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Abstract:

Humans have been present in the Benguela region for at least 1 my, although exploitation of marine
resources only began in earnest in the 1400s, with the arrival of European seafarers. Ecopath with
Ecosim was used to construct and compare mass-balanced models of the southern and northern
Benguela ecosystems representing each of the following eras of human influence: aboriginal (10,000
BP-1652), preindustrial (1652-1910), industrial (1910-1975) and postindustrial (1975-present). The
‘pristine’ models of the two ecosystems were compared, and the effects of fishing investigated by
simulating industrial-era fishing pressure on these models. In the southern Benguela, biomass at higher
trophic levels (TLs) decreased over the periods examined, while that of sardine and anchovy increased
in the current (2000s) model, as reflected by the decline in weighted TL of the community (excluding
plankton). Fishing became an important predator, taking over consumption of smail pelagics and horse
mackere! from declined natural predators such as hake. Harvesting of apex predators, such as seals
and seabirds, during the preindustrial era meant that the mean trophic level (TL) of the catch declined
substantially as between the preindustrial (1900) and industrial (1960) models, although a slight
increase occurred between the 1960 and 2000s models. Removals have increased substantially over
time. Total biomass, consumption, respiration, production and throughput decreased from the pristine
model to 1960 and then increased again in the 2000s model, probably due to the abnormally high and
unsustainable small pelagic biomass in the 2000s. For the northern Benguela, biomass of most groups,
especially sardine, hake and seabirds, declined over time. The few dominant small pelagic fish,
characteristic of upwelling systems, were replaced by a wider range of species, and biomass of
gelatinous zooplankion increased dramatically in recent decades. Catches declined, although mean TL
of the caich increased from 1970 to 1990, as did the weighted TL of the community (excluding
plankton), after the collapse of small pelagic stocks in the 1970s. Environmental anomalies experienced
in the 1980s negatively affected a number of stocks, both directly and indirectly, compounding any
effects of fishing and preventing mitigation of declining stocks by management measures implemented
after Namibian independence in 1990. Pristine southern and northern Benguela models displayed
greater similarities in structure and function than their modern counterparts. Total biomass,
consumption and respiration were higher in the pristine northern Benguela. Hake and horse mackerel
were responsible for a greater proportion of piscivorous consumption, while in the southern Benguela
apex predators played a bigger role. Simulated fishing on pristine models resulted in higher-than
modern biomasses per TL in the northern Benguela, and lower-than-modern biomasses per TL in the
southern Benguela. Models resulting from simulations were not identical to the models for the modern
era, but diverged from the pristine ecosystem structure. Although fishing did influence ecosystem
structure and functioning, environmental events have had a considerable, and possibly even greater,
impact. Ecosystem stress and the collapse of small pelagic stocks may lead to a shift toward a bottom-
up trophic control mechanism, increasing the impact of environmental events. It is possible that pristine

systems were not as severely affected by environmental anomalies as are modern systems.
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Chapter 1

Introduction and General Methods

1.1. Introduction:

1.1.1. The impacts of fishing and an Ecosystem Approach to Fisheries (EAF):

That fishing pressure should have direct effects on the abundance of target species populations
is not disputed. Any significant change to target populations, however, also tends to translate into
altered energy flows within the system, and uitimately into changes in the structure and
functioning of the community as a whole (Jackson ef al., 2001; Blaber ef al., 2000; Go#i, 2000;
Pitcher & Pauly, 1998). Globally there are numerous examples of fishing pressure causing
commercial stock coliapse and eventual community structure adjustment: between 1950 and
1990 the California sardine (Sardinops sagax), the North Sea herring (Clupea harengus), the
Peruvian sardine (Sardinops sagax) and the Atflantic cod (Gadus morhua) all suffered stock
collapses (Hilborn & Wailters, 2001); in the North Sea, benthic community structure has been
shown to have changed significantly in a total of three areas (Frid ef al, 2000); in the Gulf of
Thailand in the space of 20 years almost all large fish became commercially extinct and the
frophic level of the entire fishery decreased as a result (Gofi, 2000). Although these are extreme
examples, with evidence of fishery-induced changes in communities such as these it becomes
questionable whether any community that has been subjected to any degree of fishing pressure

can still exist in something resembling its pristine state.

Fishing impacts ecosystems and communities, either directly or indirectly. Direct impacts include
fishing mortality of target and other species (e.g. bycailch species), as well as any habitat
alteration or destruction resulting from fishing practices, as is often the case in areas where
bottom-trawling has occurred (Gislason ef al, 2000; Gofi, 2000). These direct effects are

relatively easy to measure, and hence monitor, using either direct sampling techniques in the field



or catch and effort data. Tracking the indirect effects of fishing, however, poses a greater
problem. Altered population structure of directly affected species with regard to both abundance
and size distribution has a knock-on effect, in turn altering the structure and functioning of all
trophicaliy-linked groups, and ultimately of the community as a whole (Gislason ef al., 2000; Go#i,

2000; Pauly et al., 1998; Blaber ef al., 2000).

it is the monitoring and prediction of these indirect effects that present both a key and a quandary
to fisheries management science today. Fisheries management has commenced the necessarily
slow move forward from the traditional single-species approach to management toward a muiti-
species or ecosystem approach to fisheries (EAF) management. An EAF is a more holistic
approach to management and would allow for more realistic consideration of possible indirect
impacts in the policy-making process and monitoring procedures (Cury et al., 2005b; Shannon ef
al., in press). The shift of focus from target-resource oriented management to an EAF was
formalized in 2001 by the Revykjavik Declaration, which states that national marine resource-use
policies are required to be formulated with an ecosystem-based approach in mind {Cury et al,,
2005b). This change in perspective is the result of increased awareness and knowledge of the
role played by the various trophic interactions within a functioning ecosystem. it is now evident
that in order to manage an ecosystem at any level, some understanding of the intra- and
interspecific processes occurring within it is necessary (Botsford ef al, 1997; Gislason ef al.,

2000; Cury et al., 2003).

if an EAF is to become viable though, multi-species ecosystem models must become part of the
policy-maker's toolbox (Cury, 2004; Shannon et al; in press). Models facilitate what would
otherwise be impossible: some form of quantitative understanding of the network of energy flows
within the ecosystem, as well as the ability to predict the possible effects of changes that may
cccur as a result of management decisions or even a changing environment. Unfortunately at
present it is still not feasible to use mulli-species models as a primary tool for formulating

management strategies, as models can only be as good as the input data and there is still a



marked deficit of knowledge where most non-commercial and many commercial species are
concerned. But although the many unavoidable assumptions and uncertainties associated with
any multi-species models are something that the modeller must keep in mind during model
construction and interpretation, a well-researched, best-fit model based on the data available can
nevertheless provide useful insight into species interactions and possible future outcomes. South
Africa has now begun to move towards the implementation of an EAF by proposing the use of
ecosystem models as testing grounds for management strategies based on single-species

models (Shannon ef al., 2004a).

While these steps in themselves are fairly revolutionary, a further suggestion has been made: that
sustainable utilization of the resources currently available, customarily the goal of fisheries
managers, should not be the end objective. Rather we should seek to rebuild ecosystems so that
an exploitation potential closer to that of the pristine ecosystem can be reached (Pitcher, 1998;
Pitcher & Pauly, 1998). This stems from the idea that the level of harvesting that can be sustained
by an optimally exploited ecosystem is much higher than could be supported by many
ecosystems as they stand today, most of which had been depleted by overexploitation,
mismanagement, or various combinations of the two before any management strategies could be
put into place (Ludwig ef al, 1983). if, instead of reconciling ourselves to what is left, we
concentrated on regaining what has been lost, the optimal sustainable utilization level would be
much higher than is currently possible (Pitcher & Pauly, 1988). While rebuilding an ecosystem to
its pristine state seems to be something of an unattainable goal, it would nonetheless be a
healthy standpoint from which to approach management - at least allowing the idea of restoration
to enter the picture, if only as a background to the decision-making process. But for this to be
possible some sort of reference point is needed as to what a pristine environment should look
like. To this end retrospective models, based on fisheries records and knowledge of the fishery
concerned, can be created (Jackson ef al,, 2001). At the very least these models allow us to
investigate the effects of fishing on an ecosystem, which in itself would serve to provide useful

information for managing fisheries so as to avoid previously encountered detrimental effects



resulting from overfishing. Retrospective ecosystem models have already been constructed in
several areas where fishing has historically been important, some examples being the North Sea
(Mackinson, 2000), Newfoundland (Heymans & Pitcher, 2002), and the Strait of Georgia
(Dalsgaard et al, 1998). HMAP (Historical Mapping of Animal Populations), the historical
component of the Census of Marine Life (CoML) project, has a number of projects globally
focusing on the collection and synthesis of caich and effort data from initial exploitation until

present, which will ultimately be represented in retrospective ecosystem models.

in 1994 the Consortium for Oceanographic Research and Education and the Alfred P. Sloan
Federation established CoML as a means of assessing and describing the diversity, distribution
and abundance of organisms existing within marine environments globally (Decker & O'Dor,
2003). CoML aims to generate a resource of information including contemporary data as well as
historical descriptions and future estimations of marine communities and their structure. The past
and future branches of the project will be dealt with by HMAP and Future of Marine Animal
Populations (FMAP) divisions of CoML respectively. HMAP is designed to investigate and
describe the state of ecosystems and communities from a time prior to their exploitation, in their
‘pristing’ states, over the entire history of the fishery. As a by-product of this process it is hoped
that reference points and perspectives for contemporary ecosystem research and management
decisions will also be obtained. The data gathered will then be incorporated into the Ocean
Biogecgraphical Information System (OBIS), which will serve as a giobal online database for
marine systems (Grassle, 2000; Decker & O’Dor, 2003). The Benguela Project, of which this
thesis forms part is one of 13 HMAP projects globally that are currently in the process of
developing historical models. Only ecosystems with a history of fishing pressure, some habitat or
biodiversity change, and good historical catch and effort data have been selected for historical
model development. The other 12 projects are based in southeast Asia, the Caribbean Sea, the
North Sea, the Baltic Sea, the northwest Atlantic, the northwest Pacific, the southeast Australian
Shelf, the southwest Pacific, the White and Barent Seas, the Wadden Sea, the Mediterranean

and Black Sea, New Zealand, and on world-wide whaling and mega mollusks



{(www.hmapcoml.org).

1.1.2. Introduction o the Benguela ecosystem:

The Benguela ecosystem is one of the world's four major upwelling systems, along with the
California, Canary and Peruvian systems. All are characterised by an eastern boundary current,
and are typically dominated by an equatorward and offshore flow of surface water, as well as the
resultant high levels of primary productivity associated with coastal upwelling. This upwelling of
deeper water masses is the result of a process called Ekman transport: prevailing winds force
coastal water offshore and a deficit of water develops at the surface. Colder, nutrient-rich water is
then drawn up from greater depth to replace that transported offshore. In this way nutrients are
moved into the euphotic zone and become available to producers and hence consumers. As in
the other three major eastern boundary currents, commercially valuable fisheries have developed
in the Benguela as a result of the increased productivity relative to other non-upwelling areas

{Crawford ef af,, 1987, Shillington, 1998).

The Benguela is effectively divided into two regions, northern and southern, by differing
ecological and oceanographic conditions. The Lideritz permanent upwelling cell off Namibia is
usually adopted as the barrier between the two regions, acting as a semi-permeable barrier o
many marine species (Shannon, 1885; Shillington, 1898). Management (historical and current)
and commercially important stocks both also vary between the regions, reinforcing the need for

dealing with the northern and southern Benguela separately (Griffiths & Branch, 1997).

in 1910 the Union of South Africa was formed after Britain relinquished its colonies. The
Benguela came under the governance of a single authority for the first time in 1815, after the
capture of German Southwest Africa during the First World War. This remained the status quo
until Southwest Africa became independent as the Republic of Namibia in 1990, although Walvis

Bay was only restored to Namibia in 1994,
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It was curing this period of single gevernance that most of today's commerciaily important
fisheries began. Large-scale commersial fisheries in the Banguala acosystem are relatively yeung
In tarrs of the glehal industry, naving besn cperating for approximately 50 years only, since the

19608 brought about the expansion of the purse-seine fisnery {Crawford af af, 1387).
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Yet although this may have been the staring pont of large-scale exploitation, archaealogical
evidence shows that man has been ulilizing the marine reseurces within the Benguela ecosystem
since approximately the last interglacial, 120 000y BP (Farkington, 2001). Man's growing
involvement in the Benguela ecosyster and the advent of mast large fishangs in the regon are
depicted in Fig. 1.2, Tne northern and southern Benguea nave separate explaitatian histeries,

and theze will be dealt with separately and in more deta!l in Chapters 2 and 3 respectively.

Findings from the preceding phase of the Benguela HMAF project (the cellection ana synthesis of

hestorical fishing data, presented in Griffiths of & (2004]) show an expongntial increase in the
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decadal biomass removal from the system over the perigd from 1790 1o the 19508 [(Fig. 1.3)
cGriffiths ef al | 20041 The declines in removalg after the late 153602 resulted from the coellapse of
various stocks and the implementation of mere restrictive management tactics, but still only
represent & regression to roughly the level of the biomass being removed 10 the 19505, The mean
trephic level (Tl of the total cateh in the Bengueia has been shown 1o have decreased markedly
since 1790 (Figs 1.49a & b, Griffiths ef al, 20045, a phenamenon known as fishing down 1he
focdweb (Pauly et &, 1998 This change in TL is symptomatic of a shift of target species frorm
lzng-lived, large, predatery species operating at high trophic levels. to those smaller, short-lived
species further down the trophic hierarchy (Pauly ef &b 1298), While this shift can fo a cefain
extent be blamed on technclogical advances and intended changes in target species, it alse gives
an Indication of the community composition. Unless declining TL of the catch 15 accompanied by
a cormesponding increase in biomass landed. it can be inferred that some degres of

overexplotation was occurring (Pauly ef al, 2002).
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The data reprasented above and other data relating to historical fishing pressures and popuiation
sizes were usad to construct retrospective ecosystem models of the Benguela using the
modelling sofiwere Foopath witn Ecosim (Christensen et af, 2000%. Tne examination of ‘pristing’,
interim =nd present-day Feopath models of tne nortnern and southern Benguels acosystems
should yield insignt into {ne nature and root of trophic changes that have occurred in the

Benguela.
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1.1.3. Ecopath with Ecosim (EwE):

Ecopath:

EwE facilitates the construction of steady-state ecosystem models centred around ‘boxes’ or
groups, comprising one or more species of comparable trophic status. The trophic flows in and

out of each box are calculated according to Winberg’s (1956) balanced energy equation:

Consumption (Q) = Production (F) + Respiration (R) + Unassimilated food (U).

By balancing the flows between boxes, a steady-state model of the energy flows throughout the
system is created. Relationships between groups are portrayed by simultaneous linear equations.

If the production of one box (7} is balanced by predation, export and other mortality of that box;

Production (i) =  All predation on (§) + non-predatory biomass loss and fishery catches of (i) +

other exports of (),

then all aspects of the relationship between box/ group (/) and predator (j) can be described as

follows:

Production by () = B;. P /B;
Predatory losses of () =3 ; (B;. Q/B;.DCj 1)

Other losses of (i) = (1 —EE;) . B;. P/B;

where
i = @ box/ group in the model
j = any of the predators of i
B, = the biomass of i
P/B; = the production of i per unit of its biomass
Q/B; = the average fraction of i in the diet of | (in terms of mass)

10



EE; = the ecotrophic efficiency of i ( the fraction of total production consumed by

predators or exported from the system, including as catches)

(1 — EE) = other mortality for i (i.e. deaths as a result of disease or starvation, for

example).

So for box i (and similarly for every other box/ group in the ecosystem):
Bl' . P/Bi ' EE{ _Zj(Bj . Q/BJ' . DCJ"X)-EX,‘ =
Where

Ex; = export of i by harvesting or emigration, for example.

Ecopath requires that for each group, three out of the following four variables must be entered:
biomass (B), production per unit biomass (FP/B), total consumption per unit biomass (Q/B), and
ecotrophic efficiency (EE). Solving the linear equations then allows for the fourth variable to be
estimated. Respiration is used purely as a means of balancing the boxes, and is taken as the
difference between assimilated consumption and production not thought to result from primary
production. In the Ecopath approach, waste and dead matter accumulates in the detritus box
unless consumed by detrivores. To complete the input data, the modeller must enter diet

compositions, assimilation efficiency, and exports (Christensen ef al, 2005).

Once input data have been entered, the resulting model must be balanced so that ultimately all
ecotrophic efficiencies are 0 < £E < 1 (i.e. growth and mortality do not exceed production). A
number of factors make this unlikely to be the case initially, largely due to the uncertainty that
characteristically surrounds input data. Estimates of input parameters are often based on sparse
or patchy data series, or there are not data for all species in a particular box/group, so estimates
for those species that are available must be assumed to apply to the others in their group. In
some cases the estimates themselves may be unsound, due o errors or inconsistencies in

sampling. Balancing of the model can be accomplished manually, usually by revising diet
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compositions until all EE’s <1. This method relies on the fact that less confidence is generally
placed in the diet composition estimates than in those for biomass, which have generally been
directly acquired from field samples (although this is by no means always the case) (Kavanagh ef
al., 2004). The model can also be balanced using the automatic balancing function found in more
recent versions of EwEk, which uses either random or gradient descent alterations to diet
compositions and/ or biomasses and selects the optimal mass-balanced models (Kavanagh ef a/,,

2004), although this method was not used to construct models in this dissertation.

Outputs from EwE models may be used to calculate various indices that allow for the comparison
of form and function between ecosystems. Shannon's and Simpson's diversity indices were
calculated as measures of system diversity (Magurran, 2004). Shannon’s diversity index (H) was
calculated as the proportion of species i relative to the total number of species (pi), and multiplied
by the natural log. of this proportion. This product is then summed for all species, and multiplied

by -1:
H= —Epl.ln P,
=1

In Simpson's diversity index (D), the proportion of species i relative to the total number of species

{pi) is squared. The squared proportions are summed for all species, and the reciprocal is taken:

D—l

=
2
prz
=

Finn's cycling index (the proportion of throughput that is recycled within the ecosystem) and mean

path length (total number of trophic links divided by the number of pathways between groups)

(Christensen ef al, 2000) were also used as indicators of ecosystem state.

Ecosim:
The Ecopath software includes a dynamic simulation routine, Ecosim, which allows for the
dynamics within a system to be examined over time (Walters of al., 1987). Simulalions using

Ecosim can be performed once a balanced, steady state Ecopath model has been created. The

12



linear equations on which the Ecopath model is based are used to derive the coupled differential

equation expressing basic dynamics in Ecosim:

dBi/dt=g 3 Cij- 2Ci; + [-(Mi+F; +¢) B;
] ]
where

dB;/dt = the growth rate of group / in terms of its biomass

g = growth efficiancy of group /
F; = the fishing mortality rate of group §
I = the immigration rate

0
i

= the consumption rate of group i by group j.

Ecosim also allows for user-specified prey vulnerabilities, which in turn makes it possible to
incorporate various hypotheses regarding trophic flow control, e.g. bottom-up or top-down
control (Walters ef al., 1997). Default vulnerability for a given predator-prey interaction is
set as 2, signifying mixed trophic controls, bottom-up control is characterised by a
vulnerability closer or less than 1, and top-down, by a vulnerability much higher than 2.

The consumption rates are thus calculated according to:

Ci= vy a5 Bi By / (vitv’itaB)),

where the rates of behavioural exchange between invulnerable and vulnerable groups are shown
by vand v’ parameters, and aij is the rate of effective search by predator j for prey group

i (Christensen ef al., 2000).

13



Ecosim also allows the user to specify multi-stanza groupings of a species, allowing for juvenile
and adult groups to be linked during time dynamics by way of parameters describing growth and

recruitment into adult groups.

1.2. Aims and general methods:

in partial fulfiiment of the Benguela region HMAP project, available data documenting man’s
historical exploitation of marine resources in the Benguela by way of catch and effort data have
been summarized in Griffiths ef af., 2004. The concluding step in this project is the construction of
ecosystem models of the Benguela region at various stages along the continuum from pristine to
the current level of exploitation, based on these data. The aim of this thesis is thus to explore and
describe any ecosystem-level changes that may have occurred since fishing and exploitation
began in the Benguela, in terms of both structure and function. This will be investigated using
Ecopath with Ecosim (EwE) There are currently available, models of the Benguela ecosystem
based on modern catch and biomass data that cover the period from the 1970s or ‘80s, until the
2000s (Shannon et al., 2003; Heymans et al., 2004, Roux & Shannon, 2004). These will be used
as the post-industrial models and as the basis for the construction of industrial {1810 — 1475),
pre-industrial (1652 — 1910} and aboriginal models. EwE version 5.1 software will be used in the
construction of all models, firstly because the existing models for the northern and southern
Benguela on which these historical models are based were constructed using this software, and
secondly because of its widespread usage globally as a means of modelling aguatic systems. It is
hoped that these models can facilitate a belier understanding of the Benguela ecosystem as it
functions today, as well as if, how, and to what extent it has been altered as a result of fishing. A
more in-depth knowledge of the responses of various populations to historical fishing levels

allows for more informed management decisions in the future (Harvey et al., 2000).
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Chapter 2

Retrospective models of the Southern Benguela region

2.1. Introduction:

2.1.1. The southern Benguela ecosystem:

As described in the previous chapter, the Benguela can effectively be divided into northern and
southern regions, based on management and more importantly biogeographic variations. The
southern Benguela region, dealt with in this chapter, extends from its northern boundary, a
permanent upwelling cell near Lideritz in Namibia (between 25 and 27°S) that is thought to
preclude the north-south migration of many fish species, around the coast of South Africa to 28°E
at East London. The easterly extent of the system serves to include the Agulhas Bank region off
the south coast, an important spawning and feeding site that cannot be excluded due to the
important role played by this area in the life-cycles of many of the species found on the west
coast. The modelled area extends offshore to the 500 m isobath, covering 220 000 km® The
physical environment in the southern Benguela is characterised by pulsed seasonal upwelling,
due to the prevailing south-east wind over the summer months, resulting in the high productivity
typical of upwelling systems. This in turn supports a relatively large exploitable fish biomass and
the associated commercially valuable fisheries. Small pelagics, namely the anchovy Engraulis
encrasicolus and the sardine Sardinops sagax, predominate in the fish community, both with
regard to community biomass and proportion of catch, forming the mainstay of the purse-seine
fishery. Other important pelagic species include the round herring Efrumeus whiteheadi and
horse mackerel Trachurus trachurus capensis. which also have relatively high biomasses and
contribute to tandings although to a lesser extent (Crawford et al, 1987, Griffiths et a/, 2004).
Small pelagics in the Benguela, as in other upwelling systems, are now recognised as undergoing
shifts in abundance, as dominance oscillates over time between two or more species. Recorded

patterns in the southern Benguela dating back to the 1920s show an initial anchovy dominance,
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followed by horse mackerel in the 1940s and 1950s, after which sardine biomass increased,
outweighing other species contributions from the late 1950s until succeeded in turn by chub
mackerel (Scomber japonicus) and anchovy, returning to dominance in the mid-1990s (Crawford
et al, 1987, Schwartzlose ef al, 1998). This decadal-scale phenomenon of alternating
abundance levels, often described as a ‘regime shift’, has been demonstrated in a number of
regions around the globe where sardine and anchovy co-exist (Lluch-Belda et al, 1992
Schwarizlose ef al., 1999). A regime shift is defined as an altered state of a marine ecosystem
produced by a change in form and function {Cury & Shannon, 2004). The shifts in the small
pelagic community in the southern Benguela over the past few decades cannot necessarily be
termed a regime shift, as though species abundances may have changed the structure and
functioning of the system itself did not significantly (Cury & Shannon, 2004). This was not the
case in the 1950s and 1960s, when the structure of the ecosystem was indeed altered and a
regime shift occurred, while more recent changes may be better referred to as ‘species
replacement’ (Cury & Shannon, 2004). Although many of the regions globally that have
experienced regime shifis are in fact subject to high fishing pressure {e.g. the Humboldt,
Californian, Japanese and Benguela ecosystems), fishing in itself has been ruled out as the
primary driver of these shifts, as fish scales in oceanic sediment deposits off California and
southern Africa give evidence of alternating regimes prior to the initiation of any large-scale
fishing operations in the area (Soutar & Isaacs, 1969, Shackleton 1986; Baumgartner ef al.,
1862). The shift from one dominant species to another appears to be influenced primarily by
climatic changes and biological interactions, with fishing pressure, though relevant, playing a

secondary role (Schwariziose ef al, 1999; Cury, 2004; Shannon et al., 2004b).

Although small pelagic fish are the largest contributors to fish community biomass, the most
commercially valuable stocks in the system are the two species of Cape hake found in the region,
shallow water Merluccius capensis and deep water M. paradoxus. The hakes are largely targeted

by the demersal fishery.
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2.1.2. Exploitation in the four epochs examined:

2.1.2.1. Pre-contact and aboriginal era (<1600):

Although archaeological evidence places humans in the coastal regions of the Benguela as early
as 1 million years BP, these early inhabitants only began to utilize marine resources from around
120 000 years BP, during the last interglacial (Parkington, 2001). This exploitation was
predominantly limited to the intertidal zone, and anthropogenic impacts on the offshore resources
only began with the arrival of the early European seafarers. Seabirds, for the most part the
African penguin Spheniscus demersus, were an easy target and served to provide sailors with
food and even fuel in some cases. Harvesting of these birds was first recorded in 1487 by
Bartholomew Diaz and continued as the southern African islands became provisioning points for
passing ships (Shelton ef al, 1884, Griffiths et al, 2004). The Cape fur seal Arcfocephalus
pusillus pusillus was the next species 10 be targeted, initially by the Duich in the early 1600s
(Griffiths ef al., 2004). Although the Benguela prior to 1600 cannot be termed ‘pre-contact’ with
complete accuracy, the low levels of utilization occurring before this time are unlikely to have
affected populations significantly until the early 1600s. Thus for the purposes of this thesis the

period will be considered as essentially pristine.

2.1.2.2. Pre-industrial era: (1652-1910):

The establishment of the first permanent European settlement in the Cape by the Dutch East
india Company (DEIC) in 1652 signalled an abrupt increase in harvesting effort on Cape fur seals
and sea birds, especially in Table Bay and the surrounds. Once established in the Cape, the
DEIC and its colonies continued to spread up the west coast, reaching what is now Namibia by
the late 1700s (Van Duin & Ross, 1987). Exploitation levels remained comparatively low until the
1780s, when New England whalers began to overwinter at the Cape, targeting southern right
whales (Eubalaena australis). The impact of these foreign whalers, combined with that of the

shore-based operation that was established in the Cape in 1792 (targeting a more diverse range
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of species including Bryde's whales Baleanoptera edeni) led to a swift decline in abundance of
baleen whales in general, particularly affecting southern right whales (Griffiths ef al., 2004). 1809
heralded the start of modern whaling off southern Africa’s west coast, with steam-ships and
cannon-fired harpoons replacing the traditional sail or oar-powered boats and hand-held
harpoons. This new industry shifted its target species from southern right to humpback whales
(Megaptera novaeangliae) as southern right populations had been severely impacted by this
stage (Griffths ef al., 2004). Sealing, the other significant fishery at the time, did not intensify until
after the British had unseated the DEIC in 1808. From this time until the Cape Fish Protection
Act, which required permits for sealing, was introduced in 1893, unchecked efforts by British and
American sealers on the southern African west coast and islands is believed to have caused the
extinction of 23 colonies (Rand, 1972). The Cape line fishery also began to intensify over the
period from 1800, targeting mainly snoek (Thyrsites atun), and collection of guano commenced in
the Benguela in the mid-1800s. Although initiated in the northern Benguela where the majority of
guano was initially collected, the valuable fertilizing material was also removed in large quantities
from islands off South Africa. This resulted in declines in breeding success of island birds in many
instances as guano is a crucial nesting material for species including the African penguin and the
Cape gannet Morus capensis amongst others (Crawford ef al., 1883; Best ef al., 1987; Crawford

& Jahncke, 1999, Griffiths ef af., 2004).

