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ABSTRACT

Hypotheses regarding the spawning strategy and recruitment of sardine (Sardinops sagax) in
the southern Benguela ecosystem are tested using an individual-based Lagrangian particle
tracking model linked with a 3-D hydrodynamic model of the region. Experiments focus on
the dispersion of eggs and larvae among possible spawning and nursery areas. The two main
areas of interest were the west coast upwelling region and the south coast shelf region
(Agulhas Bank). A stage-based temperature-dependent development model is incorporated
and vertical positioning schemes are tested. The spatial distribution and size structure of the
sardine spawning stock for the period 1991-1999 are presented and a simple size-based
fecundity model, combined with modelled recruitment, is used to determine the relative
importance of each spawning and nursery area. The area of spawning plays a fundamental
role in determining the destination of spawned eggs, and recruitment of sardine in the
southern Benguela ecosystem appears to be divided into three recruitment systems by the
circulation of the region: eggs spawned west of Cape Agulhas recruiting on the west coast
(the WAB/WC-WC system), eggs spawned east of Cape Agulhas recruiting on the west coast
(the CAB-WC system), and eggs spawned east of Cape Agulhas recruiting to the south coast
(the SC-SC system). There is a slight increase in retention in the two nursery areas during
winter, but the transport of eggs and larvae from the Agulhas Bank to the west coast is
optimal during spring to early summer. Slow development arising from cold temperatures on
the west coast could negatively impact recruitment by increasing offshore loss of individuals
before they develop to a stage when they are able to actively avoid offshore currents and
through its effect on mortality rate. This could explain the spatial separation of spawning and
nursery areas in this system. The vertical position of individuals has an effect on the level of
modelled recruitment and mortality rate, but observed vertical distributions of sardine egg and
larvae do not significantly increase the level of modelled recruitment to optimal nursery areas.
This suggests that efficient transport and retention are traded-off against other factors such as
predator avoidance or prey abundance. Observed size structure and spatial distribution of the
sardine spawning stock for 1991-1999 fluctuated greatly with most spawning centred on the
western Agulhas Bank. When spawning was centred east of Cape Agulhas, recruitment was
poor. No significant relationship could be established between potential reproductive output
reaching the west coast and estimated recruitment, but positive recruitment anomalies
- required good transport to, and retention on, the west coast. A conceptual model of the early
life history of sardine is proposed in light of limitations imposed by transport and retention of
individuals. Lower primary production and the possibility of higher predation on the Agulhas
Bank suggest that the south coast supports less recruitment than the west coast. The
hypotheses tested using available data and model results could improve the understanding of
recruitment of sardine in this complex ecosystem. These need to be validated by field
observations. Additionally, further avenues for research that could help in developing a better
understanding of the sardine life history in the southern Benguela ecosystem are suggested.
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CHAPTER 1: INTRODUCTION

Members of the order Clupeoidei (anchovies, sardines, herrings and menhadens) thrive in the
productive pelagic waters of upwelling ecosystems. Because of their substantial biomass in
these systems, they have long supported large fisheries around the world. However, the
management of these fisheries has proved to be difficult because of large variability in
population size (Cushing 1971, Blaxter and Hunter 1982, Lluch-Belda et al. 1992b,
Schwartzlose et al. 1999). Upwelling systems appear to be difficult reproductive habitats for
fish, with most small pelagics needing to migrate to find suitable spawning habitats (Laevastu
1993). This, together with the effects of a number of other environmental and ecological
factors (e.g. temperature, food availability, predation), usually results in large fluctuations in
the level of recruitment, the quantity of fish that survive the early life stages to become
accessible to the fishery (Bakun 1985). Recruitment variability manifests as variability in

overall stock size as a result of the short life spans of most clupeoids.

1.1. THE SOUTHERN BENGUELA ECOSYSTEM

The Benguela, along with the California, Canary and Humboldt Currents, is one of the four
major eastern boundary current systems of the world. Separated from the northern Benguela
by a perennial cell of intense upwelling off Liideritz (Barange et al. 1992), the southern
Benguela ecosystem consists of two main parts: the west coast upwelling area and the
Agulhas Bank off the south coast (Fig. 1.1). The west coast section, from Liideritz (27°S) to
Cape Point (34°S), is extremely productive during the summer months when southeasterly
winds prevail (Jury 1987), which drives very active upwelling centres along the coastline.
This upwelling area is an important nursery ground for small pelagic species in the region,
including sardine (Sardinops sagax), anchovy (Engraulis encrasicolus) and round herring
(Etrumeus whiteheadi), and sardine and round herring also spawn off the west coast on
occasion. Detailed reviews of the Benguela upwelling system can be found in Shannon

(1985) (physical features and processes); Chapman and Shannon (1985) (chemistry and
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Fig. 1.1: Map of South Africa showing localities and regions mentioned in text

related processes); Shannon and Pillar (1986) (plankton) and Crawford et al. (1987) (major

fish and invertebrate resources).

The Agulhas Bank is a broad, irregular extension of the South African coastal plain extending
from Cape Point (18°E) to East London (28°E). It is conventionally divided into three
subregions: the western (WAB), central (CAB) and eastérn (EAB) Agulhas Bank. Numerous
linefish species, squid (Loligo vulgaris reynauldii), hake (Merluccius spp.), and pelagic
species anchovy, horse mackerel (Trachurus trachurus capensis) and sardine spawn to a
lesser or greater degree over some portion of the Agulhas Bank at different times during the
year, and the Agulhas Bank serves as a nursery area for a wide variety of species (Hutchings
et al. 2002). Whereas the productive area of the Agulhas Bank is not as extensive as that of
the west coast (Table 1.1), there are various sources of nutrients that maintain relatively high
levels of productivity. Sharp increases in wind stress over the shelf cause a spatially anchored
ridge of upwelling in the centre of the EAB (Swart and Largier 1987, Jury 1994). Lutjeharms
et al. (2000) found further evidence of upwelling on the EAB in a tightly circumscribed area
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Table 1.1: Percentage productive area (mean chiorophyll concentration in upper 30m > 2mg.m) for
the west and south coast {coast to 500-m isobath); (from Brown 1982)

Percentage Productive Area

Season west coast south coast
Spring 52 20
Summer 46 6
Autumn 46 29
Winter 40 4

centred at Port Alfred. They suggested that this could have a profound effect on nutrient
availability and primary productivity of the EAB.

1.1.1. Circulation patterns

The southern Benguela and the Canary are the only two upwelling ecosystems that have
populations of pelagic fish migrating out of the nursery grounds to spawn (Wyatt et al. 1991),
hence it is crucial in these systems that an efficient means exists to transport eggs and larvae
from the spawning area to productive nursery grounds during a stage when they are unable to
transport themselves actively. The efficiency of this transport can affect recruitment
(Shannon et al. 1996), and Parrish et al. (1981) proposed that surface drift of eggs and larvae
is a dominant environmental factor influencing the recruitment of pelagic fish. Bakun
(1996a) defined a ‘fundamental triad’ of processes that determine suitable habitats for
reproduction by marine organisms: enrichment, concentration and retention. The present
study focuses on the transport of eggs and larvae from spawning areas to nursery grounds, and
also on the retention within nursery areas. It is therefore important to consider the basic
circulation patterns in the southern Benguela (Fig. 1.2) and the implications of these for

transport and retention.

Along the west coast, a strong northward flowing shelf edge jet current (Bang and
Andrews 1974) accelerates between Cape Point and St Helena Bay as a result of strong
thermal gradients induced by upwelling and Agulhas Current intrusions and eddies
(Hutchings et al. 2002). The jet current can transport eggs and larvae from the WAB and
CAB to the west coast. At Cape Columbine this jet current diverges into a dominant offshore
arm and a weaker inshore arm (Boyd et al. 1992), and eggs and larvae from the WAB can be

lost form the system if they get caught in the dominant offshore arm of the Cape Columbine
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-

jet current. Inshore of this northward flow is a southward flowing counter-current (Nelson

1983, Holden 1987, Nelson and Polito 1987).

The oceanography of the Agulhas Bank is forced by the Agulhas Current (and its inshore
features), the prevailing wind field (Jury 1994), coastally trapped waves and the effect of
seasonally varying insolation (Boyd and Shillington 1994). On the WAB, northerly and
westerly winds dominate in winter (Shannon 1985), followed by easterly, upwelling-
favouring winds in the summer (Jury 1988). The general drift of surface waters is to the
northwest and this convergent water mass links up with the coastal jet current up the west
coast (Hutchings et al. 2002). The effects of the Agulhas Current are mainly felt at the eastern
part of the Agulhas Bank, where the current interacts intensively with the waters over the
continental shelf (Swart and Largier 1987). Where the Agulhas Current moves away from the

coast, near Algoa Bay, there are complex circulation patterns: cold-water eddies, intrusions of
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Agulhas water onto the shelf and large offshore meanders or excursions of the Agulhas
Current (Goschen and Schumann 1988, Boyd et al. 1992, Boyd and Shillington 1994). Just
inshore of the current margin the flow is surprisingly predominantly eastward (Lutjeharms et
al. 1989, Boyd et al. 1992), although this could be an artefact of reverse currents of westward-
moving shear-edge cyclonic eddies on the inshore edge of the Agulhas Current (Mike
Roberts, Marine and Coastal Management, DEAT, pers. comm.). At the apex of the Agulhas
Bank, the Agulhas Current diverges from the coast and retroflects back into the Indian Ocean.
The influence of the Agulhas Current does not always manifest as west or south-west flow
across the Agulhas Bank as might be expected (Boyd et al. 1992), and highly variable
meteorology causes an alternation between easterly and westerly flow (Jury 1994). In winter,
westerly winds tend to predominate (Hutchings et al. 2002), whereas in summer easterly
winds prevail, causing east to west flow along the outer portion of the Bank (Boyd and
Shillington 1994).

Offshore losses of passively-drifting eggs and larvae along the west coast are primarily
due to Ekman drift, but there are also losses through entrainment within eddies, upwelling
filaments, or retroflection flows. Currents in St Helena Bay north of Cape Columbine permit
retention of juveniles (Nelson and Hutchings 1987). Eggs from the CAB could get entrained
in Agulhas Rings and get lost in the southern Atlantic (Duncombe-Rae et al. 1992). On the
EAB, south-southwesterly flow appears responsible for offshore losses of eggs (Boyd et al.
1992) and the counter flow inshore of the Agulhas Current could hamper movement of eggs
and larvae from the EAB across to the jet current, and instead act as a retention mechanism in

the shallow parts of the EAB (Hutchings et al. 2002).

1.1.2. Migration patterns of pelagic fish in the southern Benguela ecosystem

Crawford (1980) defined two fundamental migration patterns of pelagic fish in the southern
Benguela: that conducted by spring/summer spawners and that by winter spawners. The
spring/summer strategy, in which he grouped species such as anchovy and sardine, is more
widespread and has become the better understood of the two. Spawning occurs mainly east of
Cape Point, from where eggs and larvae are passively transported northwards to the west
coast nursery grounds (Shelton and Hutchings 1982, Nelson and Hutchings 1987). The

juveniles then migrate back again to the spawning grounds. In contrast, the winter spawning
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strategy, which was found only to apply to chub mackerel (Scomber japonicus), relies more
on the retention of reproductive products than their passive transport. In this strategy, eggs
are spawned along the west coast during the winter months when, as a result of seasonal
north-westerly winds, near-surface onshore flow retains them within St. Helena Bay (Boyd et

al. 1992).

