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Humans have been n.", .. ,.,,,,,t in the for at least 1 my, of marine 

resources in earnest in the with the arrival of seafarers. with 

Ecosim was used to construct and compare mass-balanced models of the southern and northern 

r .. ", .. nTlnn each of the eras of human influence: 

industrial (1910-1 and (1 The 

models of the two {;>f't,..:tv<:t""m<: were and the effects of 

industrial-era pressure on these models. In the southern 

decreased over the while that of sardine and "I"",n\,'" increased 

in the current as reflected the decline in TL of the 

became an ,mrlnn",nT nr",./"'I""tnr 

mackerel from declined natural nr",/"'I<lItnr., such as hake. 

and horse 

such as seals 

and the era meant that the mean of the catch declined 

as between the (1 and industrial (1 

increase occurred between the 1960 and 2000s models. Removals have increased 

time. Total 

model to 1960 and then increased 

and decreased from the 

due to the ",n"nnTl"" 

a slight 

over 

and 

unsustainable small biomass in the 2000s. For the northern biomass of most groups, 

declined over time. The few dominant small 

characteristic of were a wider range of and biomass of 

/"'Ir"""""<:"'I',,,,II\I in recent decades. Catches 

of the catch increased from 1970 to 1 as did the w{;>,nn',,,,n TL of the 

in the 1990s 

effects of 

after Namibian 

oeilaolc stocks in the 1970s. Environmental anomalies 

affected a number of both and 

nn::!Vf'):nnrm mlltloatlCln of stocks 

nne>"""nn,"'nr'", in 1990. Pristine southern and northern 

similarities in structure and function than their modern 

mean TL 

any 

Hake and horse mackerel 

were while in the southern 

apex a role. Simulated models resulted in 

modern biomasses per TL in the northern and lower-than-modern biomasses per TL in the 

southern Models from simulations were not identical to the models for the modern 

era, but structure. did influence ""1""'\1"""""'" 

structure and environmental events have had a and even nn::'<:Ih>r 

I-I""'<:"'O:'''''TI stress and the of small stocks may lead to a shift toward a bottom-

up control r",,,,,,,,,..n the of environmental events. It is that 

,,,,.,TO .... '" were not as ..:t""'J""r""IV affected environmental anomalies as are modern '"'''TO''''''' 
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1 

1.1. 

1.1.1. The of and an EC'Os11stem to Fisheries 

That pressure should have direct effects on the abundance of 

is not to also tends to translate into 

altered energy flows within the in the structure and 

2001; Blaber et a/ .. 

Pitcher & there are numerous 

commercial stock and eventual 

1990 the California sardine the North Sea 

Peruvian sardine and the Atlantic cod 

2001); in the North 

shown to have I"nl'lnt""'rI <:l:lrlmtlll":::Int in a total of three areas 

pressure 

between 1950 and 

Thailand in the space of 20 years almost all 

the 

all suffered stock 

structure has been 

in the Gulf of 

extinct and the 

these are extreme 

fish became I"nrnm,o:>rl"'" 

level of the entire 

with evidence of 

whether any 

can still exist in "' .......... "'Ith 

and 

decreased as a result 

"<:Ii''''''''''' in communities such as these it becomes 

that has been sutljec:ted to any of pressure 

its state. 

or Direct , ...... ,"' ... ' • .,. include 

..... ",rt"""t\l of and other SPE~Cle!S as well as any habitat 

practlc:es, as is often the case in areas where alteration or destruction 

has occurred These direct effects are 

easy to measure, and hence rnnnnr,r either direct in the field 
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or catch and effort data. the indirect effects of poses a 

Altered structure of affected SDE~Cle!S with to both abundance 

and size distribution has a knock-on in turn the structure and of all 

groups, and as a whole et a/., 

Blaber et al., 

It is the and of these indirect effects that nrj:l,<::j:lI"It both a and a 

to fisheries Fisheries has commenced the nec;es:san 

slow move forward from the traditional ",,..,:orn,ont toward a multi-

spe!Cle~s or eG(JSV:SU~ITI An EAF is a more holistic 

to ,:u,,:om,Qnt and would allow for more realistic consideration of POSiSIOle indirect 

process and 

a/., in The shift of focus from 

formalized in 2001 the 

to be formulated with an 

et Shannon et 

nAITlAI"IT to an EAF was 

which states that national marine resource-use 

in mind 

in nj:ll·<::n,,,,,rTIVj:I is the result of increased awareness and 

et a/., 

OWleaCle of the 

the various interactions within a 

that in order to manage an <>rr,,,,,,'<:n::,,'TI at any 

role 

processes within it is necessary 

et al., 

et a/., 1 

It is now evident 

of the intra- and 

Gislason et al., 

If an EAF is to become viable eC()SViSrelm models must become of the 

toolbox Shannon et a/.; in 

otherwise be ImIJO~;SI[lIe: some form of 

within the as well as the 

occur as a result of l~n~nlF>mpnt decisions or even a 

Models facilitate what would 

of the network of energy flows 

effects of that may 

environment. at 

it is still not feasible to use 

n"",.,..,,,,,,nt sl:rateQies. as models can 

models as a tool for 

be as as the data and there is still a 

2 



Univ
ers

ity
 of

 C
ap

e T
ow

n

marked deficit of where most non-commercial and many commercial are 

concerned. But the many unavoidable and uncertainties associated with 

any models are that the modeller must in mind model 

construction and best-fit model based on the data available can 

nevertheless 

Africa has now to move towards the 

interactions and 

of an EAF 

future outcomes. South 

the use of 

models 

models as 

et a/., 

for based on 

While these in themselves are a further has been made: that 

sustainable utilization of the resources the of fisheries 

managers, should not be the end Rather we should seek to rebuild "",..., ... ,,,.',,+"',"",, so that 

Init,,,,ti,.,n n,nto,nti,,,,1 closer to that of the can be reached an 

Pitcher & This stems from the idea that the level of that can be sustained 

is much than could be many 

most of which had been 

or various combinations of the two before any could be 

et 1 If, instead of ourselves to what is we 

concentrated on what has been the sustainable utilization level would be 

than is much 

its state seems to be ,,, .... ,..,..,·B .. 

from which to 

to enter the if as a h<>,,...\,,,rn, 

& 1 

of an unattainable 

to the deC:::ISlion-m 

an to 

it would nonetheless be a 

the idea of restoration 

process. But for this to be 

some sort of reference is needed as to what a environment should look 

like. To this end based on fisheries records and of the 

can be created Jac:Kscm et 2001). At the very least these models allow us to 

ve~mgate the effects of on an ,;>,..,"\<:\1<:, which in itself would serve to "'r~""~'''' useful 

information for fisheries so as to avoid encountered detrimental effects 

3 
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from 'l\''''rTl~:n OS~leCllive pr'r,,,,vc:fP,m models have 

several areas where has some 

Newfoundland 

been constructed in 

the North Sea 

and the Strait of 

et a/., 1 HMAP Animal the historical 

of the Census of Marine Life has a number of I"\rn.,"'''''f(' 

on the collection and <:"n'Tn,,'<:,<: of catch and effort data from initial eXI:llolltatio until 

nrc,.,,,,,"I' which will "',...r":""~t<: .. ,,,, models. 

In 1994 the Consortium for Research and Education and the Alfred P. Sloan 

Federation established CoML as a means of i:I::;~it::::;:SIl and the distribution 

and abundance of within marine environments n~~'" .. & 

CoML aims to nPI'1Ar:::lTA a resource of information data as well as 

historical I"rn~,TI""'"'' and future estimations of marine communities and their structure. The 

and future branches of the will be dealt with HMAP and Future of Marine Animal 

divisions of CoML HMAP is to and 

describe the state of ""r"O:\lO:T .. nn", and communities from a time to their eXI:llolitatio in their 

over the entire of the of this process it is 

that reference and oelrsoecltlVE!S for r'n,'fP,m Al"f''''Vc:TPm research and 

decisions will also be obtained. The data will then be nl"r.rn/"I,,,,!h:.rl into the Ocean 

Information which will serve as a online database for 

marine The 

thesis forms is one of 13 HMAP 

historical models. ",r'''':\'<:T,,",nn<! with a of 

of which this 

in the process of 

pressure, some habitat or 

and historical catch and effort data have been selected for historical 

model The other 12 are based in southeast the Caribbean the 

North the Baltic the northwest the northwest the southeast Australian 

the southwest the White and Barent the Wadden the Mediterranean 

and Black New and on world-wide and mega mollusks 

4 
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1.1.2. Introduction to the 

The is one of the world's four 

and are 

resultant 

and Peruvian "'\lc:,t<>n,,,, All are characterised 

dominated an eqIJat()rwara and offshore flow of surface 

levels of associated with coastal 

rl"""",<>r water masses is the result of a process called Ekman 

coastal water offshore and a deficit of water at the surface. 

with the 

as well as the 

of 

winds force 

nutrient-rich water is 

then drawn up from 

moved into the 

to nc:,\nr1!<>/"I offshore. In this way nutrients are 

zone and become available to 

the other three 

in the as a result of the increased 

1 

The is 

1 

divided into two 

conditions. The LOderitz 

aOC)PtElO as the barrier between the two 

many marine SPElCIEIS 1 

and hence consumers. As in 

valuable fisheries have ae'Jell)OElO 

relative to other areas 

northern and 

cell off Namibia is 

barrier to 

and "' ..... ,--t<:>"t stocks both also vary between the the need for 

with the northern and southern 1 

In 1910 the Union of South Africa was formed after Britain its colonies. The 

came under the governance of a for the first time in 1915, after the 

of German Southwest Africa the First World War. This remained the status quo 

until Southwest Africa became ,n/"'l,Q",,>n as the of Namibia in 1 Walvis 

was restored to Namibia in 1994. 

5 
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NA~'IOIA 

3, 

I "'h dt:lt"butIOO 

. ""'" 
• Moderal" 

6 
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It was Curing this period 01 singld g<."ernance that rnost of to<.iay's cornmerci"~ important 

II~he"es began. Large-scale commercial flSherie. in the BengL>ela ~OQl;ystern are relat've~ young 

in t~rms of the global industry. h~vlng i:>een operating lor approximate", 50 years only, since th e 

1950s brought abotlt the exp~nsion of the purse-.ei,,.. Idlf'ry (Crawlord eI aI., 1C1B7) 

.0 S~etnat~~~ 
oTm ... i~e 
Ishor~ 

resoorC<'. 

I 

Arrival (}f the ODe· 
Sh~ 

hum~n t)faseno8 

-
O.5 - 1myBP 118000yBP 

• S~a""'l • WM~n~ 
• l)(Jllootatioo oT ...,a-birC~ 

-
1600s 

GUano Pelagk; 
t>arve5tin9 f"oon"s 

Dernersal - & 
HneliSoorics 

Present 
Earl 

1843 
, 

19005 19405 

Yet although this rnay have been the starting pOint of large-scale explo<ation archaeolOQ>va1 

e,idence 5hOW5 th~t man has been utilizing the marine resources w~ hin the Benguela ecosy.lem 

sinoe approximately the last inlerglaoi<Oi 120 lXXly BP (Parkington, 2001). Man's growing 

invo"ement in the Benguela ecosystem and the ~dvent of rM051 I~rge ri.h~rOes in the region are 

depded in Fig. 1.2. The northern and solJthern Bengt"'''' have separate exploil~tion hi~tt)fie., 

~nd lhe.e will be dealt with separately and in more deta!1 in Chapters 2 and 3 respecti,ely 

Findings from the prece(1;ng pha~ e of the Benguela HMAP project (the collection and synthesis 01 

h!stoncal fishing data, presented in Gr~filh5 GI iJi. (201)4)) ~hOW an expon ential inorease in th e 

7 
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cIeo~clIl b"mass remov~1 from the system oVer Ihe perood from 179010 lhe 1900s IF\). LJj 

(Griffiths ci at , 2004) The deo lines in remov~ls after the late 196Ds resulted rr<>n1 the co l apse r:J 

var><>.Js stock~ and the ImplernentatlOO or rnore restrICtive rn~nagernenl lactlCs. but stili ooly 

represent a reg 'esSion to roughly the level 01 the blOrl1ass being rernoved 01 the 1950s .. , r.e mean 

troph':o level (TI.) of the lotal c~toh in the Bengc>eia has been ~hown to have decreased markedly 

sln<:Oe 1700 (Figs 1.4a & b, Griffiths ei ,Ii" 2004), ~ phenornenon known a. tlshlng down Ihe 

foowcb iPau~ 01 aI., 1998). This chanQe in TL is symptomah::: of a ,hlft of target SpOCieS fr<>n1 

kong~ived, large, predatory species operating at high troph ':o levels. to Ihose ~ rnaller, short-lived 

species further down the troph':o hie",rohy (P~u~ eI ai, 1998), While this shifl can 10 a ce.1ain 

extool be blamed 00 tochnclogical advances and intended oh~nge$ in tar~et species, it ~Iso gIVes 

an indk:alon of the commun!ly compoS/tlOO. Unless declining TL of the oatGl1 IS aooomp~nied by 

a correspood01g increase in b"mass landed it c~~ be inferred that some degree of 

cverexplolta1>cn was occurring iPall~ elru .. 2002). 

, , , , 

, 
, 
, 

I 

~, 

*., : 

''', 
, , , , 

-

8 

-

, 
, 

I 
I:' 

~~ 
! , i , 
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------ , 

The d"ta represented above and other data relating ~o historK;~1 fi.hing pressures and oOl'lJiat>Jn 

sil es l'I ere u. ed to construct retrospective ecosystem models of th e Benguela usmg tile 

modelin g .of~l'Iare Fcop"tlll'l l n i=coslm (Christensen et ~J., 20(0) Tn e e~~min"tion of 'prist;",,', 

interim ~nd pres e nt..J~y Fear)"tll m;}dels of ~ne nortnefn an d southern Benguela ecosystems 

should yield insignt into tM nature and root 01 trophic change. ~h~~ h~y e occurred in the 

Benguela 
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1.1 

EwE facilitates the construction of """:::II'1\/_""",t'" eC()SVSlem models centred around 'boxes' or 

groups, one or more SPE~CIE!S of status. The flows in and 

out of each box are calculated to (1 balanced energy """, ... aLIV 

::::: Production + R"",niir",tinn + Unassimilated food 

the flows between a "'T""""",_",r<>T<> model of the energy flows the 

between groups are nnrTr<:>',""'" simultaneous linear C\.jIJC:UlU' 

If the of one box (/) is balanced and other mr,rt"',IIT\J of that box: 

Production (/) == All biomass loss and catches of (1) + 

other of 

then all a"~,c ... ,.,,, of the 

follows: 

between box! group (/) and 

Production (/) ::::: . p 

losses of (/) ::::: ( B j . j . j,d 

Other losses of (i) ::::: (1 - ) . 

where 

::::: a box! group in the model 

J == any of the ofi 

== the biomass of i 

== the of i per unit of its biomass 

::::: the average fraction of i in the diet of j terms of 

10 

(j) can be described as 
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",Tt,,..,,,,,,,,..,, of i ( the fraction of total consumed 

:: for i 

as 

deaths as a result of disease or for 

So for box i for every other box! group in the &:>r"'O:::\I'o:::t",m 

.P j . r)- o 

Where 

:: ofi or for ",y,,,m,nl,,, 

that for each group, three out of the four variables must be entered: 

biomass production per unit biomass total per unit biomass and 

,-,,,,,,,,,,,,,.. the linear v '.1''''' "V, then allows for the fourth variable to be 

estimated. R&:>o:::nllrl'ltlnn is used 

difference between assimilated 

as a means of 

,m,,,,"",n and 

and is taken as the 

to result from 

In the waste and dead matter accumulates in the detritus box 

unless consumed detrivores. To 

compositions, assimilation "'nl .... ' .. 'n ... " and .. y ........ rrc:. 

Once data have been the model must be balanced so that Itim,,,,t,,,,I,, all 

efficiencies are 0 < EE < 1 and 

number of factors make this 

surrounds 

to be the case 

data. Estimates of 

or patchy data or there are not data for all 5pt~CIE15 

for those c:.n<, ... ,,,,,c:. that are available must be assumed to 

some cases the estimates themselves may be 

of the model can be 

11 

do not exceed 

due to the 

A 

that 

are often based on sparse 

so estimates 

to the others in their group. In 

due to errors or inconsistencies in 

diet 
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until all EE's <1. This method relies on the fact that less confidence is 

cornp()SltlOn estimates than in those for which have ... "" .. ",r::::ol been 

from field ."",,.,.,nl,,,., this is the """"n<>nn et 

a/., The model can also be balanced the automatic function found in more 

recent versions of which uses either random or descent alterations to diet 

and/ or biomasses and selects the nnlrom"'l mass-balanced models et a/., 

this method was not used to construct models in this dissertation. 

from EwE models may be used to calculate various indices that allow for the 

of form and function between """"~"\J"'t."rn'" Shannon's and indices were 

calculated as measures of "",,,"',,..... index was 

calculated as the i relative to the total number of 5IJt~l;;lt:::; (pi), and 

the natural This is then summed for all SpE!Cle,S, and 

-1 : 

In ""nnn.", nrr'''''n,rt,,.,,, of spe~ClelS i relative to the total number of 

is 

Finn's 

Ecosim: 

1 
=-s-

2 

index (the proportion of 

number of 

are summed for all :spl:lCle'5, and the ror·;n."..,.-,,,,I is taken: 

that is within the o""",,,,,,t,,,ml and mean 

links divided the number of between 

were also used as indicators of I"l"r''''\I,o:t""m state. 

The t:CC)f)arn software includes a simulation which allows for the 

within a ,,,,,,t,,,,nn to be examined over time Simulations 

Ecosim can be n"',"Tnr'm",n once a "'",'",nt'on state model has been created. The 

12 
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linear 

where 

on which the model is based are used to derive the 

""""",'"",rln basic in Ecosim: 

::::: the 

::::: 

::::: the 

::::: the 

::::: the 

rate of group i in terms of its biomass 

of group i 

rnrlfT",,,.\I rate of group i 

rate 

rate of group i group j. 

differential 

Ecosim also allows for prey which in turn makes it to 

control rlN'!:Ilt,,,,rc:: et 1 

mixed set as 2, 

closer or less than 1, and IDD-oaiwn 

The rates are thus calculated 

I 

a 

to: 

e.g. or IOlJi-OCIWn 

"'nl""_nr"''' interaction is 

control is characterised a 

much than 2. 

where the rates of behavioural 

v and v' n:::llr:::ln'1AtArl': 

between invulnerable and vulnerable groups are shown 

is the rate of effective search j for prey group 

r"'t"' ..... '''''n at 

13 
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Ecosim also allows the user to 

and adult groups to be linked 

recruitment into adult groups. 

1.2. Aims 

In fulfilment of the 

multi-stanza of a SDE~cie!s. for 

time way of and 

HMAP project, available data man's 

historical I,.,it,,,!i,.,., of marine resources in the way of catch and effort data have 

been summarized in Griffiths et a/., 2004. The in this is the construction of 

models of the at various the continuum from 

the current level of eXIDloltalmn 

describe any 0,..''':'' ,,,,t,,,,,.,.,-Io,,o1 

to 

based on these data. The aim of this thesis is thus to ~~.',~ .. ~ and 

that may have occurred since and eXIJlolitatio 

in the in terms of both structure and function. This will be 

.... 'v'n<:>'n with Ecosim There are models of the 

based on modern catch and biomass data that cover the from the 1970s or until the 

2000s 

as the 

et a/., et Roux & These will be used 

models and as the basis for the construction of industrial (1910 - 1 

models. EwE version 5.1 software will be used in the 

construction of all because the models for the northern and southern 

on which these historical models are based were constructed 

because of its usage as a means of 

that these models can facilitate a better of the 

functions 

more 

as well as if, and to what extent it has been altered as a result of 

of the responses of various to historical 

allows for more informed n"""lo,nol"! decisions in the future ... "',"',.", et aI., 

and 

ltis 

as it 

A 

levels 
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2.1.1. The southern 

As described in the 

2 

can "'.,.'''' .... '1\1'''''' be divided into northern and 

southern 

southern 

based on <>n,,,m,cmt and more variations. The 

dealt with in this ,. .... <."' .. ". 

cell near Lllderitz in Namibia 

extends from its northern 

Oet'Heem 25 and that is 

a 

to 

the north-south m,r.r<>"'f'ln of many fish SDE!Cles. around the coast of South Africa to 28°E 

at East London. The extent of the serves to include the Bank off 

the south site that cannot be excluded due to the 

role this area in the IITO_,","',", '''''''' of many of the SDE~Cle~s found on the west 

coast. The modelled area extends offshore to the 500 m (,f'I\J'","nrln 220 000 . The 

environment in the southern is characterised 

due to the 

of 

south-east wind over the summer 

This in turn a 

the associated valuable fisheries. Small 

seasonal 

10118DI18 fish biomass and 

encrasicolus and the sardine both with 

to biomass and rnn.f'lrT,nn of 

Etrumeus whiteheadi and 

horse mackerel Trachurus trachurus 

include the round 

which also have biomasses and 

contribute to to a lesser extent '."",.I1,.."rl'l et 1 

as in other are now Small 

shifts in as dominance oscillates over time between two or more SDE!Cle's. Recorded 

",,,,t,to,,,., in the southern back to the 1920s show an initial 

15 
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followed 

mackerel 

et al., 1 

abundance 

horse mackerel in the 1940s and 1 after which sardine biomass ,nl",r""",,,,,,rI 

other SPE!CI€IS contributions from the late 1950s until succeeded in turn chub 

and to dominance in the mid-1990s 

Schwartzlose et 1 This decadal-scale of 

often described as a shift', has been demonstrated in a number of 

around the 

Schwartzlose et al., 1 

where sardine and co-exist et 1 

A shift is defined as an altered state of a marine .. r:r)<::.v<::.r",m 

a in form and function & The shifts in the small 

in the southern few decades cannot ne(:es.sar be 

termed a as abundances may have the structure and 

of the itself did not This was not the 

case in the 1950s and 1 when the structure of the ",rr",,,,.,.,,,..,., was indeed altered and a 

while more recent may be better referred to as 

& many of the that have 

shifts are in fact pressure the 

and in itself has been ruled out as the 

driver of these as fish scales in oceanic sediment rlA,nn'~it<::. off California and 

southern Africa evidence of to the initiation of any lanCle··SCi3Ie 

in the area 1 Shackleton 1 

The shift from one dominant SPE~CIE!S to another appears to be influenced by 

climatic and 

et 1 

fish are the 

valuable stocks in the 

shallow water Merluccius 

the demersal 

and 

pressure, 

Shannon et 

contributors to fish 

of 

a 

the most 

hake found in the 

water M. n;:> ,r;:>nrlV I The hakes are 

16 
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2.1.2. EXI:>lolitat:ion in the four examined: 

2.1.2.1. Pre-contact and h ..... 'i .... i ... "'1 era 

humans in the coastal of the as 

as 1 million years 

120 000 years 

inhabitants 

the last 

to utilize marine resources from around 

2001). was 

limited to the intertidal zone, and on the offshore resources 

with the arrival of the "n'~"'<:ln seafarers. '",<>h.rn", for the most the 

African were an easy and served to sailors with 

food and even fuel in some cases. of these birds was first recorded in 1487 

Bartholomew Diaz and continued as the southern African islands became nr,.."""" ......... for 

,h.:>lt,.. ..... et a/., 1 Griffiths et al., The 

/JU')IIIL'''' U,IR>I''IU'''' was the next :SlJt~\';lt!5 to be the Dutch in the 1600s 

to 1600 cannot be termed ·nr,~_"".,nt,"rt· with 

2.1.2.2. Pre-industrial era: (1652-191 

The establishment of the first n"'r'm""n""~t 

India in 1652 

orn,.,"'",n settlement in the 

increase in """"'\"::"O:T 

the Dutch East 

effort on 

and sea in Table and the surrounds. Once established in the 

fur seals 

the 

DEle and its colonies continued to 

the late 1700s 1 

whales \t:LJDa!laE~fla The 

up the west coast, 

levels remained 

to overwinter at the 

shore-based nn,,,r,,,lt,nn that was established in the in 1792 

17 

what is now Namibia 

<>r"''''''OI\I low until the 

southern 

combined with that of the 

a more diverse range 
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of SPElCIE~S 

baleen whales in 

whales led to a swift decline in abundance of 

southern whales 

heralded the start of modern off southern Africa's west 

cannon-fired the traditional sailor 

from southern 

at al., 1909 

and 

boats and hand-held 

to mnn:::.r'l( whales 

as southern had been ",,,,,,,.,n;,,,,, this 

the other at the time, did not nT<>nC>,'T" until 

after the British had unseated the DEle in 1806. From this time until the Fish Protection 

which ng'"""I!T<: for was introduced in 1 unchecked efforts British and 

American sealers on the southern African west coast and islands is believed to have caused the 

extinction of 23 colonies The line also to over the 

from 1 and collection of guano commenced in 

the in the mid-1800s. initiated in the northern of 

guano was the valuable material was also removed in 

from islands off South Africa. This resulted in declines in success of island birds in many 

instances as guano is a crucial material for the African and the 

Morus others et a/., 1 Best et a/., 1 

& 1 

2.1.2.3. Industrial era (191 

The demersal trawl 

west coast sole (A. 

sale 

1900s 1 

and 

After the First 

World War ",.,.,,,,.,. the extent of the hake stocks off the west coast of South Africa was realised. 

to the hakes Merluccius and M. 

served to increase catches in the 1950s. In the 1960s the 

waters off Namibia were ,nrr<><.", t",rt,<>t<.r! after <>v,\lnr",tn showed even richer stocks 

existed there 

raised lead to 

& 1 Gordoa et 1 The increased 

catches of almost 250 000 t off South Africa in the 

18 

interest that this 

1970s & 
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2001). The of small fish SP~3Cll:lS off southern Africa 

earnest the 1940s after World War 2, after which 

St Helena to the rest of the west coast. Peak catches of around 

were recorded in 1 ...... "" .... n'" of which the sardine -..:.<:>,rrllt' .... n sagax 

in 

based in 

ef a/., 1 were, followed the of the sardine stock 

in the southern 

pressure and 

in the mid- to late 1 

recruitment 

due to the combined effects of increased 

& van der 1 Sardine was 

the <>n,r'n''''\1 encrasicolus as the dominant small uc,aUI'L. fish. 

The increase in the biomass of combined with a switch to a smaller net mesh 

size in 1964 to allow these stocks to be 

' .. "''''''!..l'''' "',JCI..,'C'" in catches Hal-If,,,,,, & van der 

resulted in 

1 

the dominant 

of ....... ,"'...,,',., in 1913, and 

transferred to other and 

1915 catches had rlrl"l,nn<,rI 

the late 1960s 

effort to be 

had ceased off South Africa 

1 Griffiths et al., of seals continued to increase 

the 1900s. In 1965 the to nr""",ti'7" to various 

colonies to individuals. Harvest rates increased from the late 1960s to reach 

a of 23 000 bulls taken in the 1970s. 