2.1.2.3. Industrial era (1910-80):

The demersal trawl fishery, which initially targeted Agulhas sole (Austroglossus pectoralis) and
west coast sole (A microlepus), began operating in the early 1900s (Lees, 1969). After the First
World War however, the extent of the hake stocks off the west coast of South Africa was realised.
Following this discovery the fishery began to target the Cape hakes Merluccius capensis and M.
paradoxus. Improving technology served to increase catches in the 1950s. In the 1960s the
waters off Namibia were increasingly targeted after exploratory fishing showed even richer stocks
existed there (Payne & Punt, 1995; Gordoa el al., 19895). The increased foreign interest that this

raised lead to peak catches of almost 250 000 t off South Africa in the early 1970s (Rademan &
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Butterworth, 2001). The targeting of small pelagic fish species off southern Africa only began in
earnest during the 1940s after World War 2, after which purse-seine operations, initially based in
St Helena Bay, spread rapidly to the rest of the west coast. Peak catches of around 500,000 ¢
were recorded in 1962, the majority of which comprised the sardine Sardinops sagax (Crawford
ef al., 1987). Record landings were, however, followed swiftly by the collapse of the sardine stock
in the southern Benguela in the mid- to late 1560s, due to the combined effects of increased
fishing pressure and irregular recruitment (Beckley & van der Lingen, 1999). Sardine was
subsequently replaced by the anchovy Engraulis encrasicolus as the dominant small pelagic fish.
The ensuing increase in the biomass of anchovy combined with a switch to a smaller net mesh
size in 1964 to allow these stocks to be targeted, resulted in anchovy becoming the dominant
pelagic species in catches (Beckley & van der Lingen, 1999). Modern whaling saw peak landings
of humpbacks in 1913, and by 1915 catches had dropped dramatically, causing effort to be
transferred to other species, and by the late 1960s legal whaling had ceased off South Africa
(Best ef al., 1997; Griffiths ef al., 2004). Exploitation of seals continued to increase fairly steadily
through the 1900s. In 1965 the government began to privatize sealing, giving rights to various
colonies to private individuals. Harvest rates increased fairly rapidily from the late 1960s to reach

a peak of 23 000 bulls taken in the early 1970s.

2.1.2.4. Post industrial era (1975- present):

Anchovy have maintained their dominance in pelagic landings since the 1860s, although stocks
of both anchovy and sardine have been on the increase in the southern Benguela since the
1990s, increasing to what is estimated to be triple the biomass during the 1980s (Beckley & van
der Lingen, 1999; Griffiths ef al., 2004; Shannon et al., 2004b). The sudden increase in foreign
interest in South Africa’'s demersal hake fishery during the late 1960s and early 1970s ultimately
resulted in the government declaring a 200-nautical mile exclusive economic zone in 1877 This
effectively reduced catches by eliminating most foreign effort. Calches have subsequently been in
the region of 100 000 t per year (Rademan & Butterworth, 2001; Griffiths ef al., 2004). After peak

harvests in the 1970s, sealing in South Africa declined severely when Eurcpean embargos on
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importing seal products caused the South African market to crash in 1983. Harvesting continued

at a lower level until finally being banned in 1890 (David, 1989, Griffiths ef al., 2004).

2.2. Methods:

The Ecopath with Ecosim (Ewk) software (Walters ef al., 1997) was used to construct models for

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

2.2.1. Model construction:

Where values for P/B and Q/B are given, these are used in all models. Unaltered diet
composition, Appendix A., Table A.1, was obtained from the 1978 EwE model for the southermn
Benguela referred to in Shannon ef al. (2004). input parameters are in line with those suggested

in Moloney & Jarre (2003}, so as to be comparable to models of other upwelling systems.

2.2.1.1 Input data by group for 1600, 1900 & 1960 models:
Input parameters were as follows, listed according to the group number as they appeared in the

models:

1.) Phytoplankton: Primary production in the system was assumed to be 76,396t km 7, the same
as in the 1878 model of the southern Benguela (Shannon ef al., 2004b), as no estimates are
available for 1960, 1900 or 1600. The P/B ratio of 154.4 yr'1 used in the 1980s and 1990s model
of Shannon ef al. (2003), sourced from Brown ef al. (1991), was assumed. As phytoplankion is a

primary producer, Q/B and P/Q were not required for this group.
2.) Benthic producers: No estimates of benthic producer biomass are available for 1960, 1900 or

1600, so biomass was estimated using an ecotrophic efficiency of 50%. A P/B of 15 yr' was used

(Jarre-Teichmann et al., 1998).
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3-8.) Zooplankton: Zooplankton was modelled as three separate groups according to size and a
fourth containing salps and jellyfish: macro-, meso-, micro- and gelatinous zooplankion. As no
biomass estimates are available for any zooplankton groups for 1960, 1900 or 1800, biomasses
were estimated assuming an ecotrophic efficiency of 95% in all three models. The figure of 85%
was decided on as this provides a conservative estimate of the B of the group in question, that
would have been required to sustain the level of predation on that group. The microzooplankton
group comprised nanoflagellates, ciliates, and zooplankion larvae with an equivalent spherical
diameter of 2 — 200 um. Estimates of P/B (482 yr') and Q/B (1928 yr'') were obtained from the
1980s model (Jarre-Teichmann ef al., 1998). The mesozooplankton group includes copepods,
predominantly C:'alanoides carinatus and Calanus agulhensis, of 200 - 2000 ym diameter. A P/B
of 40 yr' and a Q/B of 133.33 yr'* were used as in the 1980s and 1990s models in Shannon et al.
{2003). Macrozooplankion has been defined as primarily consisting of euphausiids of 2 - 20 mm,
although amphipods, fish larvae, and similar groups are also included. A P/B of 13 yr'" and a Q/B
of 31.707 yr“1 were used for the macrozooplankton group (Jarre-Teichmann et al, 1998).
Gelatinous zooplankton includes Cnidaria, Ctenophora, tunicates and chaetognaths, and was
allocated, as for the 1980s and 1990s models, a P/B of 0.584 yr‘1 and a Q/B of 1.669 yr‘1

(Shannon ef al., 2003).

7&8) Anchovy and sardine: Biomass of sardine in the southern Benguela derived from catch data
and VPA is estimated as having been 1 615 000 t in 1880 (Schwartzlose ef al., 1999). Biomass
was estimated in the 1900 and 1600 models assuming an ecotrophic efficiency of 95%, as no
estimates are available for these periods. Landings of 318 000 t are recorded in 1960
(Schwartzlose et al., 1998), and no catch was assumed in the 1900 and 1600 models. A P/B of
1.2 yr' and a Q/B of 12.371 y"', obtained from the 1978 model in Shannon et al. (2004), were
used. No biomass estimates were available for the anchovy for any of the three historic periods
modelled in this study, so in all cases biomass was estimated by the model assuming an

ecotrophic efficiency of 95%. As with sardine, P/B (1.4 yr'') and Q/B (14.4 y") values from the
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1978 model, initially derived from Armstrong ef al. (1991) and Hewitson & Cruickshank (1993)
were used. Minimal landings of anchovy were recorded between 1958 and 1963, significant

catches only being made from 1964 onwards off South Africa (Crawford ef af.,, 1987).

9.) Redeye: Although biomass redeye does not rival that of sardine and anchovy, it is still
significant and makes up a percentage of the purse-seine catch. it is therefore modelled as a
separate group from ‘Other small pelagics’ in the southern Benguela. No biomass estimates for
redeye are available for 1960, 1900 or 1600, and biomass was estimated assuming an ecotrophic
efficiency of 95%. A P/B of 1.3 yr’' and P/Q of 13 yr" were obtained from 1978 and 2000s modeis
(Shannon ef al., 2004b). A catch of 100 tis recorded for 1960, and as the first recorded landings

are in 1958, catch was presumed to be zero in 1900 and 1600 (Crawford et al., 1987).

10.) Other small pelagic fish: The group ‘other small pelagics’ includes the less abundant species
of small pelagic fish: saury (Scomberesox saurus), flying fish (Exocoetidae) and pelagic goby
{Sufflogobius bibarbatus). No biomass estimates are avallable for any of these species for 1960,
1900 or 1600, so biomass was estimated in all three models assuming an ecotrophic efficiency of
95%. A P/B of 1.0 yr" and a Q/B of 10.0 yr' were used (Jarre-Teichmann ef al., 1998). No

landings of any of the component species are recorded prior to the 1970s (Crawford ef al., 1987).

11.} Chub mackerel: Biomass of chub mackerel (Scomber japonicus) was estimated assuming an
ecotrophic efficiency of 95% as no estimates of this stock were available for the historical periods
modelled. P/B (0.8 yr') and Q/B (8.0 yr'') were obtained from the 1978 model (Shannon et al.,
2004b). Chub mackerel has formed a small proportion of purse-seine landings in the southern

Benguela since 1954, with landings of 29 100 t recorded for 1960 (www.fao.org).
12&13) Horse mackerel: Cape horse mackerel, Trachurus frachurus capensis, has been

modelied as two separate groups due to differences in diet and habitat between juvenile (<20 cm)

and adult ( >20 cm, older than 2 years) fish: juvenile horse mackerel (group 12) are
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zooplanktivorous and pelagic, while adult horse mackerel (group 13) are partially piscivorous, and
midwater feeders (Shannon, 2001). Biomass of adult horse mackerel was estimated as 230 000 t
in 1960 (Crawford, 1989). No estimates are available for 1900 or 1600 for adult horse mackerel,
or for juveniles for any of the historical periods modelled. Biomass in these cases was therefore
estimated by the model, assuming an ecotrophic efficiency of 95%. P/B and P/Q ratios for both
juvenile (1.2 yr" and 0.1) and adult groups (1.5 yr' and 0.15) were obtained from the 1978
model. Horse mackerel appears in purse-seine catches from 1850 onwards, and landings of
62900 t and 429 t{ were recorded in 1960 in the purse-seine and demersal trawl fisheries
respectively (Johnston & Butterworth, 2001). In recent decades any catches of horse-mackerel by
the purse-seine fishery were assumed to comprise pelagic-feeding juvenile fish. The 1960 model,
however, was prior to the collapse of the sardine stock and the subsequent lowering of mesh
sizes in the mid 1960s which allowed for increased caiches of juvenile fish (Crawford, 1989,

Shannon, 2001), hence catch in 1860 is assumed to have been composed of adult fish.

14.) Mesopelagic fish: The lanternfish Lampanyctodes hecloris and the lightfish Maurolicus
muelleri are grouped as 'mesopelagic fish’. Biomass of this little known group was estimated for
all models, assuming an ecotrophic efficiency of 95%. P/B (1.2 yr') and Q/B (12 yr') were
obtained from Jarre-Teichmann et al. (1998), originally derived from Hewitson & Cruickshank
(1983). There is no record of either species in catches until 1968 (www.fac.org, Crawford ef a/,,

1987).

15.) Snoek: Thyrsites atun is the most abundant and hence commercially important large pelagic
fish in the region, estimated to comprise 65% of the total large pelagic fish biomass (Penney et
al., 1891). No absolute biomass estimates are available, so biomass was estimated in all models
using an ecotrophic efficiency of 95%. A P/B of 0.5 yr'' and P/Q of 5.0 yr'* were used, obtained
from Jarre-Teichmann ef al. (1998). A small-scale semi-directed demersal trawl fishery for snoek
has operated off the Western Cape since the mid 1960s (Crawford ef al., 1987) and snoek is also

caught as bycatch in the hake-directed fishery (although only retained since 1872) (Griffiths et al.,
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2004). Despite this, the only recorded landings of snoek for the historic periods modelled are by
the linefishery, one of the oldest fisheries operating in the region. Catches of 10300 t in 1960 and

275 t in 1900 are recorded (www .fao.org; Griffiths et al., 2004).

16.) Other large pelagic fish: This group includes kob Argvrosomus inodorus, geelbek
Atractoscion aequidens, yellowtail Seriola lalandi, carpenter Argyrozona argyrozona, hottentot
Pachymetopon blochii, and tuna Thunnus spp. No biomass estimates are available for this group,
so biomass was estimated using an ecotrophic efficiency of 95%. P/B (0.493 yr") and P/Q (0.1)
ratios were obtained from the 2000s and 1978 models. Landings of these species can be almost
entirely atiributed to the line fishery, which has been targeting these species since its beginning in
the early 1800s, although some kob has been taken by the bottom-trawi fleet since 1917
(Crawford ef al., 1987). Landings for the group as a whole are recorded as 5249.3 t and 400 t by
the linefishery and demersal trawl! fleets respectively in 1960, and 3778.4 t by the linefishery in

1900 (Crawford ef al., 1987; Griffiths et al., 2004).

17.) Cephalopods: Several species of cephalopod inhabit the southern Benguela, although no
estimates of biomass exist for the historic periods modelied. The model was therefore allowed to
estimate biomass assuming an ecotrophic efficiency of 95%. A P/B of 3.5 y' and P/Q of 0.35
were used as per Shannon et al. (2003). Landings of squid were reportedly 100 { (www.fao.org),

with no catches recorded prior to 1958,

18-21.) Hakes: As mentioned previously, two species of Cape hake are found in the southern
Benguela: the shallow water Cape hake Merluccius capensis, and the deep water Cape hake M.
paradoxus. Hake were modelled as four discrete groups with regard to size and species (small M.
capensis, large M. capensis, small M paradoxus and large M. paradoxus), to sallow for
cannibalism and differences in diet between small (0-2 yr) and large (3 yr +) hakes (Shannon,
2001). Biomass of adult hake is estimated to have been 538 709 t in 1960 (Rademeyer &

Butterworth, 2001). The proportion of the two species of hake found off South Africa was shown
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to be 25% M. capensis and 75% M. paradoxus on the west coast, and 81% M. capensis and 9%
M. paradoxus on the south coast during the 1980s (Jarre-Teichmann et al, 1998). The
percentage of hake biomass on each coast during the 1870s and 1980s based on survey
estimates and production models in Punt (1994) was 75% on the west coast and 25% on the
south coast. These proportions were assumed to apply in 1960 as well, and the biomass of each
species was calculated accordingly. No biomass estimate for adult hake was available prior to
1917, and of small hake for any of the years modelled, so in these cases biomass was estimated
assuming an ecotrophic efficiency of 95%. P/B and Q/B, taken as 2.5 .y and 0.15 for small hake,
0.8 y'1 and 0.182 for large M. capensis and 0.8 y'1 and 0.182 for large M. paradoxus were
obtained from the 1978 and 2000s models. In 1960, landings by the demersal fishery of both
species combined were recorded as 159 900 t. As the ratio of M. capensis to M. paradoxus
during the 1980s and 1990s was shown to have been 1:3 in research cruise surveys (Shannon,
2001), this proportion was also assumed for 1960 in the absence of any other indications. In
1960, landings were only recorded off the west coast (ICSEAF division 1.6) as opposed to the
south (Crawford ef al., 1987), and were attributed to each species accordingly. Hake landed were
assumed to be large, as a market for small hake only developed in the 1880s, subsequent to
large hake becoming more scarce (Griffiths ef af, 2004). No landings are recorded prior to 1955

(Crawford ef al., 1987).

22 & 23} Other demersal fish: Other demersal fish were modelled as two groups: pelagic-feeding
species (group 22) and benthic-feeding species (group 23), as in previously constructed models
of the region (Shannon et al., 2003). Species were divided according to Meyer & Smale (1881a &
b). Species included in the pelagic-feeding group are ribbonfish (Lepidopus cordatus), Cape John
Dory (Zeus capensis), southern rover (Emmelichhthys nitidus nitidus), pencil cardinal (Epigonus
denticultatus), cutlass fish (Trichuiurus lepturus), jutjaw (Parascorpis typus) and angelfish (Brama
brama). As there are no estimates of biomass available for this group, the 1860, 1800 and 1600
models were used to estimate B at the time assuming an ecotrophic efficiency of 95%. A P/B of

0.7 y'and Q/B of 3.5y from the 1978 model were used for both demersal fish groups (Shannon
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et al, 2004b). Of the pelagic-feeding demersal fish, only angelfish is commercially important
today. The FAO reports a catch of 0.3 t of Cape John Dory in 1860 and no landings prior to 1958.
As no other species appear in catch records for the time, 0.3 t was assumed as the catch for this
group. Benthic-feeding demersal fish comprise kingklip (Genypferus capensis), Cape gurnard
(Chelidonichthys capensis), African gurnard (Trigioporus | Africanus), lesser gurnard
(Chelidonichthys queketti), redspotted tonguefish (Cynoglossus zanzibarensis), beaked sandfish
(Gonorhynchus gonorhynchus), spinenose horsefish (Congipodus spinifer), smooth horsefish
(Congiopodus ftorvus), large-scaled rattail (Coelorinchus fasciatus), smooth-scaled rattail
(Malacocephalus laevis), panga (Pireogymnus laniarius), jacopever (Helicolenus dactylopterus),
monkfish (Lophius sp.), bank steenbras (Chirodactylus grandis), hairy conger (Bassanago
albescens), and Agulthas and west coast soles (Austroglossus spp.). Biomass of this group was
also estimated assuming an ecotrophic efficiency of 95%, due to a lack of other estimates. The
FAQ reports 1100 t kingklip, 2900 t panga, 1000 t west coast sole, and 700 t of jacopever landed
in 1960, giving a total catch of 5700 t for benthic-feeding demersal fish (www.fao.org). As most of
these species were only landed in numbers significant enough to be recorded only from the

1920s onward, no catches were assumed to have occurred in 1900 (Crawford ef al., 1987).

24 — 26) Chondrichthyans: Following Shannon ef al. (2003), chondrichthyans were divided into
pelagic feeders, benthic feeders, and apex predators. This was in order to contend with
cannibalism difficulties in diet assimilation that arise if all are grouped together (see Table 2.1. for
species). No biomass estimates for chondrichthyans were available for any of the time periods
modelled, so biomass of all three groups was estimated assuming an ecotrophic efficiency of
95%. P/B and Q/B for all three groups were obtained as follows from Shannon (2001) and
subsequent models: pelagic-feeding chondrichthyans 0.5 y' and 4.545 y‘1, benthic-feeding
chondrichthyans 1.0 y' and 10.0 y"', and apex chondrichthyans 0.5 y" and 5.0 y". Sharks and
rays may not have raised much interest as a resource in the southern Benguela in the past
(although a shark-directed longline fishery developed in the 1990s). However, they have not

escaped the effect of increasing fishing pressure, as many species became by-catch in fisheries
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targeting other more lucrative resources, such as the demersal trawl fishery and the line fishery.
As a result, what records there are of landings tend to be somewhat vague or lacking entirely.
FAO catch statistics for 1960 purport landings of 1800 t of chondrichthyans as a group. As there
is no record of which species this figure includes, the catch was split in the same proportion as
that of 1978, when approximately 80% of chondrichthyans landed were benthic-feeding species

and the remaining 20% pelagic-feeding. Catch in 1900 was assumed to be zero.

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

Benthic feeders Pelagic feeders

Electric ray Torpedo fuscomaculata Mako sharks /surus oxyrhincus
Blancmange skate Raja wallacei Blue sharks Frionace glauca
Spearnose skate Raja alba Copper shark Carcharhinus brachyurus
Slimeskate Raja puliopunctata Smooth hammerhead Sphyra zygaena
Sawshark Pliotrema warreni Dog shark Squalus acanthias

Soupfin shark Galeorhinus galeus Dog shark Squalus mitsukurii

Dogfish Squalus megalops Atlantic electric ray Torpedo nobiliana
Thorntail stingray Dasyalis thelidis Other skates and rays

Ragged-tooth shark Carcharius taurus
Spotted gully shark Triakis megalopterus
Puffadder shyshark Haploblepharus edwardsii
Spotted catshark Porodera africanum

Striped catshark Porodera pantherium
Yellowspotted catshark Scyliorhinus capensis
St Joseph's shark Callorhincus capensis

27) Seais: The only species of seal breeding in the Benguela is the Cape fur seal Arctocephalus
pusillus pusillus, currently breeding at 10 colonies in South Africa and 15 in Namibia (Griffiths ef
al., 2004). Wickens et al. (1991) give the annual rate of increass in pup numbers in South Africa
as 3.2% pa from 1972-1989, based on data from aerial surveys only available from 1972
Assuming this rate applied uniformly until 1960, and using a population: pup ratic of 521
(Wickens ef al., 1991), the South African population of Cape fur seals in 1960 can be calculated
as approximately 250 300 individuals. However, this number was insufficient to support the
trophic demands on seals in the system. As the aerial counts on which this figure was based are

thought to be minimum estimates, a less conservative estimate derived from a total (southern
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African) population estimate for the time was used in favour of this figure. The total population of
Cape fur seals in 1960 was estimated as approximately 795 000 individuals by Best ef al. (1997).
Of these, 40% of individuals were assumed to have been located in South Africa and 60% in
Namibia, as was the case in the 1980s and 1990s (Griffiths et al, 2004; Heymans ef al., 2004;
Shannon, 2001). Mass per individual was obtained using the total population and total biomass
estimates for the 1990s (Best ef al., 1997; Shannon, 2001) and this was used to convert the 1960
population estimate to a biomass of 10128.5 t (0.046 tkm™). In the same way a southern
Benguela biomass of 1650 t (0.0076 t.km'z) was obfained for 1900 by using the total population
estimate from Best ef al (1997}, but this time assuming 50% of the population to be in South
Africa as at this time the large colonies currently found in Namibia had yet to be established. The
biomass of 29260 t (0.133 t.km?) used in the 2000s model was used for 1600, since although 23
colonies have become extinct since exploitation began, four of the mainland colonies that have
since been established are of such size that they may well offset the loss of the other 23 colonies
(David, 1989; Griffiths et al., 2004). Although this is not certain, no other data exist and the
biomass estimated by the model is far too low, due to the small number of predators consuming
seals within the system. Therefore, the 2000s estimate was used as the best estimate available
for the 1600 model as well. P/B (0.25 y"') and Q/B (19.306 y') were obtained from Shannon
(2001) and the 1978 model (Shannon ef al, 2004b). With Dutch sealers first recording a harvest
of 45 000 individuals in 16810 (David, 1989, Griffiths et al, 2004), seals appsear o have been the
first resource exploited at any significant level in the Benguela. A lack of any controls on
harvesting until the late 1800s meant that increasing numbers of colonies were harvested to
extinction. Those close to Cape Town were the first to be affected, but by 1900 at least 23
colonies, both in South Africa and Namibia, had become extinct {David, 1989; Griffiths ef al,
2004). By 1960 a permit system and limited season had been instituted, but harvesting continued
to increase despite the introduction of a TAC in 1974, only dropping off after the market collapsed
in 1983. Sealing activities ceased altogether in South Africa in 1990, although they continue even
today at low levels in Namibia (David, 1989; Griffiths et al., 2004). The majority of seals harvested

are pups, because of the high value placed on their skins, but a smaller number of bulls are also
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taken and utilized for other by-products (e.g. seal oil). Landings were calculated assuming an
average mass of 22.7 kg for pups (David, 1987) and 150 kg for bulls (Griffiths ef al., 2004). Using
recorded numbers of pups and bulls harvested in South Africa, this transiated into 254 t removed

in 1960 and 196.5t in 1800.

28) Cetaceans: The cetacean group comprised marine mammals such as Heavyside's dolphin
Cephalorhynchus heavisidii, common dolphin Delphinus delphis, dusky dolphin Lagenorynchus
obscurus, bottlenose dolphin Tursiops fruncates and Bryde's whale Balaenoptera edeni, all of
which feed in South African waters. Other baleen whales are present in the system, with the
southern right whale Eubalaena australis and humpback whale Megaptera novaeangliae amongst
others having been heavily targeted by the whaling industry off South Africa. These whales are,
however, highly migratory, for the most part feeding elsewhere and generally only moving into the
southern Benguela to breed. While southern right whales have been recorded as consuming
mesozooplankton in the southern Benguela (Verheye ef al, 1992), these two species are
nonetheless not regarded as regular consumers in the Benguela (Smale ef al., 1994) and so have
been excluded from the modelled cetacean group, as in previous models of the region (Jarre-
Teichmann et al., 1998; Shannon, 2001; Shannon ef al., 2004b). No biomass approximations are
available for cetaceans for any of the periods modelied, and thus a rough estimate was generated
by adding the biomass of cetaceans removed from the system between models to the current
estimate. The model could not be allowed to merely estimate cetacean B, as the resulting figure
would be based on the minimum B needed {o sustain any catches and predation 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 supported by the system and would not give an accurate representation of
actual population levels, hence this method, although not precise, provided a less incorrect
estimate. Approximately 543 Bryde's whales (the only exploited cetacean feeding within the
system) are recorded as landed off South Africa (Best ef al, 1997} and approximately 1012
between 1900 and 1958. The 20% of recorded mass removed was added to this total, as in

Heymans & Pitcher (2002), to account for fishery-related mortality. An average mass of 10.77 t
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per individual was assumed (Best & Rickett, 1984). Biomass was thus estimated as 25579.68tin
1960 and 43045.31 t in 1900. The 1900 estimate was assumed to apply in 1600 as well, as no
removals are recorded prior to 1900. Diet was adjusted proportionally in each model. Exploitation
of cetaceans began as use of beached whales and dolphins and their products, with little active
hunting taking place. Although European settlers arriving in 1652 made some efforts at whaling,
they were not successful enough to have impacted populations, preferring to concentrate their
efforts on sealing (Best & Ross, 1989). By 1900 foreign whalers, the first large-scale exploiters of
whales in the south Atlantic, had been operating in the Benguela for over a hundred years, and a
number of shore-based whaling stations had been set up by colonizers along the coast of South
Africa and Namibia. Both shore- and boat-based operations initially targeted southern right
whales, and later, as catches began to decline, focus was shifted to humpback whales. Although
Bryde's whales were exploited during the 1900s, the last landing taking place in 1967, there are

no records of landings in 1900 or 1960 (Best ef al., 1997).

289) Seabirds: The 15 species of seabird breeding in the southern Benguela region include the
African penguin Spheniscus demersus, Cape gannet Morus capensis, four cormorants
Phalacrocorax spp., thres gulls Larus spp., great white pelican Pelicanus onocrotalus, four terns
Sterna spp. and Leach’s storm petrel Oceanodroma leucorhoa (Berruti, 1989; Whittington et al.,
1999), with other migrant species also feeding within the Benguela. To obtain biomass estimates
for seabirds as a group, total biomass of the eight most abundant species (African penguin, Cape
gannet, Cape cormorant, bank cormorant, white-breasted cormorant, crowned cormorant, great
white pelican, kelp gull, Hartlaub’s gull & swift tern) in 1960 and 1900 relative to that in the 1990s
was established, based on population estimates (Berruti, 1989; Crawford ef al, 1983; Shannon
and Crawford, 1999; Underhill & Crawford, 2005). The population target minima suggested for
these eight species in Underhill & Crawford (2005) were taken as the 1600 population sizes,
except in the case of African penguins, where the population target minimum of 400 000
individuals is less than a quarter of that of the already exploited 1900 population. In this case the

1900 population of approximately 1 812 700 individuals was assumed in 1600 as well {Crawford
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ef al., 1983). Using the biomass estimate for seabirds in the 1990s southern Benguela model
(2640 t) from Crawford ef al. (1981) and used by Shannon ef al. (2003), and the theoretical
population sizes described above, estimates of the total biomass in 1980 and 1900 were
generated. In 1960 the seabird biomass was taken as 3740 {, approximately 1.42 times greater
than in the 1990s. 1800 and 1600 biomasses were both assumed to be 7920 t, approximately
three times that of the 1990s. Although human impacts on seabird populations are varied, ranging
from exploitation of birds, to habitat modification, guano harvesting and by-catch mortality, only
the effects of direct exploitation in the form of harvesting of eggs or birds themselves can be
taken into account by the model, due to the trophic basis of these models. The harvesting of
penguin eggs and sometimes the birds themselves had been practiced since the arrival of the
first seafaring European visitors to Southern Africa, who used them as provisioning for their ships
(Randall, 1995). Lack of any monitoring or regulation resulted in the loss of a number of breeding
colonies (Crawford et al., 1985), although later the majority of eggs were taken from Dassen
Island near Saldanha Bay, off the west coast of South Africa, with 13 million eggs harvested there
between 1800 and 19830 (Randall, 1989). Records of egg harvests since 1871 are available (Best
et al., 1997). 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 Benguela, as no
indication of origin was available. The potential number of penguins these eggs could have
produced was then calculated assuming hatching success of 0.548 and fledging success of 0.37
(Shannon & Crawford, 1999). Assuming the average mass per individual to be approximately 3.2
kg (Crawford & Whittington, 2005}, removals of seabirds were taken as 7.95 t in 1960 and 60.3 t

in 1900.