1.1.3. Sardine in the southern Benguela ecosystem

Since anchovy has been the main commercial target species in the southern Benguela
ecosystem since 1965, far more research has been done and data collected on anchovy than
sardine (Roel et al. 1994). The anchovy life cycle in the southern Benguela is therefore
reasonably well understood. Anchovy spawning is restricted to the Agulhas Bank region and
eggs are transported from here to nursery grounds on the west coast. Spawners then migrate
back to the Agulhas Bank in order to spawn. It is often assumed that sardine follows a similar
life cycle, particularly in terms of migratory patterns (e.g. Crawford 1980). However, even
though their spawning behaviour in the southern Benguela is relatively poorly understood,

enough evidence exists to show that sardine differ notably from anchovy.

Sardine (known locally as pilchard) are cool-water epipelagic clupeoids with an anti-
tropical distribution (Beckley and van der Lingen 1999). Generally found in upwelling
ecosystems, their opportunistic feeding enables them to be very successful in unstable
environments such as these (James 1988). Sardine oocytes do not mature simultaneously and
therefore female sardine spawn individual batches on several occasions within a single
spawning season (Quintanilla and Pérez 2000). Spawners of this sort are termed batch
(multiple, serial or heterochrone) spawners. Sardine have historic importance in the pelagic
fishery of South Africa where, until the collapse of the sardine stock in the mid 1960s, they
dominated pelagic landings. In recent times the southern Benguela stock has begun to recover

and catches are on the rise (van der Lingen and Huggett 2003).

The southern Benguela sardine stock has a wide-ranging distribution stretching along the
entire South African coastline from the Orange River, along the nutrient-rich west coast,

round Cape Point and up to KwaZulu-Natal (27°S) (Beckley and van der Lingen 1999).
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Alternative hypothesis (H,): Not all of the sardine recruitment occurs on the west coast.
Conditions on the central and eastern side of the Agulhas Bank on the south coast are such

that significant retention should occur there and that this area can act as a nursery area.

Circulation patterns in the southern Benguela, while complex, show predictable seasonal
patterns. Nelson and Hutchings (1987) even proposed the southern Benguela as a closed
system for the passive transport of anchovy and sardine reproductive products. Are there
closed systems in which sardine spawning occurs? Hypothesis 2 (H2):

Ho : There are no boundaries to the movement of eggs and larvae in the southern Benguela
ecosystem. They are transported randomly and no clear spatio-temporal patterns of
transport and retention of eggs and larvae exist from year to year.

H, : Circulation patterns impose limitations on movement of sardine eggs and larvae across
the southern Benguela. Sardine spawning occurs in closed system(s) determined by the

circulation of the region.

It is important that larvae are able to swim and feed when they arrive in any nursery
ground if they are to successfully recruit. Temperature is one of the dominant environmental
factors impacting on the development of eggs and larvae. Temperature on the west coast
differs notably from that of the Agulhas Bank both spatially and temporally (Mitchell-Innes et
al. 1999, Richardson et al. 2000). Therefore, the second experiment examines the effect of
temperature on recruitment of individuals spawned on the west and south coasts. Does
spawning occur on the south coast, out of the west coast nursery area, because conditions
there are more suitable for good development of eggs and larvae? Hypothesis 3 (H3):

Hy : There are no spatial variations in development rate across the southern Benguela
ecosystem.

Hy : Because of the cold waters on the west coast development is slow, leading to increased
offshore loss before individuals develop to the stage when they are able to recruit. Therefore,
along with transport/retention efficiency, temperature plays a role in determining the level of

recruitment.

Mortality rate in the early life stages of most fish species is determined to a large degree

by external physical conditions. One such factor is the temperature of ambient water and the
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effect this has on physiological processes. Do cold temperatures on the west coast lead to
greater levels of mortality of the first stages of larvae? Hypothesis 4 (H4):

Hy : Temperature-induced mortality does not significantly affect the levels of modelled
recruitment to either nursery area.

H, : Mortality due to lethal minimum temperatures impacts on the relative importance of

transport to and retention on the west coast more than for the south coast nursery grounds.

The vertical position of individuals affects their horizontal movement because the velocity
field of the water column is often vertically tiered. This is especially true in upwelling
ecosystems where a change of 10m in depth can place an individual in a current moving in the
opposite direction. The third experiment assesses the effect of vertical distribution of eggs
and larvae and by comparing observed vertical distributions with model outputs, examines the
ability of eggs and larvae to change their vertical position through physical characteristics or
active behaviour. Do eggs and larvae move vertically in the water column due to factors other
than the vertical movement of the water? Hypothesis 5 (H5):

Hy : The vertical position of eggs and larvae is determined by the depth at which they were
spawned and the vertical movement in the water column.
H, : Physical characteristics and behavioural adaptations have a significant effect on the

vertical position of eggs and larvae.

Numerous reasons, such as predator avoidance, prey abundance and energetic
considerations, can be used to explain the pattern of vertical distributions of eggs and larvae.
It also has been proposed that vertical movement of larvae is used as a mechanism to increase
transport to, or retention in, optimal nursery areas (areas where Bakun’s triad of retention,
concentration and enrichment are favourable). Do observed vertical distributions of eggs and
larvae increase the transport of individuals to optimal nursery areas? Hypothesis 6 (H6):

Ho : The vertical position of eggs and larvae significantly increases the level of modelled
recruitment to optimal nursery areas.

H, : The vertical position of eggs and larvae does not significantly increase the level of
modelled recruitment to optimal nursery areas. Observed vertical distributions of individuals
are not principally for the purpose of enhanced transport and retention and other factors such

as predation, energetics or prey abundance might be more important.
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The size structure and spatial distribution of sardine spawners differs from year to year,
and specific fecundity increases with age in sardine females (Le Clus 1989). Therefore, the
differences in distribution of the various size classes of sardine and quantitative differences in
egg production (fecundity) determine the relative importance of each spawning area to the
sardine stock. The fourth experiment assesses the implications of spawner location and age
structure to the recruitment strength of sardine from year to year. Hypothesis 7 (H7):

Hy : The location of sardine spawners and their age do not significantly influence the level of
recruitment from year to year.

H, : Spawner location and age can impact the level of recruitment from year to year.

The west coast is considered to be a favourable nursery area because of high levels of
production in this region. Does the relative amount of reproductive output reaching the west
coast nursery area determine the level of recruitment success? Hypothesis 8 (H8):

H, : Both the west and south coast nursery areas support high levels of recruitment.
H, : The west coast nursery area is more important in determining the level of recruitment

from year to year than the south coast is.

1.3. STRUCTURE OF THE THESIS

This thesis is made up of seven chapters. Following this introductory chapter is a chapter
detailing the methodology used in the implementation of the individual-based model (IBM)
experiments and the descriptive age structure experiment. The broad philosophical modelling
approach is presented along with a detailed description of individual-based modelling. The
coupling of IBMs to hydrodynamic models is explained and the simulation procedures are
outlined, as well as the sensitivity analyses of the results. Chapters 3 to 5 describe in detail
each of three IBM experiments carried out. Chapter 3 addresses the hypothesis of recruitment
occurring on the south coast (H/) and examines the effect of spatio-temporal spawning
patterns on the transport and retention of particles (H2). Chapter 4 incorporates a
temperature-dependent development rate model to explore the possible effects this could have
on levels of recruitment to the two proposed nursery grounds (43). Temperature-induced

mortality and the possible effects of this are also addressed (H4). Chapter 5 looks at the
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vertical movement of individuals in the model caused by physical and biological factors (H3)
and compares different methods of vertically positioning individuals. The effect of vertical
movement of individuals on transport and retention is also examined (H6). Chapter 6
considers differences in fecundity of each age class of the sardine stock and uses a size-based
fecundity model to examine how this manifests in regional differences of reproductive output
by sardine in the southern Benguela. It also looks at how spawner location (H7) and final
nursery ground (H8) influence estimated levels of recruitment. The final chapter synthesises
the results of the thesis in terms of the hypotheses tested and addresses the implications of the
results for understanding the life history of sardine in the southern Benguela. Current patterns
in sardine spawning behaviour are examined in light of the present findings and future

directions for research are suggested.
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CHAPTER 2: MODELLING APPROACH AND METHODS

2.1. PHILOSOPHICAL MODELLING APPROACH

In his review of the use of individual-based models (IBMs) in ecology, Grimm (1999)
outlined the general philosophical approach that should be taken when developing IBMs. The
same basic principles were used for this project and are detailed below (adapted from Grimm

et al. 1999 and Mullon et al. 2003):

Principle 1: Clearly state the aims of the modelling.
There is a tendency for models to be thought of as predictive even though this is not always
the case. Heuristic models, designed to either provide answers to very specific questions or to
generate hypotheses regarding understudied areas, do not produce results that are predictive.
Such models are exploratory and are designed to understand the processes underlying the

system dynamics and not to try predict outcomes in the ecosystem (e.g. recruitment).

Principle 2: Keep It Straight and Simple (KISS).

Interpreting what the results of a model mean in a real context can be very difficult if the
model is too complex. Therefore, models need to be kept simple so that patterns within them
can be accurately attributed to particular variables and in this way simple hypotheses can be
tested. Layers of complexity need to be added one step at a time and the results analysed at
each step to identify what changes (if any) additional variables or constraints have effected

within the model environment and how these relate back to observations of reality.

Principle 3: Use an experimental approach.

Model experiments need to be built in a logical manner, similar to all ecological studies.
But as modellers are creating their own ecosystem in which to work, it is important to lay
down a logical approach and not to deviate from it. Building an experiment follows four
basic steps (Mullon et al. 2003):

1. Define your hypotheses in terms of processes.

2. Define the method by which you aim to test these hypotheses.
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in researgh and managzement of pelagic {ish stocks, Recrintiment has proved 1o be espectaily
difficull o model (Frank 1991} The recrunment of smail pelagic fish is characterised by
large interannual variability (Sissenwie 1984, Snath 1985) and this 15 one of the primary
sources of uncertainty in many fisheries (Csirke 1980, Doubleday 1985) As Gshing often
hegies belore reerwinent for the scason is known, increasing the kninvledge ol what

reatifates reerurtment bas long beert ae atm of Osherics rnodellers (Wooster and Baley 1989).