2.1.2.4. Post industrial era (1975-

have maintained their dominance in uc,aUl'IJ since the 1 

of both and sardine have been on the increase in the southern 

stocks 

since the 

1 to what is estimated to be the 1980s & van 

der 1 Griffiths et Shannon et aI., The sudden increase in 

interest in South Africa's demersal hake the late 1960s and 1970s 

resulted in the a 200-nautical mile exclusive economic zone in 1977. This 

<>Yr."''''T''''''''' reduced catches 

the of 100 000 t per year 

harvests in the 1 

effort. Catches have 

2001; Griffiths et 

in South Africa declined ",,,,\,/,,,r,",,'11 when 

19 

been in 
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seal caused the South African market to crash in 1983 .... "',"\,"".,., continued 

at a lower level until banned in 1990 1 Griffiths et 

The with Ecosim software et 1 was used to construct models for 

each of the eras described above. A detailed of EwE is in 1. 

2.2.1. Model construction: 

Where values for PIS and Q/S are these are used in all models. Unaltered diet 

Table A.1, was obtained from the 1978 EwE model for the southern 

referred to in Shannon et a/. r:::ln ... ""t,,",r,,, are in line with those SU(JOe!stElO 

in Moloney & Jarre so as to be to models of other 

2.2.1.1 

Input 

models: 

data group for 1 1900 & 1960 models: 

were as listed :::>1"1"'l"Irl'1;," to the group number as in the 

in the ""/.,t",,,m was assumed to be 76. 396t.km .2, the same 

as in the 1978 model of the southern et a/., as no estimates are 

available for 1 1900 or 1600. The PIS ratio of 154.4 used in the 1980s and 1990s model 

of Shannon et a/. sourced from Srown et a/. (1991), was assumed. As nn'IITnn,,,,,n is a 

and P/Q were not for this group. 

Benthic No estimates of benthic 

so biomass was estimated 

biomass are available for 1 

an ""rt""'\nn,1" ""IIT,,..,,,,,nt'\I of 50%. A PIS of 15 

1900 or 

was used 

et aI., 1 
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was modelled as three ."" .. ~"'r"'to groups :::I~I~nr'nmln to size and a 

macro-, meso-, micro- and 

biomass estimates are available for any groups for 1 1900 or 1 

were estimated of 95% in all three models. The 

was decided on as this a conservative estimate of the B of the group in 

would have been to sustain the level of on that group. The 

group and zo()Olcmkton larvae with an 

As no 

biomasses 

of 95% 

that 

diameter of 2 200 IJm. Estimates of PIB and alB (1928 were obtained from the 

1980s model et a/., 1 

Ca/anoides carinatus and Ca/anus 

group includes co~)ep,oas 

of 200 - 2000 IJm diameter. A PIB 

of 40 and a alB of 133.33 were used as in the 1980s and 1990s models in Shannon et al. 

has been defined as of of 2 - 20 mm, 

fish and similar groups are also included. A PIB of 13 and a alB 

a/., 1 of 31.707 

Gelatinous 

were used for the 

includes 

as for the 1980s and 1990s ...... '\1101<> 

et 

group 

tunicates and 

a PIB of 0.584 

nr"",,'u and sardine: Biomass of sardine in the southern 

and VPA is estimated as been 1 615 000 t in 1960 

was estimated in the 1900 and 1600 models an C>"'/~trr''''''' 

and was 

and a alB of 1.669 

derived from catch data 

et a/., 1 

pffjrjpln~\I of 

Biomass 

as no 

estimates are available for these of 318 000 t are recorded in 1960 

et al., 1 and no catch was assumed in the 1900 and 1600 models. A PIB of 

1.2 and a alB of 12.371 ,obtained from the 1978 model in Shannon et al. were 

used. No biomass estimates were available for the for any of the three historic np,"inr\c, 

modelled in this so in all cases biomass was estimated the model an 

of 95%. As with PIB (1.4 y(1) and alB t 1
) values from the 

21 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1978 initially derived from et a/. (1991) and Hewitson & Cruickshank (1 

were used. Minimal of were recorded between 1958 and 1 

catches made from 1964 onwards off South Africa et 1 

9.) r"":I1.-:vt":. biomass does not rival that of sardine and it is still 

and makes up a 

c::pr1;::m::lTP group from 'Other small 

of the catch. It is therefore modelled as a 

in the southern No biomass estimates for 

are available for 1 1900 or 1 and biomass was estimated an 

of 95%. A PIB of 1.3 and of 13 yr'"1 were obtained from 1978 and 2000s models 

et a/., A catch of 100 t is recorded for 1 and as the first recorded 

are in 1 catch was to be zero in 1900 and 1600 et a/., 1 

Other small fish: The group 'other small includes the less abundant SDt~Clt~S 

of small fish and 

No biomass estimates are available for any of these "'1..1<'''''''''' 

1900 or so biomass was estimated in all three models an t>l"t~trrln 

95%. A PIB of 1.0 and a Q/B of 10.0 were used 

of any of the sDE~cle~s are recorded to the 1970s ."'UIT,.",,, et 

11.) Chub mackerel: Biomass of chub mackerel was estimated 

of 

No 

an 

",tt,,,,,,,,,,,,,, of 95% as no estimates of this stock were available for the historical .... ""nnr .. " 

modelled. PIB and Q/B were obtained from the 1978 model 

Chub mackerel has formed a small proportion of 

since 1 with of 29 100 t recorded for 1960 

12& Horse mackerel: horse Trachurus trachurus 

modelled as two "''''r~''''r''''t''' groups due to differences in diet and habitat between 

and adult ( >20 em, older than 2 fish: horse mackerel 

et al., 

in the southern 

has been 

1 are 
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and pelc~gic while adult horse mackerel 13) are and 

midwater feeders 2001). Biomass of adult horse mackerel was estimated as 230 000 t 

in 1960 No estimates are available for 1900 or 1600 for adult horse 

or for for any of the historical modelled. Biomass in these cases was therefore 

estimated an of 95%. PIB and P/Q ratios for both 

(1.2 and 0.1) and adult groups (1.5 and 0.1 were obtained from the 1978 

model. Horse mackerel appears in catches from 1950 and of 

62900 t and 429 t were recorded in 1960 in the and demersal trawl fisheries 

& 2001). In recent decades any catches of horse-mackerel 

the were assumed to fish. The 1960 

was to the ...,VII",,,,,,,;:, of the sardine stock and the ;;:OUIJ""'4 

sizes in the mid 1960s which allowed for increased catches of fish 

of mesh 

1 

2001), hence catch in 1960 is assumed to have been of adult fish. 

fish: The lanternfish LalrrlOamlct(JdE'S hectoris and the Maurolicus 

muelleri are as fish'. Biomass of this little known group was estimated for 

all an ""I', .. t"" ..... ,i,.. ",!ffi,...i",nr'\/ of 95%. PIB (1.2 y(1) and Q/B {12 were 

obtained from Jarre-Teichmann et al. (1 derived from Hewitson & Cruickshank 

(1 There is no record of either ;:)I-'~'''''O::';:) in catches until 1968 Crawford et al., 

Snoek: 

fish in the 

"''',''" .. ''' atun is the most abundant and hence r:nlmn,,,,rr:i:::o 

estimated to 65% of the total fish biomass et 

al., 1991). No absolute biomass estimates are so biomass was estimated in all models 

an of 95%. A PIB of 0.5 and of 5.0 were 

from Jarre-Teichmann et al. (1 A small-scale semi-directed demersal trawl 

obtained 

for snoek 

has off the Western since the mid 1960s 

as DV(;;a[(;n in the hake-directed 

et a/., 1 

retained since 1 

and snoek is also 

et al., 
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the recorded of snoek for the historic modelled are 

the one of the oldest fisheries r .. "~r<>tr,n,., in the Catches of 1 0300 t in 1960 and 

275 t in 1900 are recorded Griffiths et 

Other fish: This group includes kob 

Atractoscion "",I In,.,rr", ,I Serio/a r ... ".n" •• Llrr""",,,,,,'nn.a argyrozona, hottentot 

and tuna Thunnus spp. No biomass estimates are available for this group, 

so biomass was estimated an of 95%. PIB and P/Q 1) 

ratios were obtained from the 2000s and 1978 models. 

",nlrm"IV attributed to the line which has been 

the 1 some kob has been taken 

can be almost 

these since its in 

the bottom-trawl fleet since 1917 

"''''./Tn,'n et a/., 1 for the group as a whole are recorded as 5249.3 t and 400 t 

the and demersal trawl fleets in 1 and 3778.4 t the in 

1900 et a/., 1 Griffiths et 

17.) haIIDDc,aS: Several <>I.I<'V'~';:) of inhabit the southern no 

estimates of biomass exist for the historic modelled. The model was therefore allowed to 

estimate biomass an of 95%. A PIB of 3.5 of 0.35 

were used as per Shannon et al. of were 100 t 

with no catches recorded to 1958. 

two of hake are found in the southern Hakes: As mentioned 

the shallow water hake Merluccius water hake M. 

Hake were modelled as four discrete groups with to size and M. 

M. small M. to allow for 

cannibalism and differences in diet between small and yr 

2001). Biomass of adult hake is estimated to have been 538 709 t in 1960 & 

2001). The of the two of hake found off South Africa was shown 
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to be 25% M. and 75% M. on the west 

1980s 

and 91 % M. and 9% 

M. on the south coast et a/., 1 The 

n""r .... "',nY~.r"" of hake biomass on each coast the 1970s and 1980s based on sUNey 

was 75% on the west coast and 25% on the estimates and models in Punt (1 

south coast. These nrl'"\nn,nlrm were assumed to in 1960 as and the biomass of each 

was calculated No biomass estimate for adult hake was available to 

1917, and of small hake for any of the years so in these cases biomass was estimated 

an "' .... 'urr\"" I!>ffiril!>lnrv of 95%. P/B and taken as 2.5 and 0.15 for small 

0.8 and 0.182 for M. and 0.8 and 0.182 for M. were 

obtained from the 1978 and 2000s models. In 1 the demersal of both 

combined were recorded as 159 900 1. As the ratio of M. to M. 

the 1980s and 1990s was shown to have been 1:3 in research cruise sUNeys 

2001), this was also assumed for 1960 in the absence of any other indications. In 

recorded off the west coast division 1 as to the 

south 1 and were attributed to each SDE~CIE!S Hake landed were 

assumed to be as a market for small hake to 

more scarce at aI., No are recorded to 1955 

:r<l"vtl"'l,rI et 1 

22 & Other demersal fish: Other demersal fish were modelled as two groups: 

and h""r"lYh' .... _lr.,.,rlm as in 

of the et 

\:)r.:U~Clt~S included in the 

;:)OI9CIE~S were divided "'1"'1~nrrll"'ro 

group are ribbonfish \Lt'fJllJUj..IU;:' 

southern rover mnlt:>H,..nrlrn\/~'" nitidus 

cutlass fish 

As there are no estimates of biomass available for this group, the 1 

models were used to estimate B at the time 

constructed models 

& Smale (1991a & 

John 

1900 and 1600 

of 95%. A P/B of 

0.7 Q/B of 3.5 from the 1978 model were used for both demersal fish groups 
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et 

As no other 

group. 

monkfish 

also estimated 

Of the demersal is I"nlmn''''fl''i:::l 

a catch of 0.3 t of John in 1960 and no to 1958. 

appear in catch records for the time, 0.3 t was assumed as the catch for this 

demersal fish I"nrY1nr'I~A 

African 

panga 

lesser 

beaked sandfish 

smooth horsefish 

smooth-scaled rattail 

bank steenbras conger 

and west coast sales Biomass of this group was 

an of due to a lack of other estimates. The 

FAO 1100 t 2900 t 1000 t west coast and 700 t of landed 

in 1 a total catch of 5700 t for demersal fish 

these SP~lCIIi:~S were landed in numbers to be recorded 

As most of 

from the 

1920s 

24 -

no catches were assumed to have occurred in 1900 :r"',l\Ifnlrn et a/., 1 

benthic 

"II,..".,,,,,., Shannon et al. 

and apex 

were divided into 

This was in order to contend with 

cannibalism difficulties in diet assimilation that arise if all are Table 2.1. for 

No biomass estimates for ,..nl"\nrl .. ,..ntn were available for any of the time nOI"lnrl'" 

so biomass of all three groups was estimated an of 

95%. PIB and for all three groups were obtained as follows from Shannon and 

models: 0.5 and 4.545 

1.0 and 10.0 ,and apex I"h'"lnrlril"hth 0.5 and 5.0 . Sharks and 

rays may not have raised much interest as a resource in the southern 

a shark-directed 

O::;"""'l-'t~U the effect of 

in the 1 have not 

pressure, as many became nV •. I":::llrl"n in fisheries 
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other more lucrative resources, such as the demersal trawl and the line 

As a what records there are of tend to be somewhat vague or 

FAO catch statistics for 1960 of 1800 t of as a group. As there 

is no record of which SPE~Cle~s this the catch was in the same r ..... "" ..... rr' ..... n as 

that of 1 when l'Innfr'Vlrn,::I1'I'!IV 80% of ,..h'"lnrlri,..hth landed were Der1tnIC-TE~ea 

and the rprnl'lininlf'i 20% oelaalC-Tf3ea Catch in 1900 was assumed to be zero. 

Table 2.1: Chondrichthyan species comprising the benthic-feeding and pelclglc··teeolng groups (Shannon, 2001). 

Benthic feeders 

edwardsii 
:;)pc:me!c cats hark Porodera africanum 
"".,',,,,,,,... catshark Porodera 

IO""SDIDttE~d catshark ..... ,..vllf)rn'n 

Seals: The of seal nr':·"'f'lin in the 

Pela ic feeders 
Mako sharks Isurus oxyrhincus 
Blue sharks Prionace 
'-'\.1'1-'1-"",,' shark Carcharhinus nr"'''YJ''' 

Smooth hammerhead zygaena 
acanthias 
mitsukurii 

Atlantic electric ray nobiliana 
Other skates and rays 

is the fur seal 

at 1 0 colonies in South Africa and 15 in Namibia et 

Wickens et al. (1991) the annual rate of increase in pup numbers in South Africa 

as 3.2% pa from 1972-1 based on data from aerial surveys available from 1972. 

this rate until 1 and a pup ratio of 1 

et al .. 1991), the South African of fur seals in 1960 can be calculated 

as ""en: ...... ", 250 300 individuals. this number was insufficient to the 

demands on seals in the "Iv'~rplm As the aerial counts on which this was based are 

to be minimum ... d';m""t"",., a less conservative estimate derived from a total 
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estimate for the time was used in favour of this The total of 

fur seals in 1960 was estimated as 795 000 individuals Best et a/. (1 

Of 40% of individuals were assumed to have been located in South Africa and 60% in 

as was the case in the 1980s and 1990s et a/., et a/., 

2001). Mass per individual was obtained and total biomass 

estimates for the 1990s et a/. , 1 2001) and this was used to convert the 1960 

estimate to a biomass of 10128.5 t In the same way a southern 

biomass of 1650 t was obtained for 1900 the total 

estimate from Best et at. (1 

Africa as at this time the 

but this time 50% of the to be in South 

to be established. The found in Namibia had 

biomass of 29260 t 133 used in the 2000s model was used for 1 since 23 

colonies have become extinct since 

since been established are of such size that 

Griffiths et al., 

biomass estimated the model is far too 

four of the mainland colonies that have 

may well offset the loss of the other 23 colonies 

this is not no other data exist and the 

due to the small number of nr""rI",t'nr~ 

seals within the ,,,::,,·,,,t,",ro the 2000s estimate was used as the best estimate available 

for the 1600 model as well. PIB 

) and the 1978 model 

of 45000 individuals in 1610 

(19.306 were obtained from Shannon 

With Dutch sealers first a harvest 

Griffiths et seals appear to have been the 

first resource at any level in the A lack of any controls on 

until the late 1800s meant that numbers of colonies were harvested to 

extinction. Those close to T own were the first to be ",ff.,,..t.,rI 

both in South Africa and had become extinct 

1960 a and limited season had been 

but 

1 

1900 at least 23 

Griffiths et 

"""''''TOl'1ln continued 

to increase the introduction of a TAC in 1 off after the market 

in 1983. activities ceased ,,,It'"I,,,,.th.,r in South Africa in 1 continue even 

at low levels in Namibia The of seals harvested 

are pups, because of the value on their but a smaller number of bulls are also 
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taken and utilized for other seal were calculated an 

average mass of 22.7 for pups 1 and 150 et a/., 

recorded numbers of pups and bulls harvested in South 

in 1960 and 196.5 tin 1900. 

this translated into 254 t removed 

Cetaceans: The cetacean group marine mammals such as 

common 

bottlenose truncates and "'M/rI",'", whale H""'",,,,nn,)T,o,",,, 

which feed in South African waters. Other baleen whales are nrg,,,,g.~t 

whale Euba/aena australis and 

all of 

with the 

southern 

others been "",'",,"'\1 the off South Africa. These whales are, 

elsewhere and into the 

southern to breed. While southern whales have been recorded as 

in the southern et al., 1 are 

nonetheless not r""""::.rr1",,rl as consumers in the et a/., 1 

models of the 

No biomass 

and so have 

been excluded from the modelled cetacean group, as in 

Teichmann et 1 2001; Shannon et a/., are 

available for cetaceans for any of the ng,,,,..,rl,,, and thus a estimate was 

the biomass of cetaceans removed from the !::V'~TAlm between models to the current 

estimate. The model could not be allowed to estimate cetacean as the 

would be based on the minimum B needed to sustain any catches and on the cetacean 

group and both of these are minimal for this group. As a result estimated B would be far below 

that which could be the and would not an accurate of 

actual 

estimate. 

hence this not nr".,..,."", 

543 whales 

are recorded as landed off South Africa and 

a less incorrect 

within the 

1012 

between 1900 and 1959. The 20% of recorded mass removed was added to this as in 

& Pitcher to account for An average mass of 1 0.77 t 
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per individual was assumed & 1 Biomass was thus estimated as 25579.69 t in 

1960 and 43045.31 tin 1900. The 1900 estimate was assumed to in 1600 as as no 

removals are recorded to 1 Diet was in each model. I::xlJloiltatlo 

of cetaceans as use of beached whales and ........ , ........ ,,,. with little active 

settlers in 1652 made some efforts at 

they were not successful to have Im~)acteC1 .... r"'t"'''·onn to concentrate their 

efforts on 1 the first lan:Je-'SCi:lIe ",vr,,,,,,',,,.,, of 

whales in the south for over a hundred years, and a 

number of shore-based stations had been set up colonizers the coast of South 

Africa and Namibia. Both shore- and boat-based 

and to focus was shifted to 

whales were 

no records of in 1900 or 1960 et a/., 1 

Seabirds: The 15 :::'IJ~:""II:::':::' of seabird in the southern 

African Morus 

Pha/acrocorax spp., three 

Sterna spp. and Leach's storm 

white Pelicanus 

1 

southern 

whales, 

in 1 there are 

include the 

four cormorants 

four terns 

et 

with other also To obtain biomass estimates 

for seabirds as a group, total biomass of the most abundant spE~Cle!S 

bank white-breasted crowned I"nrmnrl:l 

white in 1960 and 1900 relative to that in the 1990s 

was establilsl 

and 

these 

Underhill & 

in Underhill & Crawford 

1 Crawford et al., 1 

minima 

were taken as the 1600 

Shannon 

for 

in the case of African where the minimum of 400 

individuals is less than a of that of the eXPloltE~d 1900 In this case the 

1900 of rn"llim:'1tAhl 1 612 700 individuals was assumed in 1 as well 
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et a/., 1 the biomass estimate for seabirds in the 1990s southern model 

t) from Crawford et a/. (1991) and used Shannon et a/. and the theoretical 

sizes described estimates of the total biomass in 1960 and 1900 were 

In 1960 the seabird biomass was taken as 3740 t, 1.42 times Mr",,,,t<>r 

than in the 1990s. 1900 and 1600 biomasses were both assumed to be 7920 t, 

three times that of the 1990s. human on seabird are 

from eXIJIOlltatlon of n''''''''''''1"1 and to habitat rnnnifir"'finn 

in the form of 

due to the 

the effects of direct eXj:lloltat 1"""""'''''1"1 of eggs or birds themselves can be 

taken into account the basis of these models. The n""" .. '", of 

eggs and sometimes the birds themselves had been pralctll:ed since the arrival of the 

first visitors to Southern who used them as for their 

or resulted in the loss of a number of 

colonies :r'::I\,'ITI"I'''''' et al. I 1 later the 

Island near Saldanha 

between 1900 and 1930 

off the west coast of South 

of eggs were taken from Dassen 

with 13 million eggs harvested there 

1 Records of egg harvests since 1871 are available 

et al., 1 The small number of eggs recorded as harvested in 'southern Africa' over and 

above those from Dassen Island was divided between the northern and southern as no 

indication of was available. The number of these eggs could have 

VU\J .... ""u was then calculated success of 0.548 and success of 0.37 

& 1 the average mass per individual to be 3.2 

n::"AITI"I'"" & removals of seabirds were taken as 7. 95 t in 1960 and 60.3 t 

in 1900. 

2.2.2. of the models: 

2.2.2.1. Biomass: 

31 
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The unbalanced 1960s model could not estimate a biomass of apex as this 

group is not consumed within the The biomass used in the 1978 and 2000s models 

Gelatinous 

Gelatinous 

was therefore assumed in the 1 1900 and 1600 models. 

is 

biomass 

to be 10-50% of the combined meso- and 

2001). When the models were allowed to estimated 

biomass for this group, estimates for all historic fell far below this range, to the low 

to which is consumed within the As the estimate of 5 

tlkm2 used in the 1978 and 2000s models falls well within these limits for 

the three historical nlCl,",nr"" rrlOaellE!d this estimate was used for all models. 

Hake: 

Biomass estimates for hake are 

000 t of adult hake remains 

available from 1917 but the 1917 estimate of 972 

constant from 1917 until the 1940s & 

2001). Since biomass estimates by the 1900 and 1600 models were far 

below the stock assessment model estimates for 1917 - 1940 to direct the 

estimate of 972 000 t was therefore also assumed for the 1900 and 1600 models. 

2.2.2.2 the 1600 model: 

EE for all groups was < 1, but as in the 1900 model the biomass of fish (13.6 

was f',.,r,,,n,,f" 

of rn .. ",u', .. 

balanced 

2.2.2.3 

the diet of apex 

than the estimated maximum for the 1980s. the 

fish in the diet of other groups was reduced Table A.2 for 

the 1900 model: 

of seals was 

was 

calculated as 8.684. The contribution of seals to 

decreased from 3 to < 1 while the benthic-
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and adult horse mackerel I"nrnn"n<>nY'" were I"n,rr<>'::tnr,n increased 

A., Table A.3 for balanced B of meSO~)elcIQ fish estimated the model was 

12.738 , outside the range estimated for this group in the 1980s et a/. (1991). 

As a result the of fish in the diets of was decreased until the 

biomass was inside the upper limit of the biomass for this group 

2.2.2.4. the 1960 model: 

The unbalanced model calculated o.,.."trr,'" efficiencies of 6.454 and 1.05 for and seals 

at which time The unbalanced diet was based on the <>I""",,,'::tY<>I"n as it stood in 1 

dominated the small In 1960 sardine were the dominant small 

fish. To account for this shift in 

diets of all nr", .. ",,,,tnr groups were substituted for one 

than The EE of 

to its contribution to the diets of its main 

of and sardine in the 

so that sardine were consumed in a 

remained > 1 

were made to 

and minor 

this 

A., Table A.4 for balanced 

was reduced from 3 to 

The contribution of seals to the diet of apex 

with a n<:<>T,,,"\I increase from 2.5 to 3% in 

the nrr,nnrtll"ln of adult horse mackerel consumed. 

2.2.3. Network 

Most are estimated EwE "'I"r~nr('linl'l to the outlined in 1. Network 

routines in L- .... ,JVCW indices such as total "'\I'~Y<>lm 

and level. Total Ulanowicz (1 as the 'size of 

the entire ',,,,,:rl"'fn in terms of floW'. The level of selected groups was calculated 

relative to their biomass contribution in the """"""'., as the 'Alo.,nnTo.,", level 

to the 

== 
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is the level of group i; is the level of group i; Bj is the 

biomass of group i; and is the total biomass of all groups in the model 

and detritus TL of the detritus and n,,,,nl<"'l"\n groups was 

with the TL of each group 

..... ,,.,..,,,,:: .. ,\1 the TL of the 

to its biomass contribution to the 

groups was also calculated. 

2.2.4 . ..: ..... "."i .. "'i." 

The "'o'~"',i·l\lIi·\I of the models to their "<lIr',!>",,,,to was tested means of a mixed 

assessment and built into the EwE software. The mixed 

n<:>1<1",,,nn.'n as a measure of interactions within the USA economy Leontief 

(1951) has been for use in 1 so that the influence of in 

the biomass of one group on that of other groups in the can be measured. This process 

has been 

(1 Mixed 

Where i nr"":,,,,nt,,, the 

diet cornp()Sltlon of i and 

The 

+50% and -50% of their 

based on the routine 

is calculated 

= 

Ulanowicz and Puccia 

to the 

is the contribution of j to the 

the r ..... ,." ..... N''''n of nro,I1<:",,,," on j due to i et 

routine in to 

values. The effects of these alterations are then r"' .. ' ..... I1''''11 as the 

alters the basic in 10% 

of the value which the affected n~r~m"'t.:> has 

2.3. Results: 

2.3.1. Internal indices: 



Univ
ers

ity
 of

 C
ap

e T
ow

n

2.3.1.1. Biomass: 

The I"nl~nl'1lj;> in biomass of selected groups 

2000 are nr"":,"",nr,,'/"I in 2.1. The 

time: micro- and 

have been 

groups showed an 

over the 1600 -

trend in biomass over 

chub horse 

and seals. Those groups that 

demonstrated a 

other small 

and benthic 

trend include the rf'lllf'l\A/lnrl 

cetaceans and seabirds. 

