the major trawlihg grounds <shaded 

area), the ICSEAF Division boundaries, and the 200 and 600 m. 

depth contours off southern Africa <based on unpublished SFRI and 

I CSE AF data>. The boundaries marked Ca) and Cb) refer to the 

domestically applied boundaries or Division 1.6 and the adjoining 

Divisions Cmap and caption taken from Andrew, 1986>. Only 

Division 1. 6 is considered in VPA calculations discussed in the 

text. 
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Table 8. 1. The set of P1,J values used in the hake VPA <R. 

Leslie pers. ,commn>. The midyear Cw,*> fish masses used are also 

shown below <in grams>. 

UNADJUSTED 

AGES: 0 1 2 3 4 5 6 7 8 9 
rear 
1964 0 0 . 031 . 072 . 119 .174 . 248 . 203 . 100 . 053 
1965 0 0 . 031 . 058 . 110 .198 . 248 . 205 .100 . 051 
1966 0 0 0 . 127 . 214 . 302 .193 . 121 . 035 . 009 
1967 0 0 0 . 181 . 278 . 278 .154 . 082 . 022 . 005 
1968 0 0 . 003 .196 . 280 . 264 .140 . 084 . 027 . 006 
1969 0 0 . 089 . 318 . 275 . 136 . 101 . 056 . 020 . 006 
1970 0 . 021 .157 . 308 . 242 .125 . 082 . 044· . 016 . 006 
1971 0 .125 . 254 . 355 .153 . 048 . 037 . 018 . 008 . 003 
1972 0 .102 . 375 . 326 .132 . 035 . 018 . 009 . 003 . 001 
1973 0 . 018 . 328 . 430 . 151 . 045 . 015 . 008 . 004 . 001 
1974 0 0 . 183 • 447 . 224 . 082 . 031 . 024 . 006 . 003 
1975 0 0 .150 . 264 - . 208 . 179 . 102 . 066 . 024 . 007 
1976 0 . 060 . 318 . 348 .163 . 056 . 037 . 016 . 002 0 
1977 0 .137 . 535 . 214 . 071 . 033 . 008 . 002 0 0 
1978 0 . 072 . 716 . 152 . 039 . 016 . 005 . 001 0 0 
1979 0 . 114 . 545 . 215 . 063 . 046 . 013 . 003 0 0 
1980 0 . 056 . 472 . 289 .112 . 048 . 017 . 005 . 002 . 001 
1981 0 . 238 . 474 .166 . 078 . 028 . 012 . 004 . 001 0 
1982 0 . 351 . 465 .110· . 040 . 022 . 00,9 . 003 . 001 0 
1983 0 .118 . 485 . 249 . 083 . 043 . 016 . 006 . 001 0 
1984 . 004 . 092 . 466 . 264 . 105 . 044 . 017 . 005 . 002 0 

ADJUSTED FOR POSSIBLE SAMPLING BIASES 

AGES: 0 1 2 3 4 5 6 7 8 9 
_lear 
1'964 0 0 0 ~ 075 . 123 . 179 . 255 . 209 . 103 . 055 
1965 0 0 0 . 059 . 113 . 205 . 255 . 211 . 103 . 053 
1966 0 0 0 .127 . 214 . 302 .193 . 121 . 035 . 009 
1967 0 0 0 . 181 . 278 . 278 .154 . 082 . 022 . 005 
1968 0 0 0 .196 . 281 . 264 . 141 . 084 . 027 . 006 
1969 0 0 0 . 349 . 302 . 149 . 111 . 062 . 021 . 006 
1970 0 0 0 .374 . 294 . 152 .100 . 053 . 020 . 007 
1971 0 0 0 . 571 . 246 . 078 . 059 . 029 . 013 . 004 
1972 0 0 0 . 622 . 252 . 067 . 034 . 017 . 005 . 002 
1973 0 0 0 . 658 . 231 . 069 . 023. . 013 . 006 . 002 
1974 0 0 0 . 547 . 274 .100 . 038 . 029 . 008 . 004 
1975 0 0 0 . 311 . 245 . 211 .120 . 077 . 029 . 008 
1976 0 0 0 . 560 . 263 . 089 . 059 . 026 . 003 0 
1977 0 0 0 . 652 . 216 . 101 . 025 . 005 0 0 
1978 0 0 0 . 715 . 183 . 075 . 023 . 004 0 0 
1979 0 0 0 . 630 . 186 . 136 . 038 . 010 . 001 0 
1980 0 0 0 . 611 . 237 . 101 . 036 . 011 . 003 . 001 
1981 0 0 0 . 574 . 269 . 096 . 041 . 014 . 005 . 001 
1982 0 0 0 . 597 . 215 . 121 . 048 . 014 . 003 . 001 
1983 0 0 0 . 627 . 209 . 107 . 039 . 015 . 003 . 001 
1984 . 004 . 092 . 466 . 264 . 105 . 044 . 017 . 005 . 002 0 

WJ •: 18 69 208 435 743 1141 1602 2119 2679 3271 
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of the biomass trend which will be obtained from the VPA. The 

breakdown of P,roportion of numbers ·caught at age <Table 8. 1> is 

revealing in this regard. It is difficult to reconcile the 

absence of juveniles in the catch over the period 1964 to 1969, 

followed by their occurrence in the catch since that time, with 

a model of year invariant fishing selectivities. It seems far 

more likely, given the stratification of the hake habitat by age, 

that this has been caused by a gradual shift in trawling strategy 

to exploit younger fish as the average age of the catch declined 

<though this effect may also be due to sampling biases which are 

discussed later>. 

A tentative 3 parameter selectivity function, which allows for an 

increasing selectivity of young fish with time, has been used to 

describe this phenomenon. The selectivity itself has been 

modelled by a logistic curve with point of inflexion at age ja 

<the age at 50% recruitment/selectivity>. The increasing 

selectivity for younger fish in recent years has been accounted 

for by allowing ja to decrease with time. Initially a complex 

non-linear relation between ja and the year i was attempted: 

S,=1/C1+exp<-b1Cj-ja>>> 

ja=ib2/(b3+i) 8. 1 

where bi, b2 and b3 are parameters to be fitted in the 

maximisation procedure. However, preliminary model fits to the 

data resulted in very large estimates for b3, which suggests that 

an ordinary linear relationship between i and ja is adequate. On 

this basis the following parameterisation was adopted: 

S;=1/C1+expC-b1Cj-ja>>> 

ja=b3-ib2 
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The structure of the model in terms of model parameters and input 

data, for the two cases of inclusion or exclusion of effort 

information, is set out in Table 8.2. In this table the variable 

e represents the number of 2eros in the catch-at-age matrix. 

This value has not been specified since it may vary depending on 

how the data are manipulated <see subsequent discussion>. 

8.3 RESULTS OBTAINED EXCLUDING EFFORT INFORMATION 

Biomass estimates for hake obtaine-d by maximising the likelihood 

function without effort information are set out in Table 8. 3. 

These same results are plotted on Fig. 8. 2. The main feature 

shown by these results are the unrealistically large biomass 

estimates for years 1977 to 1984. 

It is pertinent to recall earlier reservations <Chapter 5> 

about the relationship between trends in the catch-at-age 

and population biomass trends. .Appendix 5.1 shows that 

apparent total mortalities indicated by the catch-at-age 

voiced 

matrix 

large 

data 

could be due to at-1east four pos&ible effects. These are: 

1. Large and persistent increases in recruitment. 

2. High fishing mortalities. 

3. Emigration. 

4. Selectivities sharply decreasing with age. 

Clearly the model fit upon which the biomass trajectory in Table 

8.3 is based ascribes large apparent Z values in the catches-at­

age si nee 1977 to persistently increasing recruitment, with 

fishing making a continually decreasing impact on the stock. 

Given the manifold ambiguity or interpretation or the base data 

Cthe catches-at-age>, and the ecological unacceptability of these 

results, the maximum likelihood estimates of hake biomass using 
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-
Table 8. 2. A breakdown of the data which are used in the VPA for 

hake, and th~ model parameters which are estimated Cn = 21, m = 

10>. The variable e represents the number of zeros in the catch-

at-age matrix, which may vary according to the manner in which 

the data are utilised. 

Model Parameters 

Fundamental Betas: 

Year dependent fishing 
mortality effect: 

Parameters defining the 
selectivity function: 

TOTALS: 

Model Parameters 

Pundamentar Betas: 

Year dependent fishing 
mortality effect: 

Parameters defining the 

NO BPPORT 

Quantity Input Information Quantity 

n+m-1 Estimates of 
catch mass: n 

n Estimates of 
age structure 
of the c.atch: nm-e 

3 

2n+m+2 = 54 n+nm-0=231-0 

EFFORT INCLUDED 

Quantity 

n+m-1 

n 

Input Information 

Estimates of 
catch mass: 

Estimates of 
age structure 
of the catch: 

Quantity 

n 

nm-e 

selectivity function: 3 

The proportionality 
constant between effort 
and F': 

TOTALS: 

1 

2n+m+3=55 
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Table 8. 3. VPA results for hake using only catch mass and age 

structure infqrmation CM=O. 3 - t yrs. , a=O. 05, 

values are given in thousand tonnes. 

YEAR "BIOMASS 

1964 742 
1965 626 
1966 491 
1967 400 
1968 362 
1969 352 
1970 372 
1971 392 
1972 360 
1973 353 
1974· 427 
1975 704 
1976 1 494 
1977 3 681 
1978 9 604 
1979 23 843 
1980 58 912 
1981 152 600 
1982 381 442 
1983 878 124 
1984 1 458 922 
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Figure 8.2. A plot of VPA results set out in Table 8.3 obtained 

without using effort data compared to the result obtained with 

effort <series SHA in Table 8. 5>. 

260 



catch-at-age information alone are rejected at this point. 

Progress in hake stock assessment within this framework can 

therefore only be made by including further data relevant to the 

hake fishery in the hake VPA likelihood function. This is 

provided by the fishing effort values for hake in ICSEAF Division 

1.6, which are shown in Table 8.4 Cwhich also lists annual catch 

masses and catch rates CCPUE>>. 

8. 4 PBILIMIHABY RESULTS; IPPOBT IHCLQDlp 

The position or the maximum or the objective function was 

estimated as before using the NAG routine E04JAF <Numerical 

Algorithms Group Ltd., Oxford> with double precision variables, 

and the double precisio~ version of the optimisation routine. 

Hake biomass estimates, corresponding to the estimated position 

of the likelihood function maximum are shown in Table 8.5 CSeries 

SHA - obtained using Q=1000, o=O. 05 and Ot=O. 1>. 

The rationale behind the chosen weights <values for Q, a and 01> 

can only be partly justified. The small value of 0.05 used for o 

reflects a belief that the catch mass is fairly precisely 

determined. This does not include additional errors associated 

with poorly determined discard rates Ca portion of the catch is 

normally discarded at sea> which is considered as a bias. The 

value of Q could not be determined in the same manner as for 

anchovy in Chapter 5 since the base data was inaccessible. The 

value of Q=1000 was therefore chosen on the assumption that 

anchovy and hake sampling levels for age determination purposes 

are likely to have been similar. The value of Ot=0.1 was chosen 

on the basis of the magnitude of the residual errors in a dynamic 

Pox model fit to the catch mass and effort data CButterworth and 
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Table 8. 4. Measures of fishing effort, E, ('000 standard boat 

days>, and a~nual catch mass,. •c, 0 
b • C' 000 metric tonnes), used 

in the hake VPA. CPUE is the ratio •c,•b•;E,. 