Traditional stock management models examine whole-stock population dynamics based
0N SOTIE COTIPCnEAloTy maodel of the stock-recriitment relationship (1Heath and (rallego 1997
But stiee Ricker (1954) wnd Beverton and Hall (1957 established the general framework for
meodelling recnutment dymmics, 1t has become clear thal environmental factors cannot be
rnored (Sharp 1981 Sharp and Csirke 19%3) Most pelagic clopeotd Bish stocks spawn
massive numbers of cpes over a wide spatial and temporal range,  These eggs develop into
platktonie  larvae that have @ high mortaliy rate, both joherent and  influenced by
envirommental conditons (Blaxter and Hunter 19820 Armstrong and Shelton [990% Present
recrititment models are largely based on the principle first stated by Hjort (1914 that
differential larval mentality gives rise 1o variahle recruiument, Therefore. these models loeus

mantly on factors, both environmental and bioiocical, that influence larval morality,

since each individual has a Uneque spawning onein and tfrajectory in time and space,
cortan fractions of the population might have enhanced probabilitics of survival compared 1o
others (Heath and Gallego 1997).  In particular, crreulation featres could be important in
determining relattve survival probalnlgies among dilferent mdividuals (Hinckley et al. 1996),
These can act dirgctly. as i the case when early life stages need to be fransporled 1o, or
retained withing a productyve nursery arca, ot indircetly by causing mdividual histories of
exposure o envitonmental conditions such as lemperature and salimee @ differ. Tradibional
population models, which ageregate individuals within a popualatton nte state variables
representing population size, are not capable of effectively dealing with these spatrat and
temporal dillerenees 1 survival,  Thes led o the development el individual-based models
([BMs). which can be apphed to problems that tadiional state varble models cammol easily

address (Grimm | 999),
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The hest IBM for 1ish was presented by DeAngelis et al. (1979), who developed a
simulatom with mdrviduals as the basic units and explicitly considered processes relevant o
individuals,  Individual-based wodelling became an cxpbivitly  delineated approach of
ecological modelling following a review by Huston et al. (1988). Whereas the model of
PDeAngehs et al. (1979 and the review by Tuston et al. (1988) laid the groundwork, the rise
of [BMs was largely facilitated by signiticant increases 10 comaputer power during the 19805
and 19905, Both hardware and sofiware development increased processing ability and speed.
New computing Janguages {object oriented progransning in particulart and packages also
made programming and devclopment of IBMs simple and efficient. Heath and Gallego

{1997 provide a comprehensive review ol IBM maodels of early life history stages of fish,

An 1BM relics on a botlom-up approach (Figo 2.2} that attempts v ungderstand how the
properties ol a system develop [rom mteractions at the level of the individual (Geanme 1994,

Forergence is  the term given to  the

propression by which processes operating at Prabeﬁias of the sys’rer-ﬁ

the level of the mdmadual manitest as spuha. and fermonrl oafems
1 i olckalizing orocassos?

properties at the population level (Lepage Synoric eouilitnium?

and Cury 1997).  An effective [BM can

identity whivh processes at the indrvaidoal

level give rise to observable patterns at the - !

~"Comparative experiments .

population level,  suelh  as  spawning : :
) _ Qer[r:nrr"!ed b icmtify aro unddorstaro )
e T R a a £ T P 2 —— - Tah A '/’
beliaviour  in [ish. IBMs  allnw 1 —_populal on eve prooerios
integration of  environmental, ecological A [ R -

and hiological daa, and van explivitly deal | Individuai-based model

N & i & F

wilh  ecosystems m whteh  spalial !

distribution is jmportant. By creating g Unique individuals
Liter ovcles, ooo inrerctiors,

population of distinet individuals, tather . . i )
Unigude rojecicry nlime ond sooce,

than  standardising  each wdividual  with heterogenaous haksiat,
averaged population atributes, [3Ms are Fig. 2.2: Conceptual diagram of the “bottam-up’
able W describe ditfterences and nleractions appruach of individual-based modelling

amonyg individaals and between individuals {adapted from Crimm 1298}

and their environment,
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Farly life history stages are commonly represented in medels as passive particles
contfronting virteal enviromnents created by 3-1 hydrodynimie models. This Lagrangian
approasch was used by Huoggett et al. (2003} and Parada et al. (2003) for anchovy o the
southern Benguela ecosystem and has also been used in the past for other fish (e.g. Heath and
Gullego 1997) and zooplankton {c.g. Miller et al. 1998) When biological properties {such as
gge buoyiney. density, shape. ete)) are added to these particles, they become wngue

widividuals,

2.2.2. The PLUME hydrodynamic model

A mumerical  hydrodvnamie model, the Regmonal Ocean Modelling  Svstem (ROMS),
developed al Rurgers University und e Umversity of Calilorsia (Haidvegel et al, 20001),
has been adupled o the southem Benguela (Penven 2000, Penven et al. 2001b) by a mutn-
discipiinary  team under the umthrella of the Sowh  African-French  hilareral 1DY].E
progranmoe {Interactions and  Spatial DY names of renewable resources in upwelling
Ecosystems, Fréon ¢t al, 20023, the follow-up of the VIBES project (Vlabkility of exploited
pelagic fish resources m the Benguela Ecosystems i relation to the environment and Spatial
aspeets. bréon et all 199%). "The wedel uses basic cquations of fluid modion m 4 rotaling

framewark to caleulate current, temperature, salimty and density iclds {(Penven ot al, 20010 b).

The southern Benguela application of the ROMS model, PLUML, consists of a
curvihinear, pie-shaped gnd located at the soutl-western portion of South Atrica from 2895 to
4078 mnd Irom YE o 24°E (Fig. 2.3 (Penven et al. 2000b) Om the northern edee the gnd
stops st bevond the Orange River mouth, and extends on the south coast ws Lar east as Cape
81 Francis. T'he horizental model reselution ranges troms 9 km along the coast, where more
accurate solutions ure required, and inereases lmearly o 16 km offshore, There are twenty
verticn| levels, with high resodution near the surfice (9m) and o graduaily  decreasing
resolition towards the bottom lavers (1000 for the deepest level along the ocennie plam).
The topograpliy of the area s realistic but s slightly smoothed in order to allow for stuble and
accurate simulations (Song and Hadvogel 1994, Huidvogel et al. 2000a).  With 20 vertical
tewels, 65 aloneshore lines and 144 cross shell lines, the arid has a total ol 187 200 points

{some ol those e over the land section and are masked ). At cacl point. Tor every time step
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Fig 2.3 The (&) horizonlal and (B) vertical grids used in he regional configusation of ROKME in the

sautbern Benguela ecosystem (FLUMEY, (fram Penwven et al. 20015}

(twor days), teperatuce, salinity, density and veloeity strength and direction are caleulated

(Fig. 2.4).

The PLUME grid has three open (seawardl boundaries, [t s importam that the mner
solution is allowed to radiate threush the epen beundaries without reflection, and vital
tnfarmation lrem the surrounding ovean needs Lo enter the mode! {Lugjehaoms et al, 2003,
ROMS employs an active open boundury scheme {Marchestello et al, 2000} that estnoates the
hewizontal veloetties n the viemdty of the boundaries. Features produced within the model are
allorwed owl W the open wccan tollowing o radiation conditiom.  loputs tfrom the surrounding
cccan are foreed by seasomal time-gveraged culputs of the Agolbas As Prinutive guations
(AGAPE) hasin-seale ocean model {13iastoch and Kraus 1999, The model itselt s toveed by
heat and salinity fluxes and o wind stress scheme. 'The heat and salinily fluxes are oblared
frorm the COADS ocean surlace monthly climatology (Da Silva ot al, 19943 and the ERS1.2
wind stress scheme (a weekly wind leld that has o 19217 reselution) comes lrom the Instituf
Francais de Recherche pour Ulxploitation de la Mer (IFREMER} (Bentmny ot al, 19496),
Blanke =t al. (2002) (ound that sca swface temperature (SS 1) vartability across the Arullus
Bank was mostly driven by wind and theretore had a high leve| of prediclahility {90%). The
wesl coast was found to have a lower level of predictability o $8T (30-7(4%) because S51 in

this region appears Lo be driven by both wind and mesoseale activity. Diespite the fact that the
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2.2.% Coupling 1BMs with the outputs of the hyvdrodynamic muodel

Numerous IBMs have previoushy been coupled with PLUML outputs, all of them dealing with
the early slages of anchovy (Mullon ¢t al, 2003). One such IBM Jor the southern Benguela
ceosyslem was developed by Huggetr et al. {2003), who applied a particle tracking modet 1o
simulate the Laprangian transport of particles,  They investigated the success of different
spatio-temporal spawtung strategies of anchovy in terms ol the number of particles reaching
Lhe west coast nursery grounds within a certam time window. The model quantitied the effect
of the timing, lacation, frequeney and patchiness of spawming oo lransporl suceess and the
interanmu] variahility of tus. 11 was found that there was good agreement between ohserved
spawming patlerns and the oplimal temporal and spatial strata for successful fransport.
sugeesting that anchovy spawning patterns are an adaptation to the circulation patlems in the
regton, Parada ol al. (2003) found particle buoyancey and the arca ol particle release 1o be i
njor single determinants ol transport success [or anchovy in this system. Muollon et al,
(2002) rook a different approach by developing an evalutionary 1BM for the recruitment of
anchovy 1o the southern Benguela, They lound the most imiportant constratnls detenmining
the observed spawning pattern of anchovy was a preference for water lemperatures above
14°C and the avoidance of offshore currents leading to the loss of particles. Most recently
Lett et al. (i press) have wsed 1BM techomques to examine the corchment and retention
aspects of Bakun™s fundamental triad of processes (Bakun 19964} impacting on the survival
and reervitment of the carty stages of pelagic tish m the southern Benguela ecosystem, The
muodels ol Hugwett e al. (2003 ), Mullon et al, (2002} and Parada et al. (2003 utihised repeated
climatology that crealed inter-annual variahility not corresponding (o acwal years, The IRMs
presented here use more recent runs of the PLLUMLE medel incorporating more realistic
climatological forcing {weekly wind ficlds: ERS time series [rom 1991 w0 1999),

corresponding to actual years in the 194905,

23 PROGRAMMING

The IBM was programmed in Java using JBuilder (Borland Software Corporation 2001}

lava 15 an object-oriented programming language, whick allows for a population of
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Table 2.1: Some of the major assumptions made by the PLUME hydrodynamic model, the particle

fracking model, the development model and vertical positioning schemes. Precedent =

studies in which the same assumption has been made, or in which this assumption has

been shown to hold true

Assumption

Precedent

Hydrodynamic model
The temperature and velocity field outputs realistically represent the
dynamics of the ecosystem

The weekly wind scheme and monthly heat fluxes produce sufficiently
realistic circulation patterns, comparabile to that of the actual years
being simulated

The simplistic bathymetry does not significantly affect the accuracy of
the circulation patterns

Boundary effects do not significantly hamper the performance of the
model

Particle Tracking Model
Particles are transported in a Lagrangian fashion - the effects of
diffusion are considered to be negligible

The number of particies used (10 000) ensures stability of the IBM
outputs and is adequate for statistical testing

The extensive spatial scale for release of particles is adequate to
explore spatial variability in recruitment success

Frequency and patchiness of spawning is not considered to have a
significant effect on the level of recruitment success

Eggs and larvae are analogous to passive drifters; other abilities and
biological properties have a negligible effect on the way they are
transported

Development Model
The Bélehradek function of temperature vs. egg and larval development
fime is realistic

Laboratory temperature vs. development time data does not differ
significantly from that in the field

Minimum temperatures exist for yolk-sac larvae, below which mortality
occurs after a predetermined period

Larvae are able to survive and retain themselves within a nursery area
following the point of postflexion (late larva), as they can now feed and
swim

Yertical Positioning
Observations of egg and larva vertical distributions apply for all times of
the year

There are no significant diel differences in current flow that affect the
transport and retention of sardine eggs and larvae in the offshore
pelagic environment

Sardine and anchovy larvae have similar diel vertical distribution
patterns in the southern Benguela ecosystem

