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Cells 4002 3851 1515 347 8343 1122 19]80 

Cells 20.9 20.0 7.9 1.8 43.5 5.8 

unbroken run 2.4 15 14 7 21 4 

Active cells 825 3064 911 133 825 0 5758 

Accessible active cells 515 2441 430 133 825 0 4344 
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high densities, even under thto mo,l exlensive larval dispersal. The greatest varialion in 

density be\v,-een cells occurred in the mid-1970s, when approximately equal numbers or' 

rells had very high and very low densities. 

Variability caused by nlDdom numbers 

13ecause all catch events and movements were determined in a probabilistic manner from 

the value of randomly generated numbers, model results depend on where in the sequence 

of random numbers the simulation begins. However. differences in aggregates (total 

population and lotal catch) between different simulations of the same model were 

negligible (Table 4.7). Even when summed over regions of approximately 50 km. the 

variation between simulations was small. Differences only became noticeable within a 

cell. and then onl} at high age-classes, where the quantities of lish are smaller than 10. 

l'he co-eflici enl of varia lion for recruitment in a rell was onl} 14%. 

TABLE 4.7: Averages and coefficients of variation of results across six simulations of 
\Iodel l/SR liLD50. Each simulation used the same finite sequence of random numbers , 
but the sequence commenced in different places. Five model outpul~ "ere chosen to 
show the change in variability at difTerenl scales. The localion of lhe output variable 
(,ear. cell, age) in the porulalion and calch matrices is described in the top row. 

Year 60 Year 60 Year 75 Year 80 Year 'XI 

Cell 500 Ce115()() Cd l750 Sum cell 800 to All cells 

R. cr1.litm. nt ! Age 4 
, 

All Ag. s cell 9()() 

----~- -~-~-- -_ .. ---- ---- - -,--
i Average live fish 101 8 131 8582 38R508 

C.V.live fish (%) 13.62 47.43 3.68 1.54 0.10 

Average catch N/A 5 107 5167 189116 

CV. calch (0/. ) },'/A 43_84 9.30 0.77 
, 

0_18 
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Appeo.dUt 1 

v umber of variables held in memory for each fish 

A Total number of active cells 

c cell from I to 19180 lOO-m stretches 

Maximum recruitment in cell c fish 

Initial curve 

Effort in cell c yeart 

in cell c yeart 

Recruitment to cell c at the start t 

in cell c at the end t 

Human at town in year t 

Cell address at Lamberts 

Diffusion for the distribution in year t 

for cell c 1 or 0) 

q 

a used to size to effort 

f3 

X to its natal 

S used to allocate alternative 

cp fish that are resident 

Diffusion used to allocate 

D Larval parameter Active cells 
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Fig. 7.4. Relationship between catch-per-unit-effort and population size generated by models T/SRlIlD50 and T/SR2/lD50 for the years 
1980 to 2000. 



Univ
ers

ity
of 

Cap
e Tow

n

1 

0.9 
......... 
>- 0.8 as 
" • 0.7 .... 
CD -CD 
c: 0.6 
as .... 
CD 05 a.. 

..c: 0.4 U) ....... .... 
""-" 

W 0.3 
::') 
a... 0.2 0 

0.1 

0 
0 0.5 1 1.5 2 2.5 3 

Effort (relative index) 

Fig. 7.5. Catch-per-unit-effort (CPU E) plotted against effort for models T/SR1/lD50 and T/SR2/lD50. The intercepts give an estimate of 
the CPUE for the unexploited stock size. 
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Results are grouped according to the stock recruit relationships SR 1 and SR2. 
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very heavily-exploited areas. None of these problems can be overcome easily. The 

sampling bias could be overcome by sampling systematically in aU areas but, as pointed 

out in Chapter 3, such a strategy would ~ economically unviable. A considerable amount 

of sampling effort is required in ar· where CPUE is low to obtain a minimUm, 

statistically-useful sample size of catch- t-size data. 

The shape of the catch-curve, which w distinctly non-linear, may serve as an indication 

in other fisheries that effort has been i creasing and/or recruitment has been decreasing. 