5p~~C;U:'5 rl,o:>nil"t".rl in 2.1 that have been either or 

show an trend ( horse mackerel and 

those that have felt the effect of over time has declined 

cetaceans and ","j;>:~nllr/"l"," In the 1600 and 1900 

benthic 

a number of 

the biomass of many of 

other 

~nlr'nr"I\1 is the demersal 

dominant small while sardine biomass was estimated to have been low if the structure of 

the small ,",CI''''l-IIIJ''' in the 1978 model is and these diet 

of unbalanced diet COI11posltlor for 1600 and 1900. Small 

used as the source 

communities are characterised 

one dominant SPE~CleiS and one or more much less abundant at a and 

shifts' 

these time-

the dominant can and does in what are termed 

et 1 no evidence exists as to which 

As a result the diet in 1 when to be was used to 

determine the relative biomass of each SPE~CIE!S in 1600 and 1900. 

Biomass of the consumers within the decreased from <1600 

until 1 a marked increase in the in an overall 

trend. If one excludes sardine and from the groups the 

trend carries to the 2000s which show a small increase in the biomass of 

other groups since 1960. 
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2.3.1.2. Con~umption: 

Th ~ r~ 13:"~ consumption of hak~ , small p~lagko fish and hors.e mac~erel by their pr~dator. IF," 

2.3.) wa. shown to be dominated in all instances by hake itself, althoug h decr" aSI ngly w',th tme r1 

all three groops., For example. 5~% ct horse mac~erel wa, consumed by ha~e in the "1600s 

models, whereas in :he 200{)s moneL p<edalory flSh (35.3%) coosumed almost the ,arne 

proportion of ho,"" mack~r~1 a, did hake (36.3%) For all thr~~ group'. morta ~ ly as a res u~ r:J 

fi shing became apparent only in th e 1960 model., but fOT th ese and the 21)(){)s mod~ ls, r;"h ing 

-consum ed' a s'gni!icant prOpOrtion of production Some 55 % of ha~e WaS cannlnallSed in t", 

<16M model, cOlT.pared with 34% in th e 2000. model when 14% of hake was e,:imated to to. 

consurr.ed by fi . hing. Cephalopods also played an incre asin~1y oi ~nilicant role in th e conSU"lltion 

of hake, beng re.ponsible IOf 27% 01 ItS con.umption in th e 20005 model. Ha\;.e ana predatory 

J7 
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<1600 1900 1960 2000s 

~"--
g;:~:-

Hake 

\J--
D:"--

Small ~'"""" U-'" 
pelagic fish ~~ ~'"'-

'"' .. ~ 
-

~"-- ~"-- ~--
J, Horse t"""' . It:+1 ~'""'"' mackerel ~'-.. -

~~ ----- -- , 

"1\1"" ~ 3 , .... ~ __ ) OJ ",0"""'1Of) <>! " ... _ ........ "" ..... 110. _. -" """"', ._yo ... "" ..... '". ""..,..,,) .. \OJ ""''' .......... ,,,,,,, "\OJ ~" 
"'"'''''''''l ~ Oy " .. V"""" ......... ora " "'" ~ Bo' ....... Iot._ ".,"'" """", .. , 

J. 
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100% 

75% 

, , , , 
• 50,; 
j 
" • 
~ • 
" 

25% 

"' 
C""""C~;;c'.C."c;'"-;o"O'";;C>Ci" "",'_"-C"' .. "~;c,., .. ",.--C"CCC''',,'r:e<o~' f~ , 
.r"",~ ,, "e..,...,.'. ~"" .. ..,."'"' . Oh·-""" f,.h' 
c I "' '" " .. = e< c _0 C ~n'hcYf • &,,,.,. 

fish pedaled Ihe h;ghesl propor~ions of sma:1 pell'\jic fish in Ihe <160t model (55% Jnd 17% 

respec~ively), aCid although tooy were stl l the top conS'Jme," of this group ,., the 2000. model it 

was by a smaller margin, contribut,ng 39% and 13% re,pectlvery. while fi'hing consumed 16% 

A comparison of the consumpt>;}n of production by key groups relatrve to one another (~:g, 2.4) 

shows small pelJglcs to be the choef eonS'Jmers within tile system, responSible for up to 71% of 

consumpt>;}n in the 200ts model Mesopell'\jic fish contributed the highest cons'Jmpt:on of any 

sing le group followed by sardine, ConslJrrlltkln by top predators suell as seabirds ,.,d m,,-,ne 

mammals remained low in all models 

39 
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2.3.1 3. Trophic le~el: 

The trop.'" level. (llsl ci all groups In the ~161XJ. 1900. 196() at"Jd 20~Os model. a,e pre,ented 

In Tab e 2.2 Most groups maintained Slm j ar TL. Ihroughoul the models. alhough those of 

Cerha:opods. all hake group~. and seal. were marginally ",wer In 2000 than In Ihe 1800 model, 

while that 01 chub mack"'~ wa, marginally higher 

G", ... p ". ,~ ,- ,-
f'h1"P~'''' '''' 
hoon1>io I",;",e", 

1,1\(1 0/.00 pW "00" '" " ," ," 
'to::>"O~I"" 2 ,] 25:; , 5:; 25] 

'w.,"",oP~"'"'" n(; n'\ n,\ ,>J\ 

,-.. ~t'"""'" ,,,,,-,,,,,tklon 1.29 3 29 3 29 -1.29 

!>CdoV'{ '" '" 35-< 35-< 

>,~ 2 8' '" 2 ", 2 ", 
H_; . y" 1.86 ," ," ," 
Otl>« ~~, I "'"'0"" 1.6 " " H 

Ct'Ul .",ct;.ore '" '" 
, '00 

J, __ I< hor .. rroc,o<," 3.61 '" 3.61 3.61 

M~t '0"'" ".O'NO; J.78 3.79 :;.73 :;.79 

, ... ",,,,,,,.~,, r~n In U:; :;.73 :;.n 

S ... '" '.5-< • S4 US " Ot""'",.oe pel,o'" <.51 401 '" 01 

Coph,opo<h H3 383 :;.38 3.81 

Sc1~, M. C"~O,;, <.11 4.11 '.00 4.11 

L"", M 0.""."',"" 4." 475 " '65 
s..,~, M. ,'Modo"" <.01 '" 388 4 0' 
L",O' M PO"'""""'" 4.62 4.'\1 4.(j 4.(;' 

P<co'"'Cr'-o"Q ",,'"",''''' 1.11 4.11 4.1& 4.17 

f;o' ,,.,.,-je ""''J "".", ," ~ H3 3.4& 3.4& 3.46 

?:'l c-'00'di"'] o'1O";"""hy.", q, ", 4."" 486 
_,.,., 10" ... , o'",";r>o,"')'''' 3.56 '" 3.56 3.56 

""", "·",,;,""1")'",,, " W ';0 " 
~" W 4.l~ 4.51 4.55 

em"""", H 4.'\ " ," 
Scot:.;.;, ," '.58 4.'" ," 
" .... -.. '''', , , , , 
"..:cot_·lhoIl 116 0'.'6 0'.16 0'.16 

Dot",,> 
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2.3,1.4, Fishing: 

Tho to:al c.:ct" :~e contr;bu:ion by vanous species and mean TL 0' catch are d"own in Fig. 2.7 

3 SO: km' of b<om~"" were rem:lved annually from:OO soutllern Benguela ~y fishing dUring the 

2ooos, compared 'Mtt" 2.76 Um' in 1960 and 0.02 1km' In 1900. Sardine "on.tl:ut~d the 

greatest proportion of landings In 1950 (1.45 :.km 'I. Wh,'~ &lill th~ &ec()(\(f large.t "on":~u~nl of 

ca:cll n tile 2000s Witt" O.9n1 1 km' landad, sardine Mod in the Interim (1n70s and 1980.i been 

oyertakoo by anchovy and In the 2000s 117 I.km·' ancroyy wa" landed annJally. Hake (ooth 

soecles) were landed In "m,la, quantities in 1000 (073 Um-') and the 2000. (072 t km-'), 

although in 1960 landlrlg. conSl.ted entirely 01 large \l"" e and by the ?OOO& m'<JlI h<Jko also 

form~d part of the cotell, The avemge t'ODric !eye, of the catch oropoed from 4 S2 in 1900, to 

3 03 " 1 960, incr~a.ing .Iig htly 10 3 63 by tro 2000s 

, 

" 

" , 
• 
" 0 , 
• 
0 " 

,",,' 
~_"'M<"" 
~ ot .... ,c_, ." ",,,,",,,,"., 
c "",,""' 
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2.3.1.5. 

.In 1 

and 1960 

a 

spelCle,s, such as hake 

mackerel and horse mackerel 

similar to 1 with 

from 

ascribed to 

hakes and horse 

substantial of the mr,rT::!,IIfV of fish and 

was ",,,,,,,,n,,.. role in the overall mnrt:::ll.tl of many 

"a'J<:;""'" and to a M. chub 

2.8 for coefficients of The in the 20005 was 

and nrr",,-,,rt,r,nc of 

On the other the nrr.nn,rT.r\n of chub mackerel and sardine mortality 

the 2000s. A number of small 

of in the 2000s. a nrr.nnrtir.n of 

n">/"l,rt",',hl is eXIDe<:te,Cl. this must also be considered to some extent an artefact of the 

to most groups, 

EE 

2.3.2 . ..:'''~ ... '''''' indices: 

Table 2.3 shows the summary statistics for the models. Total 

and r .. cn.r,:::oU".\I flows all decreased from <1600 to 1960 and then increased to 

in the 2000s. 

al., 

or 

and flows to detritus both show the inverse -

not resident in the 

from <1600 to 

1 after which decrease in the 2000s. Net decreased from <1600 to a minimum 

in the 2000s. Finn's shown in decreased from the <1600 model to 1 

to a maximum in the 2000s model. The same n",II't .. ,·n was exhibited Finn's mean 

Shannon's and indices both showed similar from 1600 to 1 then 

Transfer .. n' .... ''''''n,..\! 

in both cases not to the same level as the 1600 model 2.10). 

levels was constant in the 1600 and 1900 models. TE's in the 1960 

model followed the same then increased at TLs. TE's in the 200s model were the lowest at 

low then increased to match those of the 1960 model between the higher TLs. Odum (1 

a suite of indices to be used as an indication of whether or not a ''''''f .. ' ...... is stressed. Selected 

indices and the ex~)ec[ea and actual trends from the 1600 model until the 
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,~ ''''', 
Total bfomass (e,clmf,,'g detritus) '"' m 
Sum 01 all cOllsumptlOn 7959 7362 "." 5355 
SLm 01 ai' export. 7731 W,; 9124 6682 
Sum of all tlows Into detr'us 10715 10759 1095.') COO, 

Total system throughput "'00 3OGB3 27887 29676 
Suon of all prod<Jction 1393Q 13!7S 13084 13080 
SlI'n ot all respiratory fkJws "M 3910 2746 m' 
Calculat~ lo:al net pnmaC!: eroduction 1197C> 11962 1137!l 10011 
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pre£ent. as wei as ~tween each .ucces",ve model, are dIsplayed in F;g 211 Only t~ overall 

trend in communIty resplfat"n and dIverSIty IndIces are those eXp<"cted of a stressed ecosyotem 

In most CaSeS however t~ trend f rom 1&00- 1000 and 1900-1960 are thosa of a stressed 

system, and OppOSite to th e trend from 1960- 2oo0s which for the most PM exhibIts th e same 

trend as found overa ll 

:- .; ._- .. 

Sy, 'om indic", ·:Od.rm 1935'r I: I , ' ..... l --,. • , • ,~ '.0 2MO. 1IlOO 2C00i1 ...•. _.- -
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ProdJc'ior.1 'o""rO""" (Pill;' .'0 .. 1 " " " ~I 1.1 

-:- .- .- . . -· C -
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2.3.3. 

Results from the mixed assessment are in ..... nlr"'.rlrlIV A., 1-4. In all 

models the dominant small DeliaCIlC of the time had rell:m'Y'eIV on other groups, for 

nI",",:;nnr", which prey on the most to the 

them. The hake groups also had n,to",,,,,"I' ,n,"", ... '" on other groups, the of which were 

neClaII!Ve. As became more nrFl'V~IF!nT in 1960 and the it also had a noticeable 

The 

were 

on other groups. The of these imrl::u'''II!:t were nelcatlVe and on those groups '",r" .. , •• rI 

the fisheries did exert on groups such as horse 

fish and the small hake groups. In the 2000s the fisheries exerted the 

influence over other groups. 

n"u,..,n,·.."".n on each model showed that groups a influence 

few whilst those affected were more numerous. Effects were considered if 

a 40% or more r'n,.nn, .. in the value of the estimated n~I·",", .. tj"r was trlnln",r""l"1 the in 

the In all but the 2000s 

influence on almost all other groups when its O/S was increased even 

10%. influence in the same 

n""r~n, .. t,"'r!:t spE~ciflically PIS and were altered by a minimum of 

20%. r",n"'f,,,,r,,, that had a influence on other and 

the groups affected each are listed in Table 2.4. For the full results of the 

which n:::lI''''"'''TO''r", were affected see Tables A.8-11. 

2.4. Discussion: 

2.4.1. Internal indices: 

The biomasses from the models appear to that while may have 

.. vr' .. rI"""' .... 1"I a decline since their this is not ne(~eS;sarlly true for those groups 

at lower n::II'1'1,,1\1 the small oelaOICS. Sardine and ",n,r"n"v\I biomasses in 
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Table 2.4: Results from sensitivity analysis, showing groups that had strong impacts and the affected groups in each time period modeled. For comprehensive results see Appendix 
A .• Tables A.8-11 

Group 1600 1900 1960 2000s 

Mlcrozooplankton PhytQ!:llankton Phytoplankton Phytoplankton Phytoplankton 

Mesozooplankton Phytoplankton Phytoplankton Phytoplankton -
Microlooplankton -

Macrozooplankton - . m • n. 
"""'" "1 

- Mesozooplankton Microzooplankton .. ,. 
IV" .... ,,~uvl' ...... "". 

- - - Mesozooplanklon 

Melobenthos - - - Benthic producers 

Macrobenthos Meiobenlhos Meiobenthos Meiobenlhos Benthic producers 
,.. 

Meiobenthos Meiobenthos small hakes Juvenile horse mackerel ~"I"" -r 

Macrobenthos Macrobenthos - -
Benthic..feeding demersals Meiobenthos Meiobenthos Meiobenthos Meiobenthos 

Macrobenthos Macrobenthos Macrobenthos Macrobenthos 

- - n. &. ..'" demersals Benthic producers 
c. :;~: .... : . 
... " •• u ..... - ... "' ..... ,l:! 

- - chondrichthyans -

Other fish 
-": "l:! -J: Ill:! 

Cetaceans ............. _, '_ ... -,.- ....... ,' ... " .... 'my .. "" :: ".:.':,:' .. ~ llll~,~"" 
"''''IOU I ." ..... ., -"i 'y chondrichthyans -,,- Cetaceans .................... u.J ... ", -

Benthic-feeding chondrichthyans - - -

Cetaceans - - -
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the southern have in recent years reached 

three times that estimated for the 1 and not to be sustainable et al., 

Nonetheless as the made in this thesis cover the time from 

state' to the current condition of the "I.'I.~t""m these 

in the 

sardine and 

but should not the observation of the 

are excluded when 

biomasses have been included 

trends. For 

biomass 

if 

the 

trend observed falls away and the biomass of r",('I:::ITnr"l. within the models can 

be seen to have decreased since the state. The decreased rn.."nrt.nn of on 

and 

are all c::vl"nr'l'tnn':::Iti~ of the 

groups attributable to 'natural' nr.,.rtairn e.g. hakes as OOl:losied to 

the t1<>I~I'nin levels of nr~,rI<:I,t"\r groups 

decline in '''''''':::ITt .... biomass. While the biomass of the m""nr"'\1 of fished groups in the models did 

decrease towards the as mentioned above the same cannot be said for the small 

oel8mcs. Evidence of wa:sp-walste~a control of 

!Ju~>LUIc:m::'u for some of the "\I"Tl"rr,,, of which 

Current at al., 

used for flow control where a 

exerts fnn_r'l"'''Aln 

control on 

control on the lower 

fishers 

fish themselves is influenced food 

seen as the determinants 

these increases in biomass result either or 

are 

small fish has been 

e.g. Humboldt and 

control is the term 

intermediate group, small 

such as and 

The recruitment of 

processes, environmental factors 

It is therefore that 

but rather as a result of fluctuations in the state of the 

or the 

environment. The 

biomasses of several groups in the 2000s may also in reflect the fact that biomasses in 

earlier modelled are conservative estimates of the minimum biomasses to 

sustain catches and r",,.,<>.,,," in earlier mr,('Ij:lIC:: whereas actual biomass estimates are available 

for several groups in the 2000s model. The lower of groups such as chub 

mackerel and sardine in the 2000s are to some extent the unconstrained nature of 

the biomass in the 2000s model versus those estimated for 1960. a decrease in 
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the relative abundance of small versus demersal fish and small oellaolc 

southern over the 1980s and 1990s has been shown 

of a much shorter and thus is not nec;essar 

in the 

this is 

of the 

increase in fish relative to "",,",t'I""I'\"'1 fish here. 

The n::lTTArr,c:: in the of groups such as the hakes reflect the onset of the 

influence of fishing as a and the more recent increase in small oel!aO'IC biomass and are 

declines in biomass of other The the 

contribution of small within the <"",to,,,,,,, may be indicative of the In .... ,Q< .. " 

of lower level groups as the of due 

to Evidence of a in the structure of an &:> .... r"':\""T&:>,rn such as this can be found in the mean 

of the fish landed fisheries I'\",.>.",t',,,, 

otherwise known as down the marine food web' 

in areas that have a shown to occur 

southern this effect has been eXciQQerated the abundance of both sardine and 

the first half of the 2000s and their increased contribution to overall 

This 

has been 

In the 

in 

The small 

increase in mean TL of the catch between 1960 and the 2000s can be attributed to the increased 

contribution of which nn,:>r",.",e at a TLthanthe 

TL of catch over time could be AYlnl::lInP'1"I 

in the focus of fisheries from lived at 

other ern",,,,,. shorter lived such as sardine and "' .... "n\,/\I and not 

a "m,nt",rn of in the food web structure. If this were the case nOlNel/er the 

which an increase in biomass rAnnn\IAI"I 

as a 

occurs level of the catch would be ::It'f'nrr,n::l 

from the 1900 model to the 2000s. Even nC::l,rlAr'lnl"l the removals which have not been 

included in these models due to the lack of involvement of harvested whale in the 

total biomass removed has increased since the et 

The marked decline in the mean TL of both the as a whole detritus and 

and the from 1900 to 1 also appears to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

the idea that shorter-lived have become more nr",/"u'I,m since the advent of 

industrial The decline in TL from 1960 to the 20005 may be as an 

increase in the B of lower TL groups such as the small rather than a decrease in that of the 

and hence the """tt",,·.., was not repleated in the groups whose TL remained 

constant over this 

increase in small 

The same cannot be said for the from 1900 to 1960 as no 

B this In\AJ'",r'f\n of the TL. While conclusive evidence 

of down of the food web may not be ht'",m,." .. from catch statistics and in any event one 

cannot use evidence from the en,.n.""" in ""rr'''''''':T'''''rrI structure without far 

more data than was available for this if the biomass and TL of ,<>n",t,.,r<> as estimated 

the models is also considered it would seem that <O:V<O:,TPnn-I"'VPI have indeed occurred in the 

shorter lived and of a smaller southern 

are also <>"r .... "',.,m 

indices over the 

This increased abundance of r_",+r""+.",.,,, 

of an ""rr,,,,u",,,' .. rn under stress 

as a stressor and 

would seem to 

of these 

with and small 

The marked differences in many 

either or 

in the southern 

have been recorded 

since the 1950s "o.n"",o et 1 Schwartz lose et These t'"",nr""", 

in the abundance and structure of the small oellaa,IC fish have in turn been linked to 

fluctuations in and to the diet and 

& 1 Crawford & 1 as well as in the diet mp,oslt:lOn of 

such as snoek. 

this has not been the 

pressure has been modified many times over this 

these ':m~nrl"'" in 

variable - evidence that environmental 

structure is also available. Increased 

has been instrumental in 

over this is 

to have resulted in the increase in abundance observed on the west coast of South Africa 

since the 1950s ,,0:>,"''''''''' et 1 conditions result in nl\/,<>.n<>nt nn,,,t,.,nl 

size structure and hence distinctive structures 1 

et 

dominated 

1 Differences in diet between sardine and mean that an environment 

smaller would favour while one where calanoid 

COI:le[lOOIS were abundant would favour :::In,l"nrlVV der et It is therefore 

51 
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that in the environment have been for the in sardine and 

abundance in the southern via I"lntfnn'l_' effects. \/<>,'1"1<>\'<> et al. (1 

that the dominance of was rather a result of TOO,-dClwn 

pressure the 

would imply a 

sardine 

role to be 

2.4.2. indices: 

at the time on smaller The latter 

fisheries in the of the <>£"''''''''''<>'''" 

total biomass 

small 

an ,nl"ro<"" 

biomass of the 

trend from 1600 to n''''''''<>'''T 

2000s and model 

this is an artefact of the 

which restrict biomass 

of many groups in earlier models the biomass in the 2000s should not be 

with biomasses do not allow for a ro ..... o",'ar"t<lt,,,o of 

within the "'''''''''n''I substantial decline in estimated total biomass from 1600 to 1960 

a more or at the least more of the trend. It should be noted 

however that even the extreme small IJ"""'~""" biomasses of 

from 1600 to the 1980s or 1 while still is less 

the trend in total biomass 

than from 1600 to 1 

"",r"",n,.. the slow recovery of small ,.._._,.._ stocks over these decades. Finn's mean was 

nn':'Ti\,'AI\I linked Odum (1 to The decline in mean path 

the <>vr'<>l"t<>1'I trend of ,nl"r<><'<: stress and n<>,',<><,,,,r,n from state to the 1960s as 

became a factor and food chains shorten as abundance declines 1 

The trend from 1960 to the as in many indices is much <:Ur,nr"",r and 

results in an overall that the 2000s """"""rn is more mature than the 

1600 Nutrient follows the same n<'ll~t<>I'n 

the ex~)ectea response to stress as proIPo~;ea until 1 then 

for the 2000s. This of this index is Wulff and Ulanowicz 

(1 that may in fact be reduced as increases. Lower TE's 

between low TLs in the 2000s model may be ascribed to the B found at these levels to 

TLs. the TE between TLS for bith the 1960 and 2000s model may reflect 

the lower relative B at these levels when to earlier models. 
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With few the indices examined in 2.11 between the 1600 and 1900 

models and the 1900 and 1960 models 1"1,,,, ... ,,,,,, trends of stressed 

where stress is defined as a 'detrimental or rli",nrr,,,,,n influence'. 

to bear upon the other 

"'\I<:t<>,T'I over this time 

of environmental 

in all likelihood 

have doubtless been 

or are outside of the CClIOCl[}II 

either occurred over too short a time-scale to be 

of a mass-balanced modelling routine such 

any evidence of stress detected from the models as t:COP,3tn to describe. As a 

is considered to be a result of pressure. When one observes the overall trend from 

to nr"',c>,::" ... t nmNe\/er the southern does not appear 'stressed' as such. The in 

fact - for the most indicators UQ!=leSllS that the "'f'f,,,,,,,,,,r<>m has not been An,,, .. ,,' .. ,,, affected 

since its ... , .. ,t,n,,,, state. This ,,,::.\, ... ,,,rt.::.1"1 result can be ascribed to the n",::orrono influence 

of the anomalous 2000s The recovery and overabundance of the small 

Dt:li:lCm;s in recent years appears to have masked the Imr'''''l"''lr", of as a stress. As other 

,..1"1, .... ,.,,,,,,, within the were evident in the such as the altered 

and the increased influence of it seems both and 

structure 

unlikely that the 

has 'recovered' from any of when that the 

1960 and has not TL and that of groups declined 

increased since. Rather it seems more nrrm::;;on, .. either to an absence 

of reduced 

biomass 

has been as a 

environmental or IQC'-QCIWn 

\1",,1"1.::.\10 et 1 Shannon et a/., 

themselves in the 2000s were the 

Odum's (1 indicators of a stressed <::'I<UI'I'ITI 

to environmental 

'''' .. ,,''''''''' and Richardson 1 

Increased 

and hence prey 

whether this itself was a result of 

fished small Cel!aallC groups is uncertain 

Included in the few indices not to have recovered 

indices. '\10"""\1 has one of 
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2.4.3. 

From the mixed assessment and ."::",,,,,1'''111',, """"tnrn,,,.1'1 it seems that while 

and the fisheries are well some influential groups such as the small 

known, estimates of others that have a notable on the rest of the C!,,,,t,,,,rn are less robust. 

the dominant small fish of the time on many groups reflect either 

direct or indirect cornDE~tltllDr while effects affected their 

fishing on groups such as horse 

illustrate how these groups benefit from reduced "r<>,I'1""t,n 

fish and the small hakes 

pressure as a result of removal of 

fish More accurate data for groups such as 

demersal fish and unavailable for historical 

purposes, could be very useful in some of the involved in the 

of these models. 

2.4.4. Conclusions: 

The effect of man on the southern 

those observable fluctuations ",v,",,,,r,,,,,,, 

at an ",,,,,,,,,,,,,t<> ...... level may not be as drastic as 

individual but it is evident nonetheless, 

Biomass at levels has declined while that of spE~Cle~s at low level 

has in some cases increased, within the <:'''''''''TI 

over the 

has become an 

of the of a nrr",,.,,rt of groups such as small 

and horse mackerel from declined nr~'n""rnr groups such as hake. The biomass per level is 

small lower in later models than in the with the of the 2000s where 

biomass also affected levels, This is to be eX[)eCleO in the southern 

as[I-W:9ISI'eO" control over where small exert like other 

groups at both lower and levels than themselves 

level of the catch has decreased 1'I, •• "ti,..""II" from 1900 to 1 as 

The 

became industrialised 

and new fisheries were and the biomass removed has increased. Catches have 

in the 1960 and 2000s mt"lt'!<>Ic: after the commencement of 

"".:or""t,,,,,c: in the 1 far the ...... "",,,,,'1\1 of the catch small While total 
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the nr .. ,/l,ol,,.,nr·,, of 

the jow level r-selected SDe~Cles. 

The focus of this inv'estiglatioln has been on the .... .."", ... ·t" of rather than environmental 

factors. pressure has a role in the .. ",,,,,,,Ctt ....... structure over the 

but can no means be .... <>,r .... <>,",,,",n factor .. "'" .... tor" .. 

structure for centuries and will and environmental 

continue to do so. In 

have been 

Odum (1 sU~lge!sts that a stressed .. "r\Cnt,,,t .. ,n"'I would be more 

us(:el:ltIDle to the effects of environmental The stocks could in 

fact lead to a shift in control toward a hn·Hn'''"'_' which would be more 

influenced environmental fluctuations than the wa,so'-W~~IS[ control to ",nlor""i .. in 

many et If this is the case, the southern 

may be more at the mercy of its ..... ,fir" ........ , ...... than ever. 