Lutjeharms et al. 2003,
Penven et al. 2001a

Penven 2000, Blanke et
al. 2002

Penven 2000, Haidvogel
et al. 2000a, Lutjieharms
et al. 2003

Lutjeharms et al. 2003

Huggett et ai. 2003,
Parada et al. 2003,
Mullon et al. 2003

Huggett et al. 2003,
Parada et al. 2003,
Mullon et al. 2003,
Section 2.5.1.

van der Lingen and
Huggett 2003
Huggett et al. 2003

Huggett et al. 2003

King 1977
Moloney et al. 1994

Lasker 1964, King 1977
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Fig. 25 The nine spawning areas used in the [BM expenments. & = upper west coast inshore
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Ban« inshoru {CABInY, G = central Agulhas Bans offshare [(CABffy, M = eastern Agulhas Bans<

inshiare (EABIn, | = aastam Aguelhas Bank offshore (EABIT

200 and Sty depth should be diftferent i teemis of current features o an arca inshove ol the
200m isobath. Bearing this in mind, snd because the west coasl has  steep coastal shell] the
weat coasl spawning arca was divided using the 200 isebath. The majority of spawning on
the west coast appears to occur west and north of the Cape Peoiosula (Fig, 1,33 [lence the
wesl coast spawning arcas were divided 10to low 1otensily northern areas {upper wesl coast)
and Iigh jotensity southern arcas (lower west coast), north and south of Lambert’s Bay,

tespectively,

Particles were released every month of the PLUME vutput { Moweth) trom July 1991 until
June 19949, effectively covertng eight complete spawning scasons {Fear). The depth ranges

for release of the particles (Deptd), =23, 25-30 and 30-75m, were identical to those used m
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anchovy IBM simulations reported by hoth Fluggett et al, (2003) and Parada <t al. (2003},
These ranges are now considered standard for 1BM experiments utilising PLUME, Particles
were released randomly over these ranges. but since a large number of particles was releascd.
they tend towards a uniloren distoibution over the whole ranpe.  Alter particles had been
released they were allowed to move freely in the vertical domam and were not conlined Lo
their initial depth range.  In a study off Southern Australia, Fletcher (1999} found that
recentlv-spawned sardine epes were most abundant at depths of 40-60 1 (corresponding to
00%, of total bottom depth). Matuoka et al. (20023 sumilarly found that the spavaning depth
ol Japanese sardine {Sardinaps melonostiofius) was approxomalely 40-60m. In a similar study
in the southern Bengoela ecosysten. Dopede et al, {20035) found 1hat sardine spawn mainly
within the top 60m of the water coluran (e, 2.6, Henee the depth ranges vsed it these

I3Ms are assumed to adequately capture the vertical extent of sardine spawning.
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Fig. 2.6 Pereantage depth profile of sardine egos {all stages) in the socthern Benguela ecasystem.
Eggs wers sampled using a WERI nal ever the weasten Agulhas Bank (aata rom Dopolo el ol
20051 Froporlions of cgg devclopmoent steges: newly spawnea = 13%: middle stage = 54%:;

late slags = 33%,
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2.4.3. Dependent variables

I'he dependent variable for all the expenments is successtul fransport Lo, or relention in, a
designated nuersery wea. For the remander of this thesis this will be termed “modelled
recriuiment’. Onee a particle has reeruited Lo o nursery area 1t cannot subsequently recruit to
another nursery area. Modeiled recrintment was expressed as the percentage of particles from
cach spawning arca that recouit to each nursery arca, Thougzh there are no accurate duta on the
swilnming speed of sardine larvae, Welson und Huwchings (1987 estimuted that they are not
able at anv stage to mamnian their position by horizontal movement due 1o overwhelming
gurrent specds in the southern Benpuela ecosystem.  However, once active swilmining s
possible they could be able 10 avodd being adyected oflshore by veruvally migrating and/or
swinuming, In the absence ol good data about sarding larvae in the southern Benguela
ccosystent, for the first experiment the minimum age at which larvac arc able 1o adequately
maove vertically was fixed at 14 davs (7 tnw steps), asced on the age at which anchovy larvae
show active swimming and are able to avoid bongo nets (Badenhorst and Bovd 19803 This
criterion was used in both the Hugeett et al. (2003) and Parada et al. (2003} modeis, and since
sardine and anchovy larvae are very simelar at this young age. this crilenon was apphed to
savdite as well.  For later expernments (Chapiers 4 and 5) incarporating growth of the
individuals, the minimem wge for recrwitment criterien  wus refined wooa mininws
developmental stage for recruibmenl criterion. To successiully reernml Lo a nursery area,
welividuals needed 10 have reached the stage where thev have developed a tunctional jaw and
pigmented eve (so they are abte to feed) und are able to swim cnough o retain themselves
within the nursery arca.  In addinon temperiure induced mortality (imortality rate cxpressed
% 4 pereentage of the wWolal number of individuals released from cach spawning area) was also

used as a dependent varable i Chapters 4 and 3.

25 COMPARARILITY OF SIMULATION RESUL'TS

It is important for the results of simulations (o be repeatable 1f they are to be compuared with
ather simulations, [BM outputs need to be stable and not confused by factors other than the

parameters of the experiment (¢.g. not sensitive W the random initial distribution of particles).
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o ensure the stalility of oulpuls cach simulation was run three times (Triah to see whether
or not random initial distiibulions of particles had any elfect on the model results. [n order
for the elfects ol the different variables 1o he analvsed with conlidenee, the effect of Triaf

needs to be almost non-existent,

2.5.1. Number of individuals/particles

Test runs were porformed to see how the number of parmicles/individuals released altected the
variation in the Tevel of modelled reenutment and mortality rate between trials, Three trials
were run for each number of mdiraduals released (Frg. 2.7 Madelled recruiiment results
were shown to be guite robust to the oumber of individuals released, O the south coast
stable outputs of mean modelled recruitment {similar means and standard deviations) were

achicyved if more than 100 indreiduals were tsed, while an the west ecost 7 300 individuals
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were required. In order to have more stable outputs in mean mortality rate at least 10 000

individuals were required.

2.5.2. Temporal interpolation

Temporal interpolation (increasing temporal resolution by sub-dividing each time step) does
not provide more realistic movement but rather allows for more frequent adjustment of an
individual’s position in the 3D velocity field. Increasing the number of iterations (divisions)
per time step greatly increases computational time so only 5 iterations per time step were used
in the first two IBMs. However, the vertical distribution experiment required a finer temporal
resolution of hydrodynamic output for the movement of particles. Two-hour time steps (24
iterations) were thought to be suitable to allow variation in vertical position within each day

and night period.

To ensure comparability of results a set of simulations were run with all parameters
constant except the number of individuals. Simulations were carried out for the Lagrangian
transport of individuals using 1, 5, 12, 18, 24, 36 and 48 iterations per time step (Number of
iterations). The results of these simulations were analysed using general linear models to see
what effect the number of iterations had on modelled recruitment and mortality and whether
there was any change in the patterns of the other variables (i.e. whether any of the other
variables had a significant interaction with the number of iterations). There was very little
difference (<1% at any depth range at any stage of development) in the vertical distributions
of individuals at each stage of development when either 5 or 24 iterations were used per time
step. Likewise, little difference in the levels of modelled recruitment and mortality resulted
when 5 or 24 iterations were used. Modelled recruitment was lowest when no temporal
interpolation (one iteration) was used (Fig. 2.8 A). There was an increase in modelled
recruitment when 5 iterations were used but thereafter modelled recruitment remained fairly
constant with increasing number of iterations per time step. GLMs showed that none of the
variables used in the simulations interacted significantly with Number of iterations and
spatial, seasonal and depth patterns of success remained the same.  Mortality showed the
reverse pattern to that of modelled recruitment with overall rates decreasing with increasing

number of iterations (Fig. 2.8 B). The rate of mortality remained reasonably constant between
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Fig. 2.8 (A) Modelled recruitmeant and (B) mortality when different levelz of temparal imfercolation

[Mumber of terations variable) are used i the [BRY

5 and 48 ferations,  There were no mteractions between Number of iteratiosns and any ol the

other variables in determining mortality rate.

Increasing the temporal mierpolaten from 5 w48 iterations per time sltep does not
substantially affect the modelled recruitment of Lagrangian particles, and temporal and depth
patlerns remaimed very similar,  Martality only showed a big differcnce between | and 5
itcrations being wsed.  The consistency of modelled recruitment and mortality between 5
(Chapters 3 and 43 and 24 (Chapter 5) iterations betng used allows more conlidence o the
wlerpretation ol rvesulls because any changes n the value of these can be attributed to

processes at the ndividual scale and not model related artefacts,

2,6, STATISTICAL AND SENSITIVITY ANALYSES

Sensitivity analysis 15 an essental aspect of the modeliing process (Beres and Hawkins 2001,
In models with numerous parameters it is important to know the relative mportance of cach
paranicter m order to gain a pood understanding ol the system betng modelled.  Cerlain
parameters can be surprismely mlluential w detennining the oulcomes of 4 model, and these

need o be identified. Likewise, paramerers that exert no signiticant effect can be recognised,
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Sensitivity analyses not only allow for the examination of “main” effects, but can also be used
to explore the likelihood of interaction between pairs or larger groups of parameters
(Swartzman and Kaluzny 1987). By completing a sensitivity analysis with a complete
factorial design, interactions of interest can be identified. In models with many parameters
the number of distinct scenarios required for a complete factorial design can be large (Beres
and Hawkins 2001). In the past, various methods such as the Plackett-Burman design
(Plackett and Burman 1946) had been used to reduce the number of scenarios and,
consequently, computation time. However, with the increase in computing power over the

last few decades, a full factorial design is now feasible.

The results of the simulations were analysed using general linear models (GLMs) using
the STATISTICA 6 package (Statsoft, 2002). GLMs are often used to perform analysis of
variance (ANOVA) designs with categorical predictors. All GLMs were constructed using
Type III (orthogonal) sums of squares to suit the factorial ANOVA design with unequal n.
No random factors were included and, as the design was neither nested nor included any
random effects, sigma-restricted parameterisation was used. To satisfy the assumptions of the
GLM, the residuals need to be normally distributed. Also, any trend in the mean and variance
of the residuals in relation to the observed values may imply that the results are misleading.

These assumptions were tested for each GLM by conducting a visual residual analysis.

For each GLM, modelled recruitment was used as the dependent variable and the
variables of the model as categorical predictors. The scarcity of effects principle
(Montgomery 1997) states that three-way or higher interactions are much less common than
two-way interactions, so no third degree or higher interactions were considered. The adjusted
R? and p values for each model were noted, along with all main and interaction effects and
compliance with the GLM assumptions. The R? value indicates the proportion of the total
variance in the response/dependent variable that is explained by the regression model. The
relative importance of each predictor variable was calculated as the proportion of the total
sum of squared deviations (SS) explained by the regression model attributed to each variable

ie.