A similar shaped catch curve may be en as evidence that large fish experience a lower 

natural mortality-rate than small fish (e g. Beyer et al. 1999). Whereas it is quite feasible 

that large fish are less susceptible to p dators, sustained increases in effort can produce 

the same effect. 

Although the SBIR method is a commdn assessment strategy in the linefishery (Griffiths 

1999), its use in the recreational fis~ery is questionable, owing to the difficulty of 

obtaining reliable mortality estimates bd the strong possibility that there has been a 
i 

sustained downward trend in recruit ent. Apart from the reliability of the mortality 

estimate, the SBIR statistic itself is on meaningful if recruitment is constant. The cost 

and delays in establishing reliable age-l ngth keys must also count against this method. 

As a relative measure, the CPUE-base method is considerably less biased than the per­

recruit methods. The greatest difficulty ith this technique is to find a reliable measure of 

the absolute extent of stock depletio . The 'effort' method over-estimated stock size 

because the stock was not in equilibri m. This problem can be overcome by applying 

more sophisticated modelling techniqu i s that take into account the longevity of the fish 

and the onset of maturity (Pauly 1984, Walters 1986). In contrast, the MPA technique 

under-estimated stock size. Again, precaution against this bias can be taken by comparing 

CPUE between similar habitats, which will require a high degree of spatial resolution in 

the data-collection procedure, and a g~od understanding of what is meant by effective 
I 

habitat. Used in conjunction, these 'corrected' methods could provide a useful 

assessment. 
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Fig. 7.7 The assessed relative size of the galjoen stock, based on a comparison of CPUE between a MPA and adjacent exploited areas, 
plotted against the 'true' relative size of the stock for six model variations. 
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A linear relationship is assumed to exist between CPUE and population size. This 

relationship will only break down hen catchability is altered, either because of 

environmental conditions or changes i gear efficiency (Butterworth et al. 1989). It is 

probable that fishing gear has become ore efficient over the course of the century (see 

discussion in Chapter 3), but no atte pt has been made to investigate the impacts 
! 

associated with new technology or praqtices. CPUE estimates that are widely spaced in 

time are probably not comparable. Suc a comparison would serve to over-estimate the 

most recent population size where ther have been significant changes in technology. A 

comparison of CPUE across MPA bou daries can provide an assessment with only one 

year's worth of data, and it would not e affected by catchabiHty shifts. In contrast, the 

regression ofCPUE against effort will r¢quire a time-series spanning at least ten years. 

CPUE data are cheaper to collect than tch-at-age data. To obtain approximately similar 

levels of confidence in estimates (e.g. CPUE to within 5% and total mortality-rate to 

within 0.1 y.I), less monitoring time i needed to collect CPUE data than catch-at-size 

data. For example, in an area of low fi h density, equivalent to a CPUE rate of 0.1 fish 

per man per day, 1754 CPUE recor4s are needed to achieve an estimate with 5% 

accuracy. However, at this CPUE rate, 1754 observations will generate 175 fish length 

records, whereas 8000 length records are needed to estimate mortality-rate to within 

0.1 y.1 (Table 3.15). 

CPUE monitoring is less prone to, systematic sampling error than catch-at-size 

monitoring. Because the coefficient of i ariation of CPUE decreases with increasing fish 

density, twice as much sampling is req ired at low density to achieve the same level of 

confidence as at high density (Table 3.15). When estimating mortality-rates from catch­

at-size data, the difference is more sta ,k: between four and five times as many samples 

are required under low density than hiJ, density to achieve the same level of confidence 

in the mortality estimate. The CPUE I ethod is thus more practical, as both high- and 

low-density areas can be sampled with similar monitoring effort. Catch-at-size monitors, 

on the other hand, will soon give up t ing to obtain sufficient length measurements in a 

heavily exploited area. 
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On balance it would appear that the CPUE method is a better option than catch-at-age. 

However, the balance may shift if fishery conditions change. As a generalisation, it could 

be said that, for a fishery in strong decline, the CPUE method will be superior to SBIR, 

because (0 this condition renders SBIR unreliable and (ii) strong inter-annual changes in 

stock size will result in a good inter-annual CPUE signal. On the other hand, if the stock 

shows long-term stability, then SBIR might be preferred. Stability (equilibrium) is an 

assumption of the SB/R method, and it is also necessary for the estimation of the fishing 

mortality-rate, whereas inter-annual stability will not provide any signal in the CPUE 

series. 