Univ
ers

ity
of

Cap
e Tow

n

3 

3.1.1. The northern 

The Northern is considered to extend from the front at 14°5 

it does shift between 14° and 17°5 southwards to the of 

the cell. It thus covers an area of about 179 000 km2 

in the northern 

late winter and The 

is and maximum in 

lanJe,·soolle environmental 

similar to the EI Nino effect and "'''''''''~T'n 

when warmer water is introduced onto the shelf et 1 

in the 

et 

Documented Nino events have taken 1984 and 1995 rn .. ,..:ro.n et 

As in the southern the northern was in the characterised 

a !J'CIICI!,!"'" fish The 

unlike in the southern where 

biomass of small 

ITTlC)OO'DII"IS bibarbatus is also 

third most abundant small mn,nrt:ll'lnt commercial stocks included sardine 

1 and horse constitute the bulk of the catch. 

3.1.2. Exolc)it=ltic)n in the four ",,""-''''"'''' examined: 

3.1.2.1. Pre-contact and 

As in the southern humans were nrc"",::",. in the this 

jC!l(I"llnlltlilltinn took the form of utilization of the coastal zone and beach-cast 

is the 

to the 
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mammals 2001). these activities had on marine is 

thus not considered 

3.1.2. Pre-industrial era: (1750-191 

Commercial use of resources in the northern 

coast from the in the 1 

there was an increased effort in and eXOlloitatio 

as colonists moved up the west 

concentrated on but soon after 

of seabirds the 1 and 19th 

centuries. The 17005 saw the arrival of both 

colonisers in the form of the Dutch East India 

....... ",.""" and American whalers and sealers and 

The Dutch initiated 

first whales and later sperm in the 17205 near Walvis et a/., 1 

of 

the 

end of the 18th almost 150 years after the DEIC had set up a settlement in 

and three Table 

other 

their 

include in their 

Namibian 

mainland Namibia 

Records of 

islands from 1 

While the 

of influence had to include Walvis 

River. The British succeeded the DEIC in 1809 and went on to 

the mainland south of the then all the nr", .. "",,,,,L,;,,, 

Walvis 1879. 

to the Cunene 

then took control of the current 

in 1884. 

exist from 1 and harvests from 

at unconstrained until the 1970s et 

eggs harvested on the west coast of southern 1 

Africa the late 1800s and 19005 from the southern 

in the northern 

some 

as the 

seabird 

activities can be assumed to have taken 

colonisers moved north. Another initiated over this 

was the of guano. Guano harvests 

1843 1 

snoek 

around the same time that the 

commenced et 

and which Iml:l8C:ted 

at Ichaboe Island in 

in the northern 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.1.3. Industrial era 

In 1910 the Union of South Africa took over power from the British in the south. The Union of 

South Africa became the first power to over the whole 

in 1915, after over rule of German South West Africa in the First World War. 

and the collection of guano and eggs continued over this seal 

harvests were now the "'''''.Iorn..,.. & Purse-seine fisheries 

on a scale in the after World War II, and sardine was initially 

in both the northern and southern After South African stocks '"'vlllau""' .... in the 

1 even more pressure was on the northern sardine to the decline in 

catches after 1 and mrn!!;;u",,,,, the of the stock in the late 1970s at a/., 

As in South this resulted in a of focus of the 

way of a decrease of net mesh sizes et ... n,rnr'\I\I and 

horse mackerel dominated 

The hake t,::mnotmn the same <>10'<''"'''';<> as the southern 

and M. started in the 1960s after and fleets discovered 

stocks off nr""o::t""lnT_rl:::lV Namibia than those fished off South Africa et a/., 1 As 

hake stocks to decline in the 1 some effort was directed the mid-water 

trawl at horse mackerel. "";;"",,,rln continued over this 

the 1 and saw the introduction of TACs in 1974 after sufficient data on the sizes of 

colonies had been Griffiths at a/., guano was 

harvested this these resources to decline in the 1 after the 

of the Namibian sardine stocks and disturbance of colonies to result in severe 

declines in of seabirds such as the cormorants 

and African 1 Roux & 

3.1.4. Post industrial era (1975- nr~~"I:",nt' 
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Namibia in 1 and since Walvis was returned to Namibia South 

Africa in 1994 the northern has been under Namibian administration. An EEZ could 

be declared in the northern in 1 after Namibia's no'~,.. •• nr·o made it an 

reduced catches of ::>1J~:\"lt:::> such as the hakes 

had 

aOl::>otlon of 

some international effort 

<>n!"" •• nn'I!>nf and resource StriateQIE~s after 1 

...... .,."'..,"',"" the 

resources failed to show 

of recovery, at least due to the environmental effects the 

1995 Nino and other events <>vr,<>ri .. nl, .. rl in the 1990s & 

Sardine has remained at low levels tnlln'MIn of the stock in the 1 

has not Catches of 

500000 t of horse mackerel over the 1980s made this contributor to 

off Namibia at the time & 2001). A small-scale for hake was 

initiated in the 1980s and continues to "I'"\'~r"';ho et After been re-

nr".,,,,to·7Qrl in 1 of guano on the islands off Namibia was discontinued in the 1 

it is still collected on a small scale from constructed for this purpose off the 

coast from the 1930s et 1 In contrast to South Namibian harvest of seals 

continues at Cross and Luderitz. 

3.2. Methods: 

3.2.1. Model construction: 

Models were constructed based on that of Raux & Shannon for the 1 

with Ecosim software 1) et 1 Christensen et Where 

values for PIB and Q/B are 

I'nrnnt"'l!'::ITlnn for all groups 

& 

so as to be 

these are used in all modelled. Unaltered initial diet 

B., Table B.1) was obtained from the 1990s EwE model 

are in line with those in & Jarre 

to models of other 
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3.2.1.1. data group for 1900 & 1970: 

B of 214.29 t. used in the 1971-1977 CIAJI..IC1111 model of 

the northern et aI., 1 was assumed for the 1970 model. B in 

1900 and 1600 is and in the absence of any other estimates the average of that used in 

the 1980s and 1990s models et a/., 1 Shannon & Jarre-

1 Raux & calculated as 207.2 , was assumed in these 

models. A P/B of 35.7 was used instead of the estimate et 1991) of 77.4 i 

to account for 1, as in Shannon ) and Shannon and Jarre-Teichmann (1 

dissolved carbon. 

meso- and macro- and ve,a", 'UL'.., As in the southern 

Shannon et a/., 

and <>",.""",1'1 

northern models 

divided into four discrete groups. 

was 

and 

larvae with an diameter of 2 - 200 !-1m. A P/B of 482 as estimated 

from Brown et al. (1991) and et a/. (1 Shannon ) and a Q/B ratio of 1928 

& were used. U was assumed to be 20% 1 

included of 200 - 2000 !-1m diameter. A P/B of 40 y-1 et al., 1991), of 133.333 

y-l 1 and U of 35% were 

assumed. consists of of 2 - 20 mm, fish 

and similar groups are also included. A P/B of 13 i 1 et a/., 1991), 

1 and U of 35%) et al., 1 were assumed. The 

fourth group modelled was which included 

tunicates and A P/B of 0.44 2001), Q/B of 1.467 

and U of 20% 1 were assumed in all models. As no estimates were a 

minimum biomass for all groups was estimated an EE of 0.999 for all 
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groups exc:eotlno Due to the low utilisation of this group within the 

an EE of 0.5 was assumed. 

Benthos: No estimates of B for either meio- or macrobenthos were so mimimum B was 

for were available in the 

northern for 1 1900 or 1 so biomass was estimated in all models an EE of 

0.999. P/B (1.8 and Q/B (18 were assumed to be the same as in the 1990s 

Ant'n/"'\I\/ was not the in the northern which 

started in the 1950s and which focused nrc,tin, ...... sagax. were 

recorded in the catch from the late 1 

sizes were introduced. As a result no 

after sardine catches to decline and smaller net mesh 

are included in the 1900 or 1600 and 

170000 t were included in the 1970 model et a/., 

Sardine: The of the Namibian 

was estimated as 1 465 000 t in 1970 & 

earliest B estimate available was used 330 

1970 were recorded as 595 000 t et al., 

The uc"au .... 

'Other small fish' group in the southern 

and for purposes of model 

stands as its own group in the southern 

61 

B of the sardine 

2001). For the 1900 and 1600 rnn .... "'''' 

sagax 

the 

on this 

and Q/B (14 i 1
) 

at as it 

in 

No catches were made in 1900. 

takes the of round 

into the 

in the northern 

which 

but has been added into the northern models' 
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'Other small fish' group. No B estimates are available for in any of the years 

so biomass was estimated in all models an EE of 0.999. P/B and 

Q/B y-1) were assumed to be the same as in the 1990s in all other models & Shannon 

No of were recorded for any of the modelled. 

11.) fish: The lanternfish nllf',ntl",,,, heetoris and the Maurolieus 

muelleri were as the meSO[lelclQ fish group. No B estimates are available for either 

for the time so biomass was estimated in all models an EE 

of 0.999. P/B (1.23 

from Raux & Shannon 

(r.r",,,n;f'lrrl et 1 

(12.3 

No 

and U for all n<=>"II'v,e: modelled were obtained 

of either "''''''''''1''';:' are recorded to the 1970s 

The spp. and Todarodes spp. the of the 

Cel)hcllo~)Od group in the northern No B were available for this group in 

1900 or therefore biomass was estimated in all models an EE of 0.999. 

P/B (1.5 Q/B (15.0 and U were obtained from Roux & Shannon and 

assumed the same in 1 1900 and 1600. With the off in the 1 no 

were included in the 1970 nor in the 1900 or 1600 models. 

Other small De/aOlles: Seomberesox saurus, fish Exocoetidae and round 

or Etrumeus whiteheadi are the less ... "",,, .... ,,,.. fish SOE~CIE!S in the northern 

and are combined in the 'Other small group, as in other northern 

models et al., Shannon & 

"'fJt:"'lt:;:, are available for 1 

an EE of 0.999. P/B 

1900 or 1 

and 

1 No biomasses for these 

therefore B was estimated in all models 

ratios were obtained from Roux & Shannon 

No of these SDE~CIE!S are recorded for any of these to the 1970s 

",.\Ann,·" et 1 

-------------------------- --_._---_ ..• _-
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14 & Horse mackerel: No estimate of B for either or adult horse mackerel 

trachurus were therefore B was estimated in all models an EE of 

0.999. P/B (1.2 & 0.8 t 1
) and alB (10 & 5.3 for and adult groups reSI)eClt1V were 

obtained from Roux & Shannon Horse mackerel were landed off Namibia from 1961 

onwards 1 and no catches were made in 1900 or 1600.51 400 t 

:r,,:nAJTl"lrn et a/., 1 of adult horse mackerel are recorded in 1970 

This group includes tuna Thunnus spp., snoek 

ayrOS()mLJS inodorus. No biomass 

'"""""'" atun and kob 

were available for these spE~Cle!S in 1 

1900 or 1 biomass was estimated in all models an EE for the group of 0.999. P IB 

,) alB (5 and U were obtained from the 1990s model & 

and assumed to be the same in all models. of 1160 t of snoek and 800 t of kob were 

recorded in the northern in 1970 1 

Hake: Two <>IJ<;; .... ,<'''' of hake occur in the the shallow water hake 

Merluccius at an everage of 380 m, and the water hake M. 

1 Hake were modelled as three discrete aUlHIU.:>. found at of 150 - 800 m 

groups with to size and spE~ciE~S small M. M. 1'::;11"1"'1"'1<::1<:: and 

M. to allow for cannibalism and differences in diet between small and 

2001). Small M. was excluded from the northern 

hakes 

as 

stocks are to be located in the southern north later in life 

& B of both adult hakes is estimated to have been an 3 666 000 t 

from 1964 to 1917 et and as on hake only off Namibia in the 

1960s and there were no other fisheries in between 1900 and 1917, 

this estimate was also assumed in the 1900 and 1600 models. The of M. 

to M. was taken as 64% to as in the 1990s model & 

B of small M. r"""""'r",,,, was estimated for all ,.,,,,,"1"1('1<:: modelled an EE of 0.999. 

P/B and alB for small M. (2 13.333 M. (1.228 7.824 
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and M. (1.14 7.278 were obtained from Raux & Shannon 627 

This was 

as 64% M. 

198 t of hake are recorded to have been landed in 1970 ::I'>r,nm,nnt et al., 

assumed to have been 

oalcadOXlJS and 36% M. 

and was 

as assumed for 

20 & Demersal fish: Included in the 

monkfish Spp., rattails Caelorinchus 

demersals include 

between the 

off Namibia in Raux and Shannon 

demersals group are 

sales and 

spp., 

Helico/enus spp. such as Dentex. No biomasses were available for these in 

1900 or 1 thus conservative biomass was estimated in all models an EE of 

0.999. P/B (1.0 {1) and (5 y.1) for both groups were obtained from Roux & Shannon 

A catch of 1 527 t of west coast sole was made in 1 

for any of the ::'lJt:LIII:::::' included in these groups in any of 1 

a/., 1 

but otherwise no 

1900 or 1600 models 

are recorded 

r:r~I\Mf,nrrl et 

HilI'","'" No estimates of .... n' ... nl"lri B in the northern for the 

ror-"Yr1'''''''''''' within the modelled were and there is very little of 

Thus any biomass estimated a EE in the model would be 

and the 1990s B of 0.36 was assumed for all modelled. P/B 

y.1) and Q/B 

No 

were also assumed the same as in the 1990s model & 

of any "'IJ~'''''<::;''' included in this group have been recorded for any of the 

modelled. 

Seabirds: To obtain B estimates for seabirds as a group, total biomass of the most abundant in 

1960 and 1900 was established size data 1 Crawford et a/., 1 Underhill & 

Where no other indications were B in 1600 was based on the theoretical minimum size of the 

of these in a as in Underhill & Crawford based on 
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B of those SOE~ciE~S in 1 1900 and 1970 were then related to that of the 19905 based on 

estimates. the B for the seabird group in the 19905 southern EwE model from 

Roux & Shannon and the Bs in based on IJVIIJ"'''''''''''' data relative to that of the 1 

estimates of the total seabird B in 1970 39 

and U 

1900 768 and 1600 were 

P IB 156 and P/Q (120.3 

various factors such as guano ':!r,,"'C:Tmn and dis.plalceme 

northern over the due to the 

were obtained from Roux & Shannon 

seals have influenced the seabird 

nature of the models under 

in the 

direct 

of seabirds can be included in the models. The m",inri·t" of direct eggs, which 

1900s until 1 were harvested in numbers the late 1800s and 1900s. from the 

African eggs harvested were taken almost from Dassen Island in the southern 

that half of those eggs harvested in 'southern Africa' in excess of those collected at Dassen were collected in 

17.89 t were removed in 1900 et and success from Shannon 

and Crawford (1 biomass of birds lost to n""'",/c',,,,,,,,,,, was estimated to have been 109.5 t in 1900. 

Seals: The fur seal is the only "".1<, .... ,,,,'" of seal that breeds in the 

with 15 of the 25 extant colonies in the others located in South Africa et Seal 

biomass in the northern was calculated based on estimated total size and distribution of colonies 

size and biomass estimates for the in the years with biomass per individual calculated total 

2000s. In 1970 total fur seal was estimated as et al., 1 60% of this 

was assumed to have been in as was the case in the 1980s and 1 which translated into a B 

rnvi""",,,t,,,li,, 1650 t, was assumed of "' .... ,,, ..... ,"'il'Y'l"'to 16262 tin 1970. In 1 50% of the total 

to 

2000s as it is 

the northern 

that the current 

1800s and 1900s may counteract the decrease in 

For 1600 the biomass was assumed to be the same as the 

size of some colonies to those described in the 

that should be associated with the 23 colonies that 

became extinct to 1900 1 Griffiths et al., Q/B (18.25 and U 

were obtained from the 1990s model & 

fisheries in the r",~"''',n'''hl\l reliable records are 

of seals is one of the 

available from about 1900 onwards 
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a/., 1 an average mass of 22.7 per pup 1 and 150 per bull et 2004), 

removals were calculated to have been 196 t in 1900 and 1625 tin 1970. 

Cetaceans: "::In"l"'T.<>'<O for cetaceans in the northern are based on as 

most baleen whale "'1.1<""'"'''' found in the are and for the most do not feed within the As 

no estimates of B were available for this group, and as any estimate EE in the model would be 

due to the low levels of on cetaceans within the ""V'Uf"'rTI 9 was 

assumed for all modelled for lack of a better estimate. P/B 15 8 t 1
) were assumed the 

same as the 1990s model & As harvested are baleen \A1n"""'" no 

removals are included for any of the modelled. 

3.2.2. the models: 

While biomasses in southern were for the most estimated an EE of a used in 

models for both this and others to a conservative estimate of biomass. For most groups in 

northern an EE of 99.9% was both because this was used in the constructed 

1990s model referred to in this and due to difficulties in the models. It should be in mind that 

an EE of 99.9% nrn,"n."", a conservative estimate of biomass. 

3.2.2.1. Sardine biomass: 

Due to the 1990s diet rnrnnr"" the of Spt~CIElS a of very low small 

B of sardine in 1900 and 1600 was estimated the unbalanced models at similar levels to those found in 

the 1990s. As this is to have been the case levels were also very the earliest B 

estimate for from 1 was assumed in both models instead as a best-estimate. As the 

took off after 1950 in the northern the B estimate for 1952 Ir"_'''''''',_ et is assumed to be that 

of a Qv,,'n.tQM stock. 

3.2.2.2 the 1600 model: 

The EEs of both (1 and detritus indicated an unbalanced initial model. 

The over-use of detritus was the result of Bs that were estimated for both 



Univ
ers

ity
 of

 C
ap

e T
ow

n

benthos groups, and meSO[)eI810 fish all of which had a 

of detritus in their diet. Diet of 

also to sardine B of the time relative to the 1 for which the 

and thus to decrease the of the aforementioned 

groups n .. \<,nl"l'v B., Table B.2 for balanced diet ......... rn.v'" 

3.2.2.3 gClIlClIIl'o..l the 1900 model: 

The EE of seals and detritus (1 both indicated an unbalanced initial model. The 

of seals in the diet of cetaceans and seabirds was reduced 

until the EE was reduced to < 1. As in the 1600 B of benthos groups and 

were estimated to be very and diet of of 

and consumers of detritus were to reduce these and the EE of detritus to take into 

account the far B of sardine relative to the 1990s Table B.3 for revised 

3.2.2.4 DilililinCI the 1970 model: 

an EE of 1.356 was calculated for detritus based on the data. Biomass of 

in the unbalanced model. Diet benthos groups and were very 

was thus with the effect that the B of these groups decreased and the EE of 

detritus decreased to < 1. Diet were made into consideration the B of 

sardine in 1970 relative to the 1990s 

3.2.3. 

Data 

models. 

3.3. Results: 

and n:::nV<C:F'<C: were 

3.3.1. Internal indices: 

Table B.4 for revised 

as described in 2 for the southern 
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3.3.1.1. Biomass: 

The B of selected groups for each of the four modelled is in 3.1. two 

groups showed an trend towards the 

all groups that have "'Yr"::'ri,"'n'~ArI 

pressure such as and horse of 

the B of other demersal fish and seabirds also 

decreased over time. While some of the :;;lJt~I,;It:I:S included in these groups have been the 

and have not and are instead the indirect effects of 

environmental on prey I-/VI ...... """'" 

to .. """"""nt 

did not show a sUbstantial 

overall suffered a I,;UII,i:lp~>t:l 

was curtailed. B of 

but this belies the increased B in 1970 

1900 after the advent of 

also showed no 

Sardine B was than that of 

to the other 

this was 

modelled. 

due to the 

as no estimates were available for B, and those for 

sardine were it was assumed that sardine was the dominant small of 

the time and diets were in all so that ",<>,.<>.1\,,,,,,, little 

was consumed within the and hence a low B was estimated. The biomass of 

consumers showed a marked overall decline as the B of almost all 

groups decreased over time. Small and the hakes in the most 

fished groups, had a far lower B in the 1990s. 
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3.3.1.2. Consumption; 

.~ 19~~ 

[] CI'><>ro1''' hlyon . 

~ ~ .. .. 'f ~' 
[] Ii«,~ mao'old 

~",,,~., 

.. ~rcrm1 

H~Ke. small pelag" fish and horse rm~kE"el were all ~onsumed in tr.c greatest part ny hake fDi 

all penoo, modelled (Fig 3.3). The proport>oo of prOdllCh:Jn consLmed by hake far each perioo 

did decrease ovec time, however. For exo"1'le hake initia l", can.libalised 85% af ,ts tatal 

consLmptlon. v,hlle by the 1990s hake only ComP"'M 63% of ts own diet. This was to scmc 

e;;tent Inter-specific pcedatKln of M parEJdoxus by M. capensis and visa versa but alw i l u, t ratc , 

the preda:'on of small M. G~pel18i8 by the large hake gr<x-ps. Simll.dy. 5€'10 01 con""med har.e 

mackerel prOOuction was 3s.c c ibed to hake. compared v,ith on" 34% in the 1990s. the excess 

being taKen up. or taken over. by fishing. Consumpt>:on by seals "so increased celative to o:OOr 
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Hake 

Small 
pelagic fish 

Horse 
mackerel 

<1600 1900 1970 19905 

, ... 

' ....... J.], ' '''' "'''''''''''''' oj ",,,",don '" It ... ...... . , ""' .. , p.'""'" fi.h (.><>.xlo. " ""m'Y, ."', ........... '" "",,y "oj "'I ~ .,,>aI "" ~ '''') . ,,' I", .. ," , ok ... , (o<u t . n' """'* 
""'''0;'''''1 <'''''' '''''''' "Y ,_ , .. ,"" ",. d,'''' .., " ... nort,.,," B"",,, " ~ f", .ocI, p." "," modoI.d 
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consumers, most notaDly for the h3ke groups, where by the 1990s sea's con.umed four tmes the 

prcpct1io~ of hake th"t thcy ~,~d in the 1600 model. The inc:-ea5"d c;;r;sumphon of hake ;r, II'", 

modern era can to a large extent be attnbuted to the scavenging of hake from flshir.g ve$$el$ 

during trawlir>g oper3tion$ (Wickens et aI., 1992) Fi$hing began to be a factor in the 1970 model 

for all three groups presented in Fig. 3.3, althooOlh for both hakes and smal pelagics prodllClion 

removed by fIShing had deCre3$ed markedly I>y the 1990$, as the$e stoCk$ dec i ned, Conve"ely 

flShin ~ removed a far high"r proportIOn of hor$e mackerel in the 1990s (21% of consumption) 

than in 1970 (2%), reflectir>g the redlrect>on of fishing effort toward this group after the respective 

collapse and decline 01 small pelagic and hoke stocks The consumption by ~arious grol.lPs 

relative to one another (Fig. 3.4) displays similar pattern$, with sardne and ancho~y contPbl.J!lng 

significantly less to overall consumDlion in the 1990. (t 5%i yerSus the 1600 model (31%), with 

consumption by hak"s al.o deollnlng, but not to the nme degree. AI other ~ roupinlJ$ cOn$ldered 

here showed "ither litHe change. or an Increa.e(j contribution. 3. was the ca$e for other small 

pelagics (an aggregate of pelagic goby and the group 'other sma l pelagics'j, mesopel"sf lCs and 

horse rnackerel 

~ 
0 7~ ·" 
0 

'E. , 
0 • W% , 
0 
0 

• > 

" • 2~% , 
" 
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3.3.1.3. Trophic level: 

The estimaled troph ic levels (TL) for ~H groups in e~cl1 period modelled are shown in Table 3 1 

lL lor most groups increased from the 160C to 1990s models, du~ to minor changes In diet 

COlTlllosit<:>n during the balanoing prooess and to inoorpctate th~ 11igher smaH pelagl(' blomasses 

into the ~arl",r models. The TLw 01 all groups displayed in FitJs 3 5~ & b dccreilsed o~er lime, 

although that 01 se~ls dkj increase substantially Imlll 1908 to the 1998. f",lowing the crop in TLw 

th"t oocurre-d between 160C and t900. 1'1", me~n 'IL of the community as a wtx>ie (excluding 

~ank\on) and piscivores (F~ 36) increased over time 

1 ",,-, :) 1 h H",;J", l",pI"', b el of ,,,,,~ , " ,t, northo" ~or.c""lo roo eoct. ,,,<xl 1')Q<jelied 

Group 1600 1900 1970 1990s 

Phytoplankton , , , 
Mlcrozooplankton '" 'CO "" 2C6 
Mesozooplankton 2.47 2.53 253 2.53 
MacrozOOfJI~rlklull 2.53 2.61 2.61 2.61 
Gelatinous zoopi.:lnkton '" 3.23 m 3.23 
Sardine 252 265 2 65 2.55 
Anchovy 2.99 3.C3 ,0; 303 
Pel.1g>C goby '00 3.88 309 "' Mesopela,>cS 3.5 3.58 3.5e 3.58 
Cephalopod. W 3S8 397 '00 
0111""- small pelagics He 3.52 3.52 3.52 
Juvenile horse mackerel '" 3.39 3.39 3.39 
Adult horse maoker~1 '" 'e ;0 '" Large pel~gics 4,42 ''" 4 .52 4 54 
Small M C."FIflIl,<I" , "' 3.e8 3.91 3.97 
Large M C'''IX'f)''lS '" '" 435 ''" Large M pil,-,,oc,X1IS 3.83 '" 3,83 '" Benth',,-Ieedlng demersals 3.79 3 85 3.91 '"" Pe:agio_~eeding d~mersal5 3.79 no 3g5 0" 
Chondrdlhyan. 3.72 3.73 3.75 W 
Seabirds '" 4 25 0" m 
Seals 4.35 , "' 4,55 458 
Cetaoeans 4.1 5 '" 4.25 '" Meiobenthos ; , , , 
Macrobenthos , ;% '00 3.02 
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3.3.1,4, Fishing: 

Althaugh pengliin eggs and seals were harvestoo in 1000, the blOOlass removed does I1(X 

COOlpace to thai removed by fisher"s In 1970 and the 1900s (Fig 3.7) Landings decllnoo and 

catch compositiDn was subst ~n tially ~ It ... ed fram 1970 ta th ~ 19908. Horse mackerel became by 

far th ~ most impart~nt contributc<" to l ~n dingS by the 1990&. <IS apposed to the small pelaglos and 

hake that canstltuted the vast majonty of landings in 1970_ The mean TL of the catch was highest 
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in 19()() (4 5) before the advent of mJst fisheries, declinir>g as the contribution of small Do'aglcs 