2.2.2. Balancing of the models:

2.2.2.1. Biomass:
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Apex chondrichthyans:
The unbalanced 1960s model couid not estimate a biomass of apex chondrichthyans, as this
group is not consumed within the system. The biomass used in the 1978 and 2000s models

(0.045 t km™) was therefore assumed in the 1960, 1900 and 1600 models.

Gelatinous zooplanktor:

Gelatinous zooplankion is likely to be approximately 10-50% of the combined meso- and
macrozooplankton biomass (Shannon, 2001). When the models were allowed to estimated
biomass for this group, estimates for all historic periods fell far below this range, owing to the low
degree to which gelatinous zooplankton is consumed within the system. As the estimate of 5
t/km? used in the 1978 (Shannon et al., 2004b) and 2000s models falls well within these limits for

the three historical periods modelled, this estimate was used for all models.

Hake:

Biomass estimates for hake are only available from 1917 onwards, but the 1917 estimate of 972
000 t of adult hake remains approximately constant from 1817 unil the 1940s (Rademeyer &
Butterworth, 2001). Since biomass estimates provided by the 1900 and 1600 models were far
below the stock assessment model estimates for 18917 ~ 1940 (prior to direct exploitation), the

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

2.2.2.2 Balancing the 1800 model:

EE for all groups was < 1, but as in the 1900 model the biomass of mesopelagic fish (13.6 t.km?)
was conspicuously higher than the estimated maximum for the 1980s. Therefore, the proportion
of mesopelagic fish in the diet of other groups was reduced (see Appendix A., Table A.2 for
balanced diet).

2.2.2.3 Balancing the 1900 model:

Ecotrophic efficiency (EE) of seals was initially calculated as 8.684. The contribution of seals to

the diet of apex chondrichthyans was consequently decreased from 3 to < 1%, while the benthic-
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feeding chondrichthyans and adult horse mackerel components were correspondingly increased
(see Appendix A., Table A.3 for balanced diet). B of mesopelagic fish estimated by the model was
12.738 t.km™, outside the range estimated for this group in the 1980s by Armstrong et al. (1991).
As a result the proportion of mesopelagic fish in the diets of predators was decreased until the
biomass required was inside the upper limit of the suggested biomass for this group

(approximately 10.9 tkm™).

2.2.2.4. Balancing the 1960 model:

The unbalanced model calculated ecotrophic efficiencies of 6.454 and 1.05 for anchovy and seals
respectively. The unbalanced diet was based on the ecosystem as it stood in 1978, at which time
anchovy dominated the small pelagic community. In 1960 sardine were the dominant small
pelagic fish. To account for this shift in abundance, the proportion of anchovy and sardine in the
diets of all predator groups were substituted for one another, so that sardine were consumed in a
greater proportion than anchovy. The EE of anchovy remained > 1 however, and minor
adjustments to its contribution to the diets of its main predators were made to rectify this (see
Appendix A., Table A4 for balanced diet). The contribution of seals to the diet of apex
chondrichthyans was reduced from 3 o 2.5%, with a compensatory increase from 2.5 to 3% in

the proportion of adult horse mackerel consumed.

2.2.3. Network analysis:

Most outputs are estimated by EwE according to the equations outlined in Chapter 1. Network
analyses performed using routines in Ecopath produce indices such as total system throughput
and aggregated trophic level. Total throughput is described by Ulanowicz (1886) as the 'size of
the entire system in terms of flow'. The trophic level (TL) of selected groups was calculated
relative to their biomass contribution in the system as the weighted trophic level (TLw), according

to the following equation:

T

TLw, =TI, (ﬂ]
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where TLw, is the weighted trophic level of group i; TL; is the trophic level of group i, B, is the

biomass of group i; and By is the total biomass of all groups in the model excluding phytoplankton
and detritus (Neira, 2007). TL of the community, excluding detritus and plankionic groups was
calculated, with the TL of each group weighted according to its biomass contribution to the

community. Similarly the TL of the piscivorous groups was also calculated.

2.2.4. Sensitivity analysis:

The sensitivity of the models to their parameters was tested by means of a mixed trophic impact
assessment and sensitivity analysis built into the EwE software. The mixed trophic impact
assessment, initially developed as a measure of interactions within the USA economy by Leontief
(1951) has been adapted for use in ecology (Hannon, 1873), so that the influence of changes in
the biomass of one group on that of other groups in the system can be measured. This process
has been incorporated into Ecopath based on the routine developed by Ulanowicz and Puccia
{1990). Mixed trophic impact in Ecopath is calculated according to the following equation:

MTl; = DC; - FCj;

Where i represents the impacting group, j the impacted group. DC; is the contribution of j to the
diet composition of | and FC;; gives the proportion of predation on | due to | (Christensen ef al,

2000).

The sensitivity analysis routine in Ecopath alters the basic input parameters in 10% steps to
+50% and -50% of their original values. The effects of these alterations are then reported as the

proportion of the original value by which the affected parameter has changed.

2.3. Results:

2.3.1. Internal indices:
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2.3.1.1. Biomass:

The change in biomass of selected groups (some have been aggregated) over the period 1600 -
2000 are presented in Fig. 2.1. The following groups showed an increasing trend in biomass over
time: phytoplankton, micro- and mesozooplankton, anchovy, sardine, chub mackerel, horse
mackerel, snoek, other large pelagic fish, chondrichthyans and seals. Those groups that
demonstrated a decreasing trend include the following: macrozooplankton, benthic producers,
redeye, other small pelagic fish, mesopelagic fish, cephalopods, hake {adult and juvenile),
pelagic- and benthic feeding demersal fish, cetaceans and seabirds. Although a number of
species depicted in Fig. 2.1 that have been impacted either directly or indirectly by fishing actually
show an increasing trend ( sardine, anchovy, horse mackere! and snoek), the biomass of many of
those that have felt the effect of fishing over time has declined (redeye, cephalopods, other
demersal fish, hake, cetaceans and seabirds). In the 1600 and 1900 models, anchovy is the
dominant small pelagic, while sardine biomass was estimated to have been low if the structure of
the small pelagics in the 1978 model is adopted and these diet compositions used as the source
of unbalanced diet composition for 1600 and 1800. Small pelagics communities are characterised
by having one dominant species and one or more much less abundant species at a time, and
though the dominant species can and does change in what are termed ‘regime shifts’
(Schwartzlose ef al., 1899), no evidence exists as to which species dominated during these time-
periods. As a result the diet in 1978, when anchovy happened to be dominant, was used to

determine the relative biomass of each species in 1600 and 1800.

Biomass of the non-planktonic consumers within the system (Fig. 2.2) decreased from <1600
until 1960, subsequently showing a marked increase in the 2000s, resulling in an overall
increasing trend. If one excludes sardine and anchovy from the groups examined, however, the
decreasing trend carries through to the 2000s which show only a small increase in the biomass of

other predator groups since 1960.
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2.3.1.2. Consumption:

The relative consumption of hake, small pelagic fish and horse mackere! by their predatars (Fig
2.3 )was shown to De dominated in all instances by hake itself, although decreasingly with tme in
all three groups., Fer example, 54% of horse mackerel was consumed by hake in the =1800s
modelzs, whereaz in the 2000z meoel. predatory fish (35.3%) consumed almest the same
proportion of horee mackersl as did hake (36.3%} For all three groups, mortalily as a result of
fishing Decame apparent only in the 1980 models, but for these and the 2000s models, fishing
consumed’ a Significant proportion of production. Some 55 % of hake was cannibalised in the
<1800 meoel compared with 3455 in the 2000 model when 14% of hake was esiimated to be
consumed oy fishing, Cephalopods alse played an increasingly significant role in the consurmption

of hake, Deing respensible for 27% of ils censumption in the 20005 medel Hake and predatary



Hake

Small
pelagic fish

Horse
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Figuie 2.3 The proportion of production of the nakes, somll pelage. fisn (ncludes anchavy, sandine, redeye and other small pelames) and Mvse muckéssl [adinll dnd juvenile
combined} cansumed oy their vanous predalon o ihe southem Benyuela for each period modellen.
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fish predated the highest proparians of small pelagic fish in the <1800 madel (55% and 17%
respectively), and although they were stifl the top censumers of this group in the 2000s model it

was by a smaller margin, contributing 3%% and 18% respectively. while fishing consumed 15%.

A compariscn of the consumption of production by Key groups relative to che ancther (Fig. 2.4;
shows small pelagics to be the chief cansumers within the systam. responsible for up to 71% of
cansumptian in the 20008 medel, Mesapelaaic fish contnbuted the highest consumption of any
singie group followsd by sarding, Consurngtion by top predators such as saabirds and marine

marnmais remained low in all madels.
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2.3.1.3. Trophic level!

The trapaic levels {TLs) of all groups inthe <1600, 1900, 1960 and 20008 models are presented
in Takie 22 Wost groups mantained similar Tls lhroughou! the models, although those aof
cephaiopads, all hake groups. and seals were marginally lower in 2000 than in the 1600 model,

while that of chuk mackerel was marginally higher.

Table 22 Cotieated trapme lovel of gach aroup in tho soulhcem Seagquala fae 1600, 1500, 1940 ard

the 000

Group e 1200 1RG0 2000
Fhylaplanklsn 1 i | |
Eemhiz producems 1 1 1 1
Flicrozaaplankton 205 2105 ZI15 2405
kacs azaoplankl G 2 B H R0 53
R Beoaplar ko Ak wak voEl 7ol
Cizlatirous zooplartkion 329 s R L
Mnchoyy 354 54 354 354
Sardire Hai 250 251 251
Hedrye 3.5 AB6 266 266
Cithar smail pelagiss 2b LR S B 3B
Chuh mackers’ 407 4.01 4 <. 0
Juverilz harze mackerel 351 381 351 351
Auit naree nackerai A7 e na hTE
Ecsapaiagic fisn 473 S A P
Soek 4 54 454 4.25 4.5
[thar larne pelagics £ 4.51 4.43 4 57
Cephalopodsz I 353 Al 381
=rait M capensis 27 4.17 A0 L: 2|
La-pz Mcapenss 475 4 78 4 56 4 G5
Sl W paraoosies 4.Mm 4.03 348 4,07
Larnz & paradoxis 4 62 4,151 4.5 4,57
Poiage-Teedirg uamersais AT 417 416 417
Berthic-fepuing demarsals 143 246 246 .46
Peiag c-ieeding coondrickthyans £ 97 467 4.54 4.896
Benthic fzecirg chordricmbvars 356 3.56 3.56 356
Apex ol pranchiaans 4k 4,77 474 44
=eals 4.3 474 4.5/ 4 55
Cetaccars 414 4.5 4.6 4.58
Soabicds 4 .58 i G 4565 4 .35
M rabienthog 2 7 Z v
Maroherthos 216 Z1B 216 Z216
Cretnius 1 1 1 1
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2.3.1.4, Fishing:

The total catck the contribulion by various species and mean TL of catch are skown in Fig. 2.7,
3.50 + km® of biomass were removed annually from he southern Bengusla by fishing during the
2000s, compared with 2.75 tkm” in 1960 and 0.02 tkm” in 1900 Sardine constiuled the
greatest proportion of landings in 1880 (1.45 Lkm 7} Whie stll the secand largest constituent of
catch in the 20008 witk 0.591  km * landed, sarding had in the interim (1970s and 1980s) been
avartaken by anchovy and in the 2000s 117 Lkm” anchavy was landed annaally, Hake (bath
species] were landed in similar quantities in 1960 (0 73 tkm™) and the 2000s (072 tkm™),
although in 1880 landings consisted entirely of large heke and oy the 2000s small hake also
formed part of the catch, The average trophic leve: of the catch dropoed from 4.52 in 1900, to

3 530 1860, increasing slightly to 3 83 by tha 2000s
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Figura 27 Tata remavals and catch compesiion By grous for cach of the pedads modalled. The inear 7L ul

the catch is irdicated abowe the calume depicting total catch for that modal.

42



2.3.1.5. Mortality:
An 1800, fishing comprised a fairly substantial proportion of the mortality of large pelagic fish and seals,
and by 19860 fishing mortality (F) was playing a more significant role in the overall mortality of many
species, such as hake (large M. capensis and to a greater extent large M. paradoxus), sardine, chub
mackerel and horse mackerel (see Fig. 2.8 for coefficients of mortality). The pattern in the 2000s was
similar to 1960, with snoek, other large pelagics and large hakes still having the greatest proportions of
mortality resulting from fishing. On the other hand, the proportion of chub mackere! and sardine mortality
ascribed to fishing had dropped by the 2000s. A number of previously unexploited species (e.g. small
hakes and horse mackerel, anchovy, redeye, other small pelagic fish, pelagic-feeding demersal fish)
began to show a relatively low proportion of fishing mortality in the 2000s. Although a high proportion of
predation mortality is expected, this must alsc be considered to some extent an artefact of the high EE

(95%) applied to most groups,

2.3.2. System indices:
Table 2.3 shows the summary statistics for the models. Total biomass, consumption, throughput,
production and respiratory flows all decreased from <1600 to 1960 and then increased again to varying

degrees in the 2000s. Exports (catches, emigration, or consumption by predators not resident in the

system) (Christensen,ef al., 2000) and flows to detritus both show the inverse — increasing from <1600 to
1960, after which they decrease in the 2000s. Net primary production decreased from <1600 to a minimum
in the 2000s. Finn's cycling index, shown in Fig. 2.9, decreased from the <1600 model to 1960, increasing
to a maximum in the 2000s model. The same pattern was exhibited by Finn's mean path length (Fig. 2.9).
Shannon's and Simpson's diversity indices both showed similar results, decreasing from 1600 to 1960, then
increasing again in the 2000s, although in both cases not {o the same level as the 1600 model (Fig. 2.10).
Transfer efficiency (TE) between trophic levels was constant in the 1600 and 1900 models. TE's in the 1960
model followed the same pattern, then increased at higher TLs. TE's in the 200s model were the lowest at
low TlLs, then increased to match those of the 1960 model between the higher Tls. Odum (1985)
suggested a suite of indices to be used as an indication of whether or not a system is stressed. Selected

indices and the expected and actual trends from the 1800 model until the
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Fath length

Table 2.5 Surmmary slatistics for 2ach scuthem Benguels model Al stalisiics are o tkm™ ™, cxcopt for

Hinrnas s which s in Lkm=

Sum aof all exporis

Sum of all preduction

i o 1600 1900 1960
Total biomass {exchuding detritus) 230 214 187
Sum of all consumption 74549 7362 HOG2
A 2053 o124
Sum of all flows into detritus 10718 10759 10955
Tatal system throughput 30850 30083 2TH8T
13830 13778 13084
Sum of all respiratory flows 4244 3410 2748
Calculated total net primary production TR 11562 11870
3 -
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present. as well as between each successive model, are displayed in Fig. 2.11. Only the overall
trend in comrmunity respiraticn and diversity indices are those expected of 3 stressed ecosystem.
In most cases however the trend from 1600- 1900 and 1900-1960 are those of a stressed
systern, and opposite tc the trend from 1960- 2000s. which for the most part exhibits the same

trend as found overall.
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2.3.3. Sensitivity analyses:

Results from the mixed trophic impact assessment are presented in Appendix A., Figs 1-4. In all
models the dominant small pelagic of the time had relatively large impacts on other groups, for
the most part negative except with regard to the large pelagics and top predators which prey on
them. The hake groups also had significant impacts on other groups, the majority of which were
negative. As fishing became more prevalent in 19680 and the 2000s, it also had a noliceable
impact on other groups. The larger of these impacts were negative and on those groups targeted
by fishing, although the fisheries did exert positive impacts on groups such as juvenile horse
mackerel, mesopelagic fish and the small hake groups. In the 2000s the fisheries exerted the

iargest influence over other groups.

The sensitivity analysis performed on each model showed that groups having a strong influence
were relatively few whilst those affected were more numerous. Effects were considered 'strong’ if
a 40% or more change in the value of the estimated parameter was triggered by the change in
the original parameter, In ali but the 2000s model, pelagic chondrichthyans had a very strong
influence on almost all other groups apart from top predators when its Q/B was increased by even
10%. Similarly, demersal-feeding chondrichthyans also had a wide-ranging influence in the same
models, but only after input parameters, specifically P/B and Q/B, were altered by a minimum of
20%. Groups whose input parameters that had a significant influence on other parameters and
the groups affected by each are listed in Table 2.4. For the full results of the sensitivity analysis

including which parameters were affected see Appendix A., Tables A.8-11.

2.4. Discussion:

2.4.1. Internal indices:
The biomasses from the models appear to suggest that while top predators may have
experienced a decline since their pristine levels, this is not necessarily true for those groups

operating at lower trophic levels, namely the small pelagics. Sardine and anchovy biomasses in
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Table 2.4: Resulls 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 4960 2000s
Microzooplankton Phytoplankion Phytoplankton Phytoplankton Phytoplankton
Mesozooplankton Phytoplankton Phytoplankton Phytoplankton -

Microzooplankion Microzooplankton -
Macrozooplankton - Microzooplankton Phytoplankton Phytoplankton
- Mesozooplankton Microzooplankton Microzooplankion
- - - Mesozooplankion
Meiobenthos - - - Benthic producers
Macrobenthos Meiobenthos Meicbenthos Meiobenthos Benthic producers
Cephalopods Meiobenthos Meiobenthos small hakes Juvenile horse mackere!
Macrobenthos Macrobenthos - -
Benthicfeeding demersals | Meiobenthos Meiobenthos Meiobenthos Melobenthos
Macrobenthos Macrobenthos Macrobenthos Macrobenthos
- - Pelagic-feeding demersals Benthic producers
Benthic-feeding
. - chondrichthyans -
Pelagic-feeding Pelagic-feeding
Apex chondrichthyans Other large pelagic fish chondrichthyans chondrichthyans Cetaceans
Benthic-feeding
Pelagic-feeding chondrichthyans | Celaceans chondrichthyans -

Benthic-feeding chondrichthyans
Cetaceans




the southern Benguela have in recent years reached extraordinarily high levels, approximately
three times that estimated for the 1880s, and not thought to be sustainable (Shannon et al,
2004b). Nonetheless as the comparisons made in this thesis cover the time period from ‘pristine
state’ to the current condition of the system, these unusually high biomasses have been included
in the analyses, but should not prevent the observation of the underlying trends. For example, if
sardine and anchovy are excluded when considering total non-planktonic biomass (Fig. 2.2) the
increasing trend initially observed falls away and the biomass of predators within the models can
be seen to have decreased since the pristine state. The decreased proportion of predation on
important groups attributable to 'natural’ predators e.g. hakes as opposed to fishing (Fig. 2.3) and
the declining weighted trophic levels of predator groups (Fig. 2.5) are all symptomatic of the
decline in predator biomass. While the biomass of the majority of fished groups in the models did
decrease towards the present, as mentioned above the same cannot be said for the small
pelagics. Evidence of ‘wasp-waisted’ control of trophic interactions by small pelagic fish has been
postulated for some of the upwelling systems of which they are characteristic, e.g. Humboldt and
Benguela Current systems (Cury el al., 2000, Cury ef al., 2005a). ‘Wasp-waist’ control is the term
used for trophic flow control where a trophically intermediate group, small pelagic fish,
concurrently exerts top-down control on the lower trophic levels, such as zooplankton, and
bottom-up control on top predators including fishers (Cury ef al., 2000). The recruitment of pelagic
fish themselves is influenced by food availability and physical processes, environmental factors
being seen as the major determinants (Bakun, 1996, Cury ef al., 2000). It is therefore unlikely that
these increases in biomass result either directly or indirectly from fishing or the management
thereof, but rather as a result of fluctuations in the state of the physical environment. The larger
biomasses of several groups in the 2000s may also in part reflect the fact that biomasses in
earlier periods modelled are conservative estimates of the minimum biomasses required to
sustain catches and predation in earlier models, whereas actual biomass estimates are available
for several groups in the 2000s model. The lower fishing mortality of groups such as chub
mackerel and sardine in the 2000s are explained to some extent by the unconstrained nature of

the biomass inputs in the 2000s model versus those estimated for 1960. Although a decrease in
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the relative abundance of small pelagics versus demersal fish and small pelagic predators in the
southern Benguela over the 1980s and 1990s has been shown (Cury ef al, 2005b), this is
representative of a much shorter time-scale, and thus is not necessarily contradictory of the

increase in planktivorous fish relative to predatory fish portrayed here.

The changing patterns in the consumption of groups such as the hakes (Fig. 2.3) reflect the onset of the
influence of fishing as a ‘predator and the more recent increase in small pelagic biomass and are
compounded by the concurrent, although lesser, declines in biomass of other predators. The increasing
contribution of small pelagics to the consumption within the systern may be indicative of the increasing
prevalence of lower trophic level groups as the proportion of higher level predators declines, largely due
to fishing. Evidence of a change in the structure of an ecosystem such as this can be found in the mean
trophic level (TL) of the fish landed by fisheries operating in the region (Pauly & Palomares, 2005). This
phenomenon, otherwise known as ‘fishing down the marine food web’ (Pauly et al, 1998) has been
shown to occur globally in areas that have a history of fishing activity (Pauly & Palomares, 2005). In the
southern Benguela this effect has been exaggerated by the abundance of both sardine and anchovy in
the first half of the 2000s and their resulting increased contribution to overall landings. The small
increase in mean TL of the caich between 1960 and the 2000s can be attributed to the increased
contribution of anchovy, which operates at a slightly higher TL than the previous mainstay of the fishery,
sardine, to small pelagic landings. Decreasing TL of catch over time could be explained merely as a
change in the focus of fisheries from longer lived species operating at higher trophic levels (e.g. snoek,
other large pelagics) to smaller, shorter lived species such as sardine and anchovy, and not necessarily
a symptom of changes in the food web structure. If this were the case however, the declining trophic
level of the catch would be accompanied by an increase in biomass removed, which certainly occurs
from the 1900 model to the 2000s. Even considering the removals by whaling, which have not been
included in these models due to the lack of trophic involvement of harvested whale species in the
system, total biomass removed has drastically increased since the early 1900s (Griffiths et al, 2004).
The marked decline in the mean TL of both the community as a whole (excl. detritus and planktonic

groups) and the piscivorous community (Fig. 2.6), particularly from 1800 to 1960, also appears to
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support the idea that smaller, shorter-lived species have become more predominant since the advent of
industrial fishing. The decline in community TL from 1960 to the 2000s may be explained as an
increase in the B of lower TL groups such as the small pelagic fish, rather than a decrease in that of the
larger predators, and hence the pattern was not repeated in the piscivorous groups whose Tl remained
constant over this period. The same cannot be said for the period from 1900 to 1960 however, as no
increase in small pelagic B accompanied this lowering of the community TL. While conclusive evidence
of fishing down of the food web may not be forthcoming from catch statistics, and in any event one
cannot use evidence from the fishery alone as proof of a change in ecosystem structure without far
more data than was available for this study, if the declining biomass and TL of predators as estimated
by the models is also considered it would seem that system-level changes have indeed occurred in the
southern Benguela. This increased abundance of r-strategy species, shorter lived and of a smaller size,
are also symptomatic of an ecosystem under stress (Odum, 1885). The marked differences in many
indices over the period 1900 to the present would seem to implicate fishing either directly or indirectly
as a major stressor and significant instigator of these changes. Large-scale changes in the southern
Benguela, specifically with regard to zooplankton and small pelagic abundance, have been recorded
since the 1950s (Verheye et al., 1998; Verheye ef al., 1998; Schwarizlose ef al, 18998). These changes
in the abundance and structure of the small pelagic fish community have in turn been linked 1o
fluctuations in and changes to the diet composition of seabird populations and large pelagic predators
{Crawford & Dyer, 1995; Crawford & Jahnke, 1999) as well as changes in the diet composition of
predators such as snoek. Although fishing pressure has been modified many times over this peried,
this has not been the only variable — evidence that environmental forcing has been instrumental in
these changes in community structure is also available. Increased upwelling over this period is thought
to have resulted in the increase in zooplankton abundance observed on the west coast of South Africa
since the 1950s (Verheye ef al., 1998). Different physical conditions result in divergent phytoplankton
size structure and hence distinctive zooplankton community structures (Mitchell-Innes & Pitcher, 1992,
Painting ef al, 1993). Differences in diet between sardine and anchovy mean that an environment
dominated by smaller cyclopoid copepods would favour sardine, while one where large calanoid

copepods were abundant would favour anchovy (Van der Lingen et al,, 2008a). It is therefore possible
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that physical changes in the environment have been responsible for the changes in sardine and
anchovy abundance in the southern Benguela via bottom-up effects. Verheye ef al (1998), however,
suggest that the increasing dominance of larger zooplankton was rather a result of top-down feeding
pressure by the higher sardine population at the time on smaller zooplankton, The latter argument

would imply a greater role to be played by fisheries in the structuring of the ecosystem.

2.4.2. System indices:

Although total biomass displayed an increasing trend from 1600 to present, this is an artefact of the
extremely high small pelagic biomass of the early 2000s and model assumptions which restrict biomass
of many groups in earlier models (i.e. high EE). Although the high biomass in the 2000s should not be
ignored, comparisons with previous biomasses do not allow for a representative portrayal of changes
within the system. The substantial decline in estimated total biomass from 1600 to 1960 possibly gives
a more accurate, or at the least more explicit impression of the general trend. It should be noted
however that even excluding the extreme small pelagic biomasses of late, the trend in total biomass
from 1600 to the 1980s or 1990s, while still negative, is less pronounced than from 1600 to 1960,
following the slow recovery of small pelagic stocks over these decades. Finn's mean path length was
positively linked by Odum (1969) to system maturity. The decline in mean path length (Fig. 2.8} displays
the expected trend of increasing stress and decreasing maturity from pristine state to the 1960s as
fishing became a factor and food chains shorten as top predator abundance declines (Odum, 1985).
The opposite trend from 1860 to the 2000s, as in many indices considered, is much stronger and again
results in an overall positive trend, suggesting that the 2000s system is more mature than the pristine
1600 system. Nutrient cycling within the system follows the same pattern (Finn's cycling index, Fig.
2.8), also displaying the expected response to stress as proposed by Odum (1985) until 1960, then
reversing for the 2000s. This interpretation of this index is unclear however, with Wulff and Ulanowicz
(1989) suggesting that cycling may in fact be reduced as system maturity increases. Lower TE's
between low TLs in the 2000s model may be ascribed to the high B found at these levels compared to
higher TLs. Similarly the higher TE between higher TLS for bith the 1960 and 2000s model may reflect

the lower relative B at these higher levels when compared to earlier models.
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With few exceptions, the community indices examined in Fig. 2.11 between the 1600 and 1800
models and the 1800 and 1960 models display trends expected of stressed ecosystems,
according to Odum (1985), where stress is defined as a 'detrimental or disorganising influence’.
Although other stresses, of environmental origin, have doubtless been brought to bear upon the
system over this time period, in all likelihood they either occurred over too short a time-scale to be
distinguishable here, or are outside of the capabilities of & mass-balanced modelling routine such
as Ecopath to adequately describe. As a result, any evidence of stress detected from the models
is considered to be a result of fishing pressure. When one observes the overall trend from pristine
to present, however, the southern Benguela does not appear ‘stressed’ as such. The opposite in
fact — for the most part indicators suggests that the ecosystem has not been negatively affected
since its pristine state. This unexpected result can largely be ascribed to the overriding influence
of the anomalous 2000s system. The recovery and subsequent overabundance of the small
pelagics in recent years appears to have masked the impacts of fishing as a stress. As other
changes within the system were evident in the models, such as the altered community structure
and the increased influence of fishing, it seems both intuitively and empirically unlikely that the
system has ‘recovered from any impacts of fishing, especially when considering that the
weighted community TL and that of piscivorous groups declined markedly by 1960 and has not
increased since. Rather it seems more probable that the system is reacting either to an absence
of top predators reduced by fishing, or, more likely, to environmental forcing. Increased
zooplankton biomass (Verheye ef al, 1998, Verheye and Richardson 1898) and hence prey
availability has been suggested as a driving factor, although whether this itself was a result of
environmental forcing or top-down control by the heavily fished small pelagic groups is uncertain
(Verheye ef al., 1998, Shannon et al., 2004c). Included in the few indices not to have recovered
themselves in the 2000s were the diversity indices. Species diversity has declined, one of

Odum’s (1985} indicators of a stressed system.
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2.4.3. Sensitivity analysis;

From the mixed trophic impact assessment and sensitivity analysis performed it seems that while
some influential groups such as the small pelagic fish, hake, and the fisheries are fairly well
known, estimates of others that have a notable impact on the rest of the system are less robust.