The indications are that the linefishery has declined sharply during the late twentieth 

century, and unless strong regulatory action is taken, such declines will continue. 

Presently, CPUE seems to be a more sensible assessment strategy than SBIR. 

Whether SBIR or CPUE methods are used, there is clearly a strong argument to maintain 

one or more large MPAs, either as a means to estimate the natural mortality-rate, or to 

serve as a reference against which CPUE measurements can be compared. The possibility 

of using MP As for these purposes have been mentioned in fishery text-books (e.g. Pauly 

1984), but it is rare to see these methods being used in practice, probably because large 

MPAs are rarely available. 

CONCLUSION 

Biases in the assessment of the galjoen fishery are caused primarily by spatial and 

temporal inconsistencies that nUllify various underlying assumptions in the models 

employed. Temporal changes in recruitment and fishing mortality are the primary causes 

of the failure of the SBIR method. Although the CPUE method is also biased, these 

biases can cause an over-estimate of the stock size (when extrapolating a time-series of 

CPUE vs. effort) or an under-estimate (when comparing CPUE across the boundary of an 

MPA). The biases in CPUE methods can be corrected, whereas the biases in mortality-
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rate estimation cannot be corrected wilout additional knowledge of effort trends and 
! 

recruitment strength. The CPUE meth~d is cost-effective and practical for collecting 

sufficient, representative data. Presentl~, the CPUE method is preferable to the SBIR 

method as an assessment strategy for th~ galjoen fishery. This conclusion is contingent on 

the assumption that the stock is in lopg-tenn decline. For a stable fishery, the SBIR 

technique may prove to be a superior I assessment tool. Both the CPUE and the SB/R 

method will require the existence of a large MP A, either as a reference for the 

unexploited stock size or as a means tol measure the natural mortality-rate, particularly if 

an assessment needs to be perfonned in ~nlY one year. 
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CHAPTERS 

CONCLUSIONS 

This thesis grew out of a general dissatisfaction with the way reef-fish species are 

managed and assessed in South Africa. In the past, there has been an almost complete 

disregard of the spatial dimension. Stocks have been treated as homogeneous entities, for 

which parameters such as mortality rate, spawner-biomass-per-recruit and the state of the 

stock can be conveniently summarised by a single estimate. Such an approach is greatly 

at odds with any interpretation of catch-data or divers' observations, which can show 

large differences between nearby areas. The deliberate use of protected areas in the 

management will require not only an understanding of spatial processes, but also the 

development of procedures to incorporate the effects of protected areas into stock 

assessments. 

Fish movement 

The first part of this thesis is an investigation into the patterns of fish movement. The 

primary basis for fish distribution is the geography of the habitat and fishing effort but, 

within these confines, the spatial structure of the fish stock is determined by the pattern of 

fish movements. Purely random movement will break down patterns that may result from 

a spatially-variable application of fishing effort. Chapter 1 reviews fish movement 

patterns and concludes that these are highly structured, and that true random movement .is 

seldom if ever observed. Fish movements can be quite complex, often involving different 

patterns within a stock, apportioned on the basis of age, sex, location or genetics. 

Nevertheless, a very common strategy among fish from all habitats is resident behaviour. 

Many fish species adopt home-ranges, and some may even defend territories. Another 

important lesson from the review is that fish behaviour can be plastic, responding to 

changing circumstances. 
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There are well-documented advantages t fish that choose not to move indiscriminately. 

Familiarity with food sources and pred8riors. immunity against local diseases and reduced 

energy expenditure are primary reason for a resident life, and natal-homing is a good 

response to environmental uncertainty .• n average, those who remain in a proven area 

face fewer risks. Even the dispersal of If: ae, once thought to be a predominantly passive 

process, is goal-directed, with larvae having at least some control over their final 

destination and timing of settlement. 

Fitness-maximising models predict thll it is beneficial for an animal to move under 

certain conditions. Most of these model have been necessarily simplistic, and can never 

incorporate the full suite of challenges • at an animal has to overcome. As a result, their 

assumptions are crude and have to be exrined critically. 