O'Vertook oth ~ r SpeCI~S by 1970, and increasing sl':lht~ again by the 199Ds after the collapse ct 

small pelagic stocks forced rlshir>g effort toward the h':lher TL horse mackerel 

, 
" , , 
" ~ , 

" • • < • , , , 
• , 

" 1 ____________________ -'·,:' __________ ...... '-______ _ 

[] c..r .. ,,, ~ [] 0:0., • f'or,. ,,"ckorci [] M. ",p,,,,.,'s 
• M. _-.,'"'""" •• __ -".".' .... ~""', ______ ,"~~,o" •• ".'-__________________ __ 

3.3,1.5. Mortality: 

The maJOl'"ity of mortality was attributed to predation (F ig 3.8), with fishing mortarty becoming 

important n the mid·trophic level groups in 1970 and ~990. O:her mJt1ality contributed a 

fa"~ larg ~ propo~ion in low and high TL group~ of wh;:;h a low percentage or product"n is 

consumed by predators, such as plankton am ape<_predator groups Seals showed the 

ri~hest proporti:Jn of mJrtality du ~ to 11$ . .,ing, wrich ..., 19()() made up 41 % of tolal mortality Z, 

the . .,ighe st for any group Sardin ~ and anchovy were sut;ected to higher fishing moriarty"" 

the 1970 model th~n the 199()~ model. when h",.e macker~ and I~rge pelagics ShoWM ~ 
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11igl1ef percentage loss to fpshpng H<>ke, p<>rtlcular". large M_ C8(>l)"SiS , also Ilad B kmer 

proport'on of fIShing mortality in too 1 g.g~s than in thf> 1970 rr>;)(jel 

3.3.2, System indices: 

Sumrrary sialisi'os fmm Ille pe,iods rmd"lcd are shown in Tab' e 3.2 Con.umpt<>n, thr""'ghput 

product_on, and resp;'at,on BII decrea.ed between the 1600 to thf> 1%0. trodel, l...-hile blOtrass 

export. and flow~ to c1ctrltu. increased The greatest Increase fOf al' tl1ree Irl ci ces occurre<:l 

between the 1900 and 1 g70 trodels, as was the case for the largest decrease in consumption 

Primary production was relatlvf>". constant. apart ffom a sl']ht peak in the 1970 model 

" '''' pt to' """"""'. wh"P, i. " Hm-' 

1600 1900 1970 19908 
Total biomass (excluding del"tus) '" m 482 621 
SUtr 01 ~'I consumpiion 14263 14170 1293-0 12731 
SUtr 01 all exports '" m 1150 <,C 
SUtr of all flows into detritus 5~57 4933 ~" 5534 
TOlal system tllroughput 26816 26500 26218 25536 
Sum of ~II prod""t;:,n 1 1014 11012 10973 10574 
SUtr of all resp ~atory flows 7185 7121 '"00 645' 

_Cak::ulated_ t.9t~1 net primary production __ 7397 7397 '"~ 7271 

Finn's me~n path length (Fig 3.91 decre~"cd from a m~.itrum in 1600 to trlnimum in 1900 

fo!lowed by an incroase artd then decrease in 1970 and the Ig90~ respoctively, whiic Finn 's 

cycling Index di~played t'le opposite patte,n {alllOugl1 peaking;n the Ig90. modeD. Sranoon'~ 

and Sltrpson's drversity indices both decreased ove, titre, I";th the greatest decrease being 

observed from tre 19ns to tl1e 1990s mod'" (F>;l. 3.10). WI1en comp~r"'Q the overall trend:! in 

selected ;"dices to H·e trends predicted for stressed ecosyslems, as suggestf>d by Odurr (19B5) 

(Fig, 3 11), RIB, I kWls to detr.us, F;"n's rT1CBn path 'ength and the dlwrSlty indices all cooforrred 

to the pBllern expeded in a stressed sySiem. Respir~tion (R), PIR PIB, FInn's cycl;ng ind e' "nd 

BlP displByed th e opposile trend I ' om thBt of a stres.ed system. Rand the diversity ind>;:cs 
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displayed the same trends between all model •. Six 01 th~ ten mdK:es examined In Fig 3.11 

suggested that tile ecosvstem was stressed from 1600 to 1900, compared with 10'" wt of len 

over the period from 1900 10 1970, and Ihree between 1970 to the 1990~ model 

2.1~ ~--~ , 

-~~ 
, , , " 0 • , " , , 

2.'6 , • , , , 
• , , 

> 

LJ 
, 

'" " '00' ,~ 1970 19905 

= m"an path lenglh __ cyclir>g index1 

, 

r"' '--~----------+-----I'"' 
"' , 

" "'" 0 0.75 
, 

0 , • 

~"' 

, l "" " " 'CO, '000 '970 ,= 
~SHDI ____ SIDI 
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3.3.3. Sonsitivity analysos: 

The m"ed uoph<c "41act a,.essme·1t. (Appendix B .. Figs B.I-4) showed that J~ all models the 

plankto" groups had relatlve~ slgr'/lca"t aoo widespread impacts. for too most part poSltl\le. J 00 

"",e groups also Impacted most Iish grovps slgnlflC.1ntly. most~ ",,[ptlve~. although large M 

p;",~lnxus did t"klve positive ",pacts o~ a number of groups particu:arly adLJII ho·cse mackerel 

DeI"ll;S also P<XIllively infl'''''1Ced a ."umber d groups in a:1 models predoml'1.~'1t~ the plarO<ton 

a'ld oonthos groups Tno mpacts of gelatinous zoopia."<ton, sardine. !rorse mac,erel ao1d large 

M capensis char>ged the most over time Sardine had a fm greator mpact on other groups, 

partfcular~ seals and predatory fish in the < 1600 modol than in the more recent periods The 

proliferation of gelatitxll;S zoopla"kton ," the 1990s caused its increased impacts, largely 0." Itse,f 

Ilorse mac':erel had relatlve~ bOJger impacts 0" its co"sumers and prey in the more rDeer< 

models. wnile M c~pellSi,' h~d relatively :smaller impacts ResLJ:ts from the sensllivity analysI s 

IAppendlx B .. Tables 1l.8-11) were considered s:gn:ficati where a cnange I." an I."P-;t p"r;ornetor 

caused a 40% or more char.ge i" the affected estimated parameter All grOl;ps were se."JSltive to 

thel' OW" input parameters In the majority of :"sta"ces. changes :" estimated parameters or~y 

became slgnlfica."t after the Input parameter had been akered by 30% or more. Th€ two 

exception. were In the 1600 model. where tneloOO"thos B was altered by almost 9(J% after a 

20% cha'lge in macrobenthos Pill, and In the 1990 mode'. where the B of pelag:c goby was 

alle'ed by more ttc"1 100% after a 20% cha'1ge ,.1 small M. c~pell.'i-' PiB Input parameters that 

(Caused s>g'1if",a~t cha'1ges i'1 other parameters and the groups affected are ksted i'1 Table 3.3 

For full 'esu:ts aI the sensitiVity analysIS i''',··udi'19 the affecting and affeded parameters. see 

AppeMix 8 Tables 8 11 

3_4_ Discussion: 

3.4,1, Internal indices: 

The biOO1asses of the indl\l1dl;~: Qroups i"vor""d (Fi~_ 3. 1j appear to -efect man s :"flue.lce l;PO" 

tne system. ;n the case of seals. the collapse aM sl;bs,,""uent -ecovery of the populatkln 
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can be directly attributed to the comme-nceme-I"II. of inte-nse and unr~ strlCt ~d harvesting from lhe 

1700,10 the earty 1900'. Afler regulattcn eflhe se l'll rn.r.,.est and ullrmat ~y the introdLJCtlOl1 of 

TACs, the- Namibian seal population recover~ to ~o""'thing loke ii, mig.",1 size (Gnfflhs el m., 

2004) Th,~ may alse r~fl""t th ~ IncreaMd terrestrial breeding space ""ailao .. te seals. after 

guano and egg h3rv~"ts disturb<:d and depklted many bird colonie-s. The original se-al ooIonies 

were also re,trit:led to islands, whereas c..-rentty the- largest colonies "'~ found on the mainland, 

which has become a viable breedong locality du~ to the d~~lin~ in lar~~ terrestrial predators 

Whether d"eclly or indirectly. h~mM involvement ha. had a considerable impat:l on seal 

biomass, Other spe-cie . , such as hak~ and sardine, reflect tM well documented exploitatIOn and 

~ollap.e. of the"" sto~ks (Boyer & Hampton, 2001, Griffiths et a.r" 20(j4; Roux & Shannon, 2(04). 

Th~ d""lin~ in ~eabird ~tocks has res cited both frem the har\lesting of eggs and the .evere 

alterat",n of the terrestrial breeding habitat thai was associated Wllh guano harv~ .ting (Cmwford 

et al., 1995; Crawford & Jeh~ke, 1999), as well as the- byt:atch of seabird. as . ociated w'th 

modern lrawling practices (Crawford ~t al., 1995: Shannon "I aL. 2005), Th~ ~ollap,. of tr.e 

sardine stocks in the 1970~ al.o negat .... ely impat:led a number of seabird .pecies, e'pe-cially 

African penguins and Cape gannets by reciJcing prey availability (Crawford el lIi, 1995: 

Crawford et ai., 1999) While the platforms constructed off the Namibian coast~n e te facilitate 

guano collection from the 1930s have provided alte-rnative- breeding sit ~s for some spedes 

(CC()p~r et "I" t 982; Griffith . "I ~I" 2(04). the abov ~ fiJCIor. , combmed wtth the encroachment 01 

. eal . into areas previously onhabited by bird colonies, have prevented seabird populations in th e 

northern Benguela from r~covering, or ev~n stabilizing 

Other groups, such as cephalopods and demersal fish. e-'perienced deci'lles without h~,;n~ been 

directly tarQet ~d by fishing to any large extent off Namibi~, allhough de-mer sal fish 3r~ likely to 

hav ~ been impllCted as oycatch species in hake trawls (Crawford el m, 1987), Th',s is at odds 

with the southern Benguela situation, where a lucrative chokka squid fishery operates and 

deme-rsal fish are targete-d on the Agulhas Bank (Crawford el ai, 1987). This could be ~ result of 

the lower B of fished grO"9S like- hakes and smalt pelagics. and lherefore scarcity of prey. The 
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most not"e<>ble change fcco" 1970 to the 1990. is the unproceaented proliferBtion of jellyfish, 

strenglhenlng the speoulallon that system-level changes have laken place. Th~ ir",,~ased 

g~I~linolis zoop!ankton abundano~ hBS itnpl"Bliom for Ihe tran.fer of produot",n th'ough thc 

system, a. the low consu~lion of Ihis Qrollp within the .ysl= means th~t while they ar~ 

consumers, the m~jor 'y 01 their production Iklw back to detritus (Heymans ~t ai, 2004). The 

inoreased proportklns of hakes, smali pelagios groups ~nd horse mackerel. 'or example, 

consumed by groups .uch as cephalopods predatory fi.h and .eal., is a result Of the doc i ning 

OI/erall biomass of the groups consumed as wall as of other predaIO,", rather than 0' an 

inorcased consll~llon on Ihe pMt of those predatory g'oups Th~ 'ecove'y of seals in 'eo~nt 

yea's has simply exaggerated this effect though. as has the increasing abund~nce 0' horse 

mad,erel relative to other prey groups over the last lew decades (Heymans et al 2004). 1 he 

doclinlng TLw of seleoted groups In Fig. 3.5 support. this, resulting from both Ihe docreases in B 

experienoed by most 0' these groups ",,d the" reduoed fl reialive to Ihe resl of Ihe system. The 

current higher mean TL 0' the community (exoluding planklon) and Ihe piscivore community (F.g 

3.(i) is ir,dicative of thc scarcity Of hw Irophe lev~1 sm~1I pe:~ge f;"h, suoh as .",d:ne and 

~nchovy that normally would contribute a re:atively hig h proportion of I he commun ity, while high'" 

TL groups have deolir"!ed to a lesser ext",,1 or been replaced 10 some del1"ee by other re:alively 

higher TL groups ICury vi 31 .. 200510) 

The catch W1thin the systcm in 1900 was co~rised ~ntirely of seals ~nd seabirds. both high TL 

groups, so the docrease In mean TL olthe catch from 1900 to 1970 is to be expected especiBlly 

with the large contribution of small pelages landed by the purse-seir"!e fishery from the 1950s 

Although hake landings had oooreased cons',derab~ by the 1%0., so had the lotal tonn~ge 

"nded, re.ulting in an increased mean TL a. hlgh~r TL speoies constituted the bulk 0' the catoh 

Replacement of ooclining hake groups by horse mack~rel has also ooourred in a limited t""nn", 

on the north~rn flenguel~ mltlQat,lg th~ troph" effeots Of the d","'eBs~ in hake. som~wh~t (Cury 

d 3/" 2005b) Similarly, inoreased proport.;>n. Of li.hing 'mrtailty arc r",t nccessarily 

symptomat" Of incrcBscd cffort lalthouQh Ihis is the case 10' som~ groups e g horse tnackerel.l 
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c)'Cl"'g In a malure and stre"ed ecosystem While ar. ..co~y.tem wt or balance is I>;e" to tend 

toward. smaller, shorter-lived species, ~speci"'ly wher. aff~de d by fishing. the Increaslr.g 

pre~uI ~ nc~ of larger, longer-lived spec",s behind th~ ir.cr~".i"9 BtP for thIS ocosystem could 

superiioi"l" "ppear to be a pos~lve shift When the b;omass of th ~ sy.lem a. a wtXlIe and by 

group i~ oonSl<lered, however, the decline of many groups aM the oollapse of small pelag e 

stoo,~ ""~mS Ihe "",re like" explanat<an - the loss of srrall p ~ lagl{;~ i. ""re" rmre extrerre 

than that of ot r.. r sp ..c",., Ihus tipping the balance towards the larger, 10r>ge'f-l iv~d . peo"" 

3.4,3. Se"sitivity analysis, 

Tr.. Ir.=as.-d Impact ot ho<se rrac"eml 00 its conw,,,ers "nd pre~, partlcularl~ In the 1990s 

rrod ~ 1 corrp ..... .-d to 1600 aM 1900. is consistent with the ;"cr eased Import~ nc~ of this group after 

the decline in ha"" stock . In lhe 1970s (Cury et aI., 2oo5b) . Horse tracker el h ... also ~r. 

shown 10 have had larger I~'pacts in the 1980~ compared to the 19705 a~d 1990s, corre51XlMIflg 

to its maximal aburrdance over thai period (Cury et al. 2C05bj. The decreasir>g ro ", pl~y~d b ~ 

hakes In the ecosystem over the pe rK>ds rrod ~ l ", d, as b.:) trass 01 halws declined, can tJ.: linked 

to the decreasing impact of the hake groups or. tr.. ir prey .pecies part'",ularly in rrare recer.! 

m<Xie1 •. The sensitivity analyses coofirm what IS alre ~dy known - that more inforrratiJn 00 lesser 

,oown group. would be extremely valuable as tr.. ,., groups often have sig~jricant impacts on 

other trIO';" l outpul pararreter estimates As in the south ~m Bengu~ la model., while SOtre data 

are availabl ~ for eoonomically ""pOrlant groups such as sardine and hake. oth ~rs ~'Jch as pelagic 

goby, planKton<: groups, cephalopods. &'"", r;al li~h aM cetaceans are less well doc~me nte d 

The I>gJres prodeced by these rrod ~ ls are atte r11't~ ~ best_estimates, bet are still estirrates 

3,4,4. Conclusions' 

It 'M:IUld appear th~t sinc~ the arrival 01 man in the r.orthem Be~gu~ la sc-r-n.: ",rge_~cale changes 

in the strocture and fur.dlOr.in9 01 the .y~tem have taKen ploce. Th~ bIOmass of th e trajor'y 01 

~roeps has decreased, ir. the cas ~s of s ..... di "," , hake~ and seabirds, fairly dramatlca l y. Th ~ h'>;l h 

b;omass 01 a few small pelagic fish spec ", s typioally 100M in upwelr,ng systems is now ~b,., nt, 
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repiacad to sorre axtent by a wrdflf range of species (Heym~ns uI al" 20041 and In recen; 

decades thare has baen a not previou~y recorditd rise in tl1e biOf'1'1~," cI ~Iyfish, Catches hava 

decreased along with target-<pede< bioma<s, and ai:l>;lugh the me~n TI. of the c~tch in ;ha 

Pflf>OOS .'1lodelled here di·j not display av>:Jence at fisl1ing down the foodweb. ~s is tha casa In 

many overexpkliled .ys:em. (P~lI:y & f-'~Iom<!ras, 2CO~), OVfIf a sho.1ar tllnescale, the 19110s and 

19Ws, eyidence of fishing down the foodwab has in fact beiln dalected in;he Norlhflfn Benguel~ 

(Heyrrwns at ai... 2C04·'. The ir>::reased TL ct the catch ob<arvad OVer tl1e period. elWmined ~nd 

the stoola TL of catches oosarvad by Cury Bt aJ. (20C5) ;n tl1e norlhern Bengue~~ frern 1972 _ 

2COO is ind>::atlve of the dfljO'a;ion of <ardina ~nd ~r>::hoyy s:ocks ~no the I""reasa in horse 

macker .. biOf'1'1ass a< ha,es declir>ed, r~lher than of ~ he~lthy sys;em (Cury at aI. (20C5)_ The 

expected succitssion of onit s"",11 pelagic by ~no:her ~s dominant in upwalling systilms did r>Jt 

occur in tl1it norlhern !len~lIela ~fter the coll<!pse of: the sardlnit stock when instead 0' a""hovy 

biomass ,ncre~s'n~, olher species .uch ~s ""lag>:: goby and horse mackerel fillad tl1e n<:l1it lalt 

by sardinit (Boyer & ""mpton 2(01). Eyidence of thitse changes In the structure of the 

ecosys:em was also found in :he d.et 01 tOp pred~tors, such as seabirds and seals, which in many 

case changed from ~ smdin,,·domin~tcd dd ,0 one bvsea on po"gic gooy (Crawford el aI 

1995, Cury & Shannon, 20C4) 

Man's influence in the northern Benguala bagan in the form oi harve<tlng 01 sea's and <itabrrds 

TI1e aflitcts of thi< initially unrestrained harvesting, and Iha ir>:Jirec; aflOCI< of 'ater flShlr1g 

"r",,:'ce. are evKten; in the changits in b"mass of these groups. ~. W~I ~s from the nllmerous 

<>::counts tailing of va.t c.-on,es of saabird<, tor ooe, tl1al sllbseqllently shrank to in"gnif"'~nt 

leve .. IBes; Bt aJ .. 1997; [lerru;,. 19119). TI1e biolna<s fluctuat"ns in grollps s'-"Oh ~s the h<!kes 

~nd sardina, hOweVflf, aritless aasity altribuled en:rrely to the effects of fishing, Changes to tha 

physical environment in ;ha aany 199Cs. including a low o~ygen event in 1994 ood ~ Bengue:~ 

Ni~o in 1995, hava likaly playild a con<>:Jerab:e role in 111e failure 01 man~gement strategias 

imp'ell1entad in ;hit aany 1990s to salv~ge already redliCed hh stocks and prevent lU.1her 

dec:ine 01 ~ number 01 species (Heymans ellli .. 20C4, Rou~ & Shannon, 2C04, Cliry & Sh~nnon, 
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2Q()4\ These ewnls c,""sed upheaval :n Ihe system, drastically reducing the stocks ""tl1er 

through migratKln Ie g, h~ke) or, \...t>e<e tr.is was not posSIble, mortality (Gammolsroo vi DI 1998, 

Boy~r e/ ~I, 2001), Tr.ere:s eVl{jence of doclirtes in the hakos, horse "",ck~rel, s"rdln ~ , ~nd 

and""y as directly affected groups (Boyer et aI" 200\ lJ.oyer & Hampton, 2(01) The kr\Qck-on 

effects were e,en r:>OI'"e f"r-re''''hing, attectir>g seat>rd and seal popu!atKlns to the extent that 

Rou. (1998) estimates that D third of tI", N",,,,bian &teal popu!at>::>n was klst over this p<!rKld as a 

result 01 sca.'clty of prey (C"ry & Shannon, 20(4) H ... s, wiJil e tr.e ''''pad 01 l:sl1lng is certainly 

VI",b'e in the system, pr=pt:r.g ti1e decline and collapse of ha1<e and sardine stocks re"p~c.llv"y 

,n th~ 1970s Dnd 198(}s :t may b ~ more accurate to credit the additive effects of fishing and 

environmental anomirl:es and ch~nges w ( h ti1e lack 01 recovery and further decline in many 

stocks (Cury & Sh~nnon, 2004, van der ling ~ n el at, 2000bJ, Shannon el al (in press) suggest 

that the type of trapr.ic control operating w:tr.n the system co,,1d be aitered as a ",suit ci ti1e 

collapse ci small pelagic fish stocks, Whll ~ upw...lling systems are in general hypotheSised to 

opa-ate under wasp-waisted contral by ti1e small pelag'c SpeCl ~s, the removal of these spcc",s 

may alklw for bottom-l.\J contral by env;ronmentDI forCing, Alemalively.asl1a8 been the caw in 

the northern Beng"ala, small pel~glcs mDY be repl""" d by opportunistic species Wel1 as jellyflsM 

and mesope!aglC fish which utilize the produChon previo~~ly consumed by the small pel~ic fish, 

but du ~ to d:eta'Y or habitat restrction s, do not pass this prooudKln akmg to ti1eir predators 

(Sh~nr\Qr1 ",/ ar, subr:'lltted)_ C~.anges of thiS nature in the functKlnir>g of the ecosystem could 

meDn thDt in line With Odum (1985), as a system becomes ir>ereaslngly stressed, fluctual'ons 'n 

bKlI~ica' inter"ctions ~re mo'e likely to be initiated and regulated by envrrOrY:lent .. arid physic,,1 

forcing, ir>::reasing the v~lr\er"bility of r\Qrthern Benguela stocks to any futLIe erwiro"""ntal 

anomalies 
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Chapter 4: 

Comparing the pristine northern and southern Benguela & investigating the 

effects of fishing 

4.1. Introduction: 

Ihe LwL software and modelilnQ approacll has provided an effective means of describing and 

quantifYing tr.e 1:ows ,.,d Interact"ns within a Qrven system. as well a" invest'3atlng possible 

tropllic impacts o[ aiterat>:::<1s in ttle pattern ofenerQY fiow re"u l lng from fi"hlng It ha" been used 

to describe ch,.nges In ecosystem structure over time in a targe nLimber of systems, (e.Q 

Shannan d M 2003, Heymans ef aI. 2004, Nelfa e! M., 2004), but aiso allows far comparison 

between systems (Moklney Gf ,,[, 2005 CoJ Gf a/., 2C()6) tn the f"st pa_~ of this cI1apler. modets 

genera.ted in Chapters 2 and 3 for the 'pre-contact' (befo:e man's intervention) northern ~nd 

sO<lthern Beng"""la will be compared in te rms of ecosystem "tructu:e ~nd fllnctianing. The 

modern "t~:es of these two sy"tems h~ve been comp~red preoiollsty in a number 01 studies 

(Jarre-Teichmann ct ~J_ 1993, Sh~nnor. & Jarre-Teichrmnn, 1999: Shannan, 2001 Cury & 

Sh~nnon, 2004, Coil sf ~J., 20(0). and h~oe been found to differ I~ir:y ex tens ively, With regard to 

both structure M.d functioning. In the 1980s, higher total biom~"" and c~tches in the r.orthem 

I3eng""la d,d not equate to increased tropr,ic flows, ';,t,ich were iarger in the southern Beng"""la 

I op predators played a more important role In the soutllsrn than In tr,e nortllern Benguela over 

tills pe[>:)(j (Shan non, 2001) Althollgh the speaes compositkln of tr,e two ocosystems IS Similar, 

daminant specoes. er.vira"ment~1 effects and management histories of the fisheries In the two 

regio"s differ cc<'.s;jer~b;y (ClI.'Y & Shannan, 2004), and these factars contnbuted to tile qu t e 

chpar~te systems found in the modern era, Whether this has aMiays been the case is not certa'n 

Due to the trophic basis of the FC()PMil modelling process, the possible pristine-state "",dais 

generated here have not taken into ~ccolJnt th e effects of enVironmental events. However. it is 
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hoped that by comparir'll these models, the lur>damental Similarities or dlflerences between the 

twO systems would t>ecom e evident, u"obscured by changes wrought by k:lr'll·term fishlr'll 

pressures 

In the second p~rt 01 this ohDpter, the impDot ollish:ng on the prrstine systems is investi~~ted 

While ECWilll, mDss-balancing soltware 0"" be used to generate a steady-st~te rnOOel of the 

possible 'prrstir>e' state 01 the ecosystem, does the application 01 the levels of fishing pressure 

repr~senlallve of the industrial era (1910 - 1980) 10 lhe pristine mod~ 1 resull in a oOrrrrr\unlty 

slructure similar 10 that which eXlSls today? ThiS would require the assumplk:lns that I) fIShing has 

had a sig"'ircant mpaci 0" th ~ slruclure and functm,;ng of th ~ Benguela ecosyslem, and ,,) too 

pristine rr.:xIels ~r>erated for both the northe,n and south ~ rn B ~ nguela "' Chap' ~ rs 2 ;)(>d 3;)(e 

representative of ,he unf,shed states of the systems_ Slmul;)(~ns based on the southern 

B~ngu~ la ~lodels are not necessarily expected to produce a steady-state model Similar to that 

wh ich .... as constructed to represent the current per",," in that system, as Simulation mod~ II '>g 

(Shanr>Of1 et al" 2004c) and litting of a southern Benguela model to tlmo ser>::>s dat~ lor the 

modern era (Shannon et ,~" 2004b) have shown that fishing has playM a relatively minor r~ ~ In 

driving major ecosystem changes in the system. Although fishing pressure has bean h ~av", in 

the northern Benguela the latter has experienced a number 01 phys'cal and climatIC events 'n the 

las, few decades Iha, ha,e li<ely impacted fish stoc<s arid hence ocosyst ~m struc,ure (see 

Chapt ~ r 31 It therefore se~ms li<el,' ,hat the model produced by the Slmulat"n lor the nortMrn 

B ~ n~u ~ la ""II deviate more from the t 990s model ,ha" will thai for the southern Benguela, which 

does not se~m to have been subjectM to env;-onmental fluctuat"'ns on th ~ same scale as ,hose 

registered in the no~hern Benguela 
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4.2. Methods: 

4.2.1, Comparison 01 the northern and southern Benguela pristine models: 