Negative impacts by the dominant small pelagic fish of the time on many groups reflect either

direct or indirect competition, while positive effects affected their predators. Positive impacts by

fishing on groups such as juvenile horse mackerel, mesopelagic fish and the small hakes
itlustrate how these groups benefit from reduced predation pressure as a result of removal of
predatory fish through fishing. More accurate input data for groups such as zooplankton,
cephalopods, demersal fish and chondrichthyans, although sadly unavailable for historical
purposes, could be very useful in reducing some of the uncertainty inherently involved in the

building of these models.

2.4.4. Conclusions:

The effect of man on the southern Benguela at an ecosystem level may not be as drastic as
those observable fluctuations experienced by individual species, but it is evident nonetheless.
Biomass at higher trophic levels has declined while that of species operating at low trophic level
has in some cases increased. Fishing has become an important predator within the system,
taking over the consumption of a proportion of the production of groups such as small pelagics
and horse mackerel from declined predator groups such as hake. The biomass per trophic level is
lower in later models than in the pristine with the exception of the 2000s model, where high small
pelagic biomass also affected higher trophic levels. This is fo be expected in the southern
Benguela, like other upwelling systems, where small pelagics exert ‘wasp-waisted’ control over
groups at both lower and higher trophic levels than themselves (Cury ef al., 2000). The trophic
level of the catch has decreased drastically from 1900 to 1960, as fishing became industrialised
and new fisheries were introduced, and the biomass removed has increased. Catches have
diversified, although in the 1980 and 2000s models, after the commencement of purse-seine

operations in the 1950s, by far the majority of the catch comprised small pelagics. While total
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system biomass has increased, species diversity has not, reflecting the increasing prevalence of

the low trophic level r-selected species.

The focus of this investigation has been on the impacts of fishing rather than environmental
factors. Fishing pressure has obviously played a major role in the ecosystem structure over the
past century, but can by no means be perceived as the only factor affecting the system. Physical
and environmental dynamics have been shifting ecosystem structure for centuries and will
continue to do so. In fact, Odum (1985) suggests that a stressed ecosystem would be more
susceptible to the effects of environmental changes. The collapse of small pelagic stocks could in
fact lead to a shift in trophic control toward a bottom-up driven system, which would be more
influenced by environmental fluctuations than the wasp-waist control system thought to operate in
many upwelling systems (Shannon el al., submitted). If this is the case, the southern Benguela

today may be more at the mercy of its environment than ever.
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Chapter 3

Retrospective models of the Northern Benguela

3.1. Introduction:

3.1.1. The northern Benguela ecosystem:

The Northern Benguela is considered to extend from the Angola-Benguela front at 14°S (although
it does shift between 14° and 17°S seasonally), southwards to approximately 29°8, the vicinity of
the perennial Lideritz upwelling cell. it thus covers an area of about 179 000 km? (Shannon,
1985; Roux & Shannon, 2004). Upwelling in the northern Benguela is perennial and maximum in
late winter and spring (Shannon, 1985). The region experiences large-scale environmental
variability known as Benguela Ninds, similar to the El Nind effect and originating in the tropics,
when warmer water is introduced onto the shelf (Shannon ef al, 1988; Boyd ef al, 1987).
Documented Benguela Nind events have taken place in 1963, 1884 and 1888 (Gammelsrod ef
al., 1998). As in the southern Benguela, the northern Benguela was in the past characterised by
a high biomass of small pelagic fish species, mainly sardine, anchovy. The pelagic goby
Sufflogobius bibarbatus is also abundant, unlike in the southern Benguela, where redeye is the
third most abundant small pelagic. Important commercial stocks included sardine prior to the

1870s, hake, and horse mackerel, which currently constitute the bulk of the catch.

3.1.2. Exploitation in the four epochs examined:

3.4.2.1. Pre-contact and aboriginal era (<1600):

As in the southern Benguela, although humans were present in the Benguela during this period

(see Chapter 2), exploitation tock the form of utilization of the coastal zone and beach-cast
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mammals (Parkington, 2001). Any anthropogenic impact these activities had on marine species is

thus not considered significant.

3.1.2. Pre-industrial era: (1750-1910):

Commercial use of resources in the northern Benguela began as colonists moved up the west
coast from the Cape in the 18" century. Early exploitation concentrated on seals, but soon after
there was an increased effort in whaling and exploitation of seabirds through the 18"™ and 19"
centuries. The 1700s saw the arrival of both European and American whalers and sealers and
colonisers in the form of the Dutch East India Company (DEIC). The Dutch initiated whaling, of
first right whales and later sperm whales, in the 1720s near Walvis Bay (Best ef al., 1997). By the
end of the 18th century, almost 150 years after the DEIC had set up a permanent settlement in
Table Bay, their sphere of influence had expanded to include Walvis Bay, Lideritz, and three
other bays north of the Orange River. The British succeeded the DEIC in 1809 and went on fo
include in their territory the mainland south of the Orange River, then all the present-day
Namibian islands, and finally Walvis Bay by 1879. Germany then took control of the current
mainland Namibia (from the Orange to the Cunene Rivers) in 1884,

Records of sealing only exist from 1900, and though the government regulated harvests from
islands from 1903, private sealing at Cape Cross persisted unconstrained until the 1970s (Best ef
al., 1997). While the majority of African penguin eggs harvested on the west coast of southern
Africa during the late 1800s and early 1900s originated from the southern Benguela, some
harvesting activities can be assumed to have taken place in the northern Benguela, as the
colonisers moved north. Another activity initiated over this period and which impacted seabird
populations heavily was the harvesting of guano. Guano harvests began at Ichaboe Island in
1843 (Best et al,, 1997), around the same time that the linefishery in the northern Benguela,

largely targeting snoek (Thyrsites atun), commenced (Griffiths ef al., 2004).
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3.1.3. industrial era (1910-1980):

In 1910 the Union of South Africa took over power from the British in the south. The Union of
South Africa subsequently became the first ruling power to acquire authority over the whole
Benguela in 1915, after taking over rule of German South West Africa in the First World War.
Sealing and the collection of guano and penguin eggs continued over this period, although seal
harvests were now regulated by the government (Roux & Shannon, 2004). Purse-seine fisheries
began operating on a large scale in the Benguela after World War Hl, and sardine was initially
targeted in both the northern and southern Benguela. After South African stocks collapsed in the
1960s, even more pressure was put on the northern sardine stocks, contributing to the decline in
catches after 1968, and ultimately the collapse of the stock in the late 1970s (Griffiths ef al,
2004). As in South Africa, this resulted in a change of focus of the fishery to anchovy (E.
encrasicolus) by way of a decrease of net mesh sizes (Griffiths ef al, 2004). Anchovy and
juvenile horse mackerel subsequently dominated purse-seine catches (Roux & Shannon, 2004).
The hake fishery, targeting the same species as the southern Benguela fishery (M. paradoxus
and M. capensis), started in the 1960s after Japanese and Spanish fleets discovered larger
stocks off present-day Namibia than those being fished off South Africa (Gordoa et al., 1895). As
hake stocks began to decline in the 1970s, however, some effort was directed by the mid-water
trawl fishery at horse mackerel. Sealing continued over this period, becoming totally privatised by
the early 1970s, and saw the introduction of TACs in 1974 after sufficient data on the sizes of
colonies had been gathered (Shaughnessy, 1984, Griffiths ef al, 2004). Although guano was
harvested throughout this period, these resources began to decline in the 1970s, after the
collapse of the Namibian sardine stocks and disturbance of colonies began to result in severe
declines in populations of seabirds such as the Cape gannet (Morus capensis), Cape cormorants
(Phalacrocorax capensis) and African penguins (Spheniscus demersus) (Berruti, 1989; Roux &

Shannon, 2004).

3.1.4. Post industrial era (1978- present):
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Namibia gained independence in 1980, and since Walvis Bay was returned to Namibia by South
Africa in 1994 the northern Benguela has been under Namibian administration. An EEZ could
only be declared in the northern Benguela in 1980, after Namibia's independence made it an
internationally recognized government, although reduced catches of species such as the hakes
had discouraged some international effort prior to this (Griffiths of al., 2004). Despite the rapid
adoption of management and resource rebuilding strategies after 1990, resources failed to show
significant signs of recovery, at least partly due to the environmental effects resulting from the
1995 Benguela Nifio and other events experienced in the 1890s (Roux & Shannon, 2004).
Sardine has remained at low levels following the collapse of the stock in the 1970s, and anchovy
has not displayed a compensatory increase (Griffiths ef al, 2004). Catches of approximately
500000 t of horse mackerel over the 1880s made this species the largest contributor to landings
off Namibia at the time (Bovyer & Hampton, 2001). A small-scale longline fishery for hake was
initiated in the 1980s and continues to operate (Griffiths ef al, 2004). After having been re-
privatized in 1976, harvesting of guano on the islands off Namibia was discontinued in the 1990s,
although it is still collected on a small scale from platforms constructed for this purpose off the
coast from the 1930s (Best af al, 1897). In contrast to South Africa, Namibian harvest of seals

continues at Cape Cross and Luderitz.

3.2. Methods:

3.2.1. Model construction:

Models were constructed based on that of Roux & Shannon (2004) for the 1990s, using Ecopath
with Ecosim software (see Chapter 1) (Walters ef al, 1997; Christensen ef al, 2000). Where
values for P/B and Q/B are given, these are used in all periods modelled. Unaltered initial diet
composition for all groups (Appendix B., Table B.1} was obtained from the 1990s EwE model
(Roux & Shannon, 2004). Input parameters are in line with those suggested in Moloney & Jarre

(2003) so as to be comparable to models of other upwelling systems.
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3.2.1.1. Input data by group for 1600, 1800 & 1870:

1.) Phytoplankton: Phytoplankion B of 214.29 t. km? used in the 1971-1977 Ecopath model of
the northern Benguela (Jarre-Teichmann et al., 1998) was assumed for the 1970 model. B in
1900 and 1800 is unknown, and in the absence of any other estimates the average of that used in
the existing 1970s, 1980s and 1990s models (Jarre-Teichmann et al, 1998; Shannon & Jarre-
Teichmann, 1999; Roux & Shannon, 2004), calculated as 207.2 t.km? was assumed in these
models. A P/B of 35.7 y‘1 was used instead of the original estimate (Brown ef al,, 1891) of 774y
1

, as adjusted in Shannon (2001) and Shannon and Jarre-Teichmann (1999), to account for

particulate dissolved organic carbon.

2-5.) Micro-, meso- and macro- and gelatinous zooplankion: As in the southern Benguela and existing
northern Benguela models (Jarre-Teichmann ef al, 1998, Shannon ef al., 2003), zooplankton was
divided into four discrete groups. Microzooplankton comprises nanoflagellates, ciliates, and
zooplankton larvae with an equivalent spherical diameter of 2 — 200 um. A P/B of 482 y" as estimated
from Brown et al. (1981) and Painting ef al. (1982) by Shannon (2001) and a Q/B ratio of 1928 y'
(Roux & Shannon, 2004) were used. U was assumed {0 be 20% (Stoeker, 1984). Mesozooplankton
included copepods of 200 - 2000 um diameter. A P/B of 40 y' (Hutchings ef al., 1991), Q/B of 133.333
y"' (Shannon & Jarre-Teichmann, 1999), and U of 35% (Probyn et al., 1990; Verheye et al., 1992) were
assumed. Macrozooplankton primarily consists of euphausiids of 2 - 20 mm, although amphipods, fish
larvae, and similar groups are also included. A P/B of 13y {(Hutchings ef al., 1991), Q/B of 31.707 y'1
(Shannon & Jarre-Teichmann, 1899), and U of 35% (Jarre-Teichmann et al., 1998) were assumed. The
fourth zooplankion group modelled was gelatinous zooplankton, which included Cnidaria, Ctenophora,
tunicates and chaetognaths. A P/B of 0.44 y" (Shannon, 2001), Q/B of 1.467 y‘1 (Roux & Shannon,
2004) and U of 20% (Purcell, 1983) were assumed in all models. As no estimates were available, a

minimum biomass for all zooplankion groups was estimated assuming an EE of 0.999 for all
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zooplankton groups excepting gelatinous zooplankton. Due to the low utilisation of this group within the

system, an EE of 0.5 was assumed.

6&7.) Benthos: No estimates of B for either meio- or macrobenthos were available, so mimimum B was
estimated by the model assuming an EE of 0.99% for all periods modelled. P/B and P/Q were assumed
as 8y and 33 y" and 1.2 y' and 10 y" for meio- and macrobenthos respectively, as adopted by

Roux & Shannon (2004).

8.} Anchovy. No B approximations for Cape anchovy (Engraulis encrasicolus) were available in the
northern Benguela for 1970, 1800 or 1600, so biomass was estimated in all models assuming an EE of
0.999. PIB(1.8 y") and Q/B (18 y) were assumed to be the same as in the 1990s (Roux & Shannon,
2004). Anchovy was not initially targeted by the purse-seine fishery in the northern Benguela, which
started in the 1950s and which focused predominantly on sardine Sardinops sagax. Anchovy were only
recorded in the catch from the late 1960s, after sardine catches began to decline and smaller net mesh
sizes were introduced. As a result no landings of anchovy are included in the 1900 or 1600 models, and

170 000 t were included in the 1870 model (Griffiths ef al., 2004).

9.) Sardine: The mainstay of the early Namibian purse-seine fishery, B of the sardine Sardinops sagax
was estimated as 1 465 000 t in 1970 (Boyer & Hampton, 2001). For the 1900 and 1600 models, the
earliest B estimate available was used (6 330 000t) (Griffiths ef al, 2004), as it pre-dated fishing on this
stock. minimum likely biomass was estimated assuming an EE of 0.999. P/B (1.35 y') and Q/B (14 y™)
ratios assumed were the same as those used in the 1980s model (Roux & Shannon, 2004). Landings in

1970 were recorded as 535 000 t (Griffiths ef al., 2004). No catches were made in 1200.

10.) Pelagic goby. The pelagic goby Sufflogobius bibarbatus, although incorporated into the
‘Other small pelagic fish' group in the southern Benguela models, is more prolific in the northern
Benguela and for purposes of model aggregation, takes the place of redeye round herring, which

stands as its own group in the southern Benguela but has been added into the northern models’
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‘Other small pelagic fish’ group. No B estimates are available for pelagic goby in any of the years
modelled, so biomass was estimated in all models assuming an EE of 0.999. P/B (0.9 y“‘) and
Q/B (9.0 y') were assumed to be the same as in the 1990s in all other models (Roux & Shannon

2004). No landings of pelagic goby were recorded for any of the periods modelled.

11.} Mesopelagic fish: The lanternfish Lampanyctodes hectoris and the lightfish Maurolicus
muelleri were grouped as the mesopelagic fish group. No B estimates are available for either
species for the time periods modelled, so biomass was estimated in all models assuming an EE
of 0.999. P/B (1.23 y") and Q/B (12.3 y") and U (35%) for all periods modelled were obtained
from Roux & Shannon (2004). No landings of either species are recorded prior to the 1970s

(Crawford et al., 1987).

12.) Cephalopods: The squids Loligo spp. and Todarodes spp. comprise the majority of the
cephalopod group in the northern Benguela. No B approximations were available for this group in
1960, 1800 or 1600, therefore biomass was estimated in all models assuming an EE of 0.999.
PIB (1.5 y"), Q/B (15.0 y") and U (20%) were obtained from Roux & Shannon (2004) and
assumed the same in 1960, 1900 and 1600. With the squid fishery only taking off in the 1870s, no

landings were included in the 1970 model, nor in the 1900 or 1800 models.

13.) Other small pelagics: Saury Scomberesox saurus, flying fish Exocoetidae and round herring
or redeye Efrumeus whiteheadi are the less prolific small pelagic fish species in the northern
Benguela and are combined in the ‘Other small pelagics’ group, as in other northern Benguela
models (Heymans ef al, 2004; Shannon & Jarre-Teichmann, 1999). No biomasses for these
species are available for 1960, 1900 or 1600, therefore B was estimated in all models assuming
an EE of 0.999. P/B (0.958 y"') and Q/B (9.349 y™") ratios were obtained from Roux & Shannon
(2004). No landings of these species are recorded for any of these species prior to the 1970s

(Crawford et al., 1987).
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14 & 15.) Horse mackerel: No estimate of B for either juvenile or adult horse mackerel (Trachurus
trachurus capensis) were available, therefore B was estimated in all models assuming an EE of
0.999. P/B (1.2 & 0.8 y") and Q/B (10 & 5.3 y‘1) for juvenile and adult groups respectively were
obtained from Roux & Shannon (2004). Horse mackerel were only landed off Namibia from 1961
onwards (Crawford et al,, 1987), and no significant catches were made in 1900 or 1600. 51 400 t

of adult horse mackerel are recorded in 1970 (Crawford et al., 1987).

16.) Large pelagics: This group includes tuna Thunnus spp., snoek Thyrsites atun and kob
Agyrosomus inodorus. No biomass approximations were available for these species in 1870,
1900 or 1800; biomass was estimated in all models assuming an EE for the group of 0.999. P /B
(0.5y") Q/B (5y") and U (20%) were obtained from the 1990s model (Roux & Shannon, 2004)
and assumed to be the same in all models. Landings of 1160 t of snoek and 800 t of kob were

recorded in the northern Benguela in 1970 (Crawford et al,, 1987).

17—19.) Hake: Two species of hake occur in the Benguela, namely the shallow water Cape hake
Merluccius capensis occurring at an everage depth of 380 m, and the deep water Cape hake M.
paradoxus, found at depths of 150 — 800 m (Payne, 1989). Make were modelled as three discrete
groups with regard to size and species: small M. capensis (0-2 yrs), large M. capensis, and large
M. paradoxus, to allow for cannibalism and differences in diet between small and large hakes
(Shannon, 2001). Small M. paradoxus was excluded from the northern Benguela models, as
stocks are thought to be located in the southern Benguela, only migrating north later in life (Roux
& Shannon, 2004). B of both adult hakes is estimated to have been an unchanging 3 666 000 t
from 1964 to 1917 (Griffiths et al., 2004), and as fishing on hake only began off Namibia in the
early 1960s and there were no other large-scale fisheries in operation between 1900 and 1817,
this estimate was also assumed in the 1800 and 1600 models. The proportion of large M.
capensis to M. paradoxus was taken as 64% to 36%, as in the 1990s model (Roux & Shannon,
2004). B of small M. capensis was estimated for all periods modelled assuming an EE of 0.999.

P/B and Q/B for small M. capensis (2 y'& 13.333 y'"), large M. capensis (1.228 y'& 7.824 y™),
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and large M. paradoxus (1.14 y'& 7.278 y") were obtained from Roux & Shannon (2004). 627
198 t of hake are recorded to have been landed in 1970 (Geromont ef al, 2000). This was
assumed to have been large fish, and was apportioned between the species as 64% M.
paradoxus and 36% M. capensis, as assumed for landings off Namibia in Roux and Shannon

(2004).

20 & 21.) Demersal fish: Included in the benthic-feeding demersals group are kingklip Genyplerus
capensis, monkfish Lophius spp., rattails Caelorinchus fasciatus, soles (Soleidae)} and tonguefish
{Cynoglossidae). Pelagic-feeding demersals include gurnards Chefidonichthys spp., jacopever
Helicolenus spp.,and Sparidae such as Denfex. No biomasses were available for these species in
1960, 1800 or 1600, thus conservative biomass was estimated in all models assuming an EE of
0.999. P/B (1.0 y") and Q/B (5 y) for both groups were obtained from Roux & Shannon (2004).
A catch of 1 527 t of west coast sole was made in 1870, but otherwise no landings are recorded
for any of the species included in these groups in any of 1870, 1800 or 1600 models (Crawford of

al., 1987).

21.) Chondrichthyans: No estimates of chondrichthyan B in the northern Benguela for the periods
modelled were available, and there is very little consumption of chondrichthyans within the
system. Thus any biomass estimated by assuming a high EE in the model would be
unrealistically low, and the 1990s B of 0.38 t.km? was assumed for all periods modelled. P/B (0.5
y") and Q/B (3.333 y"') were also assumed the same as in the 1990s model (Roux & Shannon,
2004). No landings of any species included in this group have been recorded for any of the

periods modelled.

23.) Seabirds: To obtain B estimates for seabirds as a group, total biomass of the eight most abundant species in
1960 and 1900 was established using population size data (Berruti, 1989; Crawford ef al,, 1983; Underhill & Crawford,
2005). Where no other indications were found, B in 1600 was based on the theoretical minimum size of the

populations of these species in a ‘healthy’ environment, as suggested in Underhill & Crawford (2005) based on past
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populations. B of those species in 1960, 1900 and 1970 were then related to that of the 1990s based on population
estimates. Using the B input for the seabird group in the 1990s southern Benguela EwE model (0.004 t.km™) from
Roux & Shannon (2004) and the Bs in previous periods based on population data relative to that of the 1890s,
estimates of the total seabird B in 1970 (0.0139 t.km?), 1900 (0.01768 tkm?) and 1600 (0.01768 tkm™) were
generated. P /B (0.156 y') and P/Q (120.3 y") and U (26%) were obtained from Roux & Shannon (2004). Although
various factors such as guano harvesting and displacement by seals have influenced the seabird populations in the
northern Benguela over the past centuries, due to the trophic nature of the models under discussion, only direct
harvesting of seabirds can be included in the models. The majority of direct exploitation was of penguins eggs, which
were harvested in large numbers during the iate 1800s and early 1800s. Although from the early 1900s until 1970,
African penguin eggs harvested were taken almost entirely from Dassen Island in the southern Benguela, assuming
that half of those eggs harvested in ‘southern Africa’ in excess of those collected at Dassen were collected in
Namibia, 17.89 t were removed in 1900 (Best ef al., 1997). Assuming hatching and fledging success from Shannon

and Crawford (1999), biomass of birds lost to harvesting was estimated to have been 108.5 t in 1800.

24.) Seals: The Cape fur seal Arctocephalus pusillus pusillus is the only species of seal that breeds in the Benguela,
with 15 of the 25 extant colonies in Namibia, the others being located in South Africa (Griffiths ef al, 2004). Seal
biomass in the northern Benguela was caloulated based on estimated total population size and distribution of colonies
in the years modelled, with biomass per individual calculated using total population size and biomass estimates for the
2000s. In 1970 total Cape fur seal population was estimated as approximately 850 000 (Best ef al., 1987). 60% of this
population was assumed {0 have been in Namibia, as was the case in the 1980s and 1990s, which translated into a B
of approximately 16 262 t in 1970. In 1900, 50% of the total population biomass, approximately 1650 t, was assumed
to comprise individuals inhabiting the northern Benguela. For 1600 the biomass was assumed {o be the same as the
2000s biomass, as it is possible that the current large size of some colonies compared to those described in the
1800s and early 1900s may counteract the decrease in population that should be associated with the 23 colonies that
became extinct prior to 1900 (David, 1989; Griffiths et al., 2004). The P/B (0.29 y") ratio, Q/B (18.25 y™') and U (20%)
were obtained from the 1990s model (Roux & Shannon, 2004). Exploitation of seals is one of the longest operating

fisheries in the Benguela, although reasonably reliable records are only available from about 1900 onwards (Best ef
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al., 1997). Assuming an average mass of 22.7 kg per pup (David, 1987) and 150 kg per bull {Griffiths ef al., 2004),

removals were calculated to have been 196 tin 1900 and 1625 tin 1970.

25.) Cetaceans. Input parameters for cetaceans in the northern Benguela are largely based on dolphin species, as
most baleen whale species found in the region are migratory and for the most part do not feed within the system. As
no estimates of B were available for this group, and as any estimate by assuming a high EE in the mode! would be
unrealistically low, due to the low levels of predation on cetaceans within the system, current B (0.019 t.km'z) was
assumed for all periods modelled for lack of a better estimate. P/B (0.15 y') and Q/B (7.418 y"') were assumed the
same as the 1990s model (Roux & Shannon, 2004). As species harvested are largely migratory baleen whales, no

removals are included for any of the periods modelled.

3.2.2. Balancing the models:

While biomasses in southern Benguela were for the most part estimated using an EE of 95%, a figure used in
previous models for both this system and others to provide a conservative estimate of biomass. For most groups in
northern Benguela models, an EE of 89.9% was used, both because this was used in the previously constructed
1990s model referred to in this chapter, and due to difficulties in balancing the models. it should be kept in mind that

an EE of 99.9% provides a conservative estimate of biomass.

3.2.2.1. Sardine biomass:
Due to the 1990s diet composition, reflecting the consumption of species during a period of very low small pelagic
biomass, B of sardine in 1800 and 1600 was estimated by the unbalanced models at similar levels to those found in
the 1990s. As this is highly unlikely to have been the case (as anchovy levels were also very low), the earliest B
estimate for sardine, from 1952, was assumed in both models instead as a best-estimate. As the purse-seine fishery
only took off after 1950 in the northern Benguela, the B estimate for 1952 (Griffiths ef al., 2004) is assumed to be that
of a relatively unexploited stock.

3.2.2.2 Balancing the 1600 model:

The EEs of both phytoplankion (1.2) and detritus (2.28) indicated an unbalanced initial model.

The over-use of detritus was likely the result of unreasonably high Bs that were estimated for both
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benthos groups, pelagic goby (65.4 t.km?), and mesopelagic fish (35.8 t.km™), all of which had a
high proportion of detritus in their diet. Diet compositions of predators were adjusted accordingly,
also to incorporate the higher sardine B of the time relative to the 1990s, for which period the
unadjusted diet was intended, and thus to decrease the consumption of the aforementioned

groups (See Appendix B., Table B.2 for balanced diet composition).

3.2.2.3 Balancing the 1900 model:

The EE of seals (3.836) and detritus (1.763) both indicated an unbalanced initial model. The
proportion of seals in the diet of chondrichthyans, cetaceans and seabirds was reduced
accordingly until the EE was reduced to < 1. As in the 1600 mode!, B of benthos groups and
pelagic goby were estimated to be very high initially, and diet compositions of predators of goby
and consumers of detritus were again adjusted to reduce these and the EE of detritus to take into
account the far higher B of sardine relative to the 1990s (see Appendix B., Table B.3 for revised

diets).

3.2.2.4 Balancing the 1970 model:

Initially an EE of 1.356 was calculated for detritus based on the unadjusted input data. Biomass of
benthos groups and pelagic goby (55.2 t.km‘z) were very large in the unbalanced model. Diet
composition was thus adjusted with the effect that the B of these groups decreased and the EE of
detritus decreased to < 1. Diet adjustments were made taking into consideration the higher B of

sardine in 1970 relative to the 1990s (see Appendix B., Table B.4 for revised diets).

3.2.3. Apalysis:

Data outputs and analyses were performed as described in Chapter 2 for the southern Benguela
models.