Galjoen can be classed as a resident ~ecies, which holds home-ranges. Left as such, 

however, the classification would overl~ok an important and very noticeable component 

of the life-history of galjoen. Infrequen~y, individuals move vast distances that can span 

the entire range of the stock. These movfments appear to be uncorrelated with age, sex or 

season. Although they are undoubtedly 'triggered by a cue, from the point of the human 

observer the departures are not predictate, nor explainable. The stock, or any substantial 

part of its, does not move as a cohesive rit. 
I 

Two competing hypotheses were advan¢ed to explain the tag-recovery pattern in Chapter 
I 

2. According to the tourist model lh migrate between a small number of sites 

throughout their life. According to the olymorphic model some fish migrate, but most 

are resident. With the help of an indiv dual-based model of the galjoen fishery, it was 

concluded in Chapter 5 that the tourist {: odel provides the most like,ly explanation of the 

data. On average, galjoen spend mor than 90% of their life in one location. The 

movements are thus a small part of he pattern, but they become noticeable, even 
i 

dominant, in areas where galjoen have *een heavily reduced in number, when the arrival 

of fish from more densely populated arets fonn a substantial addition to the local stock. It 

is perhaps this phenomenon that has IFad many fishennen to believe that galjoen are 
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principally migratory. In an area that is fully-protected, galjoen are predominantly 

resident, and large fluctuations in density are uncommon. In exploited areas, the resident 

fish diminish, and the contribution of immigrants to the local catch is much greater, and 

the catch rate itself fluctuates with new arrivals. In Chapter 3 it was shown that the 

coefficient of variation in catch-per-unit-effort (CPUE) diminished as its average value 

increased. 

It is the resident nature of galjoen that ensures their protection in areas where fishing has 

been eliminated. No fixed home-range size can be given, as there seems to be large 

variation, between and within sites, but the dimension would seem to be smaller than one 

kilometre on average. In Chapter 2 it was suggested that the dynamic nature of coastal 

dune systems would cause shifts in home-ranges and in Chapter 5 it was argued that the 

patchy distribution of habitat would account for intra-specific differences in home-range 

size, if home-range size is determined by feeding requirements. The tag-recovery method 

is perhaps not the ideal way of measuring home-range size, because this technique cannot 

separate movements within the home range from small home-range shifts, and hence it 

over-estimates home-range size. Unfortunately, for species that live in the high-energy 

surf zone, underwater observation is not practical. 

It is difficult to say if the tourist model holds for other reef-fish species, despite the 

apparent similarity in tag-and-recapture data for galjoen and other reef fish (Griffiths and 

Wilke, in press). The discrimination between the tourist model and the polymorphic 

model was entirely statistical, and relied on a large sample size, which is not available for 

other, less abundant species. Nevertheless, the co-existence of resident and migratory 

behaviour within a population is common, having been documented for numerous species 

around the world. Within popUlations of anadromous salmon ids, individual fish take on 

either one or the other behaviour, whereas among galjoen it would appear that every fish 

has the potential to move when conditions dictate, but individuals appear to faithfully 

return to a site. More detailed studies on other reef-fish species, particularly those for 

which underwater observation is possible, may indicate if this movement pattern is more 

widespread. 
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St k assessment 

The tag-and-recapture data were used fO estimate the density of galjoen at two research 
, 

sites: Lekkerwater and Koppie Aileen both lying in De Hoop Marine Reserve where no 

fishing is permitted. This was the first estimate of absolute density of a reef-fish species 

in South Africa. Although underwate assessments have been made of other reef fish 

species, these must be regarded as rei ,tive. Unfortunately, the tag-and-recapture method 

is not suitable for regular assessmen$ (a fifteen year time-series was needed for the 
i 

present assessments), or for assessme 15 outside MPAs, where fishers would recapture, 

but not necessarily report, many tagged fish. 

Although both research sites were eq ,ally protected and only 14 km apart, the density 

estimates differed vastly. Habitat could explain the differences, as there are more rocky 

platforms at Lekkerwater than at K ' pie Aileen. Differences in habitat would have 

affected not only the density, but also he catchability. Convoluted rocky-shores make it 

more difficult for anglers to access fis than from a sandy beach. Some coastal habitats 

are so isolated or physically extreme hat they cannot be accessed by anglers. If large 

enough, such areas may constitute natu~al refuges. 