Tho! construcllon and ba:anclng 01 the models compared here is de~cribed i~ Chapters 2 and 3 d 

this di%ert"llon, as is :he generation 01 any 'ndlces used in this chapter 

4.22. InvestIgating the effects of fishing: 

The Impad~ of fishing ef~ort in :he ir>:Justriai era or. the pri,fine «1600) models of tile souther~ 

and nortllem Benguel<! were .west>iJated by way of the FGOO'Im dynan'K: simulation rootlne 

(W"lter~ vi (1/., 1997, see Chapter 1). The pri"tine moo .. of each sy.tem w,," u.ed as a basIs la 

:he simulation~, which were a l owed to run undisturbed lor live ye"", "Iter which the fi,hlng 

pressc,re in the indu,trl<!i era models of each system (see Chapters 2 and 31 w,," "ppiied to tile 

relevant system. Fs by group were caicuiated accading ta F - catchl biomass and are ,hown in 

Tab;e 4.1 Wasp·waisted control. the troph;; f"w control characteflstrc 01 several Lpwelling 

sys:ems (Cury al &I., 2000) wa" as"umed lor the ,i mul":ion,, Although mode: graups assll rood ta 

exert w"sp-waisted control (small pel<!g K: groops, juvenile norse mackerel ",,,I srrali M c~fl"n.<i.<) 

were obtained lrom previous models (Sha~non et iii.. 20041. the EGOO'im default vulne rabil ~y 

... tbngs of 1 2 for in:eract"ns with predators aoo 5 for interactions with prey of these groops, 

were used b<xoause the vulnerabCitre , previously pcblished (e.~. Shannon et ,J., ?'OO~b) pertained 

to models li:ted to d"ta lor a diffe<e~t start;~g period ar>:J were thLs no: nece,sarlly directly 

appiic"ble here Trophic ontogeny was <>e"'l'0rated. linKing the jUveniie and adLlt QroliP. of 

horse macKerel and hake Growth parameters c,.ed are st.:Jwn in Tan:e 4.2. Modeis were run for 

50 ye"," in totai. The Fwp"lh rrodel generated fa Aach syst",,' at the eoo of ;he 5O·year 

Slmuiat>:.n was then compared to :he curren: model for that system. Fa the southerr. [Jenguela, 

;ne mooel Qer.erat:d by th e ,imu·ation was compared with that of the 1 99Ds ra:re< than :hat r:i 

the 2000s, Ir. order ;0 avoid confuSion 01 lish;'"l\l effect. with those of the h",h small pelagiC 

b>:'n'ass repr"s"~t"d n :he model al the early 2000s. An upd"ted vers"m of the 1990, n'odel 

des~ribed in Sha~non et aI. (20031 was used lor the ""Uherr. [J er.Queia comparison, The 199()s 
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m:odel of the northun Ben~ucla, as dcscribcd by ROLl< & Sharlhen (20041, was used Calculahon 

of any indices was as explained in Chapter 2 

AflOhovy 05042 
Redeye o I)X,' 

ChLto moo,erel Q 3~39 

Adult horse mackecel a 1~3' ODfi'7 
~rlO~' Q 3120 
L"ge pc",~"s o 221i O.23Hl 

C~oh,oloooo;:J,; Co 00))4 
l"gc M capcn,"" o I 191 II. I 241 

large M P",·.:kJws 03806 03922 
8cnltlc-roed,c.:; demers,ol, 0.01114 II.QG20 

Pel.., ;:-fMd ng dlOnd([olllhy.,1S 000<'9 
Ben t tl c -'oed r c.:; cho m r" 11t1Wa.rl'l o 1I[!95 

~.,s 00250 o '007 

~,-~ 

Ho,"c M M 
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,-:---- --
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L 
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4.3. Results: 

4.3.1. Comparing southern and northern Beng "ela pristine states, 

4.3.1.1. Summary statistics and biomass: 

Tot~1 biomass, con.urnptk>n and respirat"n were h>ghe.- in the northern Be r·~uel~, though 

producbon and throJghpul were largE< in the southe.-n Benguela model (F~ 4,1\. Finn'. mean 

path ler·gth n both sy,tems was relatrve~ short, although " nger in the oorthern Benguela (2.17) 

than In the southern Benguela (2.05) 

S'.n of , I cor .• '-""'" n 

o ".,." ""'" ""''" '" 

The biomJ55 of non p'JnktonlC consumers in the northew Benguela was far hlghe.- than in the 

southern IF~. 4,2), PJrticularly w~h regard to smal l pelagic groups and hake The ratio of 

plJnktivores pis",vores in the pri,Me systems was, howeve.-, h>iJhe.- in the southern Bengllela 

(Fig 43) 
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4.3,1.2. Trophic aggregati on 

80th subsystems displayed a sim i ar di5inbut"n of b~ss 0'"'' the t'oph" levels, With the 

ma)Or~Y concentrated in TLs 1, 2 and 3, a5 expected (F';j, 44a) The southern L>enguEOa dKJ have 

a sl>ght'y h';jher proportion of biomass at TL 2 ihan 3 though, ""like the [)OI'\hem l..nere bbmass 

was appcoXlmat~ ly equal n TL 2 and 3 T,,,,,Me' effic"nc'"s were ",mllar between the two 

systems, a, hough tc", sO'Jthern Benguela had a notabie higher eff",ency In transfers frMl TL 2 to 

TL 3 (F';j, 4Ab) 

,~ ----- -~ 

• 
' 00 

~ " , ,. , 
• • • '00 , , • ~ 

" 
, , 

00 

" " 
• • '" 0 • 
~ " , 
• " 0 , 
• , 

• ----------_ .. ~~:::. , 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4.3.1.3. Consumption: 

In both subsystems zooplankton were the milln cansumers. respansibl<l 101 73% am 82% of total 

cansumpt>on In the northern and southern systcms rcspccti , ery Srn~1I pelaglcs cans .... ned a 

higher propo.1ion of production", the northern I:lenguela wh ile rnesop;,lagoc. were relativel y 

more important consumers in the southern Benguela (Fig. 4 5i Although hakes were respanslble 

for approximately 14'", af tile consumption by ""n-planktonic consumers in both systems, th ey 

cansumed a greater proportion of hoth , m3 1 pelagic and hake production in the northern 

Benguela, as compared with the sootr.,rn Benguela I:Flg. 4.6). MMine mammals am seoorrds 

both played ~ greater rale in consumption of the two abovementioned graups in the southern 

Bcng",la, while horse mackerel was more important in the northern Benguel3 

" " 

- ,~ ~,.'" 

No,lt .. r. 

F9J'O 0: Goo-\&L>1Ji or oy ley 17''4'' "' Ih. «;.ull",," o",j northem !\on,o<k, ><I>t..., ".",_ ,",,01 

'00' I;u"",,, ~ roup' \ 
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4.3.2. Invest1llatlnij thG impacts of fisni "{I via simu lations. 

43.2.1, 8Iomas.: 

Norlf>e,n 

/'-.. : •... .. ~. 
.. ...... r 

For the m;o;oroly 01 groups In the sourhern Benguel<lf1\:ldelt the ddfe,,,"ces In oloma» oclWe<:n 
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Me5OZ0oplan"ton &:lrdi"", Ch<Jb mackerel and large pelagic, ,howea large dlScrepanc",5 for the 

"ootl1ern t3enguela Bioma5ses In tile northe<n Benguela moaels displayed larger alterations !com 

tile 19905 v~lu e although 'he maJOfIty we'e w ( hin a range of 5Ct"!. difference GelatlrtOllS 

wopiankton and large pelagics had lhe highest oogroo of dlSsmllarriy 

=L~=\ 

""'''' ","",. 

r=-_ 
~ 
I'" 
i , 
~ -I,,.,, 
,-
~ ..., 

[] """'.ro b 
o_rn ~ 

, ... t." 

,= ~ = '00 ·M 0 

':<. d,ft., . n"" hom th o ,9'l<l. 

4.3,2.2. Summary statistics 
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In both the northern aM southern Benguela oaSeS lhe summary statistics (Fig 48) were simil ... 

in lhe 1900, and "mulatlOn-<;lenerated model , For the southern Benguela con , umpt ",n. 

throughput. produotion and respi",hon were a'i htgher In the 1900s model. whereas exports aM 

Ilows to detritus were greater in the Slrnulated 'ystem. For the northern Benguela all diSllI ~yed 

parameters we", greater in the 'mulatM system, except far exports, flows to detritus and toC al 

boornass. Lxl)O(\s from the simu :ated w'tem were far klwer than In the 1900s mo-::fe: 

Sou"',,,, 

. ,,,,-' 

4.3.2.3. Consumption: 

/ - = 

-­=.~-

The proportionS of production consumed by the varlOU' non-planktonlo ~ roups In the wuthern 

Benguela were similar in the two models (F\j 49), although smal: pelag"" and hake 'f1 the 

smulaled system consumed a sltghtly higher proportion or production relatrve to oCher groups 

'uoh as horse mackerel, mesopelag"" aM dernersa;" In the "",them Benguela models. larger 

differences were evident, with a rnuch h\jher proportion of production co,-,"umed by small 

pelaglcs in the 1990s model, versus by hake. demersal. mewpelagic and horse mackerel groups 

in the simulated sy'tem. The simulah::m-based models lor both ecosystem' estimated a htgher 

bwrnass of li'h han in the 1990s models, so that. for example, the smaller relative proportion or 

9" 
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the consumplton aUnbuted '" ,mall pe~'IIO;: speoes ,n the normem Benguela s,mulat,on based 

IT<)Ilell'' on fact to greater ablOiul& amount U",n ""'n~umed by theS'! 9""'4's In t>Io 19901 m~ 

... "'. 

r .. ~~. 

4 3.2.4 Trophic level: 

...." . 

..." •. ~" .. "-, .... " ... 

The blt:ll"l"laSS, transler elf>::icney ~nd mCa l thmcghput by trcph>:: level for the 19005 :r.j Simu lated rnc:>dcis, as 

....-ell as th e pP./"Cp.nt311" change In uc;.h parameter betvi"en th e t &901 and t~e simulated syster>1, l!Ir"iI s»o wn in 

Tab'" 4 3 Fa;rly lar98 dlffer"",,",$ '" th<: b'omu .. at a 5pecdlc TL QoCCurre<i. <:spodatly at TL J and 4 W'l<lfO a 

much '''g'>er Doornass was conc<:nlllllkd ,n the SImulated mod&m model of the southern Bl!nguela. and. '" th' 

1!f9()s mcdc' 10, tile nofltlam Benlluela models T»IS;:M n01. howe.!II" u .. nsl<otc 'nCo 9,ea!1y aheriIC ~cpon.on$ 

cf 10;:11,,1 boolTlllU at eac'" TL In the louthem BlIf1Quc!a. a marginally lower prcponoon cI tntal b,DlnaSI "as ':>UM 

at TL 1 and 2 aroj a ,,1..,My n'<lne' prr:(l ortlOn at 3 ~nd 4 in th e .mulated m::x1el compar8d to th e 199o:ls sy.tem 
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higher proportion of biomass at TLs 1 and 2 and J klwer proportion at 3 and 4 (elatrve to the 

19908 model. While the greatest charoges in biomass occurred at the InTermeolate TLs 

transfer efficlerlCy and throughput varied most at both extremes of the troph IC chain, at ooth 

low and high TLs. Transfer efficierocies in both moae!s derived from Simulations followed the 

pattern expected 01 an upwelling system: higher at low Tls, lower at high Tl5 where exports 

and flows to detritus are relat"ely high. The proportion of Pfimary proauct>on transferred was 

higher in both Simulated systems, relative to tne" respective 1900s models. Throughput 

differed fairly slgnlf.::antly between the 1 900s aM s:mulated systems In ooth the northem and 

southern ecosystems, although to OPPOSite effect in each - lower :n the southern Simulated 

101 

.. , -



Univ
ers

ity
 of

 C
ap

e T
ow

n

, 
> 
j 

, - " ' ~EJ 
[-"",,.,,,-;- , - """"" ''''''l '1--~--,'" j' """" ,, " .. ' .,,'" .' ".~"." -,.~.-

, . ' 
.-." "~~~'." . " '.~ ...... -

, .. ,.:J " . 

I~::_' ] r '.;~: :' ! 

r:::::,~ 

~ 

f" "c '.50. GlowP' .,0 b om,,~, W' " ,km" of ~rOLpo n ,he northe rn B< n)l .• " pr ~l"" "",,,,,I (1600) .• rr'f1\l eo 
'ffl;:, ly ",,,ord~.g 10 "ophoo ""01. The orc a oi coo h boO>" p'''''"oo,,' to ", B 

SY5tem and h;gher in the northern versus in the, 1900, models Groups In the wuthern 

Be!1guela we'e generally operating at h>gher TLs than in the northern Benguela (F ':) s 

4.5a&bi. 3ilhough the het that some high TL grwp5 foond in the nQrthe'n Benguela, such iiS 

chondrichthyans and IJrge peI3g.cs, are divided into two ar more component groups in the 

50uthern madel must be Wken Into account when examinIng F'>;lS 45J&b In particu la r, 

~nchovy, large M. capens!s and large M. parodDxus, found at TLs af 2.62, 4.22 and 3.83 

respectively in the northern Benguela, were operating at TLs af 3 54. 4 75 ~nd 4.62 ;n the 

5Wthern Benguela 
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4.4. Discussion: 

4.4.1. Comparing southern and northern Benguela pristine states; 

Coli et ill. (2006) slale Ihat the mEllly dlffrnences between upwelli~g ecosyslems resuillafgely 

from dinrnences in prima<y producl>:>n. and Ihis appears to be a faclor woon considering Ire 

northern al"ld southefn Benguela Lower production and the higher Iransfer efficiency from 

producers 10 TL 2 in the norlhe'n Benguela suggesl Ihal Ihis sysl~m is slighlly mare food­

limited than Ihe southern BengueJ<l. This may simply be due to the fEll higher Consum~' 

biomass in the northern Benguela (Fig 42). also accounting fOf the higher consumption arKl 

resporatlon In this system. DUring the 198Ds, the total b>oma5S excluding detntus was also 

lowe' in the souther·1 Benguela th3·1 In the ·10rthen although the IX'Stl.1€ biomass estimate 

here for the souther.1 Benguela (230 t ~m'), was lower even than the 1980s v"lue (297 t.km ') 

(Sha1.1on, 2001)_ In the 1980s "II majO' Mows were higher In the southern Benguela, the more 

productive system at the time. whereas in the p<1Stll"le models reSp1ratlon and consumption 

were h'i)her In the ·10rthern Benguela. ThiS couk! be due to the much h'i)h~r total biom"ss I~ 

the pristr.oe northern Benguela model compared to that of the 1980s rShannon, 2001). The 

abundance of pelagic golly in the norther.1 system could "Iso account for the more even 

distrrbution of blomass between TLs 2 a>1d 3 in thiS system, compafed With the iower biomass 

at TL 3 in the southern Benguela The higher transfer efficiency fa, TL 3 In too Pelstl'le 

southern Benguela transJ<lted into the more even allotment of biomass rn TL 3 and 4 In thl~ 

system, compared with the oorther~ Benguela, where there was a substantial reductlOl1 in 

biom"ss from TL 3 to 4 rFig~ 4.4a &b). The pattern of groups observed furdioning at higher 

TLs in the southern Benguela than in the OOfthern fits that found dufi~g the 1980s (Shanoon, 

2001 ) 

Both sm,,11 pelagK;~ and hake playa larger role in terms of biomass and cO.' 5umphJn in the 

oorthern Benguela, although they are important consutT<!rs '" both systems As i1 the 1980~ 

(Sh<i.onon 2001), demersal fish were expected to. at)(! did, contribute more to con~umptlon In 

the southern Benguela, d ue large~ to the ind uSlon of the Agulhas Bank Into the extent of that 

ecosystem (Shan no" & Jarre-Teichma.on, 19~) The h'i)her cO'1sumptlon by horse mackerel 
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in toe nortoern Be~gLl!!la also repeatoo ~he pa~em observed i~ the 19S0s, although th e 

inccs8sed abund8ncB of this group that occurrBd after the decline of hake stocks in th e 

nortlBr~ Benguela from thB 1970., was not d8picted i~ the prislioo rood~ Thus whil e 

consumpticm by th is groop was higher In the northern pristine syst~m, the differe1ce in 

con~ributio~ to consumption i~ the northern verSuS soothern system waS not as marked as 

has been obse<~ed ln these systems during the 1980s (Shan10n, 2001) , 

44.2. Investigating the effects of fishing: 

The moo,,"s pmd uced b~ ths ",mulaton scenario Inves~gated here dlfler to a certain exte1t 

from th~ mooels tlla~ hav~ ooen dev~op!!d based 0I'l the 199os ecos~s(em structure 

alt10ugh s umma,-~ sta:lst>csil~ciicators (ecos ~stem scale) "1ci biomass per model groop are 

la ,<I~ similar 1 he larger discrepancies come into play wh en indice, are compared per troph ic 

level, a1d hare there seems to be a larger gap between the simulation-basoo roodel and tho 

1000, mooa for the nortoern [Jengusla, than fo r the southern In both systoms, ~hose groups 

(ha: diffffBd :hs most \'~m regard (0 biomass wem eithm those krlQ'H·o ~o have beon atypicall ~ 

h>;Jh in the' 9Ws, such as (hB northffn Elengooa geiahous zooplankton, groups ~hat are ,,,,,t 

consumeo ~o a grea~ extent within the system ana therefore like", to be uMffestimated, e g 

large pe,agics Gr groups having low biomass thus resulting in fairly insignif>:ant cha!lges 

appearing large ra8ti~e to ~he origiMI vau e. A similar pat~ern was see~ whoo compar 'og 

relative cOI'lsumption wlthm the sys~ems, with Slrrdatoo coosumpt>:Jn by groups i~ the 

sou~hern [Jenguela resembling th8t of the 1990s far n""re closay than was the case in ~he 

northern Benguela The increa500 tra~sfer Bfficier>:y betwae~ producers a~o TL 2 in the 

slmulat.,;1.-based southe'-~ Benguela moci~ signifies a~ I~creased ~epe1~e~ce o~ 

phytoplankt01, and hence he~blvor~, in this roodel 

To(al s~stem throug'lput is ca:culated as the sum of the fiows with;" a s~stem, a~d IS 

posi(i~ely linked to the quantit~ of matte'- passi~g through a system iUIa~owlcz. 1988) Thus 

in the 10rthe.-n Benguela throughput W8S h>;Jler i~ the simulatoo mod,,", whd had ~he h'",her 

b=ss whe1 compared with the 1990s, aM in the souther1 Benguela where the simulated 

b~mass was i'le lowe.', throughput waS higlsr in the 1990s. The higher biomass at TL 3 aM 
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4 "' the simulated model of the southern Benguekl Jnd In the 1900s model tor the northern 

Benguela likely resulted from the discrepancies In fishing effort applied to the slmulal OJ ns and 

the actuJI effort in each system since explotation began A~hough the level of fishing 

pressure from the 1960 model was used lor s"nulatlon purposes, removalS frOO1 the mgon 

had ir'\Creased by the 1980s, Jnd In tact peak catches of both sardine and hake occurred r1 

the Interim iCrawford et aI., 1 987: Rademeyer & ButterNorth, 2001) 

Although "lighMy less biomass was remOlied from the swthern llenguelJ system in toe 1900s 

thJn in the I%Os (Shannon et al 2oo3i, the O\Iefalitrend in removal5 since 1%0 ha5 been 

positive, The northern llenguelJ ha, experienced a d Iffefent scenariO. The relat"'''"y constant 

total catch O\Ief the 1970, and 1980, declined by almost 50% in the 19Ws (Heymsns fit ilJ , 

2004i, thu5 fishing has diminIShed O\Ief time. It seems reasonable then that the southecn 

Bengue'J simulation with an applied fIShing effort lower thJn whJt has occurred In reJlity OVef 

the past half-century woukj result in a mOO,," with higher biomasse" at mid-trophic I""",,"" thJn 

those observed in the 1990s (F':l. 4.3a) Convers,,"y, where J higher thJn ""ecage fish:ng 

pressure experienced was applied, a& in the northefn Benguela, the Simulated mooel 

presented ower than current biomasse~ at trophK'; levels 2. 3 and 4 (Fig 43bi Although 

applying a v,..ied and mare accurate leVa of fishing to the simulat>c>ns m'<]ht have resulted in 

a more representative simulat>c>n, the aim here 'lias not to investigate the effects of changing 

effort. but rather to ascertain the broader 'Impacts of (ishlng on a pristine &ystem. Ily 

comparrng the simulated mOOel~ to those lor t1e 1900& In each &y&tem, it was hoped thJt 

inconsistency ar similarity between the t'liO eraS would either disqualify or support fi&hing 

pressure a, an agent of the change~ that ha',e occurred in the eco~y&tems sn ce rmn's 

intervention, rather than that a replK';a system had been creJted. The modern ~'tll<ltion was 

unlikely to have been recreated by the simulahm scenario exp'ored aoove, for a number of 

reaSons. A5 explained aoove. accurate levels and variat>c>n in l'~hing were not applied but 

rather the level at the time of the industrial mod .. constructed a~ pa,t of :his dissertation were 

assumed The assumption was also made that trophic conlrol~ in the pristine ecosy&tem& 

were equiv.lent to ',hose ope'ating tooay. This was not necessari;y the ca&e. but for lad of 

any evidence to the contrary, group~ found to exe,t strong controls in more recetY ~erioo, 
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were ass~med to have also done so in the pristine state, and the defa~lt wasp-waist 

vulnerabilities described above Imethods, th',s chapterl · ... ere adopted rinally. any i."T1pacts 

caused by changes in the emiron.'1loot have not been taken into account Given the alt<)fed 

physical coodltKJns in the northl!rn Bengueh during the early 1 ~os. as a result of a Bengu~J 

Nino event iGammelsr0d et 111, 1998) amongst others. and previous sirniJlatKJn results for 

the SOUlhern flenguela (Shannon ot al 20D4c), illS lInllkely thai fishing pressure alone could 

have ShJ~-ed biomass levels, and the fairly large discre~anCleS between (he SI:nula(ed :nodel 

and the 1990s mooel do not oppose thIS as,u:npt.ln 

Although the .o1odel~ produced after the slm~lations are not structured in e.actly the same 

way as the ecosYSte.01S are currently believed to be, they do represoot a substantial shift 

towards that structure when cOm oared ""ith the 'pristine' state models ThIS ""ou'd sliggest 

that fishing has had a role in the reshJping of the ecosyste'1ls. On the ",'hote however, more 

simi ar ~atlems and Hows ""ere observed between (he southern fleng;JelJ sim;JlatK)!l and 

1980s :nodels than for the northern BenguelJ 

4.4.3. Conclusion,,: 

The oossible '",istine' models constructed for the no1hern and sO;Jthern fleng;Jela differ from 

000 another with regard to strClCtuce and f;Jnct(}!llng, b;J( to a lesser e~tent (han <l 

compa",;ons of more recent mode;~ (Jacre-Terchmann m aJ 199B: Shannon & Jwre­

Telchmam. 1999: Shannon. 20(1) They sh(MIed that in (he past, (he r>C<"(hecn flenguelJ may 

have s~pported far greater stocks than were found in the southern Bengue:a. floth the 

northern and southern Eleng~ela ecosystems have e~perloor.ed changes in struct;Jre and 

functKJnlng ave" the periods examined in Chaoter~ 2 and 3 and also over shorter timescales 

In the :!>Odern era, as ,,"a.'1lined elsewhere iShanrlOn el al .. 2003: Heymans et ~i _ 2004, 

Shanroo at al .. 2(04) That fishing is IJrgely res~onsible for these chJnges however. is 

unlikely While trooh<: interactions have been invest';Jated in this stlldy. environrnen:al effects 

have oot. In the northern Eleng;JeIJ, the negative im~act ofenviron:nenta: events in the 1800s 

has been e.hibited by many spec",s (Gam.o1el~rud "I ai., 1998: Roo<. 1998: Crawford "I ai" 

1999. Boyer & Ha.'1lpton. 2001, Cury & Shannon, 2004, Ro~< & Shannon, 2004) whether 
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4 In Ir,e s<mulale<! m(}del 01 Ihe soulhern Benguela am in the 1990s model for me northern 

Benguel~ I,knly ",suited trom the dl~crep~ncles In fIShing ellort Jpplied to the SlmulJtions and 

the octual eflort in each system since explOltatkln begJn. Although the level of fisl',lOg 

pressure Irom the 1960 tnO<!el was lISed for simulat>:>n purposes, removals lrom the regkln 

h<ld inueilsed by the 1980s. and In lact peal< catches of t>oth sardir>e am hake occurred in 

the Intenm {Crawford et al.. 1987: Rademeyer & Butterworth. 2001) 

Although slightly less b>omass was removed lrom me S(}utr,ern Bnngu~" "ystem In the 1990s 

thJn on the 1980s {Shanoon eI "I., 2003), the merall trend In relTKJYals since 1960 hJS been 

poSitive. The northern Benguela has e'pefienced a differ"nt scenari(}. The relat:~ely constant 

totJI catch over the 1970s and 1980s declined by almost 50% in Ir,n 1990s (Heymans G! ~I 

2004), thus fishing has diminished over time. It ,,,,,ms rcaS(}n~ble then Ihat Ihe SOllthern 

Benguela slmulatkln, with an applied fislling effort "wne IIlan wr,ut hilS occurred in reality over 

the past hJII-century, wou!d result in a tnO<!el wltr, Ilighm b<(}m~sses ut mld·trophlc levels than 

those observed in the 1990s (Fig. 4.3a) ComerS{)ly. wlwre a II;gher thun averJoe fIShing 

pre~sure expenenced was applied, as in the oo,tr,ern Benguela. the slmU'Jled model 

presented lower man current bklmasses at trophic levels 2, 3 am 4 (Fig. 43b). A thougr, 

applYing a vaned and more accurale level of fishing to the simulations mlgr,t have resulted in 

a more representative simula!;:m the aim here was oot to Invest!gate me effects of cr,anglng 

eff01, bul ratiler t(} ascertain the brooder impacts 01 fislling (}n a prisline system. 8y 

comparing me simulated models to those for the Hl9Gs In each system, it was h(}ped that 

inconSistency or similarity between the two eras wouid either dISqualify or supporl fishil,>:) 

pressure as an agent 01 Ille changes that hJve occurred in the ecosys:ems since man's 

interventIOn rather tr,an Illat a replica system had been created. The modern s,tuatkln waS 

unliKely to have been recreated by the simulatIOn scenJrio explored aoove. for a number cf 

reasons. As explair>ed aoove, accurate levels and vJriatlOn in fisll'lOg were no: app:ied, blr. 

rather the level at the time ollr,e indust,,,,ltnO<!eI constructed as part of this dissertation were 