3.3. Results:

3.3.1. Internal indices:
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3.3.1.1. Biomass:

The B of selected groups for each of the four periods modelled is depicted in Fig. 3.1. Only two
groups showed an increasing trend towards the present: large pelagics and gelatinous
zooplankton. Although, as expected, all groups that have experienced high levels of fishing
pressure such as anchovy, sardine, hakes, and horse mackerel, displayed varying degrees of
decline, the B of cephalopods, mesopelagic fish, other demersal fish and seabirds also
decreased over time. While some of the species included in these groups have been fished, the
majority have not and are instead likely to have experienced the indirect effects of fishing and
environmental change on prey populations. Seals, although they did not show a substantial
overall change from pristine {o present, suffered a collapse by 1800 after the advent of sealing,
subsequently recovering afler sealing was curtailed. B of pelagic goby also showed no great
temporal trend, but this belies the increased B in 1970 compared to the other periods modelled.
Sardine B was consistently higher than that of anchovy, although this was largely due to the
specified input diet composition: as no estimates were available for anchovy B, and those for
sardine were consistently high, it was assumed that sardine was the dominant small pelagic of
the time and diets were adjusted accordingly in all periods modelled, so that comparatively little
anchovy was consumed within the system and hence a low B was estimated. The biomass of
non-planktonic consumers (Fig. 3.2) showed a marked overall decline as the B of almost all
component groups decreased over time. Small pelagics and the hakes in particular, the most

extensively fished groups, had a far lower B in the 1990s.
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3.2.1.2. Consumption:

Hake, small pelagic fish and harse mackerel were all consumed in the greatest part oy hake for
all periods modelled (Fig. 3.2). The proportion of production cons.med by hake for each period
did decrease over time, howewer. For example, hake initiahy cannibalised 55% of its iotal
cansumption. while by the 1580s hake cnly comuprised 63% of its own diet. This was to some
extent inter-specific predation of M paradoxus by W capensis and visa versa, but alzo illusirates
the predaton of small W capensis by the large hake greLps, Similardy, 568% of consumed haorse
mackerel production was ascibed to hake, compared with enly 34% in the 19%0s, the excess

being taken up, or taken over, by fishing, Consumpticn by seals aiso increased relative to other
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consumers, most notably for the hake groups, where by the 1590s seals consumed four times the
prapertion of hake that they had in the 1800 model The incressed consumption af hake i {he
modarn era can to a large extent be attributed to the scavenging of hake from fishing vessels
during trawling operations (Wickans ef al, 18582}, Fishing began to be a factor in the 1870 maodel
for all three groups presented in Fig, 3.3, sithough for both hakes and small pelagics production
removed by fishing had decreased markedly by the 1990s, as these stocks declined. Conversely
fishing removed a far higher proportion of horse mackerel in the 1880s (21% of consumption}
than in 1870 (2%, reflecting the redirection of fishing effort toward this group after the respective
collapse and decline of small pelagic and hake stocks. The consumption by various groups
rglative to one another (Fig, 3.4) displays similar patterns, with sardine and anchowy contributing
significantly less to overall consumption in the 1990s {1.5%) versus the 1600 model [31%), with
cohsumption by hakes also declining; but not 13 the same degree. Al other groupings consigered
here showed either littie change, or an increased contribution. as was the case for other small

pelagics (an aggregate of pelagic goby and the group 'ather small pelagics'], mesopelagice and
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3.3.1.3. Trophic level:

The estimated trophic levels (TL) far all groups in each period modelled are shown in Table 31
TL for most groups increased from the 1600 to 15808 moedels, due to minor changes in diet
compasitizn during the balancing process and to ingorporate the higher small pelagic biomasses
into the earlier models, The Thw of ail groups displayed in Figs 3 5a & b decreased over time,
aithaugh that of seals did increase substantially from 1900 to the 19308, fohowing the drop in Tlw
that oocurred between 1600 and 1800, The mean TL of the community as a whole {excluding

plankton) and piscvores (Fig. 3 8] increased ovar time

Tabs 3 1) Estimalize frephil leeel of croups in the nothery Bercuela fo each panod imodeiied
Group 1600 1900 1970 19905
Fhytoplankton 1 1 1 A
Wicrozooplankion 204 206 2.08 206
Mesazoaplankian 247 253 253 253
Macrozooplankion el T4 i 2.5 2581
Gelatinzus zooplanktan £ e L 323 L
sardine 252 265 2.6%5 258
Anchowy = 3.03 .03 303
Felagic goby 308 3.08 309 1
Mesapelagics 3.5 &5E 3 58 3.58
Cephalopods 381 J.BE 347 3.86
Other small nelagics 3.48 a2 e 352
Juvenite harse mackeral 3.34 3:33 e e
Adult horse mackere| He A iB &5
Large oelagics 447 449 4.52 4.54
amall M. capensis .51 3.E5 S 397
Large M4, coponsis 4.22 422 4. 35 4. 45
Large . paradoxus e 402 383 411
Benthic-feading demearsals s 3.85 351 388
FPeagig-feeding dermersals 379 3.88 LT BiEE
Chondrichthyans 3.72 gd &.78 ST
Seabirds 4,21 425 426 428
Seals 435 452 455 458
Cetaceans 4.18 418 4.25 4.28
Meiobenthos 2 2 a @
_Macraobenthas 3 _ ek 2.96 3.02
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3.3.1.4. Fishing:

Althaugh penglin eggs and seals were harvested in 1990, the hiomass removed does not

compare to that removed by fisheries In 1970 and the 18908 (Fig. 3.7). Landings declined and

catch composition was substantially altered fram 1970 ta the 1990s, Horse mackerel became by

far the mest impartant contributer 1@ landings by the 19905 a3 opposed to the small palagics and

hake that canatituted the vast majority of landings in 1870 The mean TL of the catch was highest
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in 1900 (4 &) befare the adwent of mast fisheries, declining as the contribution of small peragics
owvertoak other species by 1970, and increasing slightly again by the 1950s aftar the collapze of

small pelagic stocks forced fishing etfort toward the higher TL horse mackars|,
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3.3.1.5. Mortality:

The majority of maortality was attributed to predation (Fig. 3.8}, with fishing mortality becoming
impartant n the mid-trophic level groups in 1870 and 1930 Other mortality contributed a
fairly large proportion in low and high TL graups of which a low percentage of production is
consymed by predators, such as plankton and apex-predator groups, Seals showed the
highest prapartion of martality due ta fishing, which in 1900 made up 41% of total mortality 2,
the highest for any group Sardine and anchovy were subjected ta higher fishing maortality in

the 1970 model than the 18505 model, when horse mackerel and large pelagics showed a
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higher percentage losz to  fishing. Hake, particularly large M gaponsis, also had a8 lower

preport:on of fishing mortahty in the 153Cs than in the 1870 madel,

3.3.2, System indices:

Summary slatislics frorm the periods modelled are shown in Tablie 3.2 Caonsumption, throughput,
progucton, and respiraton all decreased betwoon the 1600 to the 19505 model, while biomass,
exports and flows to detritus increszed. The greatest increase for all three indices occurred
betwaen the 1800 and 1570 models, as was the case for the largest decrease in consumption.

Primary production was relatively constant. apart from a siight peak in the 1970 model

Table 3 2. Summary stelistics far each pariod medelled in the nonhem Berguels. Al statistics are in tkim 2y

axapt far binmass. which iz in k™

. = 1600 1900 18970 19805

Total biomass (excluding detritus) i 477 482 E21
Sumr of 8l consumplion 14263 14170 12930 1id Tl
Sum of all cxports 232 2T 1150 B2
Sum of all flows into detrntus E ke 4533 5639 5534
Total systern throughput 26816 2B500 262149 25036
Sum of all produstion 110714 11012 10973 10574
Sum of all respiratory flows 7165 7121 B500 G45°

_ Caleulated total net pnmary production. 7357 7397 7850 271

Finn's mean path length (Fig 2.8) decreased fram a meximum in 1600 to minimum in 1200,
fellowed by an incroase and thon decroase in 1570 and tho 1530s rospoctively, while Finn's
cycling index displayed the opposite pattern {alkhough peaking in the 15905 modell Skanncn's
and Simpscen's diversity indices beth decreased owver time, with the greatest decrease being
ochserved from the 1970s to the 19%0s model {Fig. 3103 When comparing the overall trends in
salected ndices to (ke trends predicted for siressed ecosystems, as suggestad by Odum (1985)
[Fig, 3 1713, RIB, flows to detritus, Finns mean path iength and the diversity indices all confarmed
lo the pattern oxpecled in 2 stréssed system. Raspiration (R), PR FYB, Fin's cycling index and

B/P displayed the opposite trend from thal of a stressed system B oand the diersity indicos
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displayed the same trends between all models, Six of the ten indices examined in Fig. 3.1
suggested that the ecosystern was stressed from 1600 to 1900, compared with four cut of fen

over the period from 1900 to 1970, and three between 1970 to the 1690s model.
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3.2.3. Sensitivity analyses:

The mixad rophic impact assessments (Appendix B., Figs B.1-4) shawed that i all models the
planktcn groups had relatively sigrificant and widespread impacts, for the most part positive, The
hake groups also impacted mest fish groups significantly, mastly regabvely, aithough large M
paradoxes did have positive mpacts ob a number ol groups. particoany adult hosse mackere!
Cetntus aise positively influsgnged a number of groups Inall moedats, predominsatly the: plankton
and kenthos grodps. The impacts of gelatinous zocplankton, sardine. horse mackere! and large
4. capensis changed the most ower time. 3ardine had a far greater ‘mpact on other groups,
particilarly seals and predatory fisn in the <= 1600 model than in the mere recent periods. The
proliferation of gelatinous zooplanktor (7 the 195J0s caused its increased impacts, largely on itsef
larse mackerel had relatively bigger impacts o0 its consumers and prey in the more recent
models, while W capenss had relatively smaller impacts. Resuis from the sensitivity analysis
iAppendix B, Takles B.8-11) were considered significart where a change 10 an input parameter
caused a 40% or more change 10 the affected estimated parameter. All groups were sensitive to
their own irput parametars. |n the majorty of instances, changes 10 estimated parameters only
became significant after the input parameter had been altered by 30% or more. The two
exceptions were In the 1330 model, wnere meiohentnos B was altered by almost 99% after a
20% change in macroberthos Fi, and in the 1890 mode!, where the B of pelagic goby was
alte‘ad by more than 100% after a 20%; change i small M capensis PAB Input parameters that
caused significant changes 0 other paramaters and the groups affected are hated v Tabkle 3.3
Far Tull sasuits of the sensitivity analysis inceoding the affecting and aflectad pararmsters, see

Appendix B, Tables 811

3.4. Biscussion:

3.4.1, Internat indices:
The hiomasses of the indwmidual groups involved (Fig. 3.1) appear to efiect manr s influence upon

the system. in the case of seals. the collapse ard subseguent «ecovery of the population
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can be directly attributed to the commencement of intense and Unrestricted harvesting from the
1700s to the early 1800s. After regulation of the seal harvest and ultimately the introduction of
TACs, the Mamibian seal papulation recovered to something like its ariginal size {Griffiths et &/
2004}, This may also refiect the increased terrestrial breeding space availabie to seals, after
guano and egyg harvests disturbed and depleted many bird colonies. The crigingl seal colonies
were also restricted to islands, whereas currently the largest colomes are found on the mainlznd,
which has become a viable bresding lecality due to the decline in large terrestria! predaiors.
Whether directly ar indireclly. human involvement has had a considerable impact on seal
biomass, Other spacies, such as hake and sarding, reflect the well documantad axploitation and
callapses of these stocks (Boyer & Hampton, 2001, Griffiths ef !, 2004; Roux & Shannon, 2004).
The decling in seabird stocks has resulted both frem the harvesling of eggs and the severs
alteration of the tarrestrial breeding habitat that was associated with guans harvesting (Crawford
et al, 1895 Crawford & Jahncke, 18999), as well as ihe bycalch of seabirds associated with
modern trawling practices (Crawford ef &, 1895, Shannon & &l 2008}, The collapse of the
sardine stocks in the 1570s also negatively impacted a number of seabird species, espagially
African penguins and Cape gannets, by reducing prey availabilty {(Crawford ef al. 1885
Crawford et al, 1999} While the platforms construcled off the Namibizn cossthne to facilitate
guano collection from the 18305 have provided altermative breeding sites for some specles
(Cocper et &, 1882, Griffiths &f af,, 2004), the gbove factors, cembimed with the encroachment of
seals into areas previously inhabited by bird colonies, have prevented seabird populations in the

northarn Benguela from recovaring, or even siabilizing

Other groups, such as cephalopnds and demersat fish. experienced deciines withoul having been
direclly targeted by fishing t¢ any large exlzn off Mamibia, although demersal fish are lkely to
have been impacted as bycaich specias in hake lrawls (Crawford ef &, 1887), This 15 at odds
with the southern Benguela situation, where a |uecrative chokka sguid fishery operates and
demersal fish are targeted on the Agulhas Bank {Crawford et al, 18B7). This could be a result of

the lewer B of fished groups like hakes and small pelagics, and thersfere scarcity of prey. The
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most noticeable change from 1970 to the 19305 s the unprecedented proliferation of jellyfish,
strengthening the speculation that system-level charges have taken place The ingreased
gelatinaus zaoplanktan abundance has implications for the transfer of praduction through the
system, as the low cansumption of this group within the systerm means that while they are
consumers, the majorty of their production flow back to detritus (Heymans et af, 2004 The
inzreased propottions of hakes, small pelagics groups and horse mackerel, for example,
cansumed by graoups such &5 cephalapods. predatary fish and seals, 18 a result of the declining
overall biomass of the groups consumead as wall as of other predators, rather than of an
ingreased consumption on the part of those predatary groups. The recovery of seals in recent
vears has simply exaggeratad this effect though, as has the increasing abundance of harse
machkers| relative to other prey groups aver the last few decades (Heymans ef al, 2004). The
declining TLw of selacted groups in Fig. 2.5 suppors this, resulting frorm both the decreases in B
experenced by most &f these groups and their reduced B oreiative to the rest of the system. The
current higher mean TL of the cammunity (excluding plankton) and the piscivare community [(Fag.
3.8) is indicative of the scarcity of low trophic level small pelagic fish, such as sardne and
anchayy that normally would contribute a reaatively high preportion of the commuanity, while higher
TL groups have declined to a lesser extent or been replaced to some degree by other reiativaly

higher TL graups (Cuny e &, 200563

The catch within the system in 1900 was caomprised entirely of seals and seabirds. bothy highy TL
groups, sc the decrease in mean TL of the zateh fram 1900 to 1970 s to be expected. especially
with the large contribution of small pelagics landed by the purse-seine fishery fram the 155605
Although hake landings had decreaszed considerably by the 1950z, so had the total fonnage
landed, resulting in an increased mean TL as higher TL species constituted the bulk ¢f the cateh,
Replacament of declining hake groups by horse mackerel has also gecurred ina limited manner
in the nerthern Renguela mitigatng the trophic effects of the decrease in hakes saomewhat (Cury
of al, 2005h) Similarly, increased proportions of fishing monality are fnot necessarly

symptamatic of increased efiort (although this is the case for some groups 2. g horse mackerell



cycling in & mature and stressed ecosystem While an ecosystem out of balance is [kely to tend
towards smaller, shotter-lived species, especislly wher affected by fishing. the Increasing
prevalence of largar, longer-lived species behind the increasing BIP far this ecosystem could
superficially appear lo be a positive shift. When the biormass of the system as a whale and by
group 15 considerad, however, the decline of many graups anrd the pollapse of small pelagic
stocks seems the mare likely explanatior: — the loss of small pelagics s merely more extremes

than that of other species, thus tipping the balance towards the larger, longer-lived speciss.

3.4.2. Sensitivity analysis:

The increased impact of horse mackerel on its conswmers and prey, particularly in the 19305
model corpared to 1600 and 1900, s conzistert with the increased impartance af this graup after
the dacline in hake stocks in the 1870s (Cury ef &, 20060). Haorse mackerel has also been
shown lo have had larger irpacts in the 19805 comparad ta the 18705 and 15508, corresponding
o its maximal sbundance over that penod (Cury &f-al 2008k]. The decreasing role played by
hakes ik the ecosyatem over the periods madelled, a3 biamrass of hakes declined, can be linked
ta the decreasing impact of the hake grmoups on their prey species particularly in mare recent
madels. The sansitivity analyses confirm what 5 already known — that mare information on lEsser
known graups would be extremely valuable as thess groups often have significant impacts on
other mode! autpu! pararreter estimates. As in the southerr: Benguela madels, while sore data
are available for egonamically immpartant groups such as sarding and hake. others such a3 pelagic
goby, planktoric groups, cephalopods. demersal fish and cetaceans are less wall documentsd

The figaras produced by these rodels are atternpts 2t hest-estimates, but are still estirrates.

144 Conclusions:

it would appear that since the arrival of mar: in the rortherr: Benguela serme large-scale changes
ir: the structure and furctioring of the system have laker place. The biomass of the majorty of
graups has decreased, ir the cases of sardine, hakes and seabirds, farly dramatically. The high

picmass of a few small pelagic fish spesies typically found in upwelling systems is now abssnt,



replaced to somre extent by a widsr range of species (Heyrmans of af, 20041 and in recan:
decades thera has besn a not previcusly recorded rise in the biomass of jellvfish, Caiches have
decreased along with target-species biomass, and aiihaugh the mean TL of the caich in the
perioos modelled here did nat display evidence of fishing down the foodweb, as is the case In
many overexploited sysiems (Pauly & Palomares, 2004%), over a shoder timescale, the 1980s and
19805, evidence af fishing down the foodweb has in fact been detected in the Morthern Benguela
{Heymans ot 4. 2004 The increased TL of the catch observed over the penods examined and
the siable TL of catches obsarved by Cury et &l (2008) in the northern Benguela from 1972 -
2000 1z indicative of the depledon of sardine and anchowy siocks ano the roresse n haorsa
mackerel biomass as hakes declined, rather then of a healthy sysiem (Cury ef af {2005). The
expected succession of ane small pelagic by another as dominant in upwelling systems did not
ocour i the northern Benguela after the collapse of the sardine stock, when instead o anchovy
Biomass increasing, other species such as palagic goby and horse mackerel filled the niche left
by sarding (Boyer & Hampton 2001) Evidence of these thanges in the structure of the
ecosysiem was also found in the diet of top predators; such as seabirds and seals, which in many
case changed from a sardine dominated dizt 0 one baseo on pelagic goby (Crawford ef &l

159495 Cuny & Shannon, 2004,

Man's influence in the northem Banguela began in the form of harvesting of seals and seabirds.
The effects of this initislly uprestrained harvesting, and the indireci effects of 'ater fishing
gracices, ara evideni in the changes in bomass of these groups. as well as from the numersas
accounis telling of vast colones of seabirds, for ane, that subsegueniy shrank to insignificant
levels (Besi at af, 1957, Barrut, 1989). The bfomass fluztuations in groups such as the hakes
and sardine, however, are less easily attributed entirely 1o the effects of fishing, Changes to the
physical environment in ihe early 19505 including a low oxygen event in 1594 and & Benguela
Mino in 19%5, have likely played a considerable role in the failure of management strategies
impiemented in ithe early 1930s to salvage already reduced fish stocks and prevent futher

decing of @ numbsar of species (Haymans ef al, 2004, Roux & Shannan, 2004, Cury & Shannaon,
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2004% These events coused upheawval in the system, drastically reducing the stocks eilber
through migraticn (e g, hake} ar, whare this was net possible, mortality (Gammelsrad el ol 1983
Bover ef af | 2001}, There is ewvidence of declines in the hakes, horse mackerel sardine, and
anchovy as directly affected groups (Bover et al., 2001; Goyer & Hamptan, 2007) The knock-on
effectz were even more far-reaching, affecting seabird and s=al papulations te the extent that
Roux (1958) estimates thet a third of the Namibian seal population was lost over this period as a
result of scarcity of pray {Cury & Shannon, 2004) Thus, while the irmpagl of fishing is cetanlky
visible i the system, prompting the decline and collapse of hake and sardine stocks respectively
i the 18708 and 1880s, it may be more accurate to credit the additive effects of fishing ari
enviranmental anomalies and ghanges with the lack of recovery and further decling in many
stocks (Cury & Shannon 2004, van der Lingens ef af, 2006k). Shannon et al {in press) sLggest
that the type of trophic control operating within the system could Be aitered as a result of the
collapse of small pelagic fish stocks. While upwelling systems are in general hypothesised to
opaerate under wasp-waisted contral by the amall pelagic specles, the removal of these species
may allow far bottom-up central by envirenmentdl fereing, Alternatively, as has baen the case in
the northern Benglsla, small pelagics may be replaced by cpportunistic specias such as jellyfish
and mesopelagic fish which utilize the preduction previously consumed by the small pelagis fish,
but dus to distary or habitat restrictions. do net pass this production along to their predators
(Shannon & al, submitted]. Changes of this nature in the functigning of the ecosystem gould
mean that in line with Odum (1885}, as a system becomes increasingly stressed, fluctuations in
biologica! interactions are mare liksly to be intiated and regulated by environmental and physical
farcing, increasing the wvulnerakility of northern Benguela stocks to any future environmental

anomalies.



Chapter 4:
Comparing the pristine northern and southern Benguela & investigating the

effects of fishing

4.1. Introduction;

[he bwl software and meodelling approach has provided an effective means of describing and
gquantifying the fiows and interactions within a given system. as well as investigating possible
trophic impacts or aiterations in the pattern of energy fiow resuling from fishing. It has been used
o describe changes n ecosysterm structure over tme in a large number of systems, (e.g
Shannan «f al. 2003; Heymans ef al, 2004, Meira ef g, 2004} but aiso allows for compansen
betwaen systems (Moloney &l @, 2005 Coll & &, 2006). In the first pat of this chapter, madels
generated in Chapters 2 and 3 for the 'pre-contact’ [before man's intervention) northern and
southern Benguela will be compared in terms of ecasystem structure and functioning. The
madern states of these two systams have baen compared previolsly in a number of studies
(Jarre-Teichmann of af. 1998 Shannot- & Jarre-Teichmann, 1939 Shannan, 2009 Cury &
Shannan, 2004; Coll fal, 20038, and have bean found to differ fainy axtensivaly, with regard to
both structure ard functioming. [n-the 1980z, higher total biomass and catshes in tha farthen
Benquela d:d not eguate to increased trophic flows, which were iarger in the souihern Benguela.
lop predators played a more impaortant role in the southern than in the nothern Benguela avear
this pedod (Shannon, 2001). Although the species compesition of the two ecazystems is =imilar,
daminant specigs, erviranmental effects and management histones of the fisneries in the twa
regions differ considerabiyy (Sury & Shannan, 2004), and these factars contrnbuted to the guite
disparate systems faund in the modarn era, Whether this has always been the case is not ceran.
Cue to the trophic basis of the Feoapath madelling process, the possible pristine-state models

genersted nere have not taken inlg account the effects of environmental events. However, it iz
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hoped that by comparing these models, the fundamental similantes or differences between the
b systems would become evident, unobscured by changss wrought by longterm hshing

resslres.

Ir the second part of this chapter, the impact of fishing on the pristine systems is investigated
While Ecopedfi megs-balancing software pan be used to generate a steady-state model of the
possible 'pristing’ state of the ecosystemn, does the application of the levels of fishing pressure
represeriative of the industrial era (1910 — 15800 to the pristineg model result in a community
structure similar fo that which exists today? This would require the assumptions that i) fishing hag
had @ sigrificant impact on the structure and functioning of the Benguela ecosystem, and 1) the
prsting models generated for both the northern and southern BEsnguglain Chapiers 2 and 2 are
represeniative of the unfished states of the systems. Simdlatons based on the southerm
Benguela models are not necessarily expected to produce & steady-state modeal similar to that
which was congtructad o represant the currenl penod in that system, as simulation modelling
1Shannon at af, 2004c) and fitting of a southern Benguela model to time series data for the
modern era (Shannon et af, 20040) have shown that fishing has played a relatively miner rale in
driving major ecosystem changes in the system. Although fishing pressure has been heavier in
the northern Benguela. the latter has experienced a number of phys:cal and climatic events n the
lasr few decades thar have likely impacted fish slocks and hence ecosystem struciure (see
Chapter 31, It therefore seems likely that the madel produced by the simulation for ihe nodhern
Benguela will devigle mare from the 13903 madel than will that for the southerm Benguela, which
does not seem o have been subjected o enviranmeantal fluctugtions on the same scals as thossa

registered in the northarn Benguela
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4.2, Methods:

4,2.1, Comparison of the nerthern and southern Benguela pristine models:
The canstrustion and balancing of the models campared here is descrived in Chapters 2 and 3 of

this dissertation, as is the generation of any Indices used in this chapter,

4.2 2. Investigating the effects of fishing:

The impasts of fishing effart ir the Industriai era on the pristing (<1300} models of the sauthern
and northern Benguela were investigatad by way of the Feosirm dysamic simulation routime
(Walters of &l 1957, ses Chapter 1) The pristine madel of each system was used as a basis for
the simulations, which were aligwed to run undisturbed for five years, after which the fishirg
pressure in the industrial ara models of each system (see Chapiers 2 and 2 was applied to the
relevant system. Fe by group were caicuiated according ta F = catchf biomass and are shown i
Takie 4.1 Wasp-waisted controi, the trophic flow coatrol charactenstic of several Lpwelling
systems [Cury &t &, 2000) was assumed for the simulations. Although model gradps assumead ta
exert wasp-waisted control (small pelagic groups., juvenile horse mackerel and small M. caponsis)
were obtained from previous models (Shannon et al. 2004), the Ecosim default vulaerability
setfings of 1.2 for interactiors with predatars and 5§ for interactions with prey of these groups,
were usod because the walrerabidities previously published (e g Shanaon ef al | 2004b] pertainad
to models fisied to data for 2 different starting perod and were thus not nscessarily directly
applicable here. Trophic ontogeny was incorporated, linking the juveniie and adult groups of
horse mackere! and hake. Growth parameters wsed are shawn in Table 4.2, Modeis were run for
50 years in totai. The Ecopath model generated for each systam at the end of the &50-year

simuiation was then compared ko the current model for that system. Far the sodiherr Benguela,

..:l..
il

meodsl gereratad by the simu-ation was compared with that of the 19905 raher than that of
tha 2000s, ir ordsr o avoid confusion of fishag effects with those of the high small palagic
biamass reprassatsd 0 the model of the early 2000s. An updated wversion of the 1980s model

deosaribed ir Shannan et al {2003) was used for the soLtherr Bergueia comparison. The 12205
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madal of the northern Benguela, as deseribed By Roux & Shannen (2004, was Used. Calculation

of any indices was as explained in Chaptar 2

Talic 4 12 F v waives used for a8 simulations. bosed on catenes in the 1960 and 1970 models for Tha

souhes and northern Benguela respetively,

| Group Southern | Northern |
Sardine R 04271
Anchowvy 0.5042
Fadeye G 00c
Zhuk mackerel [ 5638
Adult horse mackanel G143 A
“nosk 03120
Larga pelagics D2zay 0.2318
Ce2ohalooods £ 0004
Large M caponsiz 151 171241
Large M. paradosys 0 3506 03523
Henthiz-feoding domerazls 0.00¢4 [1ocz0
Pelagc-fead ng chondnzhtbyans 000Es
Benthic-feeding shondnchthyans 0 0SS
Seals _ 0.A250 n.1e0v

Tablz 4.2: Paramelers uecd 10 modal the graduator of juverilefzmall horse mackeral and hakes it aduds,

Tor original sources see Shannan af 8t (AO04),

Sy

] ' Horse 1 M i
! Parameter ¢ mackerel capelisis paradaxus
ELEU G e S _ _ el
i Age at transition frem juvenile’small 2 years 3 Years 3 years
to adult/large group : _
Ave. adult weght as 2 proportion of i 3 d
_ave. weight at transition 5 - . -
K {von Bertalanffy growth coefficient] | 0183 AR T D048y "
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4.3. Results!