100xSS,,
SS

fot

(2.1)

% varexp =
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CHAPTER 3: SPATIAL AND TEMPORAL PATTERNS IN THE
TRANSPORT AND RETENTION OF PARTICLES IN THE SOUTHERN
BENGUELA ECOSYSTEM

ABSTRACT

A Lagrangian particle-tracking IBM linked with a 3-D hydrodynamic model of the southern
Benguela ecosystem is used to examine transport of sardine (Sardinops sagax) eggs and
larvae. Five variables (Spawning Area, Year, Month, Depth and Trial) are used in the
experiment and modelled recruitment to both the west and south coast is considered. High
proportions of particles released on the south coast are retained there, supporting the
hypothesis of the existence of a south coast recruitment area. Three recruitment systems for
sardine are identified: the WAB/WC-WC (spawning west of Cape Aguihas, recruitment on
the west coast) and SC-SC (spawning east of Cape Agulhas, recruitment on the south coast)
retention systems, which appear to be closed systems with very high levels of retention (50-95
and 40-95%, respectively); and the CAB-WC transport system (spawning on the central
Agulhas Bank (CAB), recruitment on the west coast). Transport from the CAB contributes to
recruitment in both nursery areas (west coast 14.29%, south coast 36.21%). In general, the
further east eggs are spawned the more likely they are to be retained on the south coast. Eggs
spawned in the upper 25m are less likely to recruit to the west coast than eggs spawned deeper
than this. Comparisons of modelled recruitment anomalies and back-calculated recruitment
anomalies considering egg distributions for each year indicate that circulation factors could be
influential in determining levels of recruitment and that all three systems potentially play an
important role. By looking at the limitations to recruitment imposed by circulation factors
this experiment serves as a basis with which future experiments will be compared and a

platform upon which further levels of complexity will be added.
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scction of the ceastline (Anders 1973, Armstrong et al. 1921, Beckley and Hewitson 1994
Due o the geographical distance ivolved and the complex system of cuarrents, ot s unhikely
that sandine spawned on or east of the AT recruit i the west ¢oast nursery srounds,  Those
sardine must therefore ¢ithor rocruit to the cast coast, which has a very nacrow coastal sheltt
wid 18 considered unable to support a large population of reeruned sardine {Armsuong et al.
|31 5, or be transported to the south coast. Beckley (19933 found that coes spawned on the
cast coast could be transported south, not by the Aputhas Corent nselll but rather by the
peripheral inshore waters assoclated with (s current,  GrifTiths and echt (1995 also
subscribed to this view and toled this as g possible mechamism for the southward transport of

pecibek N5k CAraetoveion aeqiiidens ) Tarvac,
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3.2. METHODS

3.2.1. Experimental design

3.2.1.1. OVERVIEW OF THE MODELLING PROCESS

The three stages of the modelling process (experimental design, IBM simulations and
statistical analysis) and details of the procedure for each simulation are shown in Fig. 3.2. For
each simulation a population of 10 000 particles was released randomly (tending to a uniform
distribution due to the large number of particles) over all nine spawning areas, the number of
particles released in each area being proportional to the size of each area. These particles were
released in batches every time step (two days) for 15 time steps (30 days, roughly one month).
Five times during each time step of the model (i.e. every 9.6 hours) the IBM used the 3-D
hydrodynamic output from the PLUME model (v, w and v velocities) to estimate the
horizontal and vertical trajectory of each particle and then moved the particle accordingly.
Each particle increases in age with each time step until it either satisfies the criteria for
recruitment (reached a nursery area and the minimum age of 14 days) or has reached the
maximum age (60 days) without successfully recruiting. In both cases the particle is then

removed from the population for the rest of the simulation.

3.2.1.2. MODEL PARAMETERS

Table 3.1 details the parameters used in the experiment and the ranges or values used.

Table 3.1: The fixed parameters and variables used in the Lagrangian experimeni, their ranges or

values and n

Parameter Range/Value 4]
Fixed parameters
Number of particles 10 000 -
Duration of release of particles 30 days -
Tracking period 60 days -
Variables
Spawning Area (see Fig. 2.5) 9
Year 1981/92 — 1998/89 8
Month Jul = Jun 12
Depth 0-25, 25-50 and 50-75m 3
Trial - 3

Number of simulations

8"12"3*3 = 864
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3.2.1.3. DEPENDENT VARIABLES

Twor nursery areas (Fipo 3 31 were used in this cxperiment - onc on the west coast and the
other on the south coast. The west coast nursery arca, hke the Agulhas Bank spawning arcas,
follows conventron for the region. The south coast nursery arca was chosen ta comrespond
with the quasi-permanent cool rdue from the coast mshore of 1t extending to slightly
ollshore of its usual position, Particles were considered 1o have recruied to one of these arcas
i they were located moome ol these arcas and were older than 14 days and less than 60 days.
The dependent variable used in analyses of the 1BM results was the percentace of partictes

released from cach spaswnmy area reerwiting 1o cach ol the twa nuesery areas.
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Fig. 3.3 The two nursery areas used in the |BM experimonts. A = wesl coast. B = south coast
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3.2.2. Statistical analyses

Multiple Tuctor variance analyss using general hocar models {GLM ) was pecformed on the
modelled recruntmwent results. The Mve vanables of the model {(Spawning Arvea, Year, Mouill,

Lrepadr and Teicdy were used as categorical prediciors,

I'o exanune the etfect cach of the variables had on determmng which nursery oround
recranhiment oceuwrred nroa treerwntment Tocanon ratio” was construcied.  Thos was caleulated

aceording 1o the equation:

LT — 0% 8¢
RLR -~ 100x 0 hoty (3.1
R RS -

Where: #L8 — Recruitment Location Ratio (%)
YW - modelled recruntment to the west coast nursery aréa

TasC — maedelled recruitment to the south coast nursery area

A value of 100% indicates all modelled recrutment is aceurring on the west coast, -100%
mchicates all meodelled recruiisnent 15 on the south coast amd 0 Indicates that maodelled
recruitinent 18 evenly sproad berween the two nursery areas. A GLM using the complete
simulation results was constructed with the recruitment tocation ratio as the dependent
variable, The results of this GLM were uscd 10 subdivide the simulation results among three

distinet recruthient systems identilied (see below).

In tirther GLMs the dependent varable for cacl recruitment system was modelled
recruitment to the nursery area concerned,  For all GLMs a full tactorial design to the 2™
degree was used with all the predictors except ¥#iad, which was not used in any of the
interaction terms. he adjusted R and p values for cach model were noted, along with alt
mait amd mteraction eifeets and compliance with the GLM assumptions (Chapter 2, seetion

2.5} The percenlage variance explained by each variable or interaction term was also

calouloted,
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Plots of least square means (LSMs) were done to visually examine the results and to
identify the relationships between each variable and modelled recruitment values. The a
posteriori Chi-squared test (Chapter 2) was used to identify significant peak or trough months

to examine seasonal patterns.

Standardised anomalies of modelled recruitment and back-calculated recruitment
estimates were calculated. Anomalies were calculated as the difference between the value for
a given year and the mean over the eight years, divided by the standard deviation over the
eight years. Correlations between modelled recruitment anomalies for each recruitment
system and back-calculated recruitment estimate anomalies were calculated and the strength
of these correlations were noted (R? and p values). A plot was made of the back-calculated

recruitment and modelled recruitment anomalies for each recruitment system for each year.

3.3. RESULTS

Images of Lagrangian particle movement obtained from the IBM are shown in Fig. 3.4. The
main sources of advective loss of particles can be clearly seen in these images. Patterns of
movement for all four months shown are similar for all depth ranges but particles released
shallower tend to be transported further offshore and are dispersed over a greater area than
those released at depth. Offshore Ekman drift off the west coast is greatest during January
and October when the south-easterly winds prevail. This causes greater advective losses of
particles released in the 0-25m depth range and is more noticeable along the UWC. During
July there is very little movement of particles released on the LWC and in October particles
released here shift northwards with few offshore losses. The offshore arm of the Cape
Columbine jet current can also be identified during all four months and particles released on
the WAB and CAB can be transported far offshore in this current. During July and October
the flow is more northwards than January and April. The inshore arm of this current is
stronger during January and April, moving particles from the WAB and CAB northwards
towards the west coast. There is less offshore loss of particles along the south coast. The
effect of the Agulhas Current can be seen most clearly in July when many of the particles

released on the EAB are transported in a south-westerly direction while in October particles
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from the oflshore edue of the CAB are caught in the flow and lost offshore. In January an
Agulhas ring can be seen budding ofY from the apex of the Agulbas Bank and entraining a
number of particles from the WAB and CAB. This is clearer at depth. Movement across Lhe
Agulhus Bank 1x predominantly east to west during January and April and west o east durmy

July and Ocrober

3.3.1. Modelled recruitoient

Analysix of the GLM lor the recruitmenr Joeation ratio {adjusted R* — 0.98) found thar
Spawning Area explained 96.38%, ol e vanuoee in recruitment benween nursery areas. None
ol the purticles refeused from any of the four west coast spawning ureas reached the south
coast nursery area. Similarly, very few ot the particles released on the EAB were suceessiully
trunsported to the west coast nursery area (Fig. 3.5), Only from the CAB. and to a [esser
deree the western Agullus Bank (WARL do particles bave reasonable prababilitics of

rectuiting W erther of the two nursery areas, Fhis is elear in the plot ol recrunment location

160 e . i

%)
.
Q4

|
|

40

MODCLLED REGRUITMENT (%
\

UWCin W Cof  JWNCin LWCeft WaB CnBin  CABoT  FARIM EAHOR
SPAWMNING ARCA
T wes: caast nursery nrer [ South coast rursooy aroa

C

Fig, 3.5 Medelled recraitment fo the wosl and south asast nursesy arcas Ter the Spswing A

variabile in the Lag-angian banspot simalations
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Mg, 3.6 Recrcitment location rati in the WABME-WE system for (40 the Sgaweirig Area variaslc
and (B the Momih vanable {or the woestem Agelhas Bank anly in the Lagrangian transport

axperimen

ratios tor cach Spawvening Area (Fre 3.6A0 thal clearly indicales that neghgible recruitment
occurs [tomn the west coast spawning areas Lo the south coast narsery arca or from the LADB
spawning areas to the west coast ourscry arca. [he WAL does contribute shightly o mndelled
recruitnent on tee south coast but thas 13 mamly between April and Juby (Fig, 3.68) when
spawiing activity s at 18 lowest {(Beckley and van der Lingen 19991 Owver the peak
spawnimp periods of Seprember-October und February-March a very small pereentage of the
particies released on the WAB reach tlw south coast nurscry area. Particles released on the
CAR, and particularty the offshore CAR, head in both directions although predominantly to
the south coast (Fig 3.5) However, 14.29%% of the particles released here recruit to the west

coast nursery arca and this 15 0ol a necligmble amount,

Considering these results three recruitment systems were dotined for sardine o the
sonithern Benguela, two differcal retention systams and a system ol fransport bevween then

The west coastiwester Agulhas Bank 1o west coast { WAB/WC-WC) relention system.

Maodelled recruitment in this system is the proportion of particles released [rom the

woesl coast spawnome arcas (UWCm, UWCOoft, LWCIn and LWCott) arcas that are

tetained on the west coast as well as the proportion of particles that are transported

northwards trom the WAB to the wost coast nursery area,

The central Agnlhas Bank Lo west coast (CAB-WO) transporl system.
As very litthe spawning occurs on the inshore section of the CAB in reality {see Fig.

1,33, and given that the recruitment location ratio indieated a lendency wowards the south
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coast nursery grounds from this spawning area, modelled recruitment in this system s
onby considered 10 be the proportion of particles transported from the oftshore CAB
spawning arca (CABoft) to the west coast nursery arca. This is the only system where the

spawning area and nursery grounds are completely spatrally distnet.

