ECOSYSTEM IMPLICATIONS OF THE RECENT SOUTHWARI
SHIFT OF KEY COMPONENTS IN THE SOUTHERN BENGUEL

Katherin e Eleanor Watermeyer

Thesis presented for the degree of
Doctor of Philosophy
In the Department of Biological Sciense
University of Cape Town

February 2015

Supervisors:

Prof. Astrid Jarre; Dr Lynn& Shannon an@rof. laurenceHutchings

Marine