4.3.1. Comparing southern and northern Benguela pristine states:

4 3.1.1. Summary statistics and biomass:
Total hiomass, censumption and respiration were higher in the nerthern Berguela, though
production and throaghput were larger in the southern Benguela mods! (Fig. 4,1} Finn's maan

path largth in beth systems was relativaly short, althaugh longer in the northern Benguela (2.17)

than in the scuthern Banguela {2.0%).
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Figura 4 ** Surmriaty stalistics for tbe sauherr awl nocharn, Sengaela gisting models A6 statistics are in

sk Ty Bxgept for hioemass, whieh s e am™

The biomass of non-piarktonic consumers in the notherr Benguela was far igher than in the
zouthemn (Fig. 4.2), paticulary with regard to small pelagic groups and hake The ratic of
planktivores: piscivoras in the pristine systerms wag, howsver, higher in the southern Bengusla

{Fig 43)
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4.3.1.2. Trophic aggregation:

Both subsystems displayed a similar distribution of hiomass over the trophic |levels, with the
majority concentrated in TLs 1, 2 and 3, as expected (Fig, 4 43}, The seuthern Benguela did have
a shght'y higher proportion of biomass at TL 2 than 3 though, ualike the nertherm whera biamass
was approximately equal in TL 2 and 3 Transfer efficiencies were similar between the two
systems. aithough the scuthern Benguela had a notabie higher sfficiency In transters from TL 2 to

TL 3 (Fig. 4.4b).
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4.3.1.2. Consumption:

In both subsystems zooplankton were the main cansumears, responsible for 73% and 82% of 1otal
consumption in the moithern and southern systems respectively Small pelagics cansumed 3
higher propodion of production in the northern Benguela while mesopelagics were relativaely
mare impostant consumers in the seuthern Bengusla (Fig. 4.5). Although hakes were respansille
for approximately 14% of the consumption by nen-planktonic consumers in both systems, they
cansumad a greater proportion of both small pelagic and hake production in the norhern
Barguela, as compared with the southern Benguels (Fig. 4.6). Marine mammals and seabirds
both plavad a greater rale in consumption of the two abgvementioned graups in the southern

Benguezla, while horse mackerel was mare impertant in the nothern Benguela
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4.3.2. Investigating the impacts of fishing via simulations:

4.3.2.1. Blomass:

For the maority of graups in the scuthem Benguela maodels, the differences in biomass between

the *8280s model and the model genemaled by Ecosim (Fig. 4.7) were less than 30%
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Mesozooplanktan sardine. chub mackerel and large pelagics showed large discrepancies for the
southern Benguela. Biomasses in the nartthern Benguela madels displayed larger alterations from
the 1890s wvalue. ahhough the maponty were within @ range of 60% difference Gelatinous

zooplankton and large pelagics had the highest degres of dissimilariy.

Phyte i klnm
Micrazaaplanktan
M esazooplanton
I micres v pliarate n
Golat reans 2e oo ankinn
Anchowy

H[ardr&

Feslkye

Ooremall pelagics
L. brracKars;
slacsr nmchs |

M ssnpelag s

Larpe pelagos

Cephale zads
ikes
DT arsa 5

Chiandrohisyans

gl

Seals
a MNorlhern Crtaceans
0 Southern: oahie
B enlhus
- 1033 -880 -0 400 =200 200

Ywdifference from the 193605

Figurz & 7 The differgnce hatwsan the cument (198905) models (o e forllern dReus & Sharnan, 20047 and
souihern Herguela (Shannon ef al 2003) aad their respectyve mocels resultng trom lhe Sanukblion of

indistoal hshing pressan: on the posline systems over a period of 50 years

4.3.2.2. Summary statistics:
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In both the nothern and southem Benguela cases the summary statistics (Fig 4.8) ware similar
in the 19505 and simulation-generated models Far the scUthern Benguela consumption.
threughput predustion and respiration ware 3l higher in the 19%0s model. whereas sxparts and
flows to defritus wete greater in the simulated syslem. For the nothern Bengusla all displayed
parameters were greater in the simulated system, except far experts, flows to detritus and total

biomass, Exports from the simuiated system wers far lower than in the 1950s mede
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4.3.23 Consumption:

The proportion: of praduction cansumed by the varous non-planktonic groups in the sauthiern
Benguela were similar in the tws models (Fig 4.9}, although small pelagics and hake in the
simulated system consumed a slightly higher praportion of production relative to other groups.
such as horse mackersl, mesopelagics and demersals, In the northarn Benguela madsls. larger
differences wers evident, with a much higher proportion of production censumed by small
peiagics in the 15005 meode|, varsus by hake: demersal. mesopelagic and horse mackersl grolps
in the simulated system. The simulation-based modeals for both ecosystems estimated a higher

biomass of fish than in the 1580s models, so that, for example, the smallar relgbve propation of
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the consumption attributed to small pelagic species in the northern Benguela simulation-based

madel is in facl a greater absalute amount than consumed by thase groups in the 19905 maodel
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4.3.2.4, Trophic level:

The biomass, transfer efficiency and total thraughput by trophic level for the 1920s and simulated modcls, as
well @5 the pereentage changs in each parameter between the 15903 and the simulated syaem, are shawn in
Table 4 3. Fairly large differences in the biomass at a specific TL pccurred, especially at TL 3 and 4. wnere a
much ‘ugher blarnass was concentrated in the simulated modem model of the southem Benguela, and i the
1980s made! for the northemn Benguaela models. This did not, however, transiatc into greatly altered proportions
of total biomass at each TL. In the southern Bengucla, a marginally lower propedtion cf iotal biomass was found
at TL 1 and 2 and a slightly higher propartion at 3 and 4 in the sinulated model compared Lo [he 19908 system.

Tne northarn Benguela simulated model displayed the opposite trend with
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highar proportion of tiomass at TLs 1 and 2 and a lower proportion at 3 and 4 relative to the

18905 model. While the greatest changes in Biomass occurred at the intermediate Tls.

ransfer efficiency and theoughput vaned most at both extremes of the trephie chain, at both

low and high TLs. Transfer efficiensies in both mode!ls derived from simulations followed the

patterr expected of an upwelling system: higner at low Tls, lawer at high TLs where exparts

ard Mlows to detritus are relatively hign. The proporhicn of pamary proeduction transferred was

higher in both simulated systems, relative to tneir respective 19%3s madels. Throughput

differad fairly sigrificantly between the 18505 and simulated systems in both the northern and

southern ecosystems, although to apposile effect in each — lower in the southern simulated

10}



Iraplins Level

Larce
CEARILE Ml b 7 i Gealt
i it Lamn 4 T
e e -
E3PamES | Awab e B PR
E-ty ol o
—— — e — ——— g
Prulagiz-eading Earcricdearag | Bmal e i
demarzals Anrarzaln P
- | Srerar e
e s S = =R e P
Al e L z == Muspalzn 25 i
RN wrler singl e "
Sl 1 prikativs o hiveni iiraa
_— T it i frincka sl LERE: 5
aelerns = . ——rrti] m=c
ananarkizn = ) -
Macmrnring i t Heagic anhy F
1= B-26d s B : I &chuy
- ; 231
et 2 3 =
- a5
o i Maa
Sy Fazolark i |
Facalanaun " = =254 1
=l = e
. e
Azt
X MnanTieng Zr0clsaErrn

| Fhyloalans=ln-

Figuic 4,5k Groups and b pmasses (Biin tkm # of groups in the nehern Benguels pleding maeal (16007, arangec
werically aucardieg o srapkic leval Thearea of cach block s propamanal tods B

system and higher in the narthern versus in their 1950s models Groups in the southern
Benguela we'e generally cperating at higher TLs than in the narthern Benguela (Figs
4 Sa&b), slthough the fzct that some high TL groups found in the nerthern Benguela, sush a2
chondrichthyans and large peiages, are divided into two or more component groups in the
southern model musl be taken into account when examining Figs 4.5a&b. In particuar,
anchovy, large M capensis and large M. paradoxus, found at Tls of 262, 422 and 283

respactively in the nerthern Benguela, were operating at Tls of 3 54, 4 75 and 482 in the

southern Benguela
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4.4. Discussion:

4:4.1. Comparing southern and northern Benguela pristine states:

Caoll et af (2006) state that the many differences between upwelling ecosystems result largely
from differences in primary groeduction, and this appears to be a factor when considering the
northern and southern Benguels Lower production and the higher transfer efficicncy from
producers to TL 2 i the nerthern Benguela suggest that this system s shghtly mare food-
limited than the southern Beoguela., This may simply be dus to the far higher consumer
biormass in the northorn Benguela (Fig. 4.2), also accounting for the higher consumption and
respiration n this system. During the 19808, the total biomass excluding detritus was also
lower in the southern Benguela than in the aorthern, althaugh the pristiae biomass cstimate
here for the southesn Benguela (230t km'?], was lower even than the 1980s value (297 t.km ™)
{Shasaon, 2007 tnothe $980s all major flows were higher in the southern Benguela, the more
productive system at the time, whereas in the pristine models respiration and consumption
wera higher in the aortherm Benguels. This could be due-ta the much highe tatal biomass 9
the pristtne northemn Benguela model comparad 0 that of the 19808 (Shannon, 2301). The
abundance of pelagic goby in the northes system could also account for the more even
distribution of biomass hetween TLs 2 and 3 1n this system, comparad with the lower biomass
at TL 3 in the sguthern Benguela  The higher transfer efficiengy for TL 3 in the prstns
sauthern Benguela transiated into the more even allotment of biomass in TL 3 and 4 10 this
system, compared with the nodhern Benguela, where there was a substantial reducticn in
biomass frgm TL 3 te 4 (Figs 4.4a &b). The patiern of groups observed functioning at higher
TLs in the southern Benguels than ia the nodhern fits that found during the 1980s (Shaanan,

2001},

Both small gelagics and hake glay a larger role in terms of biomass and censumption in the
northern Beaguela, although they are important consumers in both systems. As in the 14950s
(Shaanon 2001), demersal fish were expected 1@, and did, contribute more to consumption in
the southern Bengusla, due largely to the inglusiaon of the Agulhas Eank into the extant of that

ecosystem (Shannon & Jarre-Teichmann, 19548} The higher consumption by horse mackerel
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in tne nortnern Benguela alsc repeated the patern observed in the 1%80s, althcugh the
increased atundance of this group that occurred afier the decline of hake stocks in the
nertnern Benguela from the 1870s, was not depicted in the pristine model Thus while
consumpticn by this group was higher 0 the northern pristine systermn, the difference in
contribution to consumption in the northern versus southern system was nol as marked as

has baen cheerved in these systems during the 1980s {Shannan, 2001).

4.4.2, Investigating the affects of fishing:

The moaels produced ty the simelatien scenario investigated here differ to a certain extent
from the models that have besn developed based on the 15805 ecosysierm structirs
althouch semmany statisticsindicators (ecosystem scale) and biomass per medel oroup are
farly similar The larger discrepancies come inta play when indices are compared per trophic
ievel, and here there seems 1o be a larger gap hetween the simdlation-tased madel and the
1880s moael far the fortnern Benguela, than for the southern. In both systems, thase groups
thai differed the most with regard to hiomass were either those known o have bean atypically
high inthe 8808, such as the nothern Bengueia gelatinous zooplankton, groups that are not
consumed to 4 greal extent within the system ana therefore likely 1o be pnderestimated, 2.9
large peiagics. or growps having low biamass thus resulting in fairly insignificant changes
appearing large relative to the ariginal value. A similar patiern was seen when comparing
relative consumption within the systems, with simulated consumption by groups in the
southern Benguela resemtling that of the 18805 far maore closely than was the case in the
northern Benguela. The increased transfer efficiency between producers ana TL 2 in the
simulation-based scuthern Benguela model signifies an increased dependence on

phytoplankton, and hence hestivary, in this model

Teral system througaput 1s caloulated as the sum of the flows within & system, and is
positively linked to the guantity of matter passing through a system (Ulanowicz. 1988). Thus
i the northeqn Benguela throughput was higner in the simulated model, which had the higher
biornass when compared with the 15390s, and in the southern Benguela where the simulated

bicrmass was 19e lower, throuzhput was higner in the 19%0s. The higher biomass at TL 2 and
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4 1 the simulated model of the southem Benguela and in the 1580s model far the narthem
Benguela likely resulied fram the discrepancies in fishing effort applied ta the simulabions and
the actual effort in each system since explotation began Although the level of fishing
pressure from the 1960 model was used for simulation pufposes, removals from the region
had increased by the 18805, and in fact peak catches of both sarding and hake ooourred n

the interim [Crawford et 2, 15987 Rademeyer & Buiterworth, 20013,

Althcugh slightly less biomass was removed fram the scuthern Benguela system in the 19805
tham in the 189805 (Shannon et af, 2003, the averall trend in removals since 1980 has been
positive, The nerthern Benguela has experienced a different scenano. The relatively constant
tetal gatch ower the 1970s and 1280z declined by almest 80% in the 1840z (Heymans &t al |
20043, thus fishing has diminished over fime. It sgems reasonable then that the southemn
Benguea simulation, with an applied fishing effort lower than what has occurred in reality over
the past half-century, would result in a madel with higher biomasses at mid-trophic leyels than
those cbserved in the 19590s (Fig. 4. 3a) Conversely, where a higher than average fishihg
pressure experenced was applied, as in the northern Benguela, the simulated mode|
presanted lower than current biomasses at trophic levels 2. 3 and 4 (Fig 4 3k} Although
applying a varied and more accurate level of fishing to the simulations mght have resulted in
a more representative simulation, the airm here was not to investigate the effects of changing
effort, but rather o ascerdaln the broader ‘mpacts of fishing on a pristing system. By
comparing the simulated maodels to those for the 1990s In each system, it was haped that
inconsistensy or similanty belween the two eras would either disqualify ar suppert fishing
pressure as an agent of the changes that haye occcufred In the ecosystems since man's
intervention, rather than that a replica system had been created. The meoderm situation was
unlikely to hava been racreated by the simulation scenario expiored above, for a number of
reasons. As explained abowve. accurate levels and variation in fishing were not applied. but
rather the level at the time of the industrial model constructed as pat of this dissertation were
assumed. The assumption was alsc made thal trophic controls in the pristine ecosystems
were aguivalent to those opedating today. This Wwas not necessarily the case. bt for lack of

any evidence 1o the contrary, groups found to éxed strong controls in maore recent periods
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were assumed to have also done sc in the pristine state. and the defaalt wasp-waist
vulnerabilities described above [methods, this chapter) were adopted. Finally, any impacts
caused by changes in the anvironment have not been taken into account. Given the altered
physical conditions 10 the northern Beanguala during the early 15305 as a résult of a Bengueala
Wifio event (Gammelsrgd ef of | 1988). amangst others. and previous simulation results for
the scuthern Benglela (Shannon &8 af 2004¢), iT5 unlikely that fishing pressure alene colid
have shaped biomass levels and the fairly large discrepancies belween fhe simulated model

ard the 19805 model do not oppese this assumphicn.

Althcugh the models produced after the similations are not structured in exactly the same
way as the ecosystems are currently believed to be, they do represent 3 substantial shifi
towards that structure when comearsd with the ‘pristing’ state madels. This would suggest
that fishing has had a rels in the reshaping of the ecosystems. On the whole however, more
simiar satterps and flows were observed belween the southern Bengiela simulation and

1960s maodels than for the narthern Benguela,

4.4.3. Conclusions:

The zossible 'cristine’ medels censtructed for the narthern and scuthern Benguela differ from
ane ancther with regard ta structuse and funchening, Baf to a lesser extent than n
comparisans of more recent medes {(lare-Teichmann &t al, 1998 Shannon & JaTe-
Teichmann. 1888 Shannoa, 2001). They showed {hat in the past, the northen Benguala may
have sdpperted far greater stocks than were found 0 the southern Bengusla Both the
northern and southern Benguela ecesystems have expenenced changes in structure and
functioming over the pericds examined in Chacters 2 and 3 and also over shorter timescalas
i the madern era, as examined elsewhere (Shannon et al, 2003, Heymans ot zl, 2004
Shanren ef at, 2004) That fishing 15 largely rescanszible far these changes. howeaver |
unlikely While trechic interactions have been investigated in this study. enviranmenial effects
have nct In the narthern Bengiielg, the negative imeast of enviranmental events in the 19805
hasg been exhibited by many species (Gammelsrgd ef 2, 1898, Roux, 1998, GCrawford &f &l

1995 Bower & Hampton, 2001; Cury & Shannon, 2004, Roux & Shannon, 2004) whather
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4 In the simulated model of the southern Benguela and in the 19808 madel for the northern
Benguela likely resulted from the discrepancies in fishing effort applied to the simulaticns and
the actual effort in each system since exploitation began. Although the levei of fishing
pressure from the 19580 model was used for simulation purpeses, remavals from the regien
had increased by the 12802, and |n fact peak catches of bath sardine and hake ccourred in

the interim {Crawford et 2L, 18987 Rademeyer & Butterwaorth, 2001),

Although slightly less biomass was removed from the scuthern Bengueala system in the 1880s
than m the 1980s (Shannan et al, 2003}, the overall frend i reMmovais since 1960 has bean
positive, The northern Benguela has experienced a different scenario. The relatively comstant
total catch over the 1970s and 1980s declined by almaost 50% in the 18%0s (Heymans of al .
2004y, thuys fishing has diminished over time. It seems reascnable Ahen that the southern
Benguela simulation, with an applied fishing effort lower than what has occurred in reality over
the past half-century, would resuit in a madel wilh higher biomasses ol mid-trophic levels than
those observed in the 1980s (Fig. 4.2a). Conversely. where a higher than average fishing
pressure experienced was applied, as in the nodhern Benguela, the simulated model
presented lower than current biomasses &l trephic levels 2, 3 and 4 (Fig. 4.3&). Athough
applying a varied and more accurate level of fishing to the simulations might have resulted in
a more representative simulation, the aim here was naot to investigate the effects of changing
effort, but rather to ascertain the broader lmpacts of fishing on a prshne system. By
comparing the simulated models to those for the 18905 in each system, It was hoped that
inconsistency or similarty betweaen the two eras would either disgqualfy or support fishing
pressurg as an agent of the changes that have cccurred in the ecosysiEms since man's
intervention. rather than that a replica system had been created. The medern situation was
unlikely to have been recreated by the simulation scenario explored above. for a number of
reasons, As explained above, accurale levels and variation in fishing were not appied, bu
rather the lavel at the time of the industrial model constructed as part of this dissertation were
assumed, The assumption was also made that trephic contrals n the pristine ecosystems
were equivalent to those operating today. This was not necessarily the case, but for lack of

any evidence to the contrary, groups found to exert strong controls in more recent periods



were assumed to have also done sooin the pristing state, and the default wasp-waist
vilnerabiifies described gbove {methods. this chapter) were adopted. Finally, any impacts
cavsed by changes in the environment have nct bheen taken into account. Given the altered
physical conditions in the northern Benguela during the 2arly 19908, as a result of & Benguela
MNino event {Gammelsrad ef af, 185%8; amongst others, and previous simulation results for
the southern Banguala (Shannan et al. 20042, it s unlikely that fishing pressure alone could
have shaped biomass lavels. and the fairly large discrepancies Between the simulated model

and the 19835 maodel do not appose this assumption.

Although the models produced after the simulations are nat structured in exactly the same
way as the ecasystems are currently believed to be, they do represent a substantal shift
towards fhat struciure when sompared with the 'pristing state models.  This would suggest
that fishing has had a rale in the reshapmyg of the ezosystems., On the whole, howswer, more
similar patterns and flows were observed between the souwthern Benguela simulation and

19805 mode:s than for the northerm Benguela,

4.4.3. Conclusions:

The passible ‘pristine’ madels canstrusted for the narthern and southern Benguela differ from
ohe anather with regard 1o strusture and funclioning,. bul 0 a8 lesser axtent than in
comparisans of more recent models (Jarre-Teichmann ef af, 1288 Shannan & Jarre-
Telchmann, 15958, Shannan, 20071 They showed that in the past, the nartharn Benguela may
have supported far dreater stocks than were found in the southern Benguela. Both the
northerm and southern Benduela ecosysterns have expenenced changes in structure and
functioning over the perads examined in Chaplers 2 and 3 and also over shoner timescales
in the modern era, as examined elsewhere (Shannon et al, 2003 Heymans ! al, 2004
Sharnon ef af, 20047 That fishing 12 largely responsible for these changes, however, is
unlikes While trophic interactions have baen investigated in this study, environmental effects
have nat. i the narthern Benguela, the negative iImpact of environmental events in the 1830s
has been exhibiled by many species (Gammelsred ef af, 1988, Roux, 1998; Crawford st al,

1555 Boyer & Hamplon, 2001, Cury & Shannon. 2004, Roux & Shannon, 2004) whethar
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directly {e.q. small pelagics. hakes) or indirectly affected (2.9. seals, seabirds). Although iess
easily associated with specific events, envircnmantal impacts have also besn impheated in
the southern Benguela as being responsible for a large propertion of varatien in a numeer of
stocks over the last few decades (Shannon et af, 20048} Mowever, a specific cass of
seq.ential episodic envircnmental events favouring anchovy and sardine in the early 2000s
has alse tean reportad for the southern Baoaguela (Roy et at. 2001, It is possitle that the
environmeantal angmalies. such as the Benguela Nifg that accarred in the 18802 off Namibia
may e less anomaleds than we think and that they influenced fish community stracture for
centurizs The recruitment success of pelagic fish can be sevesely impacted by mesoscale
evants (Roy &t al, 2001), and thus the impact of a climatic avent may oo feit at aii ievels
within an ecosystem whosa trophic functioning 1% governed o some exlent By tas community
via wasp-waisted contral. That said, the large-scale impacts of envirohmental changss in the
horthern Bengusla in the 1250s may not have affected the unexploited system in the samea
way, A stressed ecosystemn thearstically bscomes more suscapticle to the impacts of
envirgnmental change [Qdum, 1285 Thus changes tgtha physical envirgnment may have
had more senous consseduenceas for the heavily 2xploited 19205 northern Bengusla
ecosystem than they would have on 8 pristinge acosystem. Collapses of small celagic fish
stocks. as experienced by both the northern and southern Benguela during the latter part of
the 180035, may in fact alter the type of trophic conlrol operating within the system, 5o thal
nyironmenialiy-driven bottem-up Torces may become more important than greviousy. Mz 3
result, enwironmental changes wodid have a meore far-reaching effect within the system

[Shannon et &l submittcd)

Assumptions made in the simJlation scenanos such as constant Fs and the application of
modern era flow controls to the pristine system, may well have affected the outccmes
described abowve. it is hoged though that the aim of galning an understanding of the impacts
of fishing in a breader sense on the prisling systams, rather than far specific scenaros. has
nongtnelass ceen fulfiled. However, thess assumstions mdst ba taken infg accaunt whan

considering the results in detail,
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Understanding of the ecological processes thal shaps ecosystem structure and function is
essantial to an EAF and infarmed decision-making in the fullire with regard to fisheries policy
(Cury, 2084 Cochrare of & 2004) Data on lang-term trerds in ecosystems are reguired if
any attempts to rebuild ecosystems to their former states are to be incorporated into
managemeart strategies Pilcher & Pauly 1998 Parr et all, 2003). Unfortunately these data
aro ofton unavalable espacially i systems where exploitation has been occurrirg for many
carturies The reconstruction of past ecosystern states (Pauly of al, 1998, Heymans &
Pitcher, 2002} car provide valuable insight into what may have been, based on what
knowledgs we do have.

There are a3 wvariety of modelling approachss avaiable (o ecologists today and any
conclusians or decisiors drawn from these modsls can arly be strengthened by weighing
against those ohtaincd using alternative technigues, whilst maintainicg an swarensss of the
limigtions of cach method, A mass-balanced trophic model sich Ecopath with Ecosim 15 a
very useful tool in that #t provides a guantitative srap-shot view of the system as well a3
potontial for investigating causal facters and time-dynamics using Ecosim. However, when
cxarmring reswits from modsls such as these itis important to keep it mind that ever a besl
aslimate is still an estimate. While additienal nput data would be valuahle, a more reglistic
pursuit would be to gan a better understanding of the life-histaries of the species nvolyed.
Yilkile some shadow of doubt may always be cast upon suggestions of what might have beesn.

a clearer idea of what could not have been may be the only certainty within our grasp.
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Appendix A

Diet matrices, balanced model parameters and sensitivity analyses for

the southern Benguela ecosystem models

Table A.1 contains the unbalanced diet composition used in each model for the southern
Benguela, obtained from the 1978 model of the system (Shannon et al., 2004b). Tables A. 2-4
contain the balanced diet compositions for the 1600, 1900 and 1960 models respectively.
Tables A. 5-7 contain the balanced model parameters for the 1600, 1900 and 1960 models
respectively. Tables A. 8-11 show the results from sensitivity anlysis performed on each
model. Only strong effects, taken as those resulting in a + 40% in the altered parameter, are

displayed.
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Table A.1: Unaltered diet composition used in southern Ben

uela models, balanced for the 1978 model of the southermn Benguela referred 1o in Shannon et al. (2004b).

PreviPredator 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17 18 19 20
Phytoplankton 04 | 05 0333 008 | 032

Benthic producers

Microzooplankton 005 | 05 | 0333 004 | 032

Mesozooplankion 0334 | 064 | 057 | 029 | 06 1 081 | 001 1 075] 039 | 04

Macrozooplankton 012 1 034 1 007 1 04 | 016 | 08 1025 052 106 017 | 0083 | 027 | 0616 | 0046 | 0.769
Gelatinous zooplankton 0.04 0.03

Anchovy 0.02 0.024 0477 1 025 | 005 | 018 | 0.299 | 0.084
Sardine 0.01 0.01 003 } 0145 100011 001 | 0001 | 0.005
Redeye 0.01 0.056 006 | 003 | 005 | 0031 0087 | 0.05
Other small pelagics 0.001 | 0.033 0.01 | 0.001
Chub mackerel 0.001 | 0.031 0.02
Juvenile horse mackeral 0.01 | 0.051 0.03

Adult horse mackerel 0.001 0.158
Mesopslagics 0.15 0.05 0.02 0.1 0.088 | 005 | 0.081
Snosk - 0.002

Other large pelagics 0.001

Cephalopods 001 101411 005 {00521 003 | 0.01
Small M. capensis 002 | 001 10022 0.095

Large M. capensis 0.02

Small M. paradoxus 0.06 | 0.034 | 0.078 | 0.021 | 0.15

Large M, paradoxus

Pelagic-feeding demersals 041 3 0.0886 0.001 | 0.001 .
Benthic-feeding demersals 0.001 1 0.001 >
Pelagic-feeding chondrichthyans

Benthic-feeding chondrichthyans

Apex chondrichthyans

Seals

Ceotaceans

Seabirds

Meiobenthos

Macrobenthos 0.03 | 0.379

Detritus 0.55 0.2

Import 0.05
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Table A.1 continued.
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Pray\Predator 24 22 23 24 5 26 27 28 28 30 31
Phytoplankton
Benthic producers 0.05 | 0.05
Microzooplankton
Mesozooplankton 0.01 0.01 0.03 | 0.008
Macrozooplankton 0.29 | 0.648 | 0.05 0.04 0.1
Golatinous zooplankton
Anchovy 0.002 | 0.002 | 0.005 | 0.02 0.25 0.3 0.4
Sardine * * 0.01 003 | 007 | 005
Redeye 0.028 |, 0.11 | 0.025 | 0.049 0003 ' 0.03 | 0.02
Other small pelagics 0.002 0.02 0.003 ] 002 | 006
Chub mackerel 0.01 0.013 0.003
Juvenile horse mackerel 0.01 0.01
Adult horse mackersl 009 | 001 | 0025 0.022 | 0.27
ffiesopelagics 0364 015 | 005 | 025 | 0.01 001 | 004 | 0.103
Snoek 0.001 0.001 0.01 0.002
Other large pelagics 0.01 0.005 | 0.001
Cephalopods 0104 | 002 | 0.02 0.2 0.03 0.231 | 0.154 1 0.07
Small M. capensis 0.004 ' 0.001 0.1 0.01 0.04
Large M. capensis 0002 | 004 | 0.01 0.022 | 0.01
Small M. paradoxus 0.145 | 0.016 | 0.008 01 10017 013
| Large M. paradoxus 0.02 0.002 ; 0.05 0.018 | 0.008
Pelagic-feading demersais 003 | 003 | 002 ) 0.05 | 0.005 | 0.01 | 0.049 0.001
Benthic-feeding demersals 0094 | 001 1 002 | 01 015 | 001 | 0084
Pelagic-feading chondrichthyans 0.1 0.1
Benthic-feeding chondrichthyans 0.005 006 | 077
Apex chondrichthyans
Seals 0.03 0.002
Cetaceans 0.04
Seabirds *
Melobenthos 0.08
Macrobenthos 0.782 0.725 0.054 0.07
Datritus 0.95 08

import
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Table A.2: Balanced diet matrix for the 1600 model of the southermn Benguela.