3, The south coast to south coast (5C-50) retention svstem,

This 15 & hypothesised system based on the proposition that a south coast nmursery
around could exjst. Despite existing inshore counter-currents, very few particles relcased
trom the west coast spawning areas are transported southward to the Agufhas Bank. Also.
despite ity close proximily to Lhe south coast nurseey arca, very few particles are
transported from the WARB to this area, especially during the sunumer months, Therctore
only the proportion of particles released on the central and eastern Agolhas Bank {(CABin,
CABoft, LABin and EABoff) recruiting to the south coast nursery area contribute to

rodelled reeruitment i this system,
3300 THE WABWO- WO SYSTHM

The single vanables and 1irst order nteractions woether explaimed 79.03% of the variunce in

the GLM [or the WAB/WE-WO system (Table 323 The assumplions for the GLM analysis

Table 32 Gererdl lingar madel results for the WABAVC-WE syster in the Lagrangian trarsport
experiment showing the contributiors of the different wanables tc determining mcodelled
recruitrent. The main effells aed ieteraclion efledts cxplaining more thar 5% of he
variange are shawn. fogethar wih wnivarale slatistics of the parameter values, Test of 855
Whale Model ve 55 Residua : Adjusted Y = 0.78; p = 0.01. * = Sgnificant ip < 5013 %

variange explained = 100# 55655,

Sum of Dedneen Mean i
Squares 5 o Squares s P i e
I O, SO explained
Intereept 22UB4T1T 1 22984717 220511 000
Single variable
Spaaing Arce 791942 4 197984 1901 oooe 348 9t
g B303 T ar g 1 REEET 031
nAorin alelaal 11 a0aT 49 E0* P
Dl Joat0s 2 154553 1484 .00° *hK
Trad 5 2 3 0 097 0.0
Interaction terms
ManintDeanti 1057448 22 QW07 4G 007 514
Error 425985 400 104 2097

TOTAL el 1H 4320 276083




CHAPTER 3: LAGHANGIAN THANSPORT - 47

were met - the residuals of transport success S0 —
'_
ey Z a0
were normtally distribated and no rend was w A
) ) = ¥l -
found in the mwean and variance of ihe 2 6l
. : O .. §0
residuals (0 relavion 1o the observed values. & E 4
\ : , ! . O
T'he primary determinant of retention on the Ll 30 , -
el [
P .- - W _ : W20
west coust Was  Spewning cdreg. which =R _ I
S
; ; : = . )
explatned almost half of the wvariance ol bty
0-25 25-50 50-T5
explamed by the GIM Maodeiled OEPTH imI

rectilment was highest trom the UWCin

area and lowest fron the WAR (Fig, 3.3) - J ! T wd i
The T'WCo  area bhad  modelied '_ 18 & b i F [ [ |
recruitment 28% lower than the UWCin ' | ‘ ‘ | |
' I 3
siimilar from boith the inshore and offshore [|I— ‘ d 1 B R RS B I
il

e =}
£

O
L]

=
(=]

area while modelled recruitinenl was very

[l
L)

MOLELLEL
FRECRUTRMENT {794}

Jud Sen Mow  Jan Ma-

LW areas.  Deprdr was the next most Aug Dol Des  Feb  Apr ay.J.:.—-
important  explanatory vanable  and  a | _ln_ﬁm'lw_{]?z;:““.EOJEm

Meanth* Deped interaction also accounted for Fig. 3.7: Modslled racruitment in the WABAWG-
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released at depth (Fig. 3.7A%  Also. the Monti* Depil interaction is most noticeable for this
depth range with modelled recruitment being highest during the winter months {May-Augusn)

and lowest durtng the sunnmer memths (November-March) (g, 3.78).

33012 THE CAB-WC SYSTEM

The single variables and irst order 1nteractions together explained 89.62% of the varrance m
modelled recrintment o the CAB-WO svstem (lable 3.3). The interaction terms were almost
as tmportant as the single vanmables i this systent. explaming almost the same amount of the
todal variunee, The assumptions for the GLM anatyvsis were met - the residuals of transporl
success were normally distribuled and no trend was found in the mean and variance of the

residuals in relation to the observed values,
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Tabie 33 Gereral linear madel results for the CABWC syslem in the Lagrangian trarsport
cxpormenl showing {he contributions of the different vanables to determming madelled
recriktment.  The main effects and interaclion effccls caplrirg moara thar 3% of the
warianoce are shown, acthor with univariate statsetics of the parameater values, Test ol 55
Whale Madel v, 55 Residual Adjuasred KY= 090 p = 081 * = Significant (p < 0.0 4%

warance caplinned = 10085500/ 35 0

%
Sum of DE%’;‘*"‘ Mean F o AR
SQUATeS jeedom  DOuUars explained
Irleroept 176842 ¢ 17642 18835
Single variable
Year 45394 7 5R5 R5 0400 5.49
Aanth 24034 12 2185 208 DOgT 32.23
Sherpath BHE11 2 3306 3t Ao 5.RA
Trial s 2 1 ] nas 0.50
Interaction terms
Your-hdonth 2BRET i 3449 33 G.00r FE.02
Errar FYan 28 11 10,38
TOTAL 74596 G Eaa7

The Manth vanable was the most important explanatory varable but o had a strong
interaction with Year as well. The penied from Sepiember to November had the highest
madelted recritment (Fig. 3.8A 0 while the winter months May-Tuly had the lowese levels,
The distribution was found to differ significantly from a level distribution of the mean
muodelled recruitment {;{? — 2295 dl= ke p— 0018 However 1f Octlober (}:: — 1633, di -
10, p — 0.091) or May (}{.3 = 17.41,4df= 14, p = 0466) were removed the difference was no
longer significant.  lo general there 15 a large degree ol interannual varation i maodelled
recrmtment levels for euch month (Fiz. 3.8R1 though modelled recrimunent s rarely lower
than 15% during Seprember-November and rarelv higher than 153% durmg May-July. The
peak i Octoher is most noticcable during 1991792 when ore than 3% ol the particles
teleased from CABofl reached the west coast. Deptlt was the next most impottant single

variable, particles released deeper than 25m being more Iikely to recruit (171g. 3.8C).

A GLM {[{E—ﬂ.QDJ ol the recruitment ocation ratio for the CABoll arca showed Mot wo
explamn most (42.20%) of the difference in recruatment location with summer months having
higher west coast recriitment than the wiater months, and flepeh also explained .04 % of the
vartance, The graphs ol recruitment locatiom ratio by Mowdt and Degedr (Fip 394 and B,
respectivelyy show  similar patterns  to the Mosrd and  Deptlh modelled  reermtment

relationships in the CAB-WC system,
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33,85 THE 5C-5C SYSTEM

The single vartables in the SC-8C system explained 76.61% of the total variance in modelled
recriitment [Table 3.4 When birst order interactions were imgluded this Incraased to Y0.63%,
[he assumptions Tor the GLM analysis were mel - the residuals of transporl SUCCCss were
normally distributed and no trend was found m the mean and varlance ol the residuals o

relation 1o the ohserved values,

Spawning Area was by far the most important variable in the SC-SC system explaiming
nearly three quarters of the total varance.  The two LAD arcas had noticeably higher
modelled recrudment than the CAB areas (Fig. 3.5), and the CABin arca was twice as
successful as the CABoft area, which had the lowesr success n this system. A Spawning
Area® Moy interaction was the only other notable term i the GLM.  The CAB and EAR
areas appear W have opposie scasonal patterns in medelled recruitment 112, 3100, Medetled
recratmant from the BAB areas 5 consistently very hiagh [rom August w April and only
deoreases slight!y over May-luly.  In contrast, modelled recruitment from the CARB areas (s
lushest trom May to July and lowest from Octoher to March, Phere 15 o nodiceable trough in

modelled recruiment from the CABn area durme February-March,

lakie 3.4 General linear model results for the SC-5C system ir the Lagrangian transport experiment
showing the conributions of the diferent varabies o dele-mining modedicd resroitmenl,
The mair eftzcts ard interactioe effects explaining more than 8% af the vananze, are shawr
together with univariate statistlics of the parameter values. Tes: of 35 Whole Model ws. 55
Residual Adjusies 5= 091 p =001 * = Significarl (p < 0.01). % variance ckplaned =
1005 88 S5

Degrees o
Sunof E:—:f Magh F [} variance
S5quares  jeepem Square explained
lnerce [t 18346204 g 184482048 ZYE34T
Single variable
Soawninig Aro 1714506 3 E71R0Z BROs 0007 74 28
Yiar 2800 7 401 g .00 .12
A A0E4R in 2304 42 000 144
Dapth 20052 i 10018 151 -0:DD* 0.87
Ty 3 2 2 O D4ga Q.00
Interaction terms
Spawanng Areatidonih 217433 23 Bh8Y au - goot b4z
Error 216251 d 20T B 9 a7
_TOTAL 2308127 3456 5GG7 24
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3.3.2. Comparison with ficld estimated recruitment

None of the modelled recrmunent anomalbies [rom any f the three recnintment systems
correlated significanily with back-calculated recruitment estimates, and all had very low
values (tWAB/WC-WC systeni: r = 0.35; CAB-WC system: r — 0.17; 5C-5C systeny: r— L14)
With the exception of 1993/94, posuive modelled recruiument anomalies in the CAB-WC
system were always accompanied with positive anomalies i the SC-SC system and likewise
[or negative anomalies (Fig. 3.10). A significant positive correlation between these two
systems was found (r = 0.77). Tn only three vears were the anomahics of all four indices the
same sign (all negative in 199596 and all positive 199798 and 1998/94Y). Lor the last two
vears of the series, none of the systems had maodelled recruiiment anomalies corresponding

with the back-calenlated reeruiiment anomaly.
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A NSCUSSION