YEAR E, •c,•b• CPUE 

1964 11. 12 162. 3 14.60 
1965 18. 76 203.3 10.84 
1966 18.34 195.0 10. 63 
1967 17.65 176. 7 10. 01 
1968 14.35 143. 6 10.01 
1969 19.15 165. 1 8. 62 
1970 19.71 142.5 7.23 
1971 28.49 202. 0 7. 09 
1972 49.78 243. 9 4.90 
1973 31.75 157.8 4. 97 
1974 26. 45 123.0 4. 65 
1975 19. 23 89. 6 4. 66 
1976 26. 80 143.4 5.35 
1977 20. 15 97.5 4.84 
1978 17.24 101. 7 5. 90 
1979 14.75 90.4 6. 13 
1980 18.46 101.5 5.50 
1981 17. 13 99.5 5.81 
1982 14.48 84. 8 5.86 
1983 11.30 73. 7 6.52 
1984 12.53 83. 6 6.67 
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Table 8. 5. Midyear biomass estimates for hake calculated using 

catch per ~nit effort plus all the catch age structure 

information CSeries SHA>, then excluding the first three years of 

age structure information in an attempt to correct for sampling 

biases CSeries SHD>, and by the methods of Fox and Schaefer 

<Butterworth et al, 1986: Series SHB and SHC respectively>, using 

the CPUE data only. VPA results are obtained with M=O. 3. Q=1000, 

o = 0.05 and 01 = o. 1. The CV's refer to the biomass estimates 

of series SHD. All the VPA biomass estimates shown here were 

calculated with effort data. 

YEAR VPA FOX SCHAEFER VPA % c. v. 
Call <excluding 
ages> ages 0,1,2> 

SHA SHB SHC SHD 

1964 606 1001 784 668 2.2 
1965 506 926 734 532 2. 1 
1966 418 840 671 414 1. 6 
1967 370 772 624 351 1. 5 
1968 359 733 603 336 1. 9 
1969 352 701 587 338 1. 9 
1970 359 671 571 362 1. 8 
1971 350 622 536 364 1. 5 
1972 295 522 448 309 1. 6 
1973 251 441 372 270. 2. 1 
1974 224 417 346 252 2.5 
1975 210 425 349 247 2. 3 
1976 168 423 343 198 2.0 
1977 159 418 331 187 1.8 
1978 168 432 337 182 2. 4 
1979 179 452 348 201 1. 8 
1980 178 473 362 202 2. 2 
1981 188 491 374 210 2. 7 
1982 260 518 397 272 3. 3 
1983 397 559 436 387 4. 5 
1984 533 603 482 540 5.7 
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Figure 8. 3. Plots comparing some of the biomass estimates 

presented in Table 8.5. Biomass estimates obtained using the 

dynamic catch-effort Schaefer model <solid line; Series SHC> are 

compared with those from the dynamic Fox model <dashed line; 

Seri es SHB>. Ten year forward biomass projections under an fo.t 

harvesting strategy are shown for both models: Historical ~nnual 

catches are indicated by solid vertical bars, with the Fox model 

Qo.1 projections for the next ten years by dotted vertical bars. 

The dash-dot line shows the VPA solution for a selectivity 

function whose inflexion point is at an age that decreases 

linearly with time <Series SHA> <taken from Butterworth et al, 

1986>. 
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Andrew, 1984; Butterworth, pers. commn>. A - value of M = 

0. 3 yrs- 1 was used to be consistent with current practice in the 

ICSEAF Scientific Advisory Council: 

The most important difference between the results of the Fox 

model fit <Butterworth et al, 1986> and this VPA result is that 

the VPA biomass estimates are smaller than those produced using 

the dynamic Fox catch-effort production model. This may be 

because the M value of 0. 3 yrs- 1 used in the VPA is too small; 

larger values of M would produce larger biomass estimates. There 

are two other effects which should also be considered. These are 

C1) cannibalism within the hake qommunity - this was alluded to 

in Chapter 2, and <2> a combination of sampling biases and 

variable discarding of juvenile hake. 

8.~.1 C1nnih1li1m within tba haka gommynitY 

In Chapter 2 it was suggested that as .much as 75% of hake 

production may be cannibalised and recycled within the hake 

community. This retained -material flow is not realisable as 

surplus 

could 

It is 

production, and estimates <Chapter 2> indicate that it 

be as much as ten times the amount taken by the fishery. 

very likely therefore that age structure and natural 

mortality for hake are functionally related, and the constant 

natural mortality asstimption is invalid. Fo~ the earlier ~eriod 

under discussion <1964 to, say, 1968> when the average age of the 

stock was presumably higher, the natural mortality for juvenile 

hake was probably higher than for the latter period, 1968 to 

1982, with a smaller proportion of older hake in the population. 

Instead of one natural mortality parameter, a set of nm natural 

mortality paramete~s. M1 , J , is necessary to describe this 
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situation. The task of estimating these is a major problem 

<which is co~sidered by Lleonart et al, 1985> and it seems 

probable that available data are insufficient to obtain a useful 

quantitative result. To define the functional relationship 

between age structure and age specific natural mortality, some 

knowledge of the size-spectrum of the cannibalised diet and food 

consumption rates are needed for all ages of hake. Given this 

knowledge, 

formulation 

the 

of an 

relationships mentioned 

overdetermined problem by 

would permit 

reducing the 

the 

nm 

natural mortality parameters to a smaller number. However, 

comprehensive hake diet data are only available since 1979 

CLleonart et al, 1985>, and this is really inadequate for 

obtaining a satisfactory solution .. 

It is nevertheless possible to anticipate the qualitative 

outcome of a study attempting to account for the effect of 

cannibalism in the VPA. It is generally expected that the mean 

age or a fish population declines as fishing effort and hence 

fishing mortalities increase. Thus the rate of cannibalistic 

consumption of younger hakes by adults should decrease, 

proportion of adults in the population is reduced. 

important implications for the VPA result, series SHA, 

as the 

This has 

shown in 

Table 8.5 and on Fig 8.3. If natural mortality was relatively 

larger between 1964 and 1968 for younger £ish (because a greater 

proportion of young fish were cannibalised then> than assumed in 

the VPA, then the true biomass trend for hake <in Division 1. 6> 

would be different to that shown. For example, one might expect 

that the biomass decrease which occurs over most of the period of 

fishing since 1964 is in fact larger than suggested by the VPA 

result <SHA> shown in Fig 8.3, coincident with the postulated 

decrease in <age-averaged> M because of the backcalculation 
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procedures used in the VPA <equations 3.9 and 3.11>. Note 

however that ~his might increase the discrepancy between the CVPA 

<i.e. 

that 

VPA incorporating cannibalism> 

suggested by the dynamic 

generated biomass trend, 

catch-effort models; 

and 

a 

comprehensive analysis would have to consider the CPUE data as 

input to the CVPA, and weight it appropriately. 

A steeper hake biomass decline is thus the anticipated effect of 

changes in total natural mortality <resulting from cannibalistic 

consumption>. Further it is suspected that M for juveniles is 

much higher than previously thought <from the results presented 

in Chapter 2> and the net effect of this would be to shift the 

VPA estimated biomass trend to a larger level, 

between year variations in M .. 

irrespective of 

Alternatively, in the absence of any direct measurements of the 

age dependence of hake natural mortality coefficients, one could 

argue that hake natural mortality is independent of cannibalistic 

effects. This may be possible if an appreciable amount or non­

c~nnibalistic mortaliti occurs, which is flexible enough to allow 

M to remain constant for hake, irrespective of changes in 

population age structure and hence cannibalism. CThis may be the 

case for smailer hake which are extensively preyed upon by snoek; 

however there are no identified major predators of larger hake 

apart from hake themselves. J In this situation M ma·y, for 

example, be adequately estimated from the von Bertalanffy growth 

curve parameters and a measure of habitat temperature, as 

suggested by Pauly <1980>. 

At the current low level of understanding of the dynamics or 

natural mortality for South African hake, the hypothesis that 

cannibalism causes changes in hake natural mortality to be 
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functionally related to population age structure cannot be 

rejected,. and this is a sufficient reason for continuing 

investigations of the implications of cannibalism for the VPA and 

CPUE assessment methods. 

8.4.2 Possible aamplin« bia111 and variable diagard rates 

About 25 000 fish are measured each year to estimate the length 

frequency distribution of the annual hake c•tch. Some 

differences in this sampling scheme have occurred in the last 5 

years. Before 1977, all measurements of length of fish were 

made on shore from the landed catch. It is known that a 

considerable portion of the trawled catch was discarded in the 

past, notably juvenile hake. ·These discard rates are largely 

unquanti fi-ed, but could have an important effect on estimates of 

current stock si2e and historic biomass trends. This is due to 

the fact that the discarding has involved young fish, 

with recent increases in the mark~tability of juveniles. 

coupled 

The net 

effect for recent years would be for estimated age structures to 

reflect increasing catches of juveniles. This effect, which is 

evident in the catch age structure <Table 8.1> and trends in mean 

catch age <Fig. 8.4> could therefore be an artifact of the 

changes in the discard rate for younger fish, and the fact that 

sampling occurs after the discard <though st•rting in 1977. some 

onboard sampling has been instituted in an attempt to surmount 

this problem>. 

It is conceivable that the influence of these postulated sampling 

biases can be substantially reduced by excluding data pertaining 

to the affected age classes from the analysis. If the full 

annual catch mass is attributed to the remaining age classes, 

then the· effective P·1., 0 b • matrix is the adjusted version set out 

268 



in- Table 8. 1 <zeros are dealt with in the same manner described 

in Chapter 7>. Table 8.5 shows the biomass trend CVPA - series 

SHD> which is obtained when age structure information for ages 0 

to 2 are left out of the VPA likelihood function, and the annual 

catch mass is attributed to ages 3 and above. 

the age structure estimates for· 1984 were 

CNote however that 

not adjusted, to 

maintain some constraint on recruitment estimates for 1982, 1983 

and 19841. The resampled estimates of variance Cas percentage 

C. V. > for these es ti mates are show·n in Table 8. 5. The result of 

the adjustments is that 16 of the 21 biomass estimates in series 

SHD are now larger than the preliminary estimates in series SHA; 

nevertheless all the values in the "bias corrected" series, SHD, 

are still smaller than the Fox model results Csee also Fig. 8.5 

for a comparison between Fox model results and series SHA and 

SHD>. 

a. "· 3. S1n1itiyitY to M 

The sensitivity of biomass estimates to M is illustrated in Fig. 

8.·6, which shows the .(total> biomass estimates obtained using 

either M=O. 3 yrs- 1 or M=O. 4 yrs- 1 • As anti ci pated, biomass 

results obtained with M=0.4 yrs-t are slightly larger than those 

produced using M=O. 3 yrs- 1
• In a later section < 8. 5> the 

sensitivity of surplus production parameters to the value of M is 

investigated. 