JSSLImed. The aS5umptIOn was also made thai trophk: controls 'In tile pristir>e e(;(}systems 

were equivalent to tr,ose operating today. This was oot necessarily me case, but for lack 01 

any evdence t(} the contr>ll'y, grollps fOllnd to exert strong controls in mere recent per<:>ds 
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were assumed 10 have also awe so in the pristine stale, aM the default wasp-waist 

vulnerab<'lties desCriood above (metI1ods. tl1ls cl1apter) were adopted Finalry, any Impacts 

caused by cl1anges 'In the environment have not been taken into account. Given the altered 

phys>cal conditions in the northern Henguela during the early 1990s, as a result 01 a Benguela 

Nino event IGamm"sroo el aJ, 1998), amongst others, and previous ';;mulat.on ",suits lor 

the s.outhmn Bengu~d (ShannOn !it aJ 2004cl, It IS unlikely that fishing pressure alone wukJ 

have shapoo b>omass I"",els. and the falny large discrepar>Cles between the simulated model 

and the 1900s model 00 not opp{lse thiS assumption 

Although the models producGd alter the simulat>ons are not structured in exact~ the same 

way as the awsystems are currently believed to be, tiley do represent a substantial shllt 

towards lhat struclure when compared with the 'pristine state models ThiS wOuld suggest 

that tlshlng has 11ad a role In the reshaping 01 ti1e ecowstems. On the whole, however, more 

Similar patterns aM Ilows were observed be!ween the soutl1ern Benguela simulaTion aM 

1900s mode,s than for the northern Her>;)uela 

4.4.3. Conclusions: 

The jXlSSible pristine rnodels constructed I<x the nortllern and southern Benguela a Iller frorn 

one another wltl1 regard 10 stn .• dure and lunclioning but to a lesser extent than in 

comp;Jrlsons of more recent rnodels iJarre·Tefdrnallll el al 1%8: Silarmon & Jarre­

Tekohmann, 1&99; Sharmon, 2001). The~ showed that in the past the northern Benguela rnay 

have supporled far greater stocks tlmn were found in tile southern Benguela. Both the 

northern and southern Benguela ecosystems h;Jve experienced changes in structure and 

functlOnlr>;) over the per:ods examined in Chapters 2 anj 3 and also over shorter time scales 

in the rnodern era, as examined elseWhere iShannon et al .. 2003: Heymans e! al., 2004 

Shannon el at. 2004) ThaT fishlr>;) is large!y resjXlnsible for these changes, however, is 

unlike,y While trophic interactions have been invesTigated in ThIS study, environmental effects 

h;Jve not. In tile northern Bengu"a, the negative 'Impact of environrnental events In the 1990s 

has been eXllibiled b~ many species (Gamrn"srod e/ ai., 1998: Raux, 1998: Crawford e/ al., 

1&99: Boyer 8. Hamplon, 2001 Cury 8. Shannon, 2004; Roux 8. Shanoon 20041 whether 
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directly {e.g. small pelaglcs hakes) or indirectly affected (e.g seals, seabirds). Although ,ess 

easl~ associated WJth specific events, environmental Impacts have ~Iso teen impl>;;ated in 

the southern Beng,lela as being resp:lnsible lor a large prop:ll1ion of variatIOn In ~ numoer of 

stocks over the last few decades (Shanoon et ai., 20040). Ilawever a spe·:Ifi.: case of 

seq~ential ep'lsodic environmental events favouring anchovy and sardine in the early 2000s 

has also teen reported lor the southern Benguela fRoy et al. 2001i, It is possltle that the 

environmental anomalies. such as the Benguela Nino that occJrred in the 1990s off Namibia 

may te less anomaiQJS than we thinK and that they inlluenced fish community strJcture lor 

centuries 'Ihe recruitment success of pelagk; fish Ciln be sevecely impacted by mesoscale 

events fRoy et ai" 2001), and thus the impact of a Climatk; event may ce relt at ~ii levels 

within an ocosystem wtlOse trophic functKlning is go.erned 10 some extent by this community 

via wasp-waisled control That said, the klrge-sc~le impacts 01 environmental changes In the 

northern Benguela in Ihe 1900s may not have aflected the unexploited syslem In the s~me 

way. A stressed ecosystem theoretically bocomes more sus·:epticle to the impacts 01 

environmenTal change (Odum, 1985:1. Thus changes to the physical environment mJy have 

had more serIOUS consequences lor the heavily exploited 1990s northern Benguela 

ecosystem than they would have an a pristine ecosystem. Collapses 01 small nelagic fish 

stocks. JS experienced by both the northern ~nd southern Benguela during the latter part of 

the 19005, m~y in fact ~Ite, the type of troph", control operating within the system, Sa that 

enwonmentaliy-driven bottom-up forces may become more important th~n Drevious y. As ~ 

result, enwanmental changes WOJld have a mere fa,-reachlng effect within the system 

(Shannon eta!., submillcdi 

Assumptions made in the S1m,llat.,., scenarios such as constant Fs and the application 01 

modern era flow controls to the pristine system, may well have affected the outcomes 

described above. It is honed though that the aim cf gaining an underst~ndlng of the impacts 

of fishing in a broader sense an the prist l1e systems, ,ather than for spoclric scenar·oS. has 

nonetheless teen fulfilled. However these assumptions mJst be taken into account when 

considering the results in delail. 
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Umerstanding of the ecological proccsses that shape ecosystem structure am function is 

essentia l to an [AF and informed docisKln-making in the luhJre with regard to fisr..ries poley 

(Cury, 2004. Cochran! d "I 2(04). Data 011 long·term trerds in ecosystems are requ'r od If 

any attempts to rebuild ecosystems to their forme.- states are to be incolpolatoo into 

managemcrt strategies iPilcher & Paul,; 1998- Par et al. 2003) Unfortunately these data 

ale often Unayal/able especial,! In systems where e'ploitatKln has been oecurnrg lor many 

cer.turles The reconstructw 01 past ecosystem states (P~uly at ai, 1998, Heymans & 

Pitcher. 2002) C3r. prov>:Je valuable irsight into what mal' have been, basod on what 

knowledge we do have 

There are a variety of modelling approach€s Ma~able to ecologists today and any 

conclUSions or decislGr.s drawn from H>cse models can orly be strengthened by weighing 

against those obtained using altern3ti~e techniqLJes, whilst maintaining an aw,.-eness of the 

Ilml!atloos of each method. A mass-balanced trophiC model ""h Ecopath with Ecosim is 3 

veri u5eful tool in that it proyides a qLJantltal!ve snap-shot view of the system as we:' as 

/Xltcntial lor in~estigating causal factors and time-dynamics .,sing Ecosim. Howeyer. when 

c'ar!1lr.ing rcslr:ts from models such as these It is important to keep ir. mind that eyer a best 

estimate is stili an esllmate. While additwal 'r1put data woukj be ~aluable, a more realistic 

purSUit WOLJ kj be 10 gain a better understanding of the lifo-histones of the species r1volyed 

While S~lne shadow 01 doubt may always be cast u/Xln suggestions of what might have been 

a c!eaer idea of what coukj not have been ma,; be the ani'; cerlalnt,; wlth!n our grasp 
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Table A.1 contains the unbalanced diet used in each model for the southern 

obtained from the 1978 model of the h<:l.,n".n et Tables A. 2-4 

contain the balanced diet 1900 and 1960 models 

Tables A. 5-7 contain the balanced model r<:ln'1,,,,,t<>rc for the 1 1900 and 1960 models 

Tables A. 8-11 show the results from n<>rtnrrnor1 on each 

model. taken as those in a ± 40% in the altered are 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table A.1: Unaltered diet com osition used in southern Ben uela models balanced for the 1978 model ofthe southern Ben uela referred to in Shannon et a/. 

Pre \Predator 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 Ph to !ankton 0.4 0.5 0.333 0.05 0.32 

2 ~~~~==~~-----------+----~~----~---4----r---~--+---~---+---4----+-~----~---+----r----~--~~--4 
3 

4 

5 

6 

7 

8 

9 

10 

lanklon 

Sardine 

Rede e 

Chub mackerel 11 ~~~~~~ ______________ _ 

12 ~~~~~~~~~ ________ _ 

0.05 

13 ~~~~~~~~ __________ ~ __ _ 

14 

15 

0.5 0.333 

0.334 

0.04 0.32 

0.64 0.57 0.29 0.6 0.81 0.01 0.75 

0.12 0.34 0.07 0.4 0.16 0.8 0.25 

0.04 0.03 

0.02 

0.01 

0.01 

0.39 0.4 

0.52 0.6 0.17 0.083 0.27 0.616 0.046 0.769 

0.024 0.477 0.25 0.05 0.18 0.299 0.084 

0.01 0.03 0.15 0.001 0.01 0.001 0.005 

0.056 0.06 0.03 0.05 0.031 0.087 0.05 

16 ~~~~~~~----------~--~--~--~----r---+---~--+---~--~--~--~--~--~~~+----r---4----r---~ 
17 ~~~~~----------------4----+---+----4----+----~--~~~---+----~--+----+--~~~~~~~~~~~~~~~~ 
18 ~~~~~~~------------~----4---4-----+----+----+---~---+----+---~--~----4---+-~~-=~~~~+----+~~+----1 
19 ~~~~~~~------------+----+---+----4----+----~--~--~---+----~--+----+--~----r---~----r---.~~~r---~ 
20 ~~~~~~~------------4----+---+----4----+----r---~--~---+----r---+----+--~~~~~~~~~~~~~r---~ 
21 ~~~~~~~------------+----+---+----4----+----r---~--4----+----r---+----+--~----r---~----r---.~----r---~ 
22 ~~~~~~~~~-------4----r-~~--~--~----r---~--+---~---4--~----+-~~~~~~----~~~~~r-~ 
23 ~~~~~~~~~-------+----~~~--~---4----~--~--+---~---4--~----+-~~--~---4----~~~~~r-~ 
24 ~~~~~~~~~~~---+----~~~--~---4----r---~--+---~---4--~----+-~~--~---+----+----r--~r-~ 
25 ~~~~~~~~~~~----4----+---+----~---+----~---r--~---+----+---+----+---r----~---r----~---r----~--~ 
26 ~~~~~~~~----------4----+---+----4----+----~--~--~---+----~--+----+---r----r----r----r---.-r----~ __ ~ 
27 Seals 

0.01 0.141 0.05 0.052 0.03 0.01 

0.02 0.01 0.022 0.095 

0.02 

0.06 0.034 0.078 0.021 0.15 

0.11 0.086 0.001 0.001 

0.001 0.001 

28 Cetaceans 

29 Seabirds 

30 Melobenthos 
31 Macrobenthos 

32 Detritus 

33 1m ort 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 

15 

16 

17 

18 

19 
20 

21 

22 

23 

24 

25 

26 
27 

28 
29 

30 

31 

32 

33 

Table A 1 continued 

Prey\Predator 

Phytoplankton 

Benthic producers 

Microzooplankton 

Mesozooplankton 

Macrozooplanidon 

Gelatinous zooplankton 

Anchovy 

Sardine 

Redeye 

Other small p4)laglcs 

Chub mackerel 

Juvenile horse mackerel 

Adult horse mackerel 

Mesopelaglcs 

Snoek 

Other large pelagics 

Cephalopods 

Small M. capeflSis 

large M. capensls 

Small M. pIIradoxus 

Large M. paradoxus 

Pelagic-feeding demersals 

Benthic-feeding demersals 

Pelagic-feeding chondrichthyans 

Benthic-feeding chondrichthyans 

Apex chondrichthyans 

Seals 

Cetaceans 

Seabirds 

Melobenthos 

Macrobenthos 

Detritus 

Import 

21 22 23 

0.01 0.01 

0.21 0.648 0.05 

0.002 0.002 0.005 . * 

0.028 0.11 0.025 

0.002 

0.364 0.15 0.05 

0.001 

0.104 0.02 0.02 

0.004 0.001 

0.002 

0.145 0.016 0.008 

0.02 0.002 

0.03 0.03 0.02 

0.094 0.01 0.02 

0.005 

0.782 

24 25 26 27 28 29 30 31 

0.05 0.05 

0.03 0.009 

0.04 0.1 

0.02 0.25 0.3 0.4 

0.01 0.03 0.07 0.05 

0.049 0.003 0.03 0.02 

0.02 0.003 0.02 0.06 

0.01 0.013 0.003 

0.Q1 0.01 

0.09 0.01 0.025 0.022 0.27 

0.25 0.01 0.01 0.04 0.103 

0.001 0.01 0.002 

0.01 0.005 0.001 

0.2 0.03 0.231 0.154 0.07 

0.1 0.01 0.04 

0.04 0.01 0.022 0.01 

0.1 0.017 0.13 

0.05 0.018 0.009 

0.05 0.005 0.01 0.049 0.001 

0.1 0.15 0.01 0.084 

0.1 0.1 

0.06 0.77 

0.03 0.002 

0.04 . 
0.08 

0.125 0.054 0.01 

0.95 0.8 
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Table A.2: Balanced die! matrix for the 1600 model of the southern Ben uela. 

Pre \Predator 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 Ph 0.4 0.5 0.333 0.05 0.32 
2 

3 0.05 0.5 0.333 0.04 0.32 
4 0.334 0.64 0.57 0.29 0.6 0.81 0.01 0.75 0.39 0.4 
5 0.12 0.34 0.07 0.4 0.16 0.8 0.25 0.52 0.6 0.17 0.083 0.27 0.616 0.046 0.799 
6 lankton 0.04 0.03 

7 0.02 0.024 0.477 0.25 0.05 0.18 0.299 0.084 
8 0.01 0.01 0.03 0.15 0.001 0.01 0.001 0.005 
9 0.Q1 0.056 0.06 0.03 0.05 0.031 0.087 0.05 

10 0.001 0.033 0.01 0.001 

11 Chub mackerel 0.001 0.031 0.02 

12 Juvenile horse mackerel 0.01 0.051 0.03 
13 Adult horse mackerel 0.001 0.158 

14 Meso la Ics 0.15 0.05 0.02 0.1 0.088 0.05 0.051 

15 Snoek 0.002 

16 0.001 

17 0.01 0.141 0.05 0.052 0.03 0.01 

18 0.02 0.01 0.022 0.095 

19 0.02 

20 0.06 0.034 0.078 0.021 0.15 

21 

22 0.11 0.086 0.001 0.001 

23 

24 

25 

26 

27 

28 

29 

30 

31 Macrobenthos 

32 Detritus 0.2 

33 1m rt 

• indicates < 0.1 % of diet 
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Table A.2 continued. 

21 22 23 24 2S 26 27 28 29 30 31 
1 

2 0.05 0.05 

3 

4 0.01 0.01 0.01 0.009 
S 0.21 0.648 0.05 0.013 0.1 

6 

7 0.002 0.002 0.005 0.02 0.25 0.412 0.4 

8 

9 

10 

11 

12 erel 

13 Adult horse mackerel 

14 Meso la ics 0.35 0.15 0.03 0.25 0.01 0.01 0.013 0.103 

15 Snoek 0.001 0.001 0.01 0.002 

16 0.01 0.005 0.001 

17 0.104 0.02 0.02 0.2 0.03 0.231 0.052 0.07 

18 0.004 0.001 0.1 0.003 0.04 

19 0.002 0.045 0.01 0.022 0.003 

20 0.145 0.016 0.008 0.1 0.006 0.13 

21 0.034 0.002 0.05 0.018 0.003 

22 0.03 0.03 0.02 0.05 0.005 0.01 0.049 0.001 

23 0.094 0.01 0.02 0.1 0.15 0.01 0.084 

24 0.095 0.1 

25 0.005 0.06 0.77 

26 
27 

28 
29 
30 

31 

32 

33 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 
12 

13 

14 

15 
16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

T bl A3 B I a e . . aance d d' t . f h 1900 d I f h h B Ie matnx or I e mo e 0 t e sout em 

Prev\Predator 3 4 5 

Phytoplankton 0.4 0.5 0.333 

Benthic oroducers 

Microzooplankton 0.05 0.5 0.333 

Meso%ooplankton 0.334 

Macrozooplankton 

Gelatinous zooplankton 

AnchovY 

Sardine 

Redeve 

Other small P8laclies 

Chub mackerel 

Juvenile horse mackerel 

Adult horse mackerel 

Snoek 

Other large pelagics 

Cephalopods 

Small M. caDensis 

Larae M. caDens/s 

Small M. "aradoxus 

Large M. paradoxus 

Pelaaic-feedlna demersals 

Benthic-feedlna demersals 

chondrichthyans 

Benthic-feedina chondrichthyans 

Apex chondrichthyans 

Seals 

Cetaceans 

Seabirds 

Melobenthos 

Macrobenthos 

Detritus 0.55 
Import 

• indicates < 0.1 % of diel 

enguea . 

6 7 8 9 10 11 12 

0.05 0.32 

0.04 0.32 

0.64 0.57 0.29 0.6 0.81 0.01 0.75 

0.12 0.34 0.07 0.4 0.16 0.8 0.25 

0.04 0.03 

0.02 

0.01 

0.01 

0.15 

0.2 

13 14 15 16 11 18 19 20 

0.39 0.4 

0.52 0.6 0.17 0.083 0.27 0.616 0.046 0.779 

0.024 0.477 0.25 0.05 0.18 0.299 0.084 

0.01 0.03 0.15 0.001 0.01 0.001 0.005 

0.056 0.06 0.03 0.05 0.031 0.087 0.05 

0.001 0.033 0.01 0.001 

0.001 0.031 0.02 

0.01 0.051 0.03 

0.001 0.158 

0.05 0.02 0.1 0.088 0.05 0.071 

* 0.002 

0.001 

0.01 0.141 0.05 0.052 0.03 0.01 

0.02 0.01 0.022 0.095 

0.02 

0.06 0.034 0.078 0.021 0.15 

0.11 0.086 0.001 0.001 * 

0.001 0.001 * 

0.03 0.379 

0.05 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

24 

25 
26 

27 

28 

29 

30 

31 

32 

33 

Table A 3 continued 

Prey\Predator 

Phytoplankton 

Benthic producere 

Microzooplankton 

Mesozooplankton 

Macrozooplankton 

Gelatinous zooplankton 

Anchovy 

Sardine 

Redeye 

Other small pelagles 

Chub mackerel 

Juvenile horse mackerel 

Adult horse mackerel 

Mesopelaglcs 

Snoek 

Other large pelagles 

Cephalopods 

Small M. espansls 

Large M. espensis 

Small M. panJdoxus 

Large M. panJdoxus 

Pelagic-feeding demersals 

Benthlc·feedlng demersals 

Pelagic-feeding chondrichthyans 

Benthic-feeding chondrichthyans 

Apex chondrichthyans 

Seals 

Cetaceans 

Seabirds 

Melobenthos 

Macrobenthos 

Detritus 

Import 

• indicates < 0,1% of diet 

21 

0.24 

0.002 . 
0.028 

0.002 

0.327 

0.004 

0.104 

0.145 

0.034 

0.03 

0.084 

22 23 24 

0.01 0.01 

0.648 0.05 

0.002 0.005 0.02 . 0.01 

0.11 0.025 0.049 

0.02 

0.01 

0.09 

0.15 0.05 0.25 

0.001 

0.01 

0.02 0.02 0.2 

0.004 0.001 

0.002 0.045 

0.016 0.008 

0.002 0.05 

0.03 0.02 0.05 

0.01 0.02 0.1 

0.095 

0.005 

0.782 

25 26 27 28 29 30 31 

0.05 0.05 

0.01 0.009 

0.013 0.1 

0.25 0.412 0.4 

0.03 0.084 0.05 

0.003 0.01 0.02 

0.003 0.007 0.06 

0.013 0.003 

0.01 0.01 

0.01 0.043 0.022 0.383 

0.01 0.01 0.013 0.103 

0.01 0.002 

0.005 0.001 

0.03 0.231 0.052 0.07 

0.1 0.003 0.04 

0.01 0.022 0.003 

~ 
0.005 0.01 0.049 0.001 

0.15 0.01 0.084 

0.1 

0.06 0.78 

. . 
0.041 . 

0.08 

0.725 0.054 0.07 

0,95 0,8 
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Figure A.3: Mixed trophic impacts in the 1960 southern Benguela model. 
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B.1 contains the unbalanced diet I"""''I"Inl'<:: for the northern 

the 19905 model the """" .. ..-" 

in each 

& B. 

2-4 contain the balanced diet cornpl:lsiltioflS 

I"n"tl:liln the nl:ll:!:Inr'",n 

1 

""" ....... ,,;;: taken as those 

Results from mixed tr,..,r\hir 

models are shown in B.1-4. 

1 

1900 and 1970 models reslpec:tivE!ly 

in a ± 40% in 

1900 and 1970 mn,;",Ic: 

n"'lrtnr'mJC:lrI on each 

altered rl:ln"l",t,"r are 

assessments on the northern 
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Table B.1: Unaltered diet composition used for each of the northern Benguela models, based on the system in the 1990s (Raux & Shannon, 2004). 

2 3 <4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 0.47 0 .. 5 0.6 0.02 0.56 0.33 0.007 

2 0.06 0.5 0.08 0.04 0.006 

3 0.4 0.62 0.18 0.31 0.06 0.4 0.02 0.774 0.5 0.15 0.06 

4 0.12 0.18 0.32 0.14 0.6 0.54 0.17 0.2 0.65 0.2 0.36 0.095 0.2 0.08 

5 0.04 0.026 

6 Melobenthos 0.86 0.65 0.3 0.1 0.18 0.27 

7 Macrobenthos 0.08 0.025 0.05 0.16 

8 Sardine 0.005 0.017 0.004 

9 0.001 0.003 0.002 

10 0.02 0.123 0.08 0.05 0.462 0.36 0.07 

11 0.005 0.123 0.02 0.133 0.033 0.076 0.26 0.03 

12 0.01 0.295 0.07 0.049 0.065 0.26 

13 Ics 0.01 0.068 0.08 0.015 0.055 0.Q1 0.025 

14 Juvenile horse mackerel 0.1 0.028 0.072 

15 Adult horse mackerel 0.033 0.015 
16 

17 0.023 0.123 0.013 

18 0.01 0.025 0.068 0.027 0.025 
19 0.046 

20 

21 

22 

23 

24 

25 

26 

27 
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Table B.2: Balanced diet matrix for the 1600 model of the northern Benguela. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
0.55 0.64 0.02 0.56 0.33 0.007 

2 0.45 0.08 0.04 0.006 

3 0.36 0.62 0.18 0.31 0.06 0.4 0.02 0.774 
4 0.12 0.18 0.32 0.15 0.6 0.54 O. .095 0.27 0.11 

5 0.04 0.026 

6 Melobenthos 0.86 0.65 0.3 0.1 0.18 0.27 

7 Macrobenthos 0.07 0.025 0.05 0.16 

8 0.143 0.017 0.304 

9 0.011 0.003 0.022 

10 0.005 0.005 0.06 0.05 0.28 0.05 0.04 

11 0.005 0.093 0.02 0.133 0.023 0.076 0.085 0.03 

12 0.01 0.295 0.07 0.029 0.035 0.2 

13 0.01 0.068 0.08 0.025 0.055 0.01 0.025 

14 0.1 0.028 0.072 

15 Adult horse mackerel 0.023 0.015 

16 

17 0.023 0.113 0.013 

18 

19 

20 demersal!! 

21 

22 
23 

24 

25 

26 

27 
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3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

24 

25 

26 

27 

Table B 2 continued 

Prey \ Predator 

Phytoplankton 

Mlcrozooplankton 

Mesozooplankton 

Macrozooplankton 

Gelatinous zooplankton 

Melobenthos 

Macrobenthos 

Sardine 

Anchovy 

Pelagic Goby 

Mesopelagles 

Cephalopods 

Other small pelagles 

Juvenile horse mackerel 

Adult horse mackerel 

Large pelagles 

Small II. capensis 

Large II. capens/s 

large II. pamdoxus 

Benthic-feeding demersals 

Pelagic-feeding demersals 

Chondrichthyans 

Seabirds 

Seals 

Cetaceans 

Detritus 

Import 

21 

0.18 

0.5 

0.076 

0.001 

0.019 

0.036 

0.104 

0.034 

0.02 

0.02 

0.01 

22 23 24 25 

0.003 0.05 

0.043 0.416 

0.215 

0.17 

0.012 0.038 0.315 0.009 

0.01 0.149 0.016 0.005 

0.025 0.465 0.077 0.066 

0.025 0.05 0.104 

0.1 0.045 0.035 0.254 

0.07 0.083 0.023 0.004 

0.003 0.005 0.05 0.05 

0.02 0.053 0.043 

0.004 0.003 0.019 

0.002 0.158 

0.002 0.052 0.158 0.024 

0.002 0.046 0.024 

0.05 

0.02 0.015 0.011 

0.1 

0.003 

0.002 0.001 0.033 

0.17 
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Table B.3: Balanced diet matrix for the 1900 northern Benguela model. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 0.5 0.6 0.04 0.56 0.33 0.007 

2 0.5 0.08 0.04 0.006 

3 0.4 0.62 0.18 0.31 0.08 0.4 0.02 0.774 0.5 0.15 0.08 

.. 0.12 0.18 0.32 0.14 0.6 0.54 0.17 0.2 0.65 0.2 0.5 0.095 0.23 0.09 

5 0.02 0.026 

6 Melobenthos 0.86 0.65 0.3 0.1 0.18 0.28 

7 Macrobenthos 0.05 0.015 0.05 0.13 

8 Sardine 0.141 0.017 0.348 

9 0.011 0.003 0.017 

10 0.005 0.01 0.08 0.05 0.302 0.07 0.07 

11 0.005 0.09 0.02 0.133 0.033 0.03 0.15 0.005 

12 0.01 0.295 0.07 0.034 0.065 0.2 

13 ics 0.01 0.068 0.08 0.015 0.055 0.01 0.025 

14 Juvenile horse mackerel 0.1 0.028 0.072 
15 Adult horse mackerel 0.033 0.015 

16 

17 0.023 0.08 0.013 

18 0.01 0.025 0.068 0.102 0.085 

19 

20 

21 

22 

23 

24 

25 

26 

27 
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1 

2 

3 

" 
5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 
24 

25 

26 

21 

Table B 3 continued .. 
Prey \ Predator 

Phytoplankton 

Mlcrozooplankton 

Meso:z:ooplankton 

Macro:z:ooplankton 

Gelatinous zooplankton 

Melobenthos 

Macrobenthos 

Sardine 

Anchovy 

Pelagic Goby 

Mesopelaglcs 

Cephalopods 

Other smallJ)ltlaglcs 

Juvenile horse mackerel 

Adult horse mackerel 

large pelaglcs 

Small M. capensls 

Large M. capens;s 

Large M. panlldoxus 

Benthic-feeding demersals 

Pelagic-feeding demersals 

Chondrichthyans 

Seabirds 

Seals 

Cetaceans 

Detritus 

Import 
• signifies a conlnbullon of < 0.01 %. 