I he modelled recrutment Jevels presented here are hypothetical and in no way relate to actual
levels of recruitment, They do however mive insight inte how the curcents of the region are
fikely o favour or hinder the chanees of suceesslul reeruttment of cegs spawned at dillerent
areas and times. 1t 1s gurle clear that the location of spawning has o massive impact on where
eeruitment s lLikely to occur and this resubled in the identitication of three possible
recritment systems, two retetion-hased svstems and a trunsport system beween them, basced
on location of spavwning and recruitment. Metson and Hotehings {19873 proposcd a closed
svstemn lor anchovy in the southern Bengucla ccosvstem  with  spawning  occwiting

predominantly on the WAB and all recrutiment oceuming on the west coast. Oppostiely
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maoving oftshore {northwards} and nearshore {southwards) currents, with speeds [or the maost
part exceeding swimming speeds of anchovy {and sarding) larvae, suggest that the specics
depends on passive transport ol reproduetive products for thesr survival i this sysiem. The
results generated by this model confirm this idea of a closed system on the west coast, the
WABWO-WU system. However, the castward spawning extent of sardine sugpests that the
WALWO-WC svstem alone does not incorporate all ol the spawning activity of sardine.
Eggs and larvac may not be transported 10 sigmiBeant numbers out of this systern but older
sardine fish are able 1o swim hevond il to the CAIY and EAB to spawn. Therelore two other
recriatment systemns were defined; the CAR-WO svstem has eugs spavwned outside of thus
Closed” system that are able to enter 1L and recruit W the west coast (i, it s only closed 1o
particles leaving but not te particles entering the svstenn) and the SC-SC syswem how many

gpos spawned on the south ¢oast are retaimned 1o possthly recrut there,

A fundamental difference between the three systems is one ol retention vs. ransport. The
spawnmnge and nursery arcas 1o the CAB-WC system are completely spatially distinet, In this
system particles will successully recruit if they manage to find the right currents to transport
them across the Agulhas Baok to the Cape Columbine pet curvent, which could take them up
the west coast, 1n contrast, the SC-8C systam has largely overlappiog spawnimg and nursery
areas and successful recruitment rebies on particles not being transported out of the area they
are spawned. Retention of particles is unportant, and therefore particles will suceess(ulby
recril 1 they don’t set tansported westward across the Agulhas Bank and avoid being
caught in the fast-flowing Aguthas Cuirent. The WAL/WC-WC system incorporates both
mransport and retentions awath the WAL and sections of the LWC spawming arcas being
separale from the nursery grounds. Here particles will successlully recruit il they can be
successfully transported to or are retamned on lhe west coast, and then avoid offshore
advection belore they reach the stage where they are able w retain themselves in the nursery
grounds, ‘The WAB/WC-WC system 1s in parl sinutar 1o the northem Benguela ecosystem
where sardine spawning occurs in the upwetling areas and successful recruitment i1s dependent
an avaiding ollshore loss (Steaevik etal. 2000, 2003). However the inctusion of the WAL i
this systen incorporates an aspect of the generally accepled 1dea ol sardine t the southern
Beoguela ceosystenn having distinet spawning and nursery areas with transport between the
two heing essential [or recruitment {Crawtord 9807, This arca of the WAB/WC-WC system,

and the CAB-WC system, s sinular w previous IBM studics carried out in the southiermn
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the region of the cool ridge, making it a potential nursery ground. The large number of eggs
that potentially could be retained on the south coast implies that even at very high levels of

larval starvation and predation at least some recruitment should occur here every year.

With regards to the CAB-WC system, it is reasonable to assume that having spatially-
distinct spawning and nursery areas offers the sardine either increased recruitment success or
more reliable or predictable recruitment from year to year. In other words for the CAB-WC
system to be more biologically efficient than the WAB/WC-WC system, losses as a result of
unsuccessful transport between the Agulhas Bank and the west coast should be less than the
loss due to offshore advection of eggs/larvae spawned on the west coast. However, the results
of this experiment show that the spatially-distinct spawning area on the Agulhas Bank results
in lower recruitment than when eggs are spawned in the nursery area itself. In addition to
this, there is more interannual variation in the level of transport success from the Agulhas
Bank to the west coast than in the level of retention of eggs spawned on the west coast (Year
explaining more of the variance in modelled recruitment in the CAB-WC system than any of
the other systems). Therefore, it can be concluded that either other factors on the west coast
(e.g. mortality due to predation, food environment, temperatures etc.) have led to this
separation of spawning and nursery areas, or eggs that are spawned further east are not
intended to recruit to the west coast. Sardine are an opportunistic species and are fairly
unspecific when it comes to choosing a suitable spawning habitat (Twatwa et al. 2005). It
seems unreasonable to assume that potentially lower egg mortalities in the CAB-WC system
would make up for the substantially lower transport/retention rate in this system compared to
the WAB/WC-WC system. Predation also seems an unlikely reason for the loss of
reproductive products in the WAB/WC-WC system. The Agulhas Bank is used by many
species as a spawning ground (Hutchings et al. 2002) and hence demand for food in this area
is high. Anchovy spawners have been shown to eat eggs of their own and other species’
(Valdés et al. 1987, Valdés Szeinfeld and Cochrane 1992), although van der Lingen (2002)
found few sardine eggs in stomachs of sardine on the Agulhas Bank. Nonetheless, predation
on eggs and larvae by anchovy and other planktivorous fish found in abundance on the
Agulhas Bank, is likely to be higher than on the west coast. All these arguments indicate that
to recruit to the west coast, it is favourable to spawn there or on the western edge of the
Agulhas Bank. That sardine choose on occasion to spawn much further east than this

suggests the existence of an alternative recruitment ground, possibly near the quasi-permanent
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cool ridges. It can also be seen that the more eastward along the Agulhas Bank a particle is
spawned, the more likely it is to recruit to the south coast nursery ground. In contrast, the
more westward along the bank it is spawned, the more likely it is to recruit to the west coast

nursery ground.

The spatio-temporal patterns of modelled recruitment differ from system to system. In the
WAB/WC-WC system Spawning Area was the most important variable, mainly because of
exceptionally high levels of modelled recruitment from the UWCin area and a much lower
level of modelled recruitment from the WAB. What was perhaps more noteworthy was the
Depth relationship. Because modelled recruitment depends for the most part on particles
being retained nearshore on the west coast, the intensity of upwelling controls success to a
large degree. Parrish et al. (1981) found that a reasonable depth for the Ekman offshore
transport layer is usually from the surface down to approximately 20m. In the northern
Benguela ecosystem, Stenevik et al. (2001) found that the inshore moving currents were
usually found just below this layer. Modelled recruitment was significantly less for particles
released in the top 25m and an examination of the Depth™* Month interaction (Fig. 3.7B) shows
that this lower success can be attributed to upwelling induced Ekman transport, which is
highest in the summer when south-easterly upwelling-favourable winds prevail and lowest
during the winter months (May-August). A similar pattern of success by Depth was found for
the CAB-WC system, most likely because both these system ultimately rely on the particles
being retained on the west coast. However, Month was the most important variable in the
CAB-WC system. The timing of spawning is critical in this system with September to
November (peaking in October) clearly being the most likely time for particles to successfully
reach the west coast, and May to July being the least likely (Fig. 3.8A). Modelled recruitment
was highest during the spring and summer, even though more offshore loss from the west
coast is likely during this time. Hence, in this system spawning at a time when there is good
transport over the Agulhas Bank to the Cape Columbine jet current is more critical in
determining transport success than is retention in the nursery area. This along shore transport
is most often present over September-November and is weakest over the winter months.
However, a strong Year*Month interaction (Fig. 3.8B) indicates that this is not a fixed
seasonal pattern with the level of modelled recruitment each month varying from year to year.
For spawning to be successful in this system an extended spawning season would be

necessary to ensure a match between the release of eggs and favourable transport conditions
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to the west coast. However, the fact that patterns of success by month closely match patterns
of recruitment location ratio by month in the CAB-WC system (Fig. 3.9A) indicates that the
CABoff area is a safe place to spawn if south coast recruitment does occur. Essentially this
eliminates the temporal match-mismatch problem because times when transport to the west
coast is poor (May-July) are times of high retention on the south coast. Modelled recruitment
in the SC-SC system is almost completely dependent on Spawning Area. Successful retention
is much greater in the EAB spawning areas than the CAB spawning areas and the inshore
spawning areas are also favoured. In fact, the levels of retention are so high on the EAB that
it seems transport out of this area is very difficult, indicating that this may form another
closed system of spawning. A Spawning Area* Month interaction shows that retention in the
CAB is highest in the winter. In winter, westerly atmospheric troughs cause onshore Ekman
transport on the EAB (Jury 1994). This, in conjunction with lower levels of transport to the

west coast during this time, could explain this pattern.

The aim of this experiment was not to predict actual levels of recruitment but rather the
likely impact circulation patterns, and their effect on the transport and retention of eggs and
larvae, would have on this process. So it was not unexpected that none of the three
recruitment systems had modelled recruitment anomalies that correlated significantly with
back-calculated recruitment estimate anomalies. However, when one examines Fig. 3.11 in
conjunction with the composite egg distributions for each year (Fig. 1.3) it becomes apparent
that circulation factors could be very influential in determining levels of recruitment and that
all three systems play an important role. In 1995/96 all three systems had a negative
recruitment anomaly, and the back-calculated recruitment anomaly concurred. In 1991/92
and 1992/93 the back-calculated recruitment anomaly contradicted the WAB/WC-WC system
modelled recruitment anomaly. However, in these years eggs were found mainly over the
CAB and EAB and the anomalies for the CAB-WC and SC-SC systems both corresponded
with the back-calculated recruitment anomaly (negative in 1991/92 and positive in 1992/93).
Similarly, in 1994/95, when eggs were found mainly on the west coast, the high back-
calculated recruitment anomalies corresponded with good modelled recruitment anomalies in
the WAB/WC-WC system even though negative modelled recruitment anomalies were found
in both the CAB-WC and SC-SC systems in this year. But there were also disagreements in
the data. In 1997/98 and 1998/99 all three systems had positive modelled recruitment

anomalies but back-calculated recruitment was low over these years. In 1993/94 despite eggs
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being found predominantly along the west coast, with some on the EAB, and the positive
modelled recruitment anomalies for the WAB/WC-WC and SC-SC systems, back-calculated
recruitment was low. Hence, neither transport nor retention success is the sole determinant of
successful recruitment, and other factors such as food availability, suitable spawning

conditions and the age structure of the stock could be more important during certain years.

In this experiment eggs and larvae were analogous to passive drifters. Biological
properties and behavioural traits or abilities were assumed to have a negligible effect on the
way they were transported. The results of this experiment are therefore not biologically
meaningful but they do illustrate the effects of the circulation environment to which eggs and
larvae are subjected once spawned. This serves as an excellent basis with which to compare
the results of further experiments that incorporate biological properties and behavioural
activities in the particles. The most important finding of this experiment is the apparent
division of the southern Benguela ecosystem into three recruitment systems for sardine. The
WAB/WC-WC and SC-SC systems appear to be closed to the loss of particles though some
transport out of the SC-SC system occurs. The CAB, despite being largely separate from both
nursery areas, contributes to recruitment in both and as such appears to be a transition zone

between the WAB/WC-WC and SC-SC systems.
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CHAPTER 4: THE EFFECT OF TEMPERATURE-DEPENDENT
DEVELOPMENT RATE AND MORTALITY ON TRANSPORT AND
RETENTION OF SARDINE SARDINOPS SAGAX EGGS AND LARVAE
IN THE SOUTHERN BENGUELA ECOSYSTEM

ABSTRACT

A stage-based temperature-dependent development model is incorporated into the particle
tracking IBM for sardine (Sardinops sagax) in the southern Benguela ecosystem. Individuals
are transported in a Lagrangian manner using the 3-D velocity fields of the PLUME model
and temperature output is used to drive the development of each individual. Four stages of
development are used: egg, yolk-sac larva, early larva and late larva, and a Bélehradek
function was fit to development-temperature data for each stage. Individuals are considered
to have successfully rectuited to a nursery area upon reaching the late larva stage, rather than
a fixed age. Temperature-induced mortality is also incorporated during the yolk-sac larva
stage. Temperature has a substantial effect on stage duration for all stages. The average time
taken to develop to the late larva stage varies spatially, seasonally and with depth.
Development times are quicker on the warm Agulhas Bank (between 300 and 310h) than on
the cool west coast (between 330 and 400h). In the WAB/WC-WC recruitment system slow
development (resulting in increased offshore loss) decreases the overall modelled recruitment
rates, and the 25-50m depth range has the highest level of recruitment success due to good
retention in the nursery area and quicker development than at depth. Mean modelled
recruitment in the CAB-WC and SC-SC systems shows little change from the results of the
simulations with a fixed age for recruitment. Temperature-induced larval mortality is highest
for individuals released in the inshore west coast spawning areas, and less than 2% in the
remaining areas. The stage-based development model is considered to be a useful method of

incorporating growth into individual-based models (IBMs).
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4.1. INTRODUCTION

The Lagrangian transport experiment (Chapter 3) used a fixed age recruitment criterion to
determine when individuals would be able to retain themselves within a given nursery area
and therefore be considered to have been successfully transported or retained there. This
implies constant rates of development across the entire spatial and temporal domain of the
model. However, it is too simplistic to assume all individuals develop at a constant rate. This
experiment deals with this problem by incorporating a development model within the IBM
that can be applied to each individual to determine its unique rate of development until a stage
when it is able to maintain its position. It also includes temperature-dependent mortality in

the form of lethal lower limits below which individuals cannot survive.