B. '-· "· Pittinl a• 

The problem of fitting Os using the VPA likelihood function is 

treated briefly in Chapter 4. Results presented there indicate 

that Os may be reasonably precisely estimated in this way, 

provided the correct values of Q and a are given. 
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Figure 8.5. 

1970 1975 

YEAR 

1980 

Biomass ~stimates obtained using the Fox · model 

<FOX>, and those produced using the VPA with effort; SHA and SHD 

refer to results presented in Table 8.5 - they are the trends 

obtained with and without adjustment or the catch-at-age. matrix 

for possible sampling bias. (Biomass units: thousand tonnes). 
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Figure 8. 6. Biomass estimates obtained using VPA with effort 

information for two different values or natural mortality. The 

result for M=O. 3 yrs-s is series SHA in Table 8.5. The result 

for M=0.4 yrs- 1 is the equivalent or SHA with a different value 

or M. (Biomass units: thousand tonnes). 
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An attempt at fitting 01 was made, with the values or Q and a 

given as 1000 and 0. 05 respectively. As discussed in Chapter 4, 

the term C -nlno1 l must be incorporated in the usual log­

likelihood function. 

A rather surprising estimate of Ot = 4. 19 was obtained from the 

best fit of the VPA model to the hake data. The weight applied 

t o the e ff or t t· er m < 1 / at 2 > i n t hi s r i t i s t here r ore o. o 5 7 , 

compared to the value of 100 for the previously prescribed value 

or 01 = 0. 1 <this latter value .was based on the results of 

separate catch-effort production models>. 

The biomass trajectory associated with this result is - not 

surprisingly - practically identical <i.e. to within less than 

. 1%> to the earlier results obtained without using effort 

information <see Fig. 8. 2 and Table 8.3>. These show 

unrealistically large biomass value's from 1977 - 1984. 

The underlying reason for this result is almost c~ftainly a basic 

conflict between the catch-at-age information, the observed CPUE 

trend, and the selectivity functional form assumed. Two 

reservations about the calculation procedures used should be 

noted: 

i) Variations in the P1, J 0 
b • data have been enti rel.Y 

attributed to multinomial sampling error arising from 

ageing a finite-sized <Q> sample of the catch. However 

the selectivities that determine the relative proportions 

of different age-classes harvested each year would be 

expected to show annual fluctuations <arising from 

fleet variations in environmental factors and 

distribution>. Neglecting this "process" error means that 

t~e multinomial approach will under-represent the degree 
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of variation to be expected in the P1,Job• data. 

ii) The selectivity functional form assumed, despite allowing 

for some variation with time, may well be inadequate to 

account for the major change in catch age structure 

<particularly for the younger ages> evident in Table 8. 1. 

<Although this may be primarily related to inappropriate 

allowance for changes in discard patterns as discussed 

elsewhere in this Chapter>. 

Fixing Q relatively large and keeping a small only allows for 

11 d ·rr b t th p . d p ob• sma 1 erences e ween e 1,,, an t,, , this lack of 

flexibility means that biomasses derived from the Pt,, have 

little chance of good agreement with the CPUE trends, and so 

given the ·chance of an unspecified 01, the fitting procedure 

reacts by downweighting the contribution of the effort term in 

the log-likelihood function. 

Two approaches to improve matters should perhaps be considered in 

future. The first i~ an ad hoc decrease in the value of Q to 

allow for the selectivity "process" errors referred to in i) 

above. However the appropriate magnitude of such a reduction is 

not known a priori. 

The second is to attempt fits using alternative forms of the 

selectivity function which allow for more flexibility in year-

dependence <even perhaps different functions over different 

periods>. Unless, however, independent procedures can be 

developed upon which to base e~timates .of such selectivity 

changes Ce. g. some relation to geographical changes in the 

fishing fleets operating pattern>, this approach carries the 

penalty of needing to estimate yet more parameters from a 
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likelihood function already exhibiting relatively poor contrast. 

A critical ~component of the search for more appropriate 

representation of the selectivity should be inspection of the 

residuals, e,. J. where 

Ct t J : pi t J 0 b I - pi t J j 8. 3 

analyses reported here Cand in previous chapters> have not 

examined this aspect of age-structure fits, but it is suspected 

that the fits for hake may show markedly non-rando·m patterns of 

residuals. 

These considerations probably have a bearing on the variance 

estimates obtained for the hake biomasses Csee Table 8.5> which 

appear unrealistically small. The re-sampling procedure used to 

calculate these is not strictly of the "bootstrap" type, because 

a particular parametric distribution function Cthe multinomial> 

has been used to generate the pseudo-data sets p,,,•. 

Provided that a and as can be fixed independently, and a 

selectivity form found for which thee,,, are random, it may be 

possible to develop a resampling procedure more in line with the 

fundamental bootstrap concept. This would need to use thee,,, 

residuals themselves to generate the pseudo-data sets P,,,•, 

rather than rely on the multinomial distribution. In this manner 

-selectivity "process" error could be better taken into account. 

Such analyses have yet to be attempted, but it is anticipated 

that they would provide more realistic variance estimates for VPA 

assessments or hake biomasses in Di.vision 1. 6. 

8.5 CALCULATION or MAXIMUM SUSTAIHABLI XIILQ 

Estimates or maximum sustainable yield for hake in Division. 1. 6 
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were obtained using the same approach as adopted for pilchard 

<Chapter 7 and Appendix 7. 1). As in that case, further sets of 

spawning biomass and recruitment time series were generated by 

resampling the data, for the purpose of estimating variances for 

MSY and associated parameters. 

8.5.1 B11ult1 

The stock-recruit relationship fitted to spawning biomass and 

recruitment estimates obtained using the VPA procedure <SHA 

Table 8. 5) is plotted in Figure 8. 7. 

Using an age to maturity of-4 years and natural mortality M=0.3 

yrs- 1
, the MSY estimate based on this stock-recruitment curve fit 

was 142 thousand metric tonnes. The estimated CV was 54 8%. The 

corresponding estimates of Kand Y"sv Cin terms of spawning 

biomass> were K = 530 thousand metric- tonnes CCV= 7. 5%> and y"sv 

= 259 thousand metric tonnes CCV= 11. 6%>. 

Butterworth et al C1986> produce dynamic catch-effort model based 

MSY estimates or 123. 37 CCV= 5. 5%> and 139. 20 CCV= 7%) thousand 

metric tonnes, using Fox and Schaefer models respectively, and 

considering the catch and effort information only. The VPA based 

estimate of MSY is therefore not "significantly" different to 

either result <strictly these estimates are not completely 

independent, so that the standard statistical test cann6t be 

applied>. Their estimate of the 1984 stock status, expressed by 

the ratio or the current total biomass to the MSY biomass level, 

was: 

Fox model - 0. 661 

Schaefer model - 0.712 

VPA based results produced here suggest an equivalent value 
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2.0 

5PAWNI ,._.~ BIOMASS 

Figure 8. 7. Estimates of recruitment CO-group year class 

strength in billions <10 9 > and spawning biomass in million 

tonnes obtained from VPA assessments using a selectivity function 

varying with time are shown(+). The straight line through the 

origin is the replacement line - the number of recruits required 

at that spawning biomass to maintain the stock at that level. 

The curved line is the best fitted Ricker stock-recruit function 

for the spawning biomass and recruitment estimates shown <the VPA 

Q=1000, o=0.05, Ot = 0.1, and included 

effort information, i.e. this corresponds to series SHA - Table 

e. s. > 
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C Yt 9 a 4 I y" a v) in terms of spawning biomass of 0. 56, roughly 16% 

less than the ~Schaefer model result. 

Thus although no serious disagreement between MSY estimates 

produced here and by Butterworth et al C1986> is evident, the 

quota recommendation based on a harvesting strategy such as f"sv 

would differ because of the different estimates of the ratio o~ 

current to MSY level biomass in each case. Results were also 

produced using a value of M=0.4 yrs- 1 • 

K = 545 

Y"sv = 256 

MSY = 142 

Yt9a4/Y"sv = 0.68 

The e·stimates were: 

This suggests that the estimate of Yt9a4/Y"sv resulting from the 

combined VPA and stock-recruit fitting procedure is unacceptably 

sensitive to the value of M chosen, and the catch-effort 

production model based estimates are probably superior, 

they circumvent the pr~blem of specifying a value for M. 

since 

·r The 

larger value of M in fact produces results closer to Butterworth 

et al's; however this cannot necessarily be considered indicative 

of 0.4 being closer to the true value of M because of the large 

uncertainty in the current year biomass estimate obtained from 

the VPA. l 

8.5.2 Poaaibilitr gr bi•••• 

The potential impact of observation errors on the efficiency of 

the MSY estimation algorithm was quantified in a simulation 

study, using the same methods used in Chapter 7 for pilchard MSY 

estimates. As before, the suitability of the resampling 

procedur~ was investigated using parameters typical of the hake 
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r;t_toc_k _ co~si der_ed here. _ SQme typical values from the _ VPA and 

recruitment function regressions, assuming that n=1/2, are: 

o. = 0. 8 (standard deviation or the logarithm or the time 

series of spawning biomass estimates) 

Ou = Ov = Ow = 0. 3 

M = 0. 3 yrs -t 

ex = O. 013 <uni ts: 10 9 recruits per thousand metric tonnes) 

n = 0. 0054 (uni ts: per thousand metric tonnes) 

Results suggest that the differences between mean estimates of 

MSY without observation error, with observation error, and using 

the resampling procedure <Table 8.6> are insignificant. 

8.5.3 A 11n1rali11d r1gruitm1nt rungtion 

Before calculating the fo.t q~ota recommend~tion arising from 

these es ti mates, it is worthwhile re-examining their basis. 

Consider the functional form chosen for fitting the stock-recruit 

data, to isolate just one feature of the model. There are two a 

priori statements which might be reasonable to make about the 

relationship between stock and recruitment. These are: 

1. The function should pass through -the origin. 

2. The recruitment curve and the replacement· line must intersect 

in the first quadrant. 

There are two commonly used recruitment functions which satisfy 

both 1 and 2: 

C a> r = cxy e- • " 

Cb) r = cxy/Cfi+y> 

8. 4 

8. 5 

The ques~ion arises: "Which is the better model?" This problem 

has been discussed by Schnutte <1985>, who suggests that a more 
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Table 8. 6. Simulatiori results for the MSY estimation procedure 

used for hake. Trials A, B and C are referred to in Chapter 7; 

they represent mean and variance estimates obtained without 

observation errors on either recruitment or spawning biomass 

values CA>, then including observation errors of equal variance 

<not equal errors> on both recruitment and spawning biomass 

values CB> and finally using a resampling procedure corresponding 

to the actual procedure used for estimating the mean and variance 

of MSY for hake CC>. JC. V. 's are given as O/MSY * 100. Units 

are thousand metric tonnes. Correction factors for the mean 

estimates obtained in practice are calculated to be the ratio of 

the mean estimate obtained in TRIAL A divided by the mean 

estimate from TRIAL B <when the difference is significant>. 