MP As in Ishery management 

As a means for conserving the stock in face of exponentially increasing effort, MPAs, by 

displacing effort, appear to be rem~kably successful for galjoen (Chapter 6). The 

resident nature of the fish and the fa t it does not aggregate to spawn, means that the 

stock can be effectively protected, pro ided that the MPAs are large enough to overcome 

losses at the edges due to movements ithin the home-range. The estimate of home-range 

size suggests that a buffer of 2.5 km s needed at either edge of a MPA to ensure that 

those fish that recruit in the centre ar¢ protected. Even this precaution does not totally 

eliminate the effects of the fishery on ~sh in the MPA. The habit of galjoen of relocating , 

over large distances implies there will be a loss from an MPA of any size, as those fish 
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that leave will not be balanced by those arriving. Extensive larval dispersal provides 

another source of loss, which can be acute when outside areas have been totaUy depleted 

of spawning fish. Although large MPAs are preferable for aiding the assessment 

procedure, where these are not possible, because of the short-term costs to the fishery, 

small MP As should be spaced closer than the scale of larval dispersal. 

MPAs are likely to improve yield where the stock has been heavily depleted, after some 

delay during which the density in the MPA recovers. MP As feed adjacent areas through 

the migration of adults, larval dispersal and movement within a home-range. Most field 

studies have detected the latter, often termed 'spill-over', but this is likely to be the least 

significant of the three processes, especially for large MP As. Although the ultimate 

outcome of MPAs is improved and sustained yield, the difficulty in this strategy is where 

and when to implement MPAs to reduce short-term losses. The short-term costs to the 

fishery will be smallest for MPAs that are either small or introduced when the stock is 

very depleted, but these may not be the best option to provide long-term improvements. 

Ongoing monitoring 

The susceptibility of the spawner-biomass-per-recruit (SBIR) index to bias caused by 

recruitment failure has been well known, but there has never been a quantitative estimate 

of the bias for any species in the South African linefishery. On the basis of the rise in 

effort inferred from changes in the demography of coastal towns, the model suggests that 

the bias was so great that the method is not useful at all (Chapter 7). The problem 

concerns not so much the index itself, which takes no account of recruitment, but rather 

the problem of estimating the mortality rates needed to calculate the index. The errors are 

caused mainly by increasing mortality rates, and decreasing recruitment, but spatial 

variations in the mortality rate also played a role. 

Methods based on CPUE are also beset with problems. But there is a good chance that 

these can be overcome by applying appropriate models to correct for non-equilibrium 

situations, or by careful attention to sampling of equivalent habitats. An important part of 
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the choice of assessment methods rests !With the practicality and cost of obtaining data for 

assessment. Here again, the CPUE met od is superior to SBIR indices. 

management 

The most important contribution of thi work is its addition to a growing body of studies, 

which indicate that spatial structure c~not be ignored in fisheries management. Indeed, 

such structure could be used to greatl advantage for conservation and assessment. Of 
j 

equal importance are the temporal tren
l 

s in effort, both past and projected, for they will 

determine which assessment techniqu are most appropriate, and will help in deciding 

whether and where to place additional 

Clearly, the reliance on the SBIR met by the South African Iinefishery should be re­

evaluated. Galjoen is only one of mor than one-hundred species in this fishery, but all 

share similar characteristics (Iong-livJd, late-maturing) and are targeted by the same 

effort. Therefore the characteristics of the galjoen fishery that caused the SBIR method to 

fail is likely to apply to many, if not mist of the other species in the fishery. Although the 

commercial fishery has been capped b effort limitation, the species it targets are shared 

by the recreational fishery, which has n t been capped. 

Most of what has been learned about galjoen can be attributed to the De Hoop MPA. 

Without that protection there would n j ver have arisen the opportunity to systematically 

study galjoen under natural conditions) Right now the same can be said of other MPAs 

and many other species, some of whic~ are exceedingly scarce in exploited areas. MPAs 
j 

make a double contribution to fish con ervation, by reserving portions of the stock from 

fishermen, and by providing the n cessary information to manage fisheries on a 

sustainable basis. 
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