Before metamorphosis from larva to
juvenile fish, four basic stages can be
identified in the sardine life cycle (Fig. 4.1).
The first stage is the egg phase, extending
from fertilisation until hatching. This is
followed by a yolk-sac larva stage (Louw
and O’Toole 1977) during which the newly

hatched larva is unable to feed and still

survives on food reserves from the egg. In

order to survive beyond the stage when all

food reserves have been utilised, the larva D

requires a functional jaw (to feed) and

s T

e ey

pigmented eye (to find food). The > - P I

development of these marks the start of the Fig. 4.1: The four basic stages of development
early larva or protopterygiolarval phase. during the early development of the
sardine (Sardinops sagax). A = Egg
{Gastrulation stage) (King 1977), B =
Yolk-sac larva, C = Early larva, D =

through fin development (Jobling 1995). Late larva (Louw and O'Toole 1977).

Swimming is possible during the late larva Measurements give mean total length

This stage marks the transition to

exogenous feeding, and the ability to swim
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or pterygiolarval phase as fins have developed and it is during this phase that the fins fully
differentiate. Once this has occurred, the larval stage is complete (Jobling 1995). The rate of
development through the phases can be important, as mortality rates during these early stages

are often high.

It is clearly important to incorporate temperature-dependent development rates when
modelling the early life stages of fish (Fox et al. 2003). This can be incorporated easily and
effectively within IBMs utilising output from hydrodynamic models, which can generate
realistic, highly variable temperature fields (Blanke et al. 2002). There is a great spatial
temperature range in the Benguela ecosystem, not only on a regional scale but also on a much
smaller kilometre scale. In addition to this, temporal differences also occur from seasonal
differences to much shorter time scales such as upwelling events. These differences make the
use of a fixed age criterion for the ability of sardine larvae to recruit (i.e. actively feed and
maintain their horizontal position) unrealistic. While the vertical and temporal scales of the
PLUME model allow it to adequately resolve the temperature variations mentioned, the
horizontal spatial scale of the PLUME model outputs are less able to capture small scale
temperature variations. However, these are less likely to be important when considering
questions involving the broad geographical scale of sardine spawning, allowing temperature-

based development to be applied effectively using the PLUME model temperature fields.

Measuring temperature-dependent development rates in situ is difficult because of
temperature fluctuations and the inaccuracy of sampling methods. Therefore, these rates are
best determined in the laboratory in a controlled-environment incubator (King 1977). Eggs or
larvae can be accurately tracked through the various stages of development under constant
temperature conditions and the rates of development at each temperature estimated. A
mathematical function can then be fitted to the data to describe the relationship. Numerous
such studies on development rates of sardine have been done, for example in California
(Ahlstrom 1954, Lasker 1964), Japan (Ito 1958) and the northern Benguela (King 1977, Le
Clus and Malan 1995), although no data exist for sardine in the southern Benguela ecosystem.
Lasker (1964) noted that at temperatures lower than 13°C sardine larvae fail to develop a
functional jaw and pigmented eye, ultimately resulting in mortality. This was supported by

the findings of King (1977) who also reported that it was possible for development to
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continue as usual if larvae kept in water colder than 13°C for short periods were subsequently

moved into warmer water.

This experiment focuses on the interaction between egg and larval development rates and
transport and retention in the southern Benguela ecosystem. The null hypothesis is that
spatial differences in development times do not significantly affect the transport and retention
of individuals. Alternatively, spatial differences exist and individuals in colder areas are
likely to develop slower and are therefore less likely to be retained in a nursery area before
developing to a stage at which they are able to recruit. It is thought feasible that sardine
spawn on the Agulhas Bank because temperature induced mortality of larvae is lower here
than on the west coast. The second null hypothesis is that mortality rates do not differ
significantly across the southern Benguela ecosystem. The alternative hypothesis is that there
are significant differences in the rate of temperature-induced mortality between the west and

couth coasts.

4.2. METHODS

4.2.1. Development model for eggs and larvae

When modelling the early life stages of fish it is most convenient to model successive
exponential segments (Ricker 1979). Each segment, corresponding to a different stage of
development, has different growth parameters associated with it. The most commonly used
temperature relationship for such stage-by-stage modelling of development utilises units
known as degree-days or degree-hours (Hayes 1949). A degree-day/hour is defined as the
proportion of stage development completed in one day/hour at a given temperature.
Numerous studies on the development of eggs of pelagic fish species in the southern
Benguela ecosystem have found that the rate of development increases exponentially with
increasing temperature (O’Toole and King 1974, King 1975, King et al. 1977, King et al.
1978). Hence the number of degree-hours to complete a given stage decreases exponentially
with increasing temperature. This negative exponential pattern has also been shown to hold

true for the larval stages of fish (e.g. Lasker 1964, King 1977). Using field observations and
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laboratory study estimates of growth at different temperatures, the relationship between
temperature and degree-hours can be obtained. The growth model developed here utilised a

form of this method.

The relationship between stage duration and temperature was calculated for three different
stages:
1. Egg: From spawning to hatching.
2. Yolk-sac larva: From hatching to development of fully pigmented eyes and functional
jaw.
3. Early larva: From first feeding to flexion of the notochord and first fin development
(egg food reserves have been depleted and limited feeding is possible).
Once the individual has developed beyond the early larva stage it is called a late larva (the
larva is able to swim and therefore has increased searching ability for feeding) and no further

development occurs in the model.

Three different curves were fit to the laboratory data for stage duration at different
temperatures (King 1977): a Bélehradek function (three parameters), a quadratic polynomial
function (three parameters) and a negative exponential curve (two parameters). The
Bélehradek function was fit to development-temperature data for each stage using a method
described by Edgar and Andrew (1990). The Bélehradek function was expressed as:

D= (ot + By @.1)

Where:
D = stage duration (h)
t = temperature (°C)

and ¢, f and y are stage-specific parameters.

To estimate the values of the stage-specific parameters, a regression of D' on t for each
stage was first calculated for a range of a priori chosen values of y. The best fit was found
using R? as a measure of goodness of fit. The y value corresponding to the best fit was then
used in equation (4.1) and a was taken as the gradient of the regression D" on t and B as the

y-intercept. All fits were done using data from King (1977) for the northern Benguela sardine
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(Sardinops sagax). In the case of yolk-sac larvae, no development occurs at temperatures
colder than 13°C. If individuals in that stage remained at temperatures less than 13°C for
more than two days (one time step) in the simulations, they were considered to be dead and
removed from the population. No direct temperature-stage duration data were found for the
early larva stage in the Benguela ecosystem so data were taken from Butler et al. (1993) for
sardine (Sardinops sagax) in the Californian upwelling system. Only the development time at
18°C was given so the yolk-sac larvae parameters were used, adjusted by a constant factor

(2.95) to fit the single available data point.

The proportion of stage development completed by each individual during each iteration

(five per time step) was calculated using the equation:
D
Dev, = —l—’— (4.2)

Where:
Dev,; = Proportion of stage development completed per iteration
D, = stage duration at temperature ¢ '

! =length of iteration (9.6h)

For each iteration the proportion of each individual’s development through a stage was
added to its development counter. Once the counter exceeds 1, that stage is complete and the
individual is moved up to the next developmental stage. Any excess growth from the previous
stage is converted to development in the new stage by considering the relative difference in
development rate between successive stages. The process was repeated until the individual

reached the late larva stage.
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4.2.2. Experimental design

4.2.2.1. OVERVIEW OF THE MODELLING PROCESS

Fig. 4.2 depicts the modelling process followed. The IBM simulations were carried out in
exactly the same manner as in the previous experiment (Chapter 3). The only difference was
the incorporation of a stage-based egg and larval development model based on the
relationship between development rate and temperature and the incorporation of a lethal
temperature threshold. This allowed for an additional physical variable (sea temperature) to
be incorporated in the IBM and added a biological property to the particles, turning them into

unique individuals.

4.2.2.2. MODEL PARAMETERS

The parameters for this model were all those used in the Lagrangian transport experiment
along with a constant lethal temperature threshold of 13°C during the yolk-sac larva stage
(Table 4.1).

Table 4.1. The fixed parameters and variables used in the temperature-dependent development
experiment, their ranges or values and n

Parameter Range/Value n
Fixed parameters
Number of particles 10 000 -
Duration of release of parlicles 30 days -
Tracking period 60 days -
Lethal minimum temperature® 13°C -
Variables
Spawning Area {see Fig. 2.5) 9
Year 18981/92 — 1998/99 8
Month Jul - Jun 12
Depth 0-25, 25-50 and 50-75m 3
Trial - 3
Number of simulations 8x12x3x3 = 864

¥ = yolk-sac larva stage only
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Fig. 4.2: Flow chart depicting the three stages of the modelling process for the temperature-dependent
development experiment. (Shaded blocks represent added processes)
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4.2.2.3. DEPENDENT VARIABLES

The same two nursery areas previously used (west coast and south coast) were used in this
experiment and the same three recruitment systems (WAB/WC-WC, CAB-WC and SC-SC)
were examined. However, the criterion for modelled recruitment differed. Instead of using
the estimated time for development to the stage where swimming is possible (14 days),
individuals needed to have reached the late larva stage before they were able to recruit to a
nursery area. It is assumed that when the individual is able to feed and swim, it is able to
survive and retain itself within the nursery area. Modelled recruitment was determined as the
percentage of individuals released from each spawning area reaching each of the two nursery
areas in the late larval stage of development. Analyses were also carried out on the rates of
temperature induced mortality from each spawning area. Mortality was calculated as the
percentage of individuals released from each spawning area that die as a result of lethal

temperatures (not including those that reach maximum age before reaching a nursery area).

4.2.3. Statistical analyses

The main aim of this experiment was to compare the effect of the stage-based criterion for
successful recruitment with the fixed age recruitment criterion used in the Lagrangian
transport experiment. This was quantified by calculating a difference ratio between the
results of the simulations using the stage dependent and fixed age recruitment criteria. This

was calculated according to the equation :

(%SB — %FA)
(%SB +%FA)

DR =100x

(4.3)

Where: DR = Difference ratio (%)
SB = Modelled recruitment using the stage-dependent recruitment criterion

FA = Modelled recruitment using the fixed age recruitment criterion

Simulation results were compared directly using Wilcoxon Matched Pairs tests (Zar

1999). A GLM using the complete simulation results was constructed with the difference
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