21 

0.18 

0.5 

0.091 

0.001 

0.004 

0.036 

0.104 

0.034 

0.02 

0.02 

0.01 

22 23 24 25 

0.003 0.05 

0.043 0.446 

0.215 

0.17 

0.013 0.039 0.015 0.012 

0.01 0.149 0.016 0.005 

0.025 0.465 0.377 0.066 

0.025 0.05 0.104 

0.1 0.045 0.035 0.254 

0.07 0.083 0.023 0.004 

0.003 0.005 0.05 0.05 

0.02 0.053 0.043 

0.004 0.003 0.019 

0.002 0.158 

0.002 0.052 0.158 0.024 

0.002 0.046 0.024 

0.05 

0.02 0.015 0.011 

0.1 

0.003 . . . 
0.17 
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Table 9.4: Balanced diet matrix for the 1970 model of the northern Benguela. 

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
1 0.5 0.6 0.02 0.56 0.33 0.007 

2 0.5 0.08 0.04 0.006 

3 0.4 0.62 0.18 0.31 0.068 0.4 0.02 0.774 0.5 0.15 0.15 

" Macrozoo lanldon 0.12 0.18 0.32 0.143 0.6 0.56 0.17 0.2 0.65 0.2 0.432 0.142 0.27 0.095 

5 Gelatinous zoo lanldon 0.04 0.026 

6 Melobenthos 0.86 0.65 0.3 0.1 0.182 0.27 

7 Macrobenthos 0.05 0.025 0.05 0.07 

8 Sardine 0.005 0.017 0.088 

9 0.001 0.003 0.026 

10 0.009 0.103 0.08 0.05 0.25 0.218 0.07 

11 0.005 0.103 0.02 0.133 0.033 0.056 0.1 0.03 

12 0.01 0.295 0.049 0.075 0.27 

13 

14 

15 

16 

17 

18 

19 

20 0.033 0.055 0.025 

21 0.1 0.013 0.05 0.01 

22 

23 Seabirds 

24 Seals 

25 Cetaceans 

26 Detritus 0.2 0.09 0.09 0.017 0.09 0.1 

27 1m ort 
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Table B.4. continued. 

21 22 23 24 25 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 0.034 0.07 0.083 0.023 0.004 

14 Juvenile horse mackerel 0.003 0.005 0.05 0.05 

15 Adult horse mackerel 0.02 0.02 0.053 0.043 

16 0.004 0.003 0.019 

17 0.002 0.158 

18 0.002 0.052 0.158 0.024 

19 0.02 0.002 0.046 0.024 

20 0.05 

21 0.01 0.02 0.015 0.011 

22 0.1 

23 Seabirds 0.003 

24 Seals 0.002 0.001 0.033 

25 Cetaceans 

26 Detritus 0.17 

27 1m ort 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Table B.5: Balanced model 
parameters were estimated 

Group 
Phytoplankton 

Mlcrozooplankton 

Mesozooplankton 

Macrozooplankton 

Gelatinous zooplankton 

Melobenthos 

Macrobenthos 

Sardine 

Anchovy 

Pelagic Goby 

Mesopelagles 

cephalopods 

Other small~agles 

Juvenile horse mackerel 

Adult horse mackerel 

large pelagies 

Small M. capel'lsis 

large M. capel'lsis 

Large M. plJl1Jdoxus 

Benthic-feeding demersals 

Pelagic-feeding demersals 

Chondrichtlans 

Seabirds 

Seals 

Cetaceans 

Detritus 

TL B 
1 207.2 

2.04 3.254 
2.47 21.235 
2.53 35.964 
3.18 26.073 

2 57.138 
3 28.308 

2.62 35.369 
2.99 1.87 
3.06 20.203 
3.5 19.651 
3.81 4.129 
3.46 17.629 
3.34 11.54 
3.52 4.419 
4.42 0.0277 
3.81 6.518 
4.22 13.107 
3.83 7.373 
3.79 6.465 
3.79 4.134 
3.72 0.36 
4.21 0.0177 
4.35 0.253 
4.15 0.019 

1 . 

"""'iU""'''' model. Inputs are marked in bold, other 

PIB Q/B EE P/Q Catch 
35.7 - 0.786 ~ · 
482 1928 0.999 0.25 · 
40 133.333 0.999 0.3 · 
13 31.707 0.999 0.41 · 

0.44 1.467 0.5 0.3 · 
8 33 0.999 0.242 . · 

1.2 10 0.999 0.12 · 
1.35 14 0.904 0.096 ~ 

1.8 18 0.999 0.1 · 
1.8 12 0.999 0.15 · 
1.23 12.3 0.999 0.1 · 

5 15 0.999 0.333 · 
0.958 9.349 0.999 0.102 -

1.2 10 0.999 0.12 · 
0.8 5.333 0.999 0.15 · 
0.5 5 0.999 0.1 · 
2 13.333 0.999 0.15 · 

1.228 7.824 0.968 0.157 · 
1.14 7.278 0.967 0.157 -

1 5 0.999 0.2 · 
1 5 0.999 0.2 -

0.5 3.333 0.667 0.15 -
0.156 120.3 0.137 0.001 -
0.29 18.25 0.125 0.016 · 
0.15 7.418 0 0.02 -
. . 0.981 - -

151 
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Table B.6: Balanced model for the 1900 northem Benguela model. Inputs are marked in bold, other 
parameters were the model. 

TL B P/B EE Catch 
1 207.2 35.7 0.807 

2.06 3.832 482 1928 0.999 0.25 
2.53 20.406 40 133.333 0.3 
2.61 32.548 13 31.707 0.41 

1.467 
33 
10 O. 
14 O. 
18 O. 
12 O. 

3.58 17.239 1.23 12.3 0.999 0.1 
3.88 4.02 5 15 0.999 0.333 
3.52 15.771 9.349 0.999 0.102 

Juvenile ho .... mackerel 3.39 11.218 10 0.999 0.12 
Adult horse mackerel 5.305 5.333 0.999 0.15 

4.49 0.0277 5 0.999 0.1 
3.88 4.473 2 13.333 0.999 0.15 
4.22 13.107 1.228 7.824 0.157 
4.02 7.373 1.14 7.278 0.157 
3.85 6.21 1 5 0.999 0.2 
3.86 3.504 1 5 0.999 0.2 
3.73 0.36 0.5 3.333 

Seabirds 0.0177 0.156 120.3 0.001 
18.25 0.001 
7.418 

s O. 
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Table B.7: Balanced model n"".m .. t .. ,,, ", .. rmllF",. model. Inputs are marked in bold, other 
parameters were estimated 

Group TL B P/B Q1B EE Fa Catch 
Phytoplankton 1 214.286 35.7 - 0.692 - -
Microzooplankton 2.06 3.497 482 1928 0.999 0.25 -
Meaozooplankton 2.53 19.012 40 133.333 0.999 0.3 -
Macrozooplankton 2.61 28.869· 13 31.707 0.999 0.41 -
Gelatinous zooplankton 3.23 33.928 0.44 1.467 0.5 0.3 -
Melobenthos 2 50.101 8 33 0.999 0.242 -
Macrobenthos 2.96 17.404 1.2 10 0.999 0.12 -
Sardine 2.65 8.184 1.35 14 0.999 0.096 3.495 
Anchovy 3.03 1.887 1.8 18 0.999 0.1 0.95 
Pelagic Goby 3.09 26.274 1.8 12 0.999 0.15 -
Mesopelaalcs 3.58 17.202 1.23 12.3 0.999 0.1 -
cephalopods 3.97 4.45 5 15 0.999 0.333 -
Other small pelaalcs 3.52 22.516 0.958 9.349 0.999 0.102 -
Juvenile horse mackerel 3.39 9.242 1.2 10 0.999 0.12 -
Adult horse mackerel 3.6 4.786 0.8 5.333 0.999 0.15 0.287 
Large pelagics 4.52 0.047 0.5 5 0.999 0.1 0.011 
Small M. capens/s 3.91 3.919 2 13.333 0.999 0.15 -
Large M. capensls 4.35 10.165 1.228 7.824 0.94 0.157 1.261 
Large M. paradoxus 3.83 5.718 1.14 7.278 0.931 0.157 2.243 
Benthlc-feedina demersals 3.91 5.7 1 5 0.999 0.2 0.009 
Pelagic-feeding demersals 3.95 3.678 1 5 0.999 0.2 -
Chondrlchtlans 3.75 0.36 0.5 3.333 0.667 0.15 -
Seabirds 4.26 0.014 0.156 120.3 0.194 0.001 -
Seals 4.55 0.0908 0.29 18.25 0.678 0.016 0.009 
Cetaceans 4.25 0.019 0.15 7.418 0 0.02 -
Detritus 1 - - - 0.875 - -
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Table B.8: Results of sensitivity analysis of the 1600 northern Benguela model, inputs that had a strong influence 
and the parameters affected. 

Group Input Sensitive Estimated % change 

In in ut 

-30% 

2 -40% 

3 -40% 

-30% 

-50% 

-40% 

-30% 

4 -50% 

-50% 

Prodlbiom 3 Biom -50% 

EE 1 Conslbiom -50% 

EE 2 Biom -50% 

EE 3 Biom -50% 

7 Prodlbiom 6 Biom -20% 

Cons/biom 6 Biom -50% 

EE 6 Biom -20% 

10 Prodlbiom 6 Biom -50% 

Prodlbiom 7 Biom -50% 

EE 6 Biom -50% 

EE 7 Biom -50% 

12 Prodlbiom 14 Biom -50% 

EE -50% 

13 -30% 

-40% 

-30% 

17 -40% 

-40% 

18 -50% 

Biom 10 Biom -50% 

Biom 17 Biom ~50% 

Biom 19 EE -50% 

Cons/biom 8 EE -50% 

Cons/biom 10 Biom -50% 

Cons/biom 17 Biom -50% 

Conslbiom 19 EE -50% 

20 Prodlbiom 7 Biom -50% 

EE 7 Biom -50% 

25 Biom 23 EE -50% 

25 Cons/biom 23 EE -50% 
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Table B.9: Results of sensitivity analysis of the 1900 northern "' .. 'nno., .. ,,. model, showing inputs that had a strong influence 
and the parameters affected. 

Input Sensitive Estimated % change 

parameter Group parameter in Input 

2 P/B 1 QJB -40% 

QIB 1 CIB 50% 

EE 1 C/B -40% 

3 P/B 1 C/B -40% 

P/B 2 S -30% 

ClB 2 B -50% 

EE 1 QJB -40% 

EE 2 B -30% 

4 P/B 1 CIB -50% 

P/B 2 B -50"k 

PIB 3 B -50% 

EE 1 CIB -50% 

EE 2 B -50% 

EE 3 S -50% 

7 PIS 6 B -30% 

ClB 6 B 50% 

EE 6 B -30% 

10 P/B 6 B -50% 

EE 6 B -50% 

12 P/B 14 B -50% 

EE 14 B -50% 

13 P/B 5 S -30% 

ClB 5 B -50% 

EE 5 B -30% 

17 PIS 10 B -50% 

EE 10 B -50% 

18 B 8 EE :1:50% 

B 14 B :1:50% 

B 15 B :1:50% 

S 17 B :1:50% 

B 19 EE :1:50% 

ClB 8 EE :t50% 

CIS 14 B ±50% 

ClB 15 B ±50% 

OIB 17 B ±50% 

ClB 19 EE ±50% 

20 PIS 7 B :1:50% 

EE 7 B :1:50% 
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of the 1970 northern Benguela model, showing inputs that had a strong 

Group Input Sensitive Estimated '% change 

parameter Group parameter In Input 

2 PIB 1 alB -40% 

OIB 1 alB 50% 

EE 1 alB -40% 

3 PIB 1 alB -40% 

PIB 2 B -30% 

OIB 1 alB ±50% 

OIB 2 B ±50% 

EE 1 QIB -40% 

EE 2 B -30% 

4 PIB 1 alB -50% 

PIB 2 B -50% 

PIB 3 B -50% 

EE 1 alB -50% 

EE 2 B -50% 

EE 3 B -50% 

7 PIB 6 B -40% 

OIB 6 B 50% 

EE 6 B -40% 

10 PIB 6 B -40% 

PIB 7 B -40% 

OIB 6 B 50% 

EE 6 B -40% 

EE 7 B -40% 

12 P/B 14 B -40% 

EE 14 B -40% 

13 PIB 5 B -30·"" 

OIB 5 B ±40% 

EE 5 B ±40% 

18 B 17 B ±50% 

OIB 17 B ±50% 

20 PIB 12 B -50% 

EE 12 B -50% 

25 B 23 EE ±40% 

OIB 23 EE ±40% 
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of the 1990 northern Benguela model, showing inputs that had a strong 

Group Input Sensitive Estimated % change 

parameter Group parameter In Input 

2 PIB 1 alB -30% 

OIB 1 alB 40% 

EE 1 , alB -30% 

3 P/B 1 alB -40% 

P/B 2 B -30% 

QIB 1 alB :t50% 

OIB 2 B -40% 

EE 1 alB -40% 

EE 2 B -30% 

4 P/B 1 alB -50% 

PIB 3 B -50% 

EE 1 alB -50% 

EE 3 B -50% 

10 P/B 6 B -30% 

P/B 7 B -40% 

PIB 13 B -50% 

QIB 6 B :t50% 

OIB 7 B 50% 

EE 6 B -30% 

EE 7 B -40% 

EE 13 B -50% 

12 P/B 14 B -50% 

EE 14 B -50% 

17 PIB 10 B -50% 

EE 10 B -20% 

20 P/B 12 B -50% 

EE 7 B -50% 

EE 12 B -50% 

25 B 23 EE :t40% 

OIB 23 EE :t40% 
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Table C1: r",nn",Y",,,,,, and sources for southern models 

Group Parameter Value Source 

Phytoplankton B 76.396 Shannon et al., 2004b 

PIB 154.4 Shannon et al. (2003); Brown et al. (1991) 

Benthic producers PIB 15 Jarre-Teichmann et al., 1998). 

Microzooplankton P/B 482 Jarre-Teichmann et al., 1998). 

alB 1928 Jarre-Teichmann et al., 1998). 

Mesozooplankton P/B 40 Shannon et al. (2003) 
\ 

alB 133.33 Shannon et al. (2003) 

Macrozooplankton P/B 13 Jarre-Teichmann et al. 1998). 

alB 31.707 Jarre-Teichmann et al. 1998). 

Gelatinous B 5 Shannon et a!. 2004b 

zooplankton P/B 0.584 Shannon at a/. (2003) 

alB 1.669 Shannon at a/. (2003) 

Anchovy P/B 1.4 Armstrong at a/. (1991) 

alB 14.4 Hewitson & Cruikshank (1993) 

Sardine 81960 7.340909 Schwartzlose et al., 1999 

P/B 1.2 Shannon at a/ .. 2004b 

alB 12.371 Shannon at a/. 2004b 

Catch 1960 1.445455 Schwartzlose at al. 1999 

Redeye P/B 1.3 Shannon at a/. 2004b 

alB 13 Shannon at al., 2004b 

Catch 1960 0.000455 Crawford at al., 1987 

Other small pelagics PIB 1 Jarre-Teichmann at al. 1998). 

alB 10 Jarre-Teichmann et al., 1998). 

Chub mackerel P/B 0.8 Shannon et al. 2004b 

alB 8 Shannon et al. 2004b 

Catch 1960 0.132273 www.fao.oro 

Juvenile horse mackerel PIB 1.2 Shannon et al. 2004b 

alB 12 Shannon et al., 2004b 

Adult horse mackerel B 1960 1.045455 " 1989 ..,ldWIUI' 

PIB 1.5 Shannon et al., 2004b 

alB 10 Shannon et al. 2004b 

Catch 1960 0.287859 Johnston & Butterworth, 2001 

Mesopelagics P/B 1.2 Jarre-Teichmann et al., 1998). 

alB 12 Jarre-Teichmann et al., 1998). 

Snoek PIB 0.5 Jarre-Teichmann et al., 1998), 

alB 5 Jarre-Teichmann et al. 199B}. 

Catch 1960 0.046818 www.fao.orQ 

Other large pelagics PIB 0.493 Shannon et al. 2004b 

alB 4.93 Shannon et al., 2004b 

Catch 1900 0.017175 Crawford et aI., 1987; Griffiths et aI., 2004 

Catch 1960 0.025679 Crawford et al., 1987; Griffiths et aI., 2005 

Cephalopods PIB 3.5 Shannon et al. (2003) 

alB 10 Shannon et al.(2003} 

Catch 1960 0.000455 www.fao.ora 

Small M. capensis P/B 2.5 Shannon at al. 2004b 

alB 16.666 Shannon at al., 2004b 
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Table C1: and sources for southern models 

Group Parameter Value Source 
Phytoplankton B 76.396 Shannon at al., 2004b 

P/B 154.4 Shannon at a/. (2003); Brown et al. (1991) 

Benthic producers P/B 15 Jarre-Teichmann et a/., 1998). 

Microzooplankton PIB 482 Jarre-Teichmann et al., 1998). 

O/B 1928 Jarre-Teichmann et 81 .. 1998). 

Mesozooplankton P/B 40 Shannon et al. (2003) , 
O/B 133.33 Shannon at a/. (2003) 

Macrozooplankton P/B 13 Jarre-Teichmann et a/. 1998). 

O/B 31.707 Jarre-Teichmann at al. 1998). 

Gelatinous B 5 Shannon et at, 2004b 
zooplankton P/B 0.584 Shannon et al. (2003) 

O/B 1.669 Shannon at a/. (2003) 

Anchovy PIB 1.4 Armstrong et a/. (1991) 

O/B 14.4 Hewitson & Cruikshank (1993) 

Sardine B 1960 7.340909 Schwartzlose at a/., 1999 

PIB 1.2 Shannon et al., 2004b 

O/B 12.371 Shannon et a/., 2004b 

Catch 1960 1.445455 Schwartzlose et a/. 1999 

Redeye P/B 1.3 Shannon et al .. 2004b 

O/B 13 Shannon et al., 2004b 

Catch 1960 0.000455 Crawford et al. 1987 

Other small pelagics P/B 1 Jarre-Teichmann at a/. 1998). 

O/B 10 Jarre-Teichmann et a/., 1998). 

Chub mackerel P/B 0.8 Shannon et al., 2004b 

O/B 8 Shannon et al., 2004b 

Catch 1960 0.132273 www.fao.ora 

Juvenile horse mackerel P/B 1.2 Shannon et al., 2004b 

O/B 12 Shannon et a/. 2004b 

Adult horse mackerel B 1960 1.045455 Crawford, 1989 

P/B 1.5 Shannon at al., 2004b 

alB 10 Shannon at al. 2004b 

Catch 1960 0.287859 Johnston & Butterworth 2001 

Mesopelagics P/B 1.2 Jarre-Teichmann at a/., 1998). 

alB 12 Jarre-Teichmann et a/., 1998). 

Snoek PIB 0.5 Jarre-Teichmann et al .. 1998). 

alB 5 Jarre-Teichmann at a/ .. 1998). 

Catch 1960 0.046818 www.fao.orQ 
Other large pelagics P/B 0.493 Shannon at a/. 2004b 

alB 4.93 Shannon at a/. 2004b 

Catch 1900 0.017175 Crawford et al.. 1987; Griffiths et al. 2004 

Catch 1960 0.025679 Crawford et al. 1987; Griffiths et aI., 2005 

Cephalopods P/B 3.5 Shannon et al. (2003) 

alB 10 Shannon at a/. (2003) 

Catch 1960 0.000455 www.fao.ora 
Small M. capensis PIB 2.5 Shannon et al., 2004b 

alB 16.666 Shannon et al., 2004b 
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Large M. capensis I B 1960 1.016 Rademeyer & Butterworth, 2001 

~ 
§~~,!non et al .. 2004b 

4.4 Shannon et al., 2004b 

960 0.182 Geromont et al. 2000 

Sma 2.5 Shannon et al., 2004b 

C/B 16.666 Shannon et al., 2004b 

La 

~ 
1.432 Rademe 

0.8 Shannon et al., 2004b 

4.7 Shannon et al., 2004b 

960 0.545 Geromont a 
Pelagic-feeding 
demersals PIB 0.7 Shannon at al., 2004b 

C/B 3.5 Shannon at al., 2004b 
Benth l , "1:11 
demersals P/B 0.7 Shannon at al., 2004b 

C/B 3.5 Shannon et al. 2004b 

Catch 1960 0.026 Crawford at a/., 1987; www.fao.org 

Pelagic-feeding P/B 0.5 Shannon at al., 2004b 

chondrichthyans C/B 4.545 Shannon et al. 2004b 

Catch 1960 0.002 www.fao.ora 

Benthic-feeding PIB 1 Shannon et al., 2004b 

chondrichthyans C/B 10 Shannon et al., 2004b 

Catch 1960 0.007 www.fao.oro 

A~ex chondrichthyans B 0.045 Shannon at af., 2004b 

P/B 0.5 Shannon at al., 2004b 

C/B 5 Shannon et al. 2004b 

Seals B 1960 0.133 Best et al., 1997 

B 1960 0.0076 Best et af. 1997 

B 1960 0.046 Best at al., 1997 

PIB 0.25 Shannon et al., 2004b 

C/B 19.306 Shannon et al., 2004b 

Cetaceans B 0.125 Shannon et al., 2004b 

P/B 0.15 Shannon et al. 2004b 

C/B 10 Shannon at a/., 2004b 

Seabirds B 1600 0.035 Crawford et ai, 1991, Shannon et a/., 2003 

B 1900 0.036 Crawford et aI, 1991, Shannon et a/., 2003 

B 1960 0.017 Crawford at aI, 1991, Shannon et a/., 2003 

P/B 0.123 Shannon at al. 2004b 

C/B 123 Shannon et a/., 2004b 

Meiobenthos 4 Shannon a 

33 Shannon et a/., 2004b 

Macrobenthos 1.2 Shannon et a/., 2004b 

10 Shannon et al., 2004b 
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Table C2: and sources for northern models 

Group Parameter Value Source 

Phytoplankton B 1970 214.29 Jarre-Teichmann at a/., 1998 

B 1600/1900 207.2 Jarre-Teichmann ata/., 1998; Shannon & Jarre-Teichmann,1999; 

Roux & Shannon, 2004 

PIB 35.7 Shannon & Jarre-Teichmann, 1999 

Microz P/B 482 G,,,,,, "'v. 2001 

alB 1928 Roux & Shannon, 2004 

Mesozooplankton P/B 40 HutchinQs et al. 1991 

alB 133.333 Shannon & Jarre-Teichmann, 1999 

Macrozooplankton P/B 13 HutchinQs et at. 1991 

alB 31.707 Shannon & Jarre-Teichmann, 1999 

Gelatinous zooplankton PIB 0.44 Shannon, 2001 

alB 1.467 Roux & Shannon, 2004 

Meiobenthos P/B 8 Roux & Shannon 2004 

alB 33 Roux & Shannon, 2004 

Macrobenthos P/B 1.2 Roux & Shannon, 2004 

alB 10 Roux & Shannon, 2004 

Sardine B 1970 8.184 Boyer & Hampton, 2001 

PIB 1.35 Roux & Shannor 2004 

alB 14 Roux & ~n<>nnnn 2004 

Catch 1970 3.324022 Griffiths et al. 2004 

Anchovy PIB 1.8 Roux & Shannon, 2004 

alB 18 Roux & Shannon, 2004 

Catch 1970 0.949721 Griffiths et al. 2004 

Pelagic Goby P/B 1.8 Roux & §hElnnol1. 2004 

alB 12 Roux & Shannon, 2004 

Mesopelagics PIB 1.23 Roux & Shannon, 2004 

alB 12.3 Roux & Shannon, 2004 

Cephalopods PIB 5 Roux & Shannon, 2004 

alB 15 Roux & Shannon, 2004 

Other small pelagics P/B 0.958 Roux & Shannon, 2004 

alB 9.349 Roux & Shannon, 2004 

Juvenile horse mackerel PIB 1.2 Roux & Shannon, 2004 

alB 10 Roux & Shannon, 2004 

Adult horse mackerel PIS 0.8 Roux & Shannon, 2004 

alB 5.333 Roux & Shannon, 2004 

Catch 1970 0.287151 Crawford at a/., 1987 

Large pelagics PIS 0.5 Roux & Shannon, 2004 

alB 5 Roux& 

Catch 1970 0.01095 Crawford et a/., 1987 

Small M. capensis PIB 2 Roux &§hannon, 2004 

alB 13.333 Roux & Shannon, 2004 

Large B 1970 10.165 Radem 

PIB 1.228 Roux & Shannon, 2004 

alB 7.824 Roux & Shannon. 2004 

Catch 1970 1.261 Geromont at aI., 2000 

Large M. paradoxus B 1970 5.718 Rademeyer & Butterworth, 2001 
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PIB 1.14 Roux & Shannon, 2004 

alB 7. Roux & Shannon, 2004 

Catch 1970 2.243 Geromont et aI., 2000 

Benthic-feeding demersals PIB 1 Roux & Shannon, 2004 

alB 5 Roux & Shi:mllUII, 2004 

Catch 1970 0.009 Crawford ot al., 1987 

Pelagic-feeding demersals PIB 1 Roux & Shannon, 2004 

alB 5 Roux & Shannon, 2004 

Chondrichthyans B 0.36 Roux & Shannon, 2004 

P/B 0.5 Roux & Shannon, 2004 

alB 3.333 Roux & Shannon, 2004 

Seabirds B 1600 0.0177 Berruti, 1989; Crawford et al., 1983; Underhill &c;rdw,u,u, 2005 

B 1900 0.0177 Berruti, 1989; Crawford etal., 1983; Underhill & Cra' 'fv,u, 2005 

B 1970 0.014 Berruti, 1989; Crawford et al., 1983; Underhill & Crawford, 2005 

PIB 0.156 Roux& 

alB 120.3 

Catch 1900 0.001 

Seals B 1600 0.253 Best et al., 1997 

B 1900 0.00922 Best et al., 1997 

B 1970 0.0908 Best et al., 1997 

PIS 0.29 Roux & Shannon, 2004 

alB 18.25 Roux & Shannon, 2004 

Catch 1900 0.001 Griffiths et al. 2004 

Catch 1970 0.009 Griffiths et al., 2004 

Cetaceans B 0.019 Roux & Shannon, 2004 

PIB 0.15 Roux & Shannon, 2004 

alB 7.418 Roux & Shannon, 2004 