TRIAL A TRIAL B TRIAL c 

MSY 98 102 101 

Oft s v 7. 5 15. 16 

%C. V. 7. 7 15 16 
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generalised form, which encompasses both Ca> and Cb>, should be 

defined, Ci. e. Ca> and Cb> will be special cases of this form>. 

To describe a general form of the sort envisaged, a further 

parameter is introduced. An appropriate form in this case 

C originally due to Deriso C 1980> J is: 

r = cxy< 1-rfiy> 11 
T 8. 6 

Ca> and Cb> are the special cases r -> O and r = -1 respectively. . . --

CApart from these special cases, the continuum r = -1 -> -co 

provides recruitment curves which are unbounded and show 

asymptotic behaviour increasingly close to that of a linear 

trend. For 0 ~ r > -1, recruitment tends asymptotically to zero 

at a declining rate as r decreases·towards -1. J Now to identify 

the better of two models Ca> or Cb), it is necessary to be able 

to say something about the value of r. If r is very poorly 

determined, then Ca) and Cb> are indistinguishable. 

Consider again the fitting procedure set out by Ludwig and 

Walters C1981>. This can very easily be extended to fit a 

generalised non-linear recruitment function, say fr(y). The 

model would then be: 

r' = fr ( y i ) ex pc u' ) 8. 7 

where the notation is the same as used in Chapter 7 Ci. e. ua = 

process error, r, = true recruitment, = true spawning 

biomass>. Following C 8. 7>: 

Rt= r, expcv,> = frCy,> expcu,+v,> 

= fr<Ya> expce,> 8. 8 

Also as before: 

Y t = Yt exp( Wt) a. 9 
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C Rt = observed recruitment; Y1 = observed spawning biomass; Vt 

and w1 are the multiplicative observation errors for ~ecruitment 

and· spawning biomass respectively, expressed as natural 

logarithms of the multiplicative factors.> 

Again the n+3 model parameters can be estimated by minimising the 

sum of squared residuals, the Wt and e1, assuming that they are 

normally distributed. The difference of the particular case for 

f I" ( y) = ayC1-rfiy) 11
T compared to that considered in the previous 

chapter is just the additional parameter r. 

Attempts at fitting the g~neralised model to the hake stock 

recruit data were successful <with a r < 0 constraint>. The best 

fitted value of r was -0.68, with a CV of 54% <using the 

resampling procedure outlined in Chapter 7>. 

y" s v and K were: 

K = 612 Y"sv = 259 MSY = 137 

Results for MSY, 

Thus the estimates of MSY and Y"sv are little changed, although K 

shows some substantial difference compared to the value of 530 

000 tonnes obtained before when fitting the Ricker model CM=O. 3 

yrs- 1 in both cases>. The data do not therefore appear to support 

a distinction between the two specific types of asymptotic 

behaviour for recruitment, r = 0 or r = -1. In addition, freeing 

the "distinction" parameter r does not meaningfully 

estimates of sustainable yield and MSY biomass levels. 

8.5.- An f9,1 gyota atr1t11v 

alter 

Decisions about quotas are frequently based on the idea of 

marginal yields <to take cognisance or economic factors such as 

the costs of applying additional fishing effort>. The marginal 
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yield of a fishery can be expressed as the ratio of the change in 

sustainable yield to the small :change in fishing effort, 6E 

required to effect that yield change - in the limit 6E -> 0 this 

becomes t.he derivative of sustainable _yield with respect to 

effort. 

A common management objective in terms of this marginal yield 

concept is to bring the stock to and maintain it at a size for 

which the marginal yield is 1/10 of the marginal yield realised 

for the pristine stock siz~. At this point the terminology 

common.ly adopted is: 

stock size: Yo. t 

effort level: Eo.t 

surplus production: G<yo.t> 

To achieve the yo.t biomass level it is necessary to have a quota 

strategy which will result in equilibrium at this biomass level 

Cat least concept~ally> - the equilibrium catch at this point 

would be GCyo.1>. One such strategy is to take a quota which is 

the same fraction or the current biomass level as GCyo.1)/yo.1. 

This quota is conveniently represented as Qo.t - i.e.: 

Qo . t = Ye 11 r r • n t GC Yo . t) I Yo. t 

I~ general th~ yield pir re~iuit based analysfs produces skewed 

effective production curves Ci. e. y" s v ~ K/ 2>. Allowance for 

skewness can be made by incorporating a further parameter in the 

usual logistic equation: 

GCy) = ryC1-y/K)~ 

If catch is proportional to effort times stock biomass, 

then the.equilibrium catch level in ·terms of effort is: 

283 

C=qEy, 



C = EKqC 1-< Eq/ r> 11 "1 

From this one can show that: 

dC/dE E•O = Kq 

Also: 

dC/dE = qy - Kq<1-y/K)/"r 

The value of Yo.t is obtained by solving: 

dC/ dE t = o. 1 dC/ dE I 
Eo.t E=O 

Solution yields: 

Yo.t = {(1+-r/10)/(1+-r»K 

A deterministic estimate of -r is given b~ 

-r = K/ y" s v ._ 1 

For the v~lues pertinent to the stock under consideration 

<obtained using the Ricker stock/recruit fit>, vi2. K=530 and 

y"sv=259, the value of 't" is 1.046 which is very close to 1; 

skewness of the surplus production curve is apparently not a 

serious problem in this case. 

The fo.t strategy quota recommendation is therefore 70 thousand 

metric tonnes <Ycurrent - i.e. Yt984 - is given in spawning 

biomass units as 145 thousand metric tonnes>. For M=0.4 yrs-~ in 

all calculations Qo.1 = 85 thousand tonnes. These values are to 

be compared with values of 89.6 and 93.6 obtained from dynamic 

Fox and Schaefer models reported in Butterworth et al, 1986. 

8.6 CONCLUSIONS 

In term~ of results presented here, there is no substantial 
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difference be~ween the quota recommendations arising from use of 

either the dynamic catch-effort production model or the VPA 

estimates. The only quantity for which some discrepancy 

initially seemed to exist was the ratio of the current stock size 

to the MSY biomass level. This estimate was subsequently shown 

to be unreliable, since it is sensitive to the value of M chosen, 
, 

for which the a priori basis is rather poor. 

Superficially the VPA results for sustainable yields and quota 

recommendations appear to provide independent confirmation of the 

values obtained by Butterworth and Andrew- C1984> and Butterworth 

et al <1986> which are based on dynamic catch-effort models. 

This implication is however almost certainly grossly misleading. 

A quick comparison of VPA results produced without use of effort 

information <Table 8.3 and Fig 8.2> with those including effort 

C Fig. 8. 2; Fig 8.3> is enough to see that the final results. are 

critically dependent on the use or the ~ffort data, and hence on 

the weighting given to the effort data. The conclusion that the 

VPA based MSY estimates are little more than a re-representation 

of the dynamic catch-effort modelling estimates seems to be 

fairly clear. 

It is necessary at this stage to consider what additional insight 

Cif any> ~egarding the h~ke stock has been gained from the VPA 

assessment. The VPA without effort does admittedly yield 

sensible results over the period 1964 - 1974, which are in 

accordance with the estimates using catch-effort data only. 

After that time increasingly unrealistic biomass estimates are 

produced. In terms of the discussion in Appendix 5.1 an 

inappropriate description for changes in catch age structure is 

chosen, viz. a decreasing mean age of the catch <see Fig. 8. 4) 
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is put down to very large and persistent increases in 

recruitment. Even with effort data included this effect is 

noticeable for the years 1982 ·to 1984 C Figs 8. 2 and 8. 3>. 

Alternatively to suggestions made in Appendix 5.1 this tendency 

may be due to the <suspected> reduction in discard rates for 

smaller hake. Note in this regard that a reduction in mean 

catch age has been observed ror hake stocks in ICSEAF Divisions 

1.3+1.4, 1.5, and less so in 1.6, over the last approximately 10 

years <Butterworth et al, 1986>. 

substantial change in the hake 

If there has i~de~d been a 

discard pattern, this would 

definitely add to the problem or resolution raced by the VPA, 

perhaps facilitating the complete misinterpetation shown in Fig. 

8. 2. 

The possibility that discard rates have decreased in recent years 

raises some disturbing questions about the validity or even the 

dynamic catch-effort production model results. Note that if the 

discard rates have declined steadily in recent years, then 

recorded catch rates would be artificially elevated relative to a 

"true" CPUE trend which iA. proportional to stock size. One of 

the most striking features or the catch rates for the hake stock 

considered here <Division 1.6> and others <Divisions 1. 3+1. 4 and 

1.5> is the recent increase in CPUE <catch per unit effort>, 

following many years or decline <Butterworth ~t 

fact this recent upturn in CPUE trends is 

al, 1986>. 

central to 

In 

the 

precision or MSY estimates; Andrew <1986> notes that it is only 

following a changeover from decreasing to increasing catch rates 

that estimates or the surplus production parameters become at all 

reliable. However, an increase in CPUE, and a concommittant 

decrease in mean catch age is qualitatively consistent with a 

reduction in the discarding or smaller hake, without necessarily 
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any real change in stock biomass. The potential impact of this 

effect depends on the extent of discarding; the CPUE for 

Di vision. 1.6 has increased by 43% since 1974 <see Table 8. 4). 

For the true CPUE trend to have remained constant, with the 

increase being due to a change in discard practices alone 

requires that past discards constituted at least some 43% of the 

annual catch. Adjustments to shorebased estimates of catches 

before 1972 have been made to attempt to correct for this - the 

pre-1972 catches are all elevated by 39% <Andrew, 1986). The 

main concern .voiced here is however about the levelling off 

followed by a steady increase in CPUE since 1972 which this 

adjustment does not affect. 

The practice of discarding economically unattractive portions or 

the catch at sea is illegal in South Africa, and so it is 

understandably difficult to obtain even reliable comments about 

the extent of discarding both past and present. The possibility 

or modelling the discarding process is therefore remote. However 

in view or the distorted impression which can be created in the 
' 

catch statistics record by discarding, it is not clear that the 

industry would be protecting even its own interests by possible 

clandestine dumping of fish at sea (if indeed they have in the 

past!>. Long term investment decisions which are based on 

results such as are reported here are valid only insofar as the 

reporting or past catches has been sufficiently accurate. 

The potential implications or this discard problem, and the 

difficulty or policing an industry which enjoys such vast 

autonomy in its operations, vi2. its activities at sea, raises an 

interesting yet disturbing possibility. It is conceivable that 

fishermen can learn the link between favourable quotas awarded, 

and data submissions. Thus for example reporting favourable 

287 



catch rates would in terms of the models set out here produce 

favourable quota allocations. .~he possible existence of this 

maxim in the minds of fishermen is worth investigating. 