Prey\Predator 3 4 5 8 7 8 8 10 11 12 13 14 15 16 17 18 18 20
Phytoplankton 0.4 05 | 0.333 0.05 0.32 ’ .
Benthic producers
Microzooplankton 0.05 | 0.5 | 0.333 0.04 | 0.32
Mesozooplankion 0334 064 | 057 | 029 0.6 081 | 001 10751 039 | 04
Macrozooplankton 012 1 034 | 007 04 0.16 08 10251 052§ 086 017 100831 027 | 0616  0.046 | 0.799
Gelatinous zooplankton 0.04 0.03
Anchovy 0.02 0.024 0477 | 025 | 005 | 0.18 | 0.299 | 0.084
Sardine 0.01 0.01 0.03 | 015 | 0001 | 001 | 0.001 | 0.005
Redeye 0.0 0.056 006 | 003 | 005 {0031 00871 005
Other small pelagics 0.001 | 0.033 0.01 | 0001
Chub mackerel 0.001 | 0.031 0.02
Juvenile horse mackerel 0.01 | 0.081 0.03
Adult horse mackerel 0.001 0.158
Mesopelagics 0.15 005 | 002 01 10088 008 | 0.051
Snoek * 0.002

| Other large pelagics 0.001
Cephalopods 001 101411 005 | 0.052 | 003 | 0.01
Small M. capensis 0.02 | 0.01 | 0022 0.095
Large M. capensis 0.02
Small M, paradoxus 0068 1003410078 00211 015
Large M. paradoxus
Pelagic-feeding demersals 0.11 | 0.086 0.001 | 0.001 *
Benthic-feeding demersals 0.001 | 0.001 *
Pelagic-feeding chondrichthyans
Benthic-feading chondrichthyans
Apex chondrichthyans
Seals
Cetaceans
Seabirds
Meiobenthos
Macrobenthos 0.03 | 0.379
Detritus 0.55 0.2
Iimport 0.05

* indicates < 0.1% of diet
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Table A.2 continued.
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Prey\Predator 21 22 23 24 25 26 27 28 29 30 34
Phytoplankton

Benthic producers 0.05 | 0.05
Microzooplankton

Mesozooplankton 0.01 0.01 0.01 | 0.008
Macrozooplankton 021 | 0648 | 0.05 0.013 1 0.1

Gelatinous zooplankton

Anchovy 0.002 § 0.002 | 0.005 | 0.02 025 | 0412 1 04

Sardine * - 0.01 0.03 | 0.084 | 0.05

Redeye 0028 | 011 | 0.025 1 0.049 0.003 | 0.01 0.02

Other small pelagics 0.002 0.02 0.003 | 0.007 | 0.06

Chub mackerel 0.01 0.013 0.003

Juvenile horse mackerel 0.01 0.01

Aduit horse mackerel 0.08 | 0.01 | 0025 | 0.022 | 0.383

Mesopelagics 035 | 015 | 003 | 025 | 001 001 | 0013 | 0.103

Snoek 0.001 0.001 0.01 0.002

Other large pelagics 0.01 0.005 | 0.001

Cephalopods 0104 | 002 | 0.02 0.2 0.03 0.231 ] 0.052 { 007

Small M. capensis 0.004 | 0.001 0.1 0.003 | 0.04

Large M. capensis 0.002 | 0.045 | 0.01 0.022 | 0.003

Small M. paradoxus 0.145 | 0.016 | 0.008 0.1 0006 | 0.13

Large M. paradoxus 0.034 0.002 | 0.05 0.018 | 0.003

Pelagic-feeding demersais 003 | 003 | 002 | 005 |1 0.005] 001 | 0.049 0.001
Benthic-fesding demersals 0004 | 001 | 0.02 0.1 045 | 001 | 0084

Pelagic-feeding chondrichthyans 0.085 0.1

Benthic-feading chondrichthyans 0.005 0.06 | 077

Apex chondrichthyans

Seals 0.03 0.002

Cetaceans 0.04

Seablrds *

Melobenthos 0.08
Macrobenthos 0.802 0.725 0.054 0.07
‘Detritus 0,95 | 08
import

* indicates < 0.1% of diet
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Table A.3: Balanced diet matrix for the 1900 model of the southemn Benguela.

Prey\Predator 3 4 5 8 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Phytoplankton 04 | 051 0.333 0.05 | 0.32

Benthic producers

Microzooplankton 0.05 ; 0.5 | 0.333 0.04 | 032

Masozooplankton 0334 1064 1057 | 029 | 06 1081 0010751 039 | 04

Macrozooplankton 012 1034 | 007 | 04 1016 | 08 1025 052 | 06 | 017 10083 | 027 | 0616  0.046 | 0.779
Gelatinous zooplankton 0.04 0.03

Anchovy 0.02 0.024 0477 | 025 | 005 | 018 | 0.299 | 0.084
Sardine 0.01 0.01 003 | 015 100011 001 | 0.001 0005
Redeaye 0.01 0.056 0.06 | 003 | 005 | 0.031 | 0.087 | 005
Other small pelagics 0.001 | 0033 0.01_] 0.00%
Chub mackerel 0.001 | 0.031 0.02
Juvenile horse mackere! 0.01 | 0.051 0.03

Adult horse mackerel 0.001 0.158
Mesopelagics 0.15 005 | 0.02 01 10088 005 | 0071
Snoek * 0.002

Other large pelagics 0.001

Cephalopods 0.01 ] 0141 | 0.05 | 0.052 | 0.03 0.01
Small M. capensis 0.02 0.01 | 0.022 0.095

Large M. capensis 0.02

Small M. paradoxus 006 10034 | 0078 0021 015

Large M, paradoxus

Pelagic-feeding demersais 0.11 | 00886 0.001 | 0.001 *
Benthic-feeding demersals 0.001 | 0.001 .
Pelagic-feeding chondrichthyans

Benthic-feeding chondrichthyans

Apex chondrichthyans

Seals

Cetaceans

Seabirds

Melobenthos

Macrobenthos 0.03 | 0.379

Detritus 0.55 0.2

import 0.05

* indicates < 0.1% of diet
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Table A.3 continued

128

Pray\Predator 21 22 23 24 25 28 27 28 29 30 31
Phytoplankton

Benthic producers 005 | 005
Microzooplankton

Mesoczooplankton 0.01 0.01 0.01 | 0.008
Macrozooplankton 0.24 | 0648 | 005 00131 01

Gelatinous zooplankion

Anchovy 0.002 | 0.002 | 0005 | 0.02 025 10412 04

Sardine * * 0.01 0.03 | 0084 | 0.05

Redeye 0.028 | 0.11 | 0.025 | 0.049 0.003 | 0.01 0.02

Other small pelagics 0.002 0.02 0.003 | 0007 | 0.06

Chub mackerel 0.01 0.013 0.003

Juvenile horse mackersl 0.01 0.01

Adult horse mackeral 0.09 0.01 | 0.043 | 0.022 | 0.383

Mesopelagics 0.327 | 0.15 0.08 0.25 0.01 0.01 | 0.013 | 0.103

Snoek 0.004 0.001 0.01 0.002

Other large pelagics 0.01 0.005 | 0.001

Cephalopods 0.104 | 0.02 | 0.02 0.2 0.03 0231 | 0052 | 0.07

Small M. capensis 0.004 | 0.001% 0.1 0.003 | 0.04

Large M. capensis 0.002 | 0.045 | 0.01 0.022 | 0.003

Small M. paradoxus 0.145 | 0.016 | 0.008 0.1 0.006 | 0.132

Large M. paradoxus 0.034 0.002 { 005 0.018 | 0.003

Pelagic-feeding demersals 0.03 | 003 { 002 | 005 | 00051 001 | 0048 0.001
Benthic-feeding demersals 0.084 | 0.01 0.02 0.1 0.15 | 0.01 | 0.084

Pelagic-feeding chondrichthyans 0.085 0.1

Benthic-feeding chondrichthyans 0.005 0.06 0.78

Apex chondrichthyans

Seals * *

Cetaceans 0.041

Seabirds ’

Meiobenthos 0.08
Macrobenthos 0.782 0.725 0.054 0.07
Detritus 095 1 08
Import

* indicates < 0.1% of diet
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latle A4 Balanced diet maln for the 1560 southern Benguela model. e 1. . T

Proy\Pradator y | el s & 7 8 9 10 -1 2 13 | 14 | 15 16 17 18 19 20

Phytoplankian D4 . 05| 8333 .05 | 0132

Benlhlc producers :

sl EECEEE -

| Micrazaapiankton H 905 | 05 | 0333 0.04 032 | — | | 1 .
Mesozooplankton 0334 | 064 | 057 | 020 | a6 | os1 | oot | o7 039 | o4 Sl

Macrozooplankton D12 | 034 | oo7 | o4 [ 0w | o8 (4251 os2 | na | 017 | 008) | 027 | 0616 | U.046 | D73 |

Gelatinous rooplankton .04 : 0.03 =
Anchovy i i 0.01 0.01 003 | 015 10007 | DO | D.0DY | DOOS

| Sardine = a2 D024 0477 | 025 { 005 | 018 | D28 | 008

Redgye i a1 D oSk pok | 003 | 0ps | DUl | DOBT | DOS

Cther small pelagics 0001 | 0033 o 0g1 3 9001
Chub mackersl 2,001 [ 0031 | D82

Juveniie horse mackeral fotd 201 | 0051 1403

Aduit horse mackerel : - 1.4 10001 ! narr
|_Mosapelayice vl b4 01s vni i H] W oos | op2 | o1 Jooss | 005 | oos)

Snoek A3 B | 0.002

Othaer large palagics 0.001 |

| Cophalopods : po1 | 0141 | 005 | DeS2 | 002 | G4
Smail M. capensis 091 | o2z 0.085

u._
-
=]
LY

Large M. capensis e W Bos

. Small M, parpdoris i . e el _ 006 | 0.03 | O.078 | 0.0271 | DI&

, Large M. paradoxus o I ; . s s
Polagic -feading domersals ¢ S L R il 011 | D.OBG a0o1 | a.0ay 20|
0.001 | 0.00t A

Benthic-feeding demersals ) % — L=

Pelagic-feeding chondrichihyans g LS
| Benthic-feeding chondrichlhyans i
Apex chondriohthyatis 3 P : - =

SMI'_.- =i - - S e = B e P e ——

Letageans | . . | B

Seabirds " =
Mpiabenthaos L I |

Macrobgnthos g I ' L P A ) noa | 0379 )
Detritus | nss L o2 L

aas

Impart . s S i TR |
- indizates < 0.1% of died i f ; | [ Al ks
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Table Ad continued.
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PreyiPredator 21 22 23 4 25 25 2t 28 23 - ] 41
Phytopfanktan ) | :
_Benthle producers. = fen . [ ; 005 | 005
| Microzooplankton - (L [ SR :
Mssezooplankion 0.1 .M — 0013 | 0.005 !
Macrazooplankten p21 | as4s | 005 : ogeal| o1 | =
_Gelatinous zogplenkion { : : ] . __m
_Anchovy . = | o005 | oo L | ooz | o3ss | ons :
Sardine agcz | 0002 | | oois i 0.25 | oo7e | D4 i
Redeye 0028 | 011 | 0025 | 0.049 | oood | oofe | ooz | |
Othersmall pslagies | 0002 0.02 [.003 | D012 | DO6 A
Ghub mackere! | pot B.013 0.003 =)
Juvenile horse mackenol i |! ) i 0.0 o401 !
Adult horgs mackersl e E_ oo RO1 | 003 [ D022 ) 034 .
Mesopelagics 0364 f 015 ! oos | pes | am 0p1 | 0.024 | 8103 e
Snosk . loom : | 000 o 0,002 !
Dther large pelagics ' . 0.0 0005 | 00pm | | - =4
Cephalopods o104 | oo2 | o2 | b2 | 003 0231 | 0091 007
Small M. capensis apimie oo | OB0Y | 01 | 0006 | 004
Large M. capensis b il nooz | o0 | ool 0022 | 0006 [
| Small M. paradaxus D145 | 5016 | BODB | 04 ! a1 | 013 i
| Large M. paradoxus 0.02 0002 | 005 L Qe | D008 :
Pelagic-feeding demarsels Qo3 [ 003 | 002 | 005 [ DODS | 001 | 0049 0001 (i e
Benthicfeeding demearsals 0.0 | 041 | 002 0.1 016 i 'IE_E_DUEJf 1#r i) |
| Pelagic-Tooding chondrichthyans . 0.085 ;a1 i ¥ |
_Banthic-feading chondrichthyens 0005 006 [ 037 '
Apex chondrichthyens e o
Seals il 0.025 p.o0z
Cetacoans - A= an4d prgr=—=i|
Seablrds s . 3
Mslobenthos i el o G.G3
Macrobenthos 0782 0725 D.054 o7
Detritus = g e 0.95 | .8
| Import r !
i *indicates = 0.1% of diat 5 i : o




Table A5 Balansed mode: paramaters for the 1600 southerh Betquela medel, Inputs are narked n kol Other

parameters vwere estimated by the madel

Group .

_ _ TL BB | QB8 | EE P Catch
Phytoplankton 1 ¢ 76938 | 1544 - | 0.261 F <
Benthic producers 1 i B.381 15 - ! D5 - .
Microzooplankton 2.05 2408 482 JH2E o BEs .25 -
Mesozooplankton 253 | 10083 | 40 |133.333 | 0.95 |
Wacrozooplankton 285 17.763 13 31.707 0.95 | 041 | -
Gelatinous zooplankion e ] 0.584 | 1668 0. 66 035 -

i Anchovy 354 9.616 1.4 14.4 095 0.087 -

" Sardine _ | z8t | §888 | 12 | 12371 | 095 0.087 -
Redeye 366 | 5249 | 13 13 0.95 01 :
Other small polagics 36 0.508 1 10 0.85 g !
Chub mackersi 4.01 0817 0.8 8 0.95 DY) .
Juvenile horse mackersl S.81 0288 1.2 12 0.95 £ - ]
Adult horse mackerel b EE | 1.5 10 D85 0,35 - :
Mesopelagice L SRR a2 12 0.85 01 =
Snosk e i L) BN VI, 4,54 g.0874 | 0.5 5 0.95 01 :
Other large pelagics s 451 ' 0058 | 0483 | 483 ° 095 | 01 5

| Cephalopods 383 | 1863 | 35 0 035 0.35 ;
Small M. capensis 417 | D684 . 25 16866 | 085 g -
Large M. capensis L 47§ 1.834 t.8 4.4 0.208 0182 | e
Small M. paradoxyus P4 2.363 2.5 16.666 0.93 Mits o
Large M. paradoxus | 462 2.585 B 4.7 0.288 017 £
Felagic-feeding demersals 417 1.82 .7 3.5 0.5
Benthic-fesding demsrsals 343 4672 b7 <R 0.9s5
Pelagic fending chongricnthyans | 4,97 | 0531 | 05 | 4545 | 085
Banthic-feeding choendrichthyans 3% | 0728 1 10 0.85

| Apax chondrchthyans 48 | 0.045 0.3 =) o
Saals 473 0.133 0.25 | 19.308 0482 |

| Cataceans 4.5 D.22 0.15 10 0.2723
Seabirds 4.58 0035 | 0123 123 Dl
Meiokbenthos 2 | 1888 1 4 . 33 D85
Macrobanthos 218 56475 1.2 | 10 | 085
Datritus i - - - = Qg -




Tahiz 4.6 Balgnoed model parameters for the 14965 southam Berguela model, Inpats are merked in bold, other

paramelers estimatod by the modal

2

b

Group TL B PE | QB _ EE | PAQ Catch
Fhyteplankton Al 76938 | 154.4 ° - 0248 , - -

. Banthlt produters 1 553 1= = d.5 5

: Microzooplankion 2058 iyl 482 1828 0.95 025
Wesozooplankion 253 953 40 133333 0.85 0.3

. Mggrozooplankton 286 | 16.755 13 31.707 0oes | 041

. Gelatinpus zooplankton e 3.29 E___l 0.5B4 1.868 (- I T A
Anchpwy 3.04 | BT74 T | T&a 1 BS95 . 0.08F

Sardine B e s O e Wl = T g.8s 0097 | -
Redeye S R 3 13 | 085 i1 -
_Dther small pelagles . S [ R 1 10 0.8s .1 BT
Chub mackerel 4.01 1 [(.283 o8 8 0.95 0.1 i

: Juvenlle horss mackeral 3.61 g28 1.2 12 0.85 0.1 -
Adult horsa mackerel 379 | 1684 1.5 10 885 ' 015 L

| Mesopslagics 3.3 | 10812 1.2 12 0es - 01 -

| Snoek 454 | 01€7 0.5 5 0.Bs | 01 0001
Other large pelagics 4561 | 00208 | 0493 ° 482 0.95 0.1 0.017
Cephalopods 3.83 | 1408 35 10 BA5. | b3k -
_Small M. capensis 417 | 0562 2.5 16.666 0.85 | 015 -

| Large M. capansis 4,75 . 1.834 0.B 4.4 | 0257 | 0182
Bmall M. paradoxis s 403} 2168 | 25 16666 ' 095 | 015
Lerge M. paradorus 461] 2585 - 0B | 47 | 0275| 017
Palagiz-feeding demersals d- 1) 1,F28 0.7 &b 1 085 0.2
Benthic-feeding demersals 3.45 | 4048 0.7 3.5 { 0.85 « 02 5

| Palagic-feeding chondrichthyans 497 | 0521 d.5 4.545 088 . o.M

| Benthle-fegding chondrichthyans 3566 | 0704 1 10 0.85 0.1 -
Apex chondrehthyans 4.77 | 0.045 0.5 5 0 1 -
Eeals o 4.74 | 0.OQ0FE | D.23 18.306 | 0895 | 0013 | 0.001
A T i R M et (I A 0.22 0.13 10 0278 | .015 -
Seabirds 458 0.036 | 0.123 123 0162 [ 0.001 -
Moiohenthos S I ' 10.303 4 33 0.85 | 0121

| _Macrobenthos o |.2.18 | 48 841 1.2 10 Q.85 . Qs

Detritus W e S o S mopcarth 02a1 ! -




Table A7 Ealanced madet parameters for the 1960 sauthem Senguels madel Inputs are marked in beld, other
parameters estimaied by e model,

. Group ., B | PB QB : EE | FIQ
. Phyleplanktien .1 : 76.938 ' 154.4 - 0A7E [ -
Banthle preducers = — it} G ST - 1 IS T =
Microzooplankten . |20%]| 18518 482 1928 Bas |25 | -
Mesozooplankton s W 253 | B131 40 133.333 | 085 83 |
Macrezoopiankton "2.8% | 10803 13 . M.707 085 | 041
Gulatinous zooplankton 3.78 <] 0.584 1.669 0148 | 0as ¢
Anchovy 354 0.9 1.4 14.4 096 | Boe7F |
Sardine a8t Tag 0 1.2 12.371 0458 ' G087
' Redeye 366, 3809 1.3 13 085 01
Othor smal pelagis |26 [ome [ 1 | w Josslo1 | -
Chub mackersl " 4 0,373 0.8 - e eSS =
Juvenlig horse mackerel 361 | 0AFE 1.2 . 12 (.85 61 [ - |
Adult herse mackoral — S378| 2012 15 ! 10 10614 ) 015 - 0.288
| Mesopolagics 373| 7845 | 1.2 12 085 | 01 .
| Snook 425 015 | 05 5 095 | 0]
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Table A.8; Senstivily analysis for 16CE seuthern Benguels moadel, The growup and input parameter causing sensthity 6re
sNher i1 the first teep columns, foliwed By the group and parameler afiected, The percentage change in input paramefer

at which the esiimated parameter kecame altered by 40% or more is noled &2 the percantage change in input.
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Tabw A.S: Resuls of sensitivity analyss showing sirongly ifluenced groups fo* the 1800 souther Benguéla mngs!
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Table A9 Results of sershvily snalysis showing stromgly influensed groups for ke 1900 southern Yengua'a model
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Table 4,10 Resuls of sensitvity anaiysis snowing shangly influenced areups for ine 1960 southern Senguela made|
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Table & 11" Results of sensikvity analysis showing strongly influenced groups lor the 20005 southern Benguels model
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Appendix B

Diet matrices, balanced model parameters, sensitivity analyses and
mixed trophic impact assessments for the northern Benguela ecosystem

models

Table B.1 contains the unbalanced diet composition used in each model for the northemn
Beﬁgueia, obtained from the 1890s model of the system (Roux & Shannon, 2004). Tables B.
2-4 contain the balanced diet compositions for the 1600, 1800 and 1970 models respectively.
Tables B. 5-7 contain the. balanced model parameters for the 1600, 1800 and 1970 models
respectively. Tables B. 8-11 show the results from sensitivity analysis performed on each
model. Only strong effects, taken as those resulting in a + 40% in the altered parameter, are
displayed. Results from the mixed trophic impact assessments on"the northern Benguela

models are shown in Figs B.1-4.

142



@ e N M W B W R e

B2 B3 R OB BE BRI A ORI mbh b ok el b wh b ek wh mb
w3 BB B B RN o= D OB B O~ DB OB G R e 3

Table B.1: Unaltered diet composition used for each of the northem Benguela modeis, based on the system in the 1990s (Roux & Shannon, 2004).

Prey \ Predator 2 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17 18 19 20
Phytoplankton 047 | 0.5 06 | 0.02 0.56 | 0.33 0.007

Microzooplankion 0.06 | 05 0.08 | 0.04 0.006

Mesozooplankton 04 | 062 018 | 0.31 | 008 0.4 002 107741 05 | 015 0.06

Macrozooplankton 0.12 018 | 032 ¢ 014 | 08 054 | 0417 | 02 | 065 | 02 036 10095]| 02 0.08
Gelatinous zooplankton 0.04 0.026

Melobenthos 0.86 0.65 0.3 0.1 0.18 | 0.27
Macrobenthos 0.08 0.025 005 | 0.18
Sardine 0.005 0.017 0.004

Anchovy 0.001 0.003 0.002

Polagic Goby 0.02 0.123 008 @ 005 10462 | 036 | 007
Mesopelagics 0.005 0.123 002 § 0.133 1 0.033 | 0.076 | 0.26 | 0.03
Cephalopods 0.01 0295 | 007 |0.049 | 0065 | 0.26
Other small pelagics 0.01 0.068 008 | 0015 | 0.055 | 0.01 | 0025
Juvenile horse mackerel 0.1 0.028 0.072

Adult horse mackerel 0.033 0.015
Large pelagics

Small M. capensis 0.023 0.123 | 0.013

Large M. capensis 0.01 0.025 0.068 | 0.027 | 0.025
Large M. paradoxus 0.048 0.017 0.025
Benthlc-feeding demersals 0.033 ] 0075 | 0.04
Pelagic-feeding demersals 0.1 0013 ] 0.04 | 0.01
Chondrichthyans

Seabirds

Seals

Cetaceans

Detritus 0.47 0.2 1 0.06 0.09 0.017 0.01 | 0.06
Import
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Table B.2: Balanced diet matrix for the 1600 model of the northern Benguela.

WO O~ B o B B R

B3 R BRI R OB RS R OB ok h wh ed el wmb ek eh mk mb
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Pray \ Predator 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Phytoplankton 055 | 064 | 002 0.56 | 0.33 0.007

Microzooplankton .45 0.08 | 0.04 0.006

Mesozooplankton 0.36 | 0.62 0.18 | 0.31 0.06 0.4 002 10774 1 05 | 0.15 0.112

Macrozooplankton 0.12 0.18 | 032 | 0.15 086 054 | 017 0.2 | 067 0.2 049 {0095 027 | 0.11
Gelatinous zooplankton 0.04 0.026

Melobenthos 0.86 0.65 0.3 0.4 0.18 | 0.27
Macrobenthos 0.07 0.025 0.05 | 0.16
Sardine 0.143 0.017 0.304

Anchovy 0.011 0.003 0.022

Polagic Goby 0.005 0.005 006 1 005 0.28 0.05 0.04
Mesopelagics 0.005 0.093 002 1 013310023 | 0076 1 0085 | 0.03
Cephalopods 0.01 0.295 | 0.07 | 0.029 | 0.035 0.2
Other small pelagics 0.01 0.068 0.08 10025 00551 001 | 0.025
Juvenile horse mackersl 0.1 0.028 0.072

Adult horse mackerel 0.023 0.015
Large pelagics

Small M. capensis 0.023 0.113 | 0.013

Large M. capensis 0.01 0.025 0.068 | 0.112 | 0.035
Large M. paradoxus 0.046 0.06 0.045
Benthic-feeding demersals 002 ) 0075 | 0.01
Pelagic-feeding demersals 0.1 0.013 | 0.04 | 0.01
Chondrichthyans

Seablrds

Seals

Cetaceans

Detritus 02 1 0.07 0.095 0.017 009 | 0.09
import
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Table B.2 continued.

Prey \ Predator 21 22 23 24 25
Phytoplankion

Microzooplankion

Mesozoopiankton 0.18 0.003 0.05
Macrozooplankton 0.5 0.043 0416
Gelatinous zooplankton

Melobenthos 0.215

Macrobenthos 0.17

Sardine 0.076 | 0.012 | 0.038 | 0.315 | 0.009
Anchovy 0.001 , 001 | 0148 0016 | 0.005
Paiagic Goby 0.019 | 0.025 | 0465 | 0.077 | 0.066
Mesopelagics 0.036 | 0025 | 005 | 0.104
Cephalopods 0104 | 0.1 100451 0.035 | 0.254
Other small pelagics 00341 007 008310023 | 0.004
Juvenile horse mackerel 0003 00051 005 | 005
Adult horse mackerel 002 | 0.02 0.053 | 0.043
Large pelagics 0.004 | 0.003 0.019
Small M. capensis 0.002 | 0.158

Large M. capensis 0.002 | 0.052 | 0.158 | 0.024
Large M. paradoxus 0.02 | 0.002 | 0.046 0.024
Benthic-feeding demersals 0.08

Pelagic-feeding demersals 0.01 | 002 | 0015/ 0.011
Chondrichthyans 0.1

Seabirds 0.003
Seals 0.002 | 0.001 0.033
Cetaceans

Detritus 0.17

Import
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Table B.3: Balanced diet matrix for the 1900 northern Benguela model.

Prey \ Pradator 3 4 5 6 7 8 9 10 11 12 13 14 i85 18 17 18 19 20
Phytoplankton 0.5 0.6 0.04 0.56 | 0.33 0.007
Microzooplankton 0.5 0.08 | 0.04 0.006
Mesozooplankion 04 | 062 0.18 | 031 | 0.08 0.4 0.02 | 0774 | 05 | 018 0.08
Macrozooplankton 0.12 0.18 1 0.32 | 0.14 0.8 084 | 017 0.2 | 065 0.2 05 |10085] 023 @ 008
Gelatinous zooplankton 0.02 0.026
Melobenthos 0.86 0.65 0.3 0.1 0.18 0.28
Macrobenthos 0.05 0.015 005 | 013
Sardine 0.141 0.017 0.348
Anchovy 0.011 0.003 0.017

| Pelagic Goby 0.005 0.01 008 1 005 | 0302] 007 @ 007
Mesopelagics 0.005 0.09 002 013310033 003 | 015 | 0.008
Cephalopods 0.01 02951 007 10034 | 0065 | 0.2
Other small pelagics 0.01 0.068 0.08 | 0015 ] 0055 1 0.01 | 0.025
Juvenile horse mackerel 0.1 0.028 0.072
Aduit horse mackersl 0.033 0.015
Large pelagics
Small M. capensis 0.023 0.08 | 0.013
Large M. capensis 0.01 0.025 0.068 | 0.102 | 0.085
Large M. paradoxus 0.046 0.058 0.055
Benthic-feeding demersals 0.027 | 0.06 | 0.005
Pelagic-feeding demersals 0.1 0.013 | 0.03 0.01
Chondrichthyans
Seabirds
Seals
Cetaceans
Detritus 0.2 1 0.09 0.095 0.017 0.04 0.1
import
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Table B.3. continued.