As far as improvements to the current stock assessment practices 

are concerned, VPA must on the basis of results ~roduced here be 

seen as an expendable appendage, which is only justifiable if 

real ·benefits in terms of parameter precision Cor insights other 

than those directly related to stock size· and recruitment -trends 

such as have been developed here with regard to the discrepancy 

between VPA and dynamic catch-effort model biomass 

can be demonstrated. VPA is potentially useful in 

particularly good or bad year classes <this is only 

es ti mates) 

detecting 

useful if 

·management can respond to such information> - however the success 

of such calculations depends on Whether independent estimates of 

changes in selectivity can be developed. The most pressing issue 

which must be addressed is the question of whether recent Cover 

the last 1-0 years or.so> increases in catch rates are real or 

artifactual. 

The scenarios sketched above are perhaps far too pessimistic 

unfortunately on the other hand use of the results of 

mathematical models without appropriate consideration of the 

validity of the underlying assumptions is potentially misleading, 

perhaps leading to excessive optimism. The statistical 

calculations reported have been carried out in the most 

optimistic and liberal manner. For example, the assumption of 

independence or errors is the bedrock or all the fitting 

procedures used. Strictly this should have been confirmed by 

testing the residuals obtained from the fitting procedures, 

whenever these were employed. Nevertheless it has been noted 
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9. GBNBRAL DISCUSSION AND CONCLUSIONS 

9.1 WHOLE SYSTEM STQDY 

A crude evaluation of material flows and standing stocks in the 

Benguela system, including lesser studied species <inaccessible 

to research, or commercially unimportant>, was made. Results 

suggest that the productivity of juvenile Cdemersal> hake <3 

million metric tonnes per year or more>, squid C>0.5 million 

metric tonnes per year>, and midwater shoaling fish <together > 

0.5 million metric tonnes per year> is substantial compared to 

the total annual landing of marine fish off South Africa which is 

in the region of 0.5 million metric tonnes. Accordingly the 

biomass of these species is also substantial compared to these 

landings. The consumption of anchovy and other epi-pelagic 

shoaling fish is dominated by piscivorous fish, particularly 

snoek Csnoek may consume as much as 0.4 million metric tonnes of 

anchovy per year, out of a total anchovy production of in the 

region of 2 million·metri~ tonnes wet mass per year>. Anchovy 

are the main fish consumers of plankton, with an estimated annual 

consumption of more than 20 million metric tonnes <mainly wet 

zooplankton>. 

Total plankton production is in excess of 800 million metric 

-tonnes wet mass per year~ About 32%~f this enters higher 

trophic levels in the epi~pelagic region <mainly through grazing 

by zooplankton>. It is suspected that the bulk of production in 

the zooplankton and demersal communities <the latter is dominated 

by hake> is recycled by omnivorous feeding in the case of 

zooplankton and cannibalism in the case of hake. For hake, the 

amount of material recycled annually is in the region of 10 times 

the amount taken each year by trawlers. The biomass and 
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production an~ consumption rates of apex predators such as seals, 

whales, dolphins and seabirds <sizes of the order of metres to 

10's of metres> is quantitatively unimportant by comparison with 

species consisting of smaller individuals <sizes of the order of 

10's of centimetres>. 

Some of these findings are important to present stock assessment 

procedures. F-or example, the phenomenon of hake canni~ai~sm has 

some very important implications for hake assessment using VPA. 

Overall, however, this study demonstrated that material flows in 

the ecosystem are known only very crudely, and this suggests that 

the development or complex multispecies models is somewhat 

unrealistic at present. 

9.2 JIBTYAL poryLATlON ANALYSIS 

The bulk or this thesis has been directed at the practical 

application or cohort analysis techniques. The classical 

ap-plication of VPA, as· propounded for example by Gulland <1965>, 

is restricted to the use or catch mass and age structure 

i nrormation only. In the more generalised approach or Fournier 

and Archibald <1982>, based on maximum likelihood estimation, 

these data may be wedded with any other abundance-related 

information concerning the £ishery. The main r-eser-vation voiced 

with regard to Fournier and Archibald's model concerns their 

failure to adequately distinguish between measurement errors <in 

the catch-at-age matrix>, and process errors <also termed model 
~ ... 

prediction errors>. 

This problem or making the appropriate distinction between - . 

' 

process error and measurement error is perhaps of most importance 

in regard to the techniques used for estimating variances. The 
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bootstrap-like procedure developed here produces a reasonable 
, 

impression of the errors in the VPA subject to sampling errors on 

estimates of Pt,J and Ct. However the additional model error 

which exists will almost certainly cause the variance estimates 

shown for the anchovy and hake biomass estimates to be 

underestimates Cfor convenience of expression we refer to 

"underestimates", though more correct terminology would be 

"negatively biassed"). 

Simulation results which were obtained with the VPA model 

described by Fournier and Archibald C1982> confirmed Pope and 

Shepherd's <1982> findings regarding the inadequacy of the catch-

at-age data alone. Results produced using effort information for 

which CPUE was approximately proportional to stock biomass showed 

marked improvements in biomass estimate precision. 

Further investigations into the pr~cision of estimates of Ot and 

K indicate that whereas Ot might be reasonably precisely 

estimated from the fitting procedure, M is not given with very 

good precision. The simultaneous estimation or a and Ot proved 

to be unsuccessful, as was suspected by analogy with linear 

models. 

An overall recommendation arising from the simulation results was 

therefore that VPA should not be attempted in the absence or 

additional relative abundance jnformation. Analyses of actual 

data for some South African stocks was commenced with this in 

mind. 

9.2.1 Ancboyr 

Minimum estimates Ci.e. negatively biassed by an unquantified 

amount due to unaccounted model error> of the variance of South 
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Af.rican anchov,Y biomass values evaluated using VPA were obtained. 

If one assumes that; 

1. anchovy ages have been correctly determined, 

2. the available CPUE information is linearly proportional 

3. 

to abundance <i.e. no systematic bias effects such as 

catchability inversely related to abundance>, 

the value of M, 

is known, 

the naturai mortality <assumed constant> 

4. the weighting constants for the catch mass and effort 

data in the VPA likelihood function are known, 

5. samples from which age information is obtained are chosen at 

random, and 

6. age specific selectivity is invariant over the history or the 

fishery, 

and that the statistical assumptions discussed in Chapter 3 are 

valid, then the coefficient of variation for the abundance 

estimate for the most recent year is in the region of 20% <for 

the chosen values Q, o, ot>. In a separate simulation it was 

shown that, because anchovy ages have bee~ determined using the 

same age-length key estimated from samples collected from 1965 to 

1967 instead of from a key determined each year, the current year 

abundance estimate may be in error by about 50%. 

There is however little cogent reason to expect proportionality 

between fishing mortality <Ft> and effort expended <Et> for 

anchovy, since 

that 

their shoaling behaviour probably destroys the 

population density and catch per unit effort possibility 

rates <if effort is some gross fishing time es ti mate> are 

linearly related. Further r•cent direct survey results show that 

there must be considerable emigration from the main fishing 
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grounds with increasing age, which could be mimicked by a 

corresponding decrease in selectivity Csee Appendix 5.1>. These 

two considerations suggest that the VPA parameter fit should be 

attempted without use of effort information .or specification of 

the asymptotic slope pr the selectivity function. This less 

defined model yields a much wider range of possible biomass 

trajectories. These include trajectories· showing a consistent 

and overall 10 fold increase in stock abundance and recruitment 

between 1968 and 1983 Csee Fig. 5.3>. 

This feature could be an artifact of failing to take emigration 

of anchovy into account in the model. The effect of emigration 

would be to cause additional falloff of numbers caught at age 

with increasing age, over and above the effects of fishing and 

natural mortality. Assuming that the VPA model was approximately 

correct, 

may, for 

except for the emigration effect, the fitted parameters 

some data sets, opt for an artificially increasing 

recruitment trend which would continually elevate apparent Z 

<total mortalities) values for the catch for each year. 

Perhaps the most significant recent development for VPA are 

recent results concerning the anchovy growth rate. On the basis 

of growth rate studies it is now thought that the anchovy catch 

consists predominantly of recruits, whereas pr~vious results 

suggested a substantial contribution from older age groups. 

virtually rules out VPA, since the basic age structure 

This 

input 

hardly exists anymore. It is therefore concluded that 

biomass trajectories arising from the VPA based only on 

anchovy 

catch 

mass and age structure information are artifacts of measurement 

and model inadequacies, and are of no value whatsoever for future 

management of the anchovy resource. 
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g, 2.2 Analx1i1 of auano record• 

In the case of the local pilchard stock, the only other data 

available for augmenting catch-at-age information are commercial 

records of guano yields <effort data are affected by the same 

problems as detailed for anchovy>. Two important features of the 

guano harvest time.series were investigated. These were the 

existence of significant periodicities with periods of between 4 

and 6 years, and a 3 year lag between guano harvest-trends ~t two 

islands, which may be related to birds at the two islands feeding 

on pilchard differing in age by 3 years. 

From the · properties of simple difference equations and 

considering plausible ranges for seabird population dynamic 

parameters, it was argued that the guano producers, the seabirds, 

are incapable of producing periodic effects with such high 

frequencies, and these periodicities are more likely to be due to 

fluctuations in pilchard population size and recruitment which 

subsequently affects guano production. 

The case for pilchard dynamics being reflected Cat a fine scale> 

in guano records is strengthened by evidence of a 3 - year lag 

trends in guano harvest at two islands. between 

island, Bird Island Lamberts Bay, is situated in 

The leading 

the prime 

pilchard recruitment grounds ·near St. ~elena Bay, while dietary 

•vidence. shows that ~annets at the second island <Bird Island 

Algoa Bay> 

pilchard. 

are, 

The 

and probably were historically, 

analysis of this phenomenon 

feeding on large 

was primarily 

concerned with the possibility of a more complex link between the 

two time series, other than the obvious pilchard juvenile - adult 

lag during migration. 

A major flaw in the argument that the lag between guano 
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production trends at the two islands is simply the difference in 

age between fish consumed by the t~o different gannet colonies is 

the fact that the gannets at Algoa Bay are consuming mainly 1. 5 

to 2 year old - and not 3 year old - pilchards. This may 

however be due to a more complex model of recruitment on the West 

Coast and how this eventually influences the food source of 

gannets at Algoa Bay. The existence of restricted surface water 

flows may prevent recruitment peaks which develop in the vicinity 

of Lambert's Bay from reaching Algoa Bay in the same year. 

Rather, the young adults Cat first maturity> of the 

aforementioned recruitment p~ak would first migrate onto the the 

Agulhas Bank. Some of the recruitment from their spawning 

acitivity would then be able to reach Algoa Bay, since the Agulhas 

Bank straddles- the oceanic divergence zone restricting the 

eastward flow of eggs spawned on the West Coast. Gannets would 

then feed on these pilchard recruits once they reach an age of 

about 1. 5 years. Hence an overall lag of 3 years is still 

feasible, comprising the 1.5 years for adults to reach the 

Agulhas Bank, and another 1.5 years for their recruits to become 

attractive as prey for gannets at Algoa Bay. 

In view of these results, the use of the Lambert's Bay guano 

harvests as pilchard recruitment indices in the VPA likelihood 

function is advocated. 

9.2.3 Pilghard 

VPA model fits confirmed that the South African pilchard 

population biomass collapsed b~ more than an order of magnitude 

in the mid 1960's, and this particular observation is still in 

general agreement with previous work CCenturier-Harris, 1977; 

Crawford et al, 1983>. The details of the estimated trend are 
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however contrary to the conventional scenario develDped on the 

basis of this earlier work. These earlier estimates all 

suggested a marked biomass peak in 1960 they indicated in fact 

that the fishery expanded in the late 1950' s and early 1960' s 

concurrently with the entry of some very strong year classes into 

the fishery. The pilchard coll~pse subsequent to 1960 has in the 

past often been attributed to catches climbing too high over this 

period of enhanced recruitment together with relative recruitment 

failures throughout 1960-1965. 

The results produced here suggest a far weaker biomass peak in 

1960, with the essential feature between 1950 and 1965 being a 

.decline in biomass. This tends towards a more classi~al model of 

overfishing and subsequent collaps~ as the MSY was exceeded and 

the stock size fell below the MSY biomass level. 

The pilchard MSY was estimated from the convexity in the 

relationship between CVPA generated> recruitment and spawning 

biomass. After applying a correction factor for the discrepancy 

between observed catch masses and those consistent with the 

catches at ages and a further bias correction factor for bias 

arising in the stock-recruitment fitting procedure, a MSY of 

roughly 324 000 metric tonnes was suggested, with an estimated 

C. V. of about 33%. Estimates of the MSY spawning biomass level 

of about 1.0 million metric tonnes and an unexploited spawning 

biomass CK> of 2. 4 million metric tonnes were obtained. 

In further analysis it was shown that the occurrence of 

excessive recruitment variability means that even if the MSY is 

taken regularly with the stock at K/2 cz y"sv>, the probability 

of the stock dropping below 20% of K in a typical 20 year fishing 

period i~ about 60%. To keep the "collapse" risk ("collapse" is 
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defined here as the stock dropping below 20% of K> less than 10% 
J 

in a typical 20 year period, the maximum allowable constant catch 

quota is only about 187 000 metric tonnes. This is most likely 

an optimistic result, since additional uncertainty about the 

estimate of MSY which would lead to additional "collapse" risks 

has not been accounted for. 

9.2.~ BAU. 

The VPA fit for the hake stock in ICSEAF Division 1.6 was 

attempted without using any effort information. Sensible results 

Csee Table 8.3 and Fig. 8.2> were only obtained for the period 

1964 - 1974; thereafter the best-fit biomass trajectory increased 

to grossly unrealistic levels. This phenomenon is understandable 

in terms of the basic ambiguity of the catch-at-age data with 
. 

respect to stock sizes Csee Appendix 5.1). Clearly the VPA 

without effort data is of no particular value on its own; effort 

information must be included in the. likelihood function. 

additional effort information in the VPA likelihood 

function, the resultant MSY estimate is essentially the same as 

that produced by the dynamic catch effort model for which results 

are reported by Butterworth and Andrew C1984> and Butterworth et 

al <1986>. One is therefore led to question the value of 

incorporating the in-formation about catch age structure into the 

analyses (viewed from the point of view or the dynamic production 

model analysis based on CPUE data; Butterworth and Andrew, 1984>, 

considering first the meaninglessness of VPA without effort or 

relative abundance information, and secondly the large number of 

additional and questionable assumptions which must be made before 

the age data can be taken into account: 
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1. 

2. 

A value must be assumed for natural mortality CM>, normally 

taken to be age independent and constant over the catch 

hi story. 

Appropriate weights between the age structure CQ>, catch 

mass Co2 > and effort Co1 2 > .·data must be ascribed. 

3. A model must be chosen to represent changes in selectivity 

with age, and possibly also changes of this age-pattern with 

time. 

Another concern is the matter of discarding at sea. Conclusions 

that this stock has made a substantial recovery since the mid-

1970' s, and estimates of MSY and TAC's, depend critically on the 

recent upward trend in biomass. However this optimistic picture 

seems contradicted by the decreasing trend of the mean age or the 

catch. Both could be real effects - brought about, for example, 

by geographical changes in fishing strategy and associated 

selectivity changes together perhaps with enhanced recruitment 

trends. However, if ~iscards of younger ages were frequent in 

the the past, and have recently been much reduced <economic 

reasons such as the increased marketability of smaller hake could 

account for this> then some disturbing possibilities become 

evident. 

catch age, 

For example the current CPUE increase, with decreasing 

may be caused by a reduction in discarding; at the 

same time the actual stock size could well be decreasing. All 

the current estimates or hake sustainable yield would be 

invalidated by such an effect if substantial. The increased CPUE 

trend could also be an artifact of undetected efficiency 

increases in the fishing operation vessel power factors are 

only crudely determined. These problems warrant further 

investigation. 
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9. 3 PINAL COMMENTS 

In summary, there are two obstacles which prevent the achievement 

or reliable population size estimates using catch-at-age data 

only. Fi rs t, th~ database in question is equivocal in its 

specification of abundance trends. A particular catch age 

structure may be generated by one or more of at least five 

factors. These are fish recruitment trends, fishing mortality 

<and/or selectivity), natural mortality and emigration. It may 

be reasonable to set natural mortality constant over all years 

and ages and to specify its value, so that data input to the VPA 

likelihood function exceeds the number or model parameters. Even 

so, the remaining factors ha~e to be distinguished in the 

analysis. The model developed here frequently failed at this 

point, and this manifested itself in the extensive imprecision or 

anchovy biomass estimates and also the severe problems 

demonstrated for the hake VPA in the absence or effort data. 

This problem of the flatness ~n parameter space or the likelihood 

function given only catch and age information is appreciably 

reduced when additional relative abundance information is 

incorporated in the likelihood function, and if the functional 

form of the age specific fishing selectivities is specified. In 

this context, the usefulness of information concerning the age 

structure of the catch Cadded to the catch mass and abundance 

index data> is at best to define q, the proportionality constant 

between a biomass index <such as CPUE> and absolute abundance. 

The efficiency of VPA in giving some indication of the value of q 

is critically dependent on the natural mortality constant CM> 

assumed; the basis for the M value chosen is frequently poor 

therefore even q seems not to be given reliably by the age 

structure data. 
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The fundamental question is really one of whether this additional 

age structure data does in reality provide more information on 

the biomass trajectory than is given by the catch mass and CPUE 

trends alone. The example of hake presented earlier suggests 

that the VPA does not substantially enhance the precision of 

biomass estimates - though admittedly a more rigorously 

statistical analysis is necessary to confirm this. The 

incorporation of the additional age structure data requires a 

number of extra parameters, which leads to further estimation 

problems. This is so even ignoring certain parameters which !11!!§!. 

be specified in order to obtain results with acceptable 

precision. These include a value for natural mortality and 

relative weighting for effort and age structure information. 

Simulation results suggest that these, and mainly the weighting 

factors and the natural mortality, cannot be satisfactorily 

estimated by the fitting procedure <Chapter 3>. The overall 

impression is that age structure data is unlikely to improve 

precision of estimates of management related variables for the 

major South African fisheries. 

A recent local development has been the use of direct surveys for 

obtaining absolute abundance estimates for anchovy. The 

techniques being used are hydroacoustic survey and egg production 

estimates. Preliminary biomass estimates have been made public, 

placing the November 1984 anchovy spawning biomass at roughly 1.3 

million metric tonnes <Armstrong and Butterworth, 1986>. 

Potentially these estimates offer the first opportunity to make 

real progress in pelagic fishery management, and have already 

revolutionised theories about stock habitat, migration and 

dynamics. However, skepticism about their short term value has 

already been voiced <Butterworth, 1985>, and it seems that, even 
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when the simplest management models, based on direct surveys, are 

used, gross uncertainty is unavoidable because, inter alia, of 

the high variances and potentially large systematic errors for 

these direct survey assessments. This uncertainty is emerging as 

an inherent feature of scientific knowledge about marine 

ecosystems, dispelling the myth of an eventual, precise 

understanding of ecodynamics. 

In an attempt to cope with this uncertainty, models are being 

developed which unite the complete ambit of dynamic and 

statistical effects and limitations concerning the fishery. It 

is now realised that appreciable data contrast is necessary for­

estimating the surplus production function with reasonable 

precision, and that this data contrast may have to be the result 

of conscious decisions rather than accidental mismanagement 

CSmith and Walters, 1981; Ludwig and Hilborn, 1983; Walters, 

1984) . Achieving this data con.trast by varying quotas has 

limited merit because of the high cost involved CR. Bross, pers. 

effort cQmmn>, and other imaginative options involving shifting 

between a number of contiguous stocks with the same overall quota 

allocation <Ludwig and Hilborn, 1983> are perhaps more appealing 

<this may be feasible for the various ICSEAF Divisions for hakes 

in Namibian or South African waters>. 

The essential implications of the analyses presented in this 

document are that the apparent accuracy offered by earlier 

deterministic cohort analysis techniques was <and continues to 

be> misleading; 

estimates must 

estimated biomass trajectories and subsequent MSY 

be interpreted with appreciation of their 

statistical precision. 

endorsed by this work, 

The necessity for direct surveys is fully 

which indicates that adequate assessment 

of some major South African fisheries on the basis of catch 

302 



statis~ics alone ~sat ,best 6pen to reservation Ce. g. hake> and 

at worst probably impossible Ce. g. anchovy and pilchard>. 
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Appendix 1. 1 NOTATION 

Consider A as representing any of the variables or parameters 

under consideration in this work; then ad"ditional sub-, super-

and prescripts are used to alter its sense. These are usually; 

A 

A'nd 

Al • J • I 

A< t> 

Refers to the true value of a variable or parameter -

this can also represent an estimate of A, 

defined as such in its context. 

This is the observed value of A. 

An index of A. 

when 

Any possible combination of i,j or 1 may occur, where 

i refers to year, 

For example, C1. 

caught in year i, 

j to age and 1 to length 

is the total number or 

class. 

fish 

while C1,J is the total number 

of f~sh caught in year i ·which belong to age class j. 

This defines the units or A as mass rather than 

number <of fish>. 

A continuous variable, dependent on time, t < 1 is 

some ti mes u·sed, where l=fi sh caudal length>. 

Only a limited number of variations of the base symbol A are 

defined in the table presented below. The interpretation of 

other symbols follows from the definitions already shown. 

ENGLISH SYMBOLS 

ao the constant term in the expression for a time series 

in terms of its Fourier components 

6. 2). 

<see equation 

the coefficent of the real part of the kth Fourier 

component or a time series <see equation 6. 3>. 

314 



the proportion of fish <in year i) aged j which also 

f~ll in the length class.l <"age length key"). 

matrix representation of the age length key, ai,J, 1 

A,;, 1 The number of fish caught which are aged j and occur 

within length class l <in a particular year>. 

The biomass of a fish population at the beginning of 

year i . 

Bi , k The k t~estimate of the biomass of a fish population 

<from for example a resampling exercise~. 

b The parameter of the functional form used to describe 

s,, the age specific sel_ecti vi ty <see equation 3. 29>. 

bt, b2, bJ; parameters used in the hake selectivity function <see 

equation 8.1 and 8. 2>. 

bk the coefficent or the imaginary part or the kth 

Fourier component of a time series <see equation 

6. 4). 
I 

BC t) instantaneous fish population biomass. 

The number of fish caught in year i (just C if no 

year refere~ce is intended). 

The mass of fish caught in year i <or just •c as 

above). 

cl ( t> The instantaneous catch rate in year i, where the 

time variable refers to fish age. 

C.V. or CV Coefficient af variation, defi·ne·d as the square 

root of the variance <or standard deviation> divided 

by the mean. 

Carbon isotope with atomic weight 14 - this symbol 

refers to a particular method or estimating carbon 

fixing rates attained by phytoplankton. 

Ck The harmonic amplitude of a time series at the k th 

Fourier frequency <see equat~on 6. 5>. 
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the natur~l logarithm of the ratio of the aat2h 6f ~ 

~ 

cohort during the interval i,j to the catch during 

the interval i+1,j+1 <catches by number> C see 

equation 3. 17>. 

The fishing effort expended in year i (just E if no 

year reference is implied>. 

A measure of average annual fishing mortality, 

corresponding to the model where F1,J = F1SJ. 

The instantaneous catch rate per fish for a cohort in 

year i where age is j . 

the proportion of fish in the catch in year i which 

fall in length class 1 . 

r• c w> The normalised sample spectrum estimate of a time 

series, defined by equation 6.8 

r r (. • ) A generalised recruitment function <see equation 8.6 

and 8. 7> . 

Ga Annual commercial guano harvests at va~ious seabird 

island breeding sites. 

matrix representation of the normalised length 

distribution of the various age classes in the catch 

<see equation 5.11 and section 5. 3>. 

the normalised length distribution of the various age 

classes in the catch, s .. ubscri pt variable 

representation of £ . 

g .. ( t> a function CBradu and Mundlak, 1970> used in 

lognormal estimation. 

the normalised periodogram of a time series for the 

various k Fourier components Csee equation 6.7>. 

H The number of fish which are sampled in order to 

Obtain ft, I obs. 
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--

the number of fish sampled and aged in length class 1 

fqr purposes of building up an age-length-key. 

i A subscript variable which defines the year of 

fishing being referred to. Thus i=1981 refers to the 

period 1 January 1981 to 31 December 1981. 

j A subscript variable which defines the fish age being 

referred to. Thus j=3 refers to fish aged between 

exactly 3 years old and exactly 4 years old. 

Birthdays are assumed to occur on the 1· st J·anuary. 

defines the point of inflexion in the hake 

selectivity function Csee equation 8. 1 and 8. 2). 

K The carrying capacity of an ecosystem for a species. 

Kt The gross growth efficiency of an individual animal. 

k. proportionality constant between fishing effort CE1> 

and fishing mortality CF1>. 

proportionality constant between recruitment index 

and recruitment. 

k. proportionality constant between biomass index and 

biomass. 

lmax The total number or length classes considered in 

reporting the length frequency distribution or the 

catch. 

l A subscript variable which defines the fish length 

class to which referenc~ is made. These vary for 

different fish, but the length increment between 

successive length classes is normally 0.5 cm. or 

caudal length <alternatively it may be used as a 

continuous variable for fish length, eg. in C< 1)). 

Mi. 'J The natural mortality <instantaneous death rate per 

fish) for a cohort aged j in year i. 

317 



M The natural mortality <instantaneous death rate per 

fish> assumed constant for all cohorts at all ages. 

MSY 8
, MSY 8

; various variables representing maxi mum 

m 

n 

Q 

q 

r 

Rt 

ra 

r< a, n, y> 

sustainable yield - defined in section 7. 8. 

the maximum number of age classes which are 

considered in the VPA. 

The number of years of fishing considered in the VPA. 

The number of fish in the population on 1 January in 

year i aged exactly j years; this usually ref~rs to 

numbers as estimated by the VPA. 

symbol for molecular oxygen - this symbol 

refers to a particular method. of estimating carbon 

fixing rates attained by phytoplankton. 

The proportion of fish in the catch in year i which 

fall into age class j <i.e. aged j to j +1 years>. 

The number of fish which are aged each year to 

determine P1,,•b• from a random sample of the annual 

catch. 

The catchability coefficient for the relationship 

between CPUE and population biomass. 

The number or sampled fish which are round to lie· in 

age class j in year i. 

The maximum per capita population growth rate for 

logistic growth dynamics <also used for Pearson's 

correlation-coefficient>. 

The estimated annual recruitment into a fishery in 

year i. 

The true annual recruitment into a fisher~ 

recruitment as a function· or the two parameters, a 

and n, and spawning biomass, y. 
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T 

t 

Ut 

Vi 

v. 
W( W) 

Wt 

y, 

A weighting factor, dependent on age, j, which is 

equal to selectivity CF,,, modelled by p,s,J. 

The age to maturity fo.r various seabird species C and 

sometimes for pilchards>. 

the continuous time variable. 

Uniform UC0,1> random"variates. 

the model error of the logarithm of recruitment in 

year i <see equation 7. 10>. 

Observation error of the logarithm · of spawning 

biomass <see equation 7. 10>. 

The size of the adult seabird population in year i. 

The squared coherency of a time series at frequency w 

C see equation 6. 9>. 

Observation error of the logarithm or recruitment 

<see equation 7. 10>. 

The mass of an individual fish halfway between the 

length limits of length class 1 <normally at length 

l+O. 25 cm>. 

The mass ot an individual fish in age class j, 

exactly j +1/2 . 

aged 

The number of newborn seabirds produced in year i. 

The spawning biomass <estimated> of a fish population 

at the beginning of year i. 

The true spawning biomass of a fish population at 

the beginning or year i. 

Z, Zt, Z2, z, ; Standard normal NC0,1> random variates. 

z The total mortality coefficient. 
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GBE!g SYMBOLS 

()( 

n 

n 

01
2 

a,. 2 

Ou 2 

Ov 2 

a., 2 

parameter in the Ricker recruitment function which is 

the maximum 

recruitment rate 

parameter in 

per capita (of spawner 

<see equation 7. 10). 

the Ricker recruitment 

biomass> 

function. 

Maximum recruitment occurs when the spawning biomass 

is equal to 1/fi <see equation 7. 10>. 

the ratio of model error variance to observation 

error variance used in the likelihood function set up 

for estimating the stock recruit parameters 

equation 7.11>. 

<see 

the variance of ln<Ct•b•> about lnCCt> - equation 

3. 31. 

the model error variance for the relationship between 

Et and Ft <variance of the log of the residuals> Csee 

equation 4. 5>. 

the model error variance for the relationship between 

C recruitment index> and N t • I C true 

recruitment> C see equation 4. 19>. 

the model error variance for the relationship between 

the spawning biomass index and the true spawning 

biomass Csee equation 4.23>. 

model error variance for recruitment 

7.6.1>. 

<see section 

observation error variance for the logarithm of 

spawning biomass <see section 7.6. 1). 

observation error variance for the logarithm of 

recruitment <see section 7. 6. 1>. 

= Ou 2 + Ov 2 
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o. 2 

r' 

Cl>' • J 

r 

total variance for the logarithm of spawning biomass 

< ~quation 7. 24>. 

As defined on page 72. 

As defined on·page 72. 

Statistical rank, also used as a generalised 

exponent for skew surplus production curves. 

Generalised recruitment function parameter in 

equation 8.6 and 8~7 - also used as the slope of the 

·replacement 

relationships. 

line for stock and· recruitment· 

MATHEMATICAL AND STATISTICAL CONJENTIONS 

exp<x> = e• where e = 2.718281828 

ln 2 < x> = lnC x> lnC x> Ci. e. not lnC lnC x> > 

lnC x> = loge x> = log. c x> 

E< X> 

Var< X> 

i 

the expected value of the random variable X, also 

termed the first moment or the expectation of X. 

the variance, 

variable X 

or sec~nd moment of the random 

C -1> 1 / 2 , where applicable 

x z NC 0, y> ; x is a random variable with true mean of 0 and 

ACRONYMS 

BEP 

CPUE 

czcs 

ICSEAF 

MSY 

variance of y 

Benguela Ecology Programme 

Catch Per Unit Effort 

Coastal Zone Colour Scanner 

International Commission for the Southeast Atlantic 

Fisheries 

Maximum Sustainable Yield 
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SFRI 

TAC 

VPA 

Sea Fisheries Research Institute <Department of 

E~vironment Affairs; South Africa> 

Total Allowable Catch 

Virtual Population Analysis 
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App•ndi x •. 1. Q1n1r1tina obaeryed catgb mass and age structure 

data 1et1 from t~e parameter• or the ynderlving 

distributions. 

Age atryctyre 

Multinomial sampling for estimating the catch age structure was 

simulated by dividing UC0,1>, a uniform distribution on the 

interval C0,1> into j segments such that the width or each 

segment equalled P1,J. Q random numbers from mo~1> were then 

generated, and the number falling within the range or each 

segment was thus the estimate q,,, 0
••. 

given by; 

Total gatpb 

The p,,, 0
•• estimates are 

The generation of c, 0
•• was simulated by use or the relationship; 

lnc, 0 ••=1nc1+Z10 

where Z 1 z NC 0, 1 > 

For each year or fishing, a Z1 value was generated by making two 

selections from U<0,1>, Us and U2, and transforming them; 

from which Zt can be shown to be normally distributed with a 

mean or O and variance or 1 <Appendix 4.2>. o was calculated 

from the relationship; 

o=c lnC cv 2 +1 > J 0 
·' 

where CV is the desired coefficient or variation of c, 0
•• about 

c'; 
CV=Cvar<e, 0 ••>> 0 • 5 /Ct 
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Appendix ~. 2. D1mon1tratin1 that if u, and Ya art from 

uniform distribution• on C0.1J. the random 

yariable <·2lnUa> 112 1in<21Ua> ia exactly normally 

distributed with mean O and yariance 1. 

For U1 and U2 z UCO, 1>, the probability density function, 

f<Z1,Z2>, is sought, where; 

Z1=<-2lnU1> 1 ' 2sin(2'ltU2> 

Z2=<-2lnU1> 112 cos(2'1tU2> 

Solving for Ut and U2 from this yields; 

U2=tan- 1<Z1/Z2>12'1t 

U1=exp<-<Z1 2+Z2 2 >12> 

The Jacobian is; 

J = au1/dZ1 ~U2/dZt 

au1/dZ2 au2/dZ2 

= -Z1exp<-<Z1 2 +z2 2 >1~> 11z21<1+Z1 2/Z2 2l/2'lt 

-Z2exp<-<Z1 2 +Z2 2>12> -Z1/Z2 21c1+Z1 2 /Z2 2>12'1t 

Therefore; 

Therefore; 

f( Z1 > = exp< -Z1 2 /2) /( 2'1t> 112 

so that Zt ZNC0,1>. 
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Appendix 5. 1. Ambi1uiti11 inh1r1nt in 111ogiating the total 

mortalitiaa 1110 in the catgb-at-age matrix with 

those in the population. 

The VPA regression discussed in this thesis 9an be partly viewed 

as an attempt to relate the mortalities apparent in the catch-at­

age matrix to the true total mortality of the population. 

Let Zt,J represent the sum of fishing mortality and natural 

mortality Ci. e. specific instantaneous mortality r·ates> for the 

actual population. The mortality apparent from the catch-at-age 

ma t r i x, Z , , , • ' ' , i s 

Z t , J • ' ' = 1 nC Ct , , IC 1 + s , , + s l 

The analysis is substantially simplified if: 

C 1 , J IC 1 + s , J + s Z F 1 s, N t , J I C Ft+ s S, + s N 1 + s , J + t ) 

CFrom the catch equation this is true if: 

{ Z 1+1 , , + 1 C 1-expC -z t , J > J} I { Z 1,, C 1-expC -z t + s .. J + 1 > J} z 1 

i. e. this requires that Z does not fluctuate too much, which 

would require that in the equation Z=FS+M, 

and dominant, or FS does not vary too muchl 

either M is constant 

If recruitment is constant, and if there is no net emi- or 

immigration across the stock· hab~tat boundaries, then 

1 nt N t , J IN 1 + t , J + t J = Z t , , 

With the additional possibility of net loss or gain by migration, 

and given that recruitment varies, 

lnCN1.J/N1+t.J+tl = Zt.J + R + E 

where R· and E are the exponential rate constants representing 
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recruitment fluctuations and emi/immi-gration. Thus, if Ft = 
; 

Ft + t , the logarithm of the catch ratio, the apparent total 

mortality is given approximately by: 

Z t , J • ' ' = 1 nC C 1 , J IC 1 + t , J + t 1 = F 1 S, + M + q + R + E 

where q = ln<SJ/SJ+t> 

The naive approach of equating the .log of catch ratios to Zt,J 

therefore ignores changes in selectivity with age~ recruitment 

with time or the possibility or emigration. Large apparent 

values or mortality manifest in the catch-at-age matrix may 

therefore be ascribed to 

i> large F - large fishing mortalities 

ii> large E - large emigration rates 

iii> large q - large decreases in selectivity with increasing 

age 

iv) large R - large changes in recruitment. 

T~ere are no further ~onstraints within the catch-at-age data 

alone which will indicate which of the effects i> to i V) are 

dominant. 
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.Appendix 6. 1. l1timatjpn of aannet natural mprtalitY gn tbt 

b&lil of ob11ry1d freqytnpitl Of 3 Ytlr oldl in 

the population 

For gannets it is possible to estimate the natural mortality, M., 

from the observed frequencies of three year olds in the 

population, which are in turn estimated on the basis of the 

distinctive plumage of three year old gannets. A crude estimate 

for Mal gas · Island, the site o·f the other West Coast· -gannet 

colony, is that between 1:15 to 1:50 adults can be identified as 

three year olds <A.· Berruti, pers. commn>. If it is assumed that 

only birds of three years and older occur ~n the island and that 

there is no age dependent absence from the island at and after 

that age, then the adult population of three years and older, 

A3•• can be expressed in terms of the number or three year olds, 

A3, and the annual survival, s, as 

As n tends to infinity the sum tends to A3/(1-s>. 

or three year olds in the population is thus 1-s. 

. . . 6. 22 

The proportion 

Therefore the 

range in observed proportion of three year olds of 1:15 to 1:50 

corresponds to estimates of s of between 93% and 98%. This is 

equivalent to natural mortalities for gannets, of between 

~0,07 --yrs- 1 and 0,02 yrs-1-, .and this agrees well with Jarvis's 

< 1971> -estimate of 0, 05 - O, 08 yrs- 1
, and for estimates made by 

Nelson <1966> for Sula bassana. 
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App~ndix 6.2 Sum pr 1qy1r11 y1r1y1 99y1ri1n91 11 a m111yr1 or 

;correopondence between Alsoa Bay and tranarormed 

Lambert' a Bay guano harvests. 

Let At and Bt represent the observed guano harvests at Bird 

Island Lamberts Bay and Bird Island Algoa Bay respectively. 

Consider that at and bt are hypothetical time series which are 

related in some complex manner: 

b1 = f( ad + Ut 

where f is the transformation applied to at at time i. It is 

assumed that u1 is a random variable with mean 0 and variance 

Ou 2
• f< at> is more conveniently writ ten as the series c 1: 

bt = Ct + Ut 

At and Bt are corrupted versions ot aa and b1: 

At = at + Vt 

Bt = bt + Wt 

where Vt and Wt are random variables with means 0 and variances 

a._, 2 and a., 2 respectively. 

The object is to determine the best representation of bt by 

tranrorming a1 by means or the function f. 

CRITERION A 

A suitable criterion might be to choose f by minimising the sum 

or squares: 

S=l:Cbt-cd 2 

However as there is no measure of b1 or c,, the best that can be 

attempted is to minimise: 
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where now c, = f(A,) 

If it is reasonable to assume that c, = Ct + Xt where Xt is 

random with mean zero and variance a. 2 , 

as: 

then s• can be rewritten 

s• = L <bt +Wt - Ci - xt> 2 

which reduces to: 

s• = s + n<aw 2 + a. 2 > +(covariance terms) 

where n is the length of the time series. 

The covariance terms have expectations or zero. The main concern 

is that the desired criterion S is poorly reflected in s• since 

the two terms Ow 2 and a. 2 are involved ins•. Changes in S due 

to different choices or £ may therefore be only weakly reflected 

in s• <depending on ~he size or Ow 2 and a. 2 >. An alternative 

criterion, the covariance between B1 and C1, is considered below. 

CRITERION B 

An alternative criterion for choosing r is to maximise the 

covariance <cov> between bt and Ct: 

COV = L (b - b1)(C - C1) 

Again, only cov* can be measured: 

cov• = !< B - Bd < C - Ct> 

Assuming that 

B = b 
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c = c 
f 

The cov• can be rewritten in the form: 

co v• = L C b - b, - wt > C c - ct - x, > 

Let Yt = c - c 1 

21 = b - b1 

Then 

cov• = cov + ( a .. IC + a .. , + a. z) n 

Recalling that: 

w, are the errors between 81 and bt 

Xt " " c1 and b.1 

" " c and c1 

21 " " b and b1 

it therefore seems plausible that 

a .. IC + a .. , + OIC z z 0 

Note however that cov• can be made arbitrarily large by scaling 

c, upwards. It seems therefore that cov• should be normalised to 

eliminate this effect. An obvious normalisation for cov• is 

given by the standard correlation coefficient: 

rec= covec/Coeoc> z COVbc/Coeoc> 

rec Z CO Vb c I [ ( Ob 2 +Ow 2 ) o. ' ( Oc 2 + OIC 2 ) o • '] 

recall thats• = s + n<o., 2 + olC 2 > 

In assessing the suitability of using either rec or s• as a 

criterion for choice of best f, a major concern is that 

improvements in rec are masked by compensatory changes in o. 2 and 
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Oc 2
, or changes in only 0. 2 in the case of s•. The effect of 

changes in o. 2 on either rec or s• can be compared by contrasting 

their first derivatives with respect to o. 2
• These are: 

Since 

Oc
2 + Ox

2 >> 1, 

and 

rec < 1, 

it is likely that 

ldrec/da. 2 1 (( o. 5, 

so that compensatory changes in o. 2 masking increases in rec seem 

less of a problem than for s•. Therefore the correlation 

coefficient has been preferred as the criterion for choosing the 

best transformation function f. 
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Appendix ?.1. Pittinl tht 1to9k r1cruit 9ury1 CBi9k1r y1r1ion> 

in the abaence of obaeryation errora op either 

recruitment or apawnipl biomaas estimates. 

The spawner biomass - recruitment relationship is fitted 

according to the model; 

R1 = cxY t. exp< -fiY t +u1 > 

Ut Z N( 0, Ou 2
) 

Assuming that 

y' =y1 

then t~e maximum likelihood of [)( and n is found by minimising the 
n 

sum of squares of residuals, ~ u1 2 , which is given by; 
i=1 

n 
~ ClnR1-lnC0<Y1>+fiY1l 

i=1 

Ari analytical result tor this can be found by finding the roots 

or the derivatives of this sum with respect to ex and n. The 

result is that, summing everywhere for i=1 to n; 

The ex and n values calculated in this way give estimates of the 

expected value or lnR1, EClnR1l, as a function or Y1; 

El lnR11 =ln< D<Yt > -fiY1 

From the point of view of MSY estimation, one is really 

interested in the expected value of Rt, ECR1l, since this will be 
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the averag~ recruitment produced by the stock, and this should be 
.~ 

used to obtain the average MSY of the stock. For a log-normally 

distributed random variable this is given by 

El R, J =exp< EC lnC Ri > J +Ou 2 /2) 

for sample sizes approaching infinity. 

Ou 2 can be estimated from the residuals -0btained from the least 

squares.fitting procedure, correcting for the redu-ced degrees of 

freedom; 

n 
Ou 2 = :I Ui

2 /Cn-3) 
i =1 

An unbiassed estimate of the expectation of ex is; 

ex = exg,. ( Ou 2 / 2) 

where q are the degrees of freedom and the function g,. was first 

derived by Finney <1951>; 

q• ( q+2p) 
g,. Ct> = :I [ q/( q+1)) •t• /p! 

p=O qC q+2) ... C q+2p> 

For ease or implementation, the asymptotic correction factor was 

used as an ad hoc correction for ex, and not Finney• s <1951> 

result; the estimated value of Ou 2 was used to obtain an estimate 

or the expectation or ex; 

ex -+ exexp< Ou 2 /2). 

For sample sizes greater than n=15, and 0 2 less than 1, this 

correction factor is positively biassed by at most 4% CBradu and 

Mundlak, 1970>. 
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Appendix ? . 2. The compytation or MSX. Yn1y and K 1iy1n the 

parameters defining the atock - recruit fynction 

Given O< and fi, the equilibrium spawner biomass, Y.q, is found by 

solving 

m 
Yeq= Req I: WJexpC-M.Cj-1)) 

j=a 

WJ is the beginning or year individual fish mass at age j 

and 

where a is the value or j at sexual maturity; j=1 

represents fish aged 0 to 1 years - m is the oldest age class, 

therefore m is the oldest effective age. 

m 
Yeq=lnCO</C I: WJexp<-M.Cj-1))]/fi 

j=a 

The result is 

For a given value or Ft, which is the same for.all years, the 

equilibrium spawner biomass for that particular level or fishing 

is given by a similar relationship; 

Y. q =lnC OC/( **> l I fi 

where 

m j-1 
{**>=I: WJexpC-MCj-1)- I: FSk) 

j=a k=1 

Sk is the selectivity at age k. It follows that equilibrium 

recruitment for F1=F for all years is given by 

R. q =lnC 0<< **>JI fil C **> 

Catch masses are calculated by the catch equation; 
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m 
•c= L WJNJFSJC1-exp<-FSJ-M>>l<FSJ+M> 

j=1 

where N1=R ... 

N.; =NJ - 1. exp< -M-FSJ - t > 

WJ are midseason fish masses. 

To estimate MSY, F is increased in~rementally until the. maximum 

catch is reached at F"sv. The spawning biomass at F"sv is Y"sv, 

and K is the spawning biomass for F=O. 
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