Prey \ Predator 21 22 23 24 25
Phytoplankton

Microzooplankton

Mesozooplankton 0.18 0.003 0.05
Macrozooplankton 0.5 0.043 0.446
Gelatinous zooplankton

Melobenthos 0.215

Macrobenthos 0.17

Sardine 0.001 10013 1 0.039 | 0015 | 0.012
Anchovy 0001 | 0.01 | 0.149 | 0.016 | 0.005
Pelagic Goby 0.004 | 0.025 | 0.465 | 0.377 | 0.066
Mesopelagics 0.036 [ 0025 | 0.05 | 0.104
Cephalopods 0104 | 0.1 0.045 | 0.035 | 0.254
Other small pelagics 0.034 | 0.07 | 0.083 | 0.023 | 0.004
Juvenile horse mackerel 0.003 | 0.005 | 0.05 0.05
Adult horse mackerel 0.02 | 0.02 0.053 | 0.043
Large polagics 0.004 | 0.003 0.018
Small M. capensis 0.002 | 0.158

Large M. capensis 0.002 | 0.052 | 0.158 | 0.024
Large M. paradoxys 0.02 | 0.002 | 0.046 0.024
Benthic-feeding demersals 0.05

Pelaglc-feeding demersals | 0.01 | 002 | 0.015 | 0.011
Chondrichthyans 0.1

Seabirds 0.003
Seals * > *
Cetaceans

Detritus 0.17

Import

* signifies a contribution of < 0.01%.
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Table B.4: Balanced diet matrix for the 1970 model of the northern Benguela.

B W ~N ;R B R =
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Prey \ Predator 3 4 8 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Phytoplankton 0.5 0.6 | 0.02 0.56 | 0.33 0.007

Microzooplankion 0.5 0.08 | 0.04 0.008

Mesozooplankion 04 | 062 018 { 031 1 0068 | 04 002 107741 05 | 0.15 0.15

Macrozooplankton 0.12 018 | 032 | 0.143 | 06 056 | 017 | 02 1085 | 02 0432 0142 | 027 | 0.095

Gelatinous zooplankton 0.04 0.026

Msiobenthos 0.86 0.65 0.3 0.1 0.182 | 0.27

Macrobenthos 0.05 0.025 005 1 007

Sardine 0.005 0.017 0.088

Anchovy 0.001 0.003 0.028

Pglagic Goby 0.009 0.103 0.08 | 0.05 025 {0218 | 007

Mesopelagics 0.005 0.103 002 101433 0033 10086 | 0.1 0.03

Cephalopods 0.01 0295 | 0.07 | 0049 | 0075 | 027

Other small pelagics 0.01 0.068 0.08 | 0.065 0106 | 001 | 0.025

Juvenile horse mackere! 0.1 0.028 0.054

Aduit horse mackerel 0.033 0.015

Large pelagics

Small M. capensis 0.023 0.083 | 0.023

Large M. capensis 0.03 0.025 0.08 | 0.025 | 0.025
| Large M. paradoxus 0.046 0.019 0.065

Benthie-feeding demersals 0.033 | 0.055 | 0.025

Pelagic-feeding demersals 0.1 00131 0.05 | 0.01

Chondrichthyans

Seabirds

Seals

Cetaceans

Detritus 0.2 1 0.09 0.08 0.017 0.09 0.1

import
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Table B.4. continued.

Proy \ Predator 21 22 23 24 25
Phytoplankton

Microzooplankton

Mesozooplankton 0.18 0.003 0.05
Macrozooplankion 0.5 0.043 0.416
Gelatinous zooplankton

Melobenthos 0.215

Macrobenthos 0.17

Sardine 0.006 | 0.012 | 0.038 | 0.015 | 0.008
Anchovy 0001 | 001 | 0149 | 0.016 | 0.005
Pelaglc Goby 0.039 | 0.025 | 0.465 | 0.377 | 0.066
Mesopelagics 0.036 1 0.025 | 0.05 | 0.104
Cephalopods 0.154 | 0.1 0.045 | 0.035 | 0.254
Other small pelagics 0034 | 007 @ 0.083 | 0.023 { 0.004
Juvenile horse mackere] 0.003 | 0.005 | 0.05 0.05
Adult horse mackerel 0.02 | 0.02 0.053 | 0.043
Large pelagics 0.004 | 0.003 0.018
Small M. capensis 0.002 | 0.158

Large M. capensis 0.002 | 0.052 | 0.158 | 0.024
Large M. paradoxus 0.02 | 0.002 | 0.046 0.024
Benthic-feeding demersals 0.05

Pelagic-feeding demersals 0.01 0.02 | 0.015 | 0.011
Chondrichthyans 0.1

Seablrds 0.003
Seals 0.002 | 0.001 0.033
Cotaceans

Detritus 0.17

Import
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Table B.5: Balanced model parameters for the 1600 northern Benguela model. Inputs are marked in bold, other

parameters were estimated by the model.

Group Th B PiB QB EE PIQ Catch
Phytoplankton 1 207.2 358.7 - 0.786 - -
Microzooplankion 2.04 3.254 482 1928 0.989 0.28 -
Mesozooplankton 2.47 21.235 40 133.333 | 0.99% 0.3 -
Macrozoopiankton 2.53 35,964 13 31707 | 0,999 0.41 -
Golatinous zooplankton 3.18 28.073 0.44 1.467 0.5 0.3 -
Mslobenthos 2 57.138 8 33 0.999 0.242 . -
Macrobanthos 3 28.308 1.2 10 0.989 0.12 -
Sardine 2.82 35,389 4.38 14 0.904 0.096 -
Anchovy 2.99 1.87 1.8 18 0.989 0.1 -
Polagle Goby 3.08 20.203 1.8 12 0.899 0.15 -
Mesopelagics 3.5 19.651 1.23 12.3 0.889 0.1 -
cephalopods 3.81 4,129 5 15 0.999 0.333 -
Other small pelagics - 3.46 17.629 | 0.958 8.248 0.888 0.102 -
Juvenile horss mackerel 3.34 11.54 1.2 40 0.889 0.12 -
Adult horse mackers! 3.52 4.418 0.8 5.333 0.999 0.18 -
Large pelagics 4.42 0.0277 0.5 5 0.889 0.1 -
Small M. capensis 3.81 6.518 2 13.333 0.999 0.15 -
Large M. capensis 4.22 13.107 | 1.228 7.824 0.968 0.157 -
Large M. psradoxus 3.83 7.373 1.14 7.278 0.867 0.157 -
Benthic-feeding demersals 3.79 6.465 1 5 0.889 0.2 -
| Pelagic-feeding demersals 3.78 4.134 1 5 0.989 0.2 .
Chondrichiians 3.72 0.36 0.5 3.333 0.667 0.15 -
Seabirds 4.21 0.0177 | 0.186 120.3 0.137 0.001 -
Seals 4.35 0.253 0.28 18.25 0.125 0.016 -
Cetaceans 4.15 0.019 0.15 7.418 0 0.02 -
Detritus 1 - - - 0.981 - -
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Table B.6: Balanced model parameters for the 1900 northern Benguela model. Inputs are marked in bold, other

parameters were estimated by the model,

Group TL 8 PIB QB EE PIG Catch
Phytoplankton 1 207.2 35.7 - 0.807 - -
Microzooplanidon 2.06 3.832 482 1928 0.988 0.25 -
Mesozooplankton 2.53 20.408 40 4133.333 | 0.9%9 0.3 -
Macrozooplankton 2.61 32.548 13 34.707 | 0.999 0.41 -
Gelatinous zooplankton 3.19 20.108 0.44 1.467 0.5 0.3 -
Melobenthos 2 41.332 8 33 0.999 0.242 -
Macrobenthos 2.96 14.795 1.2 10 0.809 0.12 -
Sardine 2.65 35.368 1.35 14 0.961 0.096 -
Anchovy 3.03 1.533 1.8 18 0.999 0.1 -
Pelagic Goby 3.08 18.974 1.8 12 0.899 0.15 -
Mesopslagics 3.58 17.239 1.23 12.3 0.888 0.1 -
cephalopods 3.88 4.02 5 15 0.988 0.333 -
Other small pelagics 3.52 15.771 0.958 9.348 0.998 0.102 -
Juvenile horse mackers! 3.39 11.218 1.2 10 0.888 0.12 -
Adult horse mackers! 3.8 5.305 0.8 5.333 0.998 0.15 -
Large pelagics 449 | 0.0277 | 0.5 5 0.999 0.1 -
Small M. capensis 3.88 4.473 2 13,333 | 0.999 0.15 -
Large M. capensis 4.22 13.407 1.228 7.824 0.984 0.157 -
Large M. paradoxus 4.02 7.373 1.14 7.278 | 0.966 0.157 -
Benthic-feeding demersals 3.85 6.21 1 5 0.988 0.2 -
Pelagic-foeding demersals 3.86 3.504 1 5 0.998 0.2 -
Chondrichtians 3.73 0.38 0.5 3.333 0.667 0.15 -
Seablirds 4.25 0.0177 | 0.158 120.3 0.375 0.001 0.001
Seals 452 |0.00922 1 0.29 18.28 0.796 0.018 6.001
Cetaceans 4.16 0.018 0.18 7.418 0 0.02 -
Detritus 1 - - - 0.998 - -
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Table B.7: Balanced model parameters for the 1870 northern Benguela model. Inputs are marked in bold, other

parameters were estimated by the model.

Group TL B PIB iz EE PIQ Catch
Phytoplankton 1 214,288 38.7 - 0.692 - -
Microzooplankton 2.086 3.497 482 1928 0.999 0.25 -
Mesozooplankton 2.53 19.012 40 433,333 | 0.9%99 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 -
Msicbenthos 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 0.899 0.098 3,485
Anchovy 3.03 1.887 1.8 18 0.889 0.1 0.95
Pslagic Goby 3.09 26.274 1.8 12 0.999 0.15 -
Mesopelagics 3.58 17.202 1.23 12.3 0.898 0.1 -
cephalopods 3.97 4.45 5 18 0.999 0.333 -
Cther small pelagics 3.52 22.516 | 0.958 9.349 0.899 0.102 -
Juvenile horse mackerel 3.38 9.242 1.2 10 0.999 0.12 -
Adult horse mackere! 3.6 4,788 0.8 5.333 0.999 0.15 0.287
Large pelagics 4.52 0.047 0.5 5 0.988 0.1 0.011
Small M. capensis 3.91 3.919 2 13.333 0.999 0.15 -
Large M. capensis 4,35 10.165 1.228 7.824 0.94 0.157 1.261
Large M, paradoxus 3.83 5718 1.14 7.278 0.931 0.157 2.243
Benthic-feeding demersals 3.91 57 1 5 0.999 0.2 0.009
Pelagic-feeding demersals 3.95 3.678 1 § 0.998 0.2 -
Chondrichtians 3.75 0.38 0.5 3.333 0.667 0.15 -
Seabirds 4.26 0.014 0.156 120.3 0.194 0.001 -
Soals 4.55 0.0808 0.28 18.28 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: Resulls of sensitivity analysis of the 1600 northem Benguela model, showing inputs that had a strong influence
and the parameters affected.

Group Input Sensitive | Estimated | % change
parameter Group paramater in input

1 Biom 1 Cons/biom -30%
2 EE 1 Cons/biom -40%
Prod/biom 1 Cons/biom -40%
Prod/biom 2 Biom -30%
Cons/biom 2 Biom -50%
EE 4 Consfbiom -40%

EE 2 Biom -30%

4 | Prod/biom 1 Cons/biom -50%
Prod/biom 2 Biom -50%
Prod/biom 3 Biom -50%
EE 1 Cons/biom -50%

EE 2 Biom -50%

EE 3 Biom -50%

7 | Prodfbiom 6 Biom -20%
Cons/biom 6 Biomn -50%
EE 6 Biom -20%

10 | Prod/biom g Biom -50%
Prod/biom 7 Biom -50%
EE 6 Biorn -50%

EE 7 Biom -50%

12 | Prod/biom 14 Biom -50%
EE 14 Biom -50%

13 | Prod/iom 5 Biom -30%
Cons/biom 5 Biom -40%
EE 5 Biom -30%

17 | Prod/biom 10 Biom -40%
EE 10 Biom -40%

18 Biom 8 EE -50%
Biom 10 _ Biom -50%

Biomn 17 Biom -50%
Biom 19 EE -50%
Cons/biom 8 EE -50%
Cons/biom 10 Biom -50%
Cons/biom 17 Biom -50%
Cons/biom 19 EE -50%
20 | Prod/biom 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 Benguela model, showing inputs that had a strong influence
and the parameters affected.

Group Input Sensitive | Estimated | % change
paramater Group parameter in Input

2 PIB 1 QB -40%
QB 1 QB 50%

EE 1 QB -40%

3 P/B 1 QB -40%
P8 2 B -30%

QB 2 B -50%

EE 1 QB -40%

EE 2 B -30%

4 P/B 1 QB -50%
PB 2 B -50%

PB 3 B -50%

EE 1 QB -50%

EE 2 B -50%

EE 3 B -50%

7 PB 6 B -30%
QB 6 B 50%

EE 6 B -30%

10 PB 6 B -50%
EE B B -50%

12 P/B 14 B -50%
EE 14 B -50%

13 P/B 5 B -30%
QB 5 B -50%

EE 5 B -30%

17 PB 10 B -50%
EE 10 B -50%

18 B 8 EE +50%
B 14 B +50%

B 15 B +50%

B 17 B 150%

B 19 EE +50%

QB 8 EE 150%

B 14 B £50%

QB 15 B +50%

/B 17 B +50%

QB 19 EE +50%

20 P/B 7 B +50%

EE 7 B +50%
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Table B.10: Results of sensitivity analysis of the 1970 northern Benguela model, showing inputs that had a strong
influence and the parameters affected.

Group Input Sensitive | Estimated | % change
parameter Group parameter in input
2 PB 1 QB ~40%
QB 1 QB 50%
EE 1 QB -40%
3 P/B 1 B -40%
P/B 2 B -30%
QB 1 QB +50%
QB 2 B +50%
EE 1 QB -40%
EE 2 B -30%
4 PR 1 /B -50%
P/B 2 B -50%
PB 3 B -50%
EE 1 QB -50%
EE 2 B -50%
EE 3 B -50%
7 P8 6 B -40%
B 6 B 50%
EE & B -40%
10 PB 8 B -40%
P8 7 B -40%
QB 6 B 50%
EE 6 B -40%
EE 7 B -40%
12 PiB 14 B -40%
EE 14 B -40%
13 P/B 5 B -30%
Q/B 5 B #40%
EE 5 B +40%
18 B 17 B +50%
QB 17 B +50%
20 P/B 12 B -50%
EE 12 B -50%
25 B 23 EE +40%
/B 23 EE +40%
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Table B.11: Resuits of sensitivity analysis of the 1980 northern Benguela model, showing inputs that had a strong
influence and the parameters affected.

Group input Sensitive | Estimated | % change |
parameter Group parameter in input
2 PB 1 187)°) -30%
QB 1 QB 40%
EE 1 QB ~30%
» 3 PIB 1 Q/B -40%
PiB 2 B -30%
B 1 QB +50%
QB 2 B -40%
EE 1 Qmp -40%
EE 2 B -30%
4 P/B 1 QB -50%
PB 3 B -50%
EE 1 QB - -50%
EE 3 B -50%
10 P/B 6 B -30%
P/iB 7 B -40%
PiB 13 B8 -50%
QB 6 B8 150%
QB 7 B8 50%
EE 6 B -30%
~EE 7 B -40%
EE 13 B -50%
12 P/B 14 B -50%
_ EE 14 B -50%
17 P/B 10 B -50%
EE 10 B -20%
20 P8 12 B -50%
EE 7 B -50%
EE 12 B -50%
25 B 23 EE 140%
QB 23 EE +40%
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Appendix C

Tabulated sources of input data for a) southern and b) northern Behnguela

models
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Table €1: Input parameters and sources for southern Benguela models

Group Parameter Value Source
Phytoplankton B 76.396 | Shannon ef a/., 2004b
P8 154.4 Shannon et al. (2003); Brown et al. (1981)
Benthic producers P/B 18 Jarre-Teichmann ef al., 1858},
Microzoopiankion P/B 482 Jarre-Teichmann ef al., 1998},
Q/B 1928 Jarre-Teichmann ef al., 1998).
Mesozooplankton P/B 40 Shannon ef al. (2003)
QB 133.33 | Shannon ef al. (2003)
Macrozooplankton P/B 13 Jarre-Teichmann ef al., 1998).
Q/8 31.707 | Jarre-Teichmann ef af, 1998).
Gelatinous B 5 Shannon et al., 2004b
zooplankton P/B 0.584 Shannon ef al. (2003)
QB 1.669 Shannon ef al. (2003}
Anchovy PiB 1.4 Armstrong ef al. {1991)
QB 14.4 Hewitson & Cruikshank (1993)
Sardine B 1980 7.340809 | Schwartzlose ef al., 1999
P/B 1.2 Shannon ef al., 2004b
Q/B 12.371 Shannon ef al., 2004b
Catch 1960 | 1.445455 | Schwartziose ef a/.,, 1999
Redeye PB 1.3 Shannon et al., 2004b
QB 13 Shannon ef al., 2004b
Catch 1960 | 0.000455 | Crawford ef al., 1987
Other small pelagics P8 1 Jarre-Teichmann ef a/,, 1998).
QB 10 Jarre-Teichmann ef al,, 1998).
Chub mackerel P/B 0.8 Shannon ef al., 2004b
Q/B 8 Shannon et al., 2004b
Catch 1860 1 0.132273 | www.fao.org
Juvenile horse mackerel P/B 1.2 Shannon et al., 2004b
Q/B 12 Shannon ef al., 2004b
Adult horse mackerel B 1960 1.045455 | Crawford, 1989
P/B 1.5 Shannon ef al., 2004b
Q/B 10 Shannon ef al., 2004b
Catch 1960 | 0.287859 | Johnston & Butterworth, 2001
Mesopelagics P/B 1.2 Jarre-Teichmann ef al., 1998).
Q/B 12 Jarre-Teichmann ef al., 1998).
Snoek P/B 0.5 Jarre-Teichmann ef al, 1998).
Q/B 5 Jarre-Teichmann ef al, 1998).
Catch 1960 | 0.046818 | www fao org
Other large pelagics P/B 0.493 | Shannon ef al., 2004b
Q/B 4.93 Shannon et al., 2004b
Catch 1900 | 0.017175 | Crawford et al., 1887, Griffiths et al,, 2004
Catch 1960 | 0.025679 | Crawford et al., 1987; Griffiths et al., 2005
Cephalopods P/B 35 Shannon ef al. (2003)
Qm 10 Shannon et al. (2003)
Catch 1960 | 0.000455 | www fao org
Small M. capensis P/B 25 Shannon ef al., 2004b
Q/B 16.666 | Shannon et al,, 2004b
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Appendix C

Tabulated sources of input data for a) southern and b) northern Benguela

models
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Table C1: input parameters and sources for southern Benguela models

Group Parameter Value Source
Phytoplankton B 76.396 | Shannon ef al., 2004b
P/B 154.4 Shannon ef al. (2003); Brown et al. (1991)
Benthic producers pP/B 15 Jarre-Teichmann el al., 1998).
Microzooplankton pP/B 482 Jarre-Teichmann ef al., 1998).
QB 1928 Jarre-Teichmann ef a/,, 1898).
Mesozooplankton P/B 40 Shannon ef al. (2003)
‘ Q/B 133.33 | Shannon et a/. (2003)
Macrozooplankton P/B 13 Jarre-Teichmann ef al., 1898).
Q/B 31.707 | Jarre-Teichmann ef af., 1998},
Gelatinous 2 5 Shannon et al., 2004b
zooplankton PB 0.584 Shannon ef al. (2003)
Q/B 1.669 Shannon ef al. (2003)
Anchovy P/B 1.4 Armstrong ef al. (1991)
Q/B 14.4 Hewitson & Cruikshank (1993)
Sardine B 1960 7.340808 | Schwartzlose ef a/., 1999
P/B 1.2 Shannon ef al., 2004b
Q/B 12.371 Shannon et al., 2004b
Catch 1960 | 1.445455 | Schwartzlose ef al., 1998
Redeye P/B 1.3 Shannon et al., 2004b
Q/B 13 Shannon ef al., 2004b
Catch 1960 | 0.000455 | Crawford ef af., 1987
Other small pelagics F/B 1 Jarre-Teichmann ef al,, 1898).
Q/B 10 Jarre-Teichmann ef al,, 1998).
Chub mackerel P8 0.8 Shannon ef al., 2004b
Q/B 8 Shannon et al., 2004b
Catch 1960 | 0.132273 | www.fao org
Juvenile horse mackerel P/B 1.2 Shannon et al,, 2004b
Q/B 12 Shannon ef al., 2004b
Adult horse mackerel B 1960 1.045455 | Crawford, 1989
PiB 1.8 Shannon ef al., 2004b
Q/B 10 Shannon ef al,, 2004b
Catch 1960 | 0.287859 | Johnston & Butterworth, 2001
Mesopelagics P/B 1.2 Jarre-Teichmann ef al,, 1998).
Q/B 12 Jarre-Teichmann ef al,, 1998).
Snoek P/B 0.5 Jarre-Teichmann ef al,, 1988).
Q/B 5 Jarre-Teichmann ef al, 1998).
Catch 1960 | 0.046818 | www.fao.org
Other large pelagics PiB 0.493 Shannon ef al., 2004b
Q/B 4.93 Shannon ef al., 2004b
Catch 1800 | 0.017175 | Crawford et al., 1987, Griffiths et al., 2004
Catch 1860 | 0.025679 | Crawford et al., 1987; Griffiths et al., 2005
Cephalopods P/B 35 Shannon ef al. (2003)
QB 10 Shannon ef al. (2003)
Catch 1960 | 0.000455 | www fao. org
Small M. capensis P/B 2.5 Shannon ef al., 2004b
Q/B 16.666 Shannon ef al,, 2004b
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Large M. capensis B 1860 1.016 | Rademeyer & Butlerworth, 2001
P/B 0.8 | Shannon ef al., 2004b
Q/B 4.4 Shannon ef al,, 2004b
Catch 1960 0.182 Geromont et al, 2000
Small M. paradoxus P/B 2.5 Shannon ef al., 2004b
Q/8 16.666 | Shannon ef al, 2004b
Large M. paradoxus B 1960 1.432 | Rademeyer & Bulterworth, 2001
P/B 0.8 Shannon et al., 2004b
Q/B 4.7 Shannon ef al., 2004b
Catch 1960 0.545 Geromont ef al., 2000
Pelagic-feeding
demersals P/B 0.7 Shannon ef al., 2004b
Q/B 35 Shannon et al., 2004b
Benthic-feeding
demersals P/B 0.7 Shannon el al., 2004b
Q/B 3.5 Shannon ef al., 2004b
Catch 1960 0.026 Crawford ef al,, 1987; www.fao.org
Pelagic-feeding P/B 0.5 Shannon et ai., 2004b
chondrichthyans QB 4.545 Shannon et al., 2004b
Catch 1960 0.002 www fao.org
Benthic-feeding P8 1 Shannon ef al., 2004b
chondrichthyans Q/B 10 Shannon ef al., 2004b
Catch 1960 0.007 | www fao org
Apex chondrichthyans B 0.045 Shannon el al, 2004b
P/B 0.5 Shannon ef al., 2004b
Q/B 5 Shannon ef g/, 2004b
Seals B 1960 0.133 Best ef al, 1997
B 1960 0.0076 | Bestelal, 1997
B 1960 0.046 Best ef al., 1997
P/B 0.25 Shannon ef al., 2004b
QB 18.306 | Shannon et al., 2004b
Cetaceans B 0.125 Shannon ef al., 2004b
P/B 0.15 Shannon ef al., 2004b
Q/B 10 Shannon ef al., 2004b
Seabirds B 1600 0.035 Crawford ef a/, 1991, Shannon et al., 2003
B 1900 0.036 Crawford et al, 1991, Shannon ef al, 2003
B 1960 0.017 Crawford ef al, 1991, Shannon ef al., 2003
P/8 0.123 Shannon ef al.,, 2004b
QB 123 Shannon ef al., 2004b
Meiobenthos P/B 4 Shannon ef af., 2004b
Q/B 33 Shannon ef al., 2004b
Macrobenthos P/B 1.2 Shannon ef al, 2004b
Q/B 10 Shannon ef af, 2004b
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Table C2: input parameters and sources for northern Benguela models

Group Parameter Value Source
Phytoplankton B 1870 214.29 | Jarre-Teichmann ef al,, 1998
B 1600/1800 207.2 Jarre-Teichmann ef al., 1898, Shannon & Jarre-Teichmann,1999;
Roux & Shannon, 2004
P/B 38,7 Shannon & Jarre-Teichmann, 1999
Microzooplankton P8 482 Shannon, 2001
Q/B 1928 Roux & Shannon, 2004
Mesozooplankion P/B 40 Huichings et al., 1891
QB 133.333 | Shannon & Jarre-Teichmann, 1999
Macrozooplankton P/B 13 Hutchings et al., 1991
QB 31.707 | Shannon & Jarre-Teichmann, 1999
Gelatinous zooplankton P/B 0.44 Shannon, 2001
/B 1.467 Roux & Shannon, 2004
Meiobenthos P/IB 8 Roux & Shannon, 2004
QB 33 Roux & Shannon, 2004
Macrobenthos PIB 1.2 Roux & Shannon, 2004
Q8 10 Roux & Shannon, 2004
Sardine B 1970 8.184 Bover & Hampton, 2001
P/B 1.35 Roux & Shannon, 2004
/8 14 Roux & Shannon, 2004
Catch 1970 | 3.324022 | Griffiths ef a/., 2004
Anchovy P/B 1.8 Roux & Shannon, 2004
/B 18 Roux & Shannon, 2004
Catch 1870 | 0.949721 | Griffiths et 8/, 2004
Pelagic Goby P/B 1.8 Roux & Shannon, 2004
Q/B 12 Roux & Shannon, 2004
Mesopelagics P/B 1.23 Roux & Shannon, 2004
Q/B 12.3 Roux & Shannon, 2004
Cephalopods P/B 5 Roux & Shannon, 2004
Q/B 15 Roux & Shannon, 2004
Other small pelagics P/B 0.958 Roux & Shannon, 2004
QB 9.349 Roux & Shannon, 2004
Juvenile horse mackerel P/B 1.2 Roux & Shannon, 2004
Q/B 10 Roux & Shannon, 2004
Adult horse mackerel P/B 0.8 Roux & Shannon, 2004
Q/B 5.333 Roux & Shannon, 2004
Catch 1970 | 0.287151 | Crawford ef al,, 1987
Large pelagics P/B 0.5 Roux & Shannon, 2004
Q/8 5 Roux & Shannon, 2004
Catch 1970 | 0.01095 ! Crawford ef al., 1987
Small M. capensis P/B8 2 Roux & Shannon, 2004
/B 13.333 | Roux & Shannon, 2004
Large M. capensis B 1970 10.165 | Rademeyer & Butterworth, 2001
P/B 1.228 Roux & Shannon, 2004
Q/B 7.824 Roux & Shannon, 2004
Catch 1970 1.261 Geromont ef al., 2000
Large M. paradoxus B 1970 5718 | Rademeyer & Butterworth, 2001
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P/B 1.14 Roux & Shannon, 2004
Q8 7.278 | Roux & Shannon, 2004
Catch 1970 2.243 Geromont ef al., 2000
Benthic-feeding demersals P/B 1 Roux & Shannon, 2004
Q8 5 Roux & Shannon, 2004
Catch 1970 0.009 Crawford ef al., 1987
Pelagic-feeding demersals F/B 1 Roux & Shannon, 2004
Q/B 5 Roux & Shannon, 2004
Chondrichthyans B 0.36 Roux & Shannon, 2004
P8 05 Roux & Shannon, 2004
Q/B 3.333 Roux & Shannon, 2004
Seabirds B 1600 0.0177 Berruti, 1989; Crawford ef al., 1983; Underhill & Crawford, 2005
B 1800 0.0177 Berruti, 1989; Crawford ef al., 1983; Underhill & Crawford, 2005
B 1870 0.014 Berruti, 1989; Crawford ef al., 1983, Underhill & Crawford, 2005
P/B 0.156 Roux & Shannon, 2004
/B 120.3 Roux & Shannon, 2004
Catch 1900 0.001 Best ef al., 1997
Seals B 1600 0.253 Best ef al, 1997
B 1900 0.00922 | Bestetal,6 1997
B 1970 0.0908 | Bestefal,K 1997
P/B 0.29 Roux & Shannon, 2004
Q/B 18.25 Roux & Shannon, 2004
Catch 1900 0.001 Griffiths et al., 2004
Catch 1970 0.008 Griffiths et af., 2004
Cetaceans B 0.019 Roux & Shannon, 2004
P/B 0.15 Roux & Shannon, 2004
Q/B 7.418 Roux & Shannon, 2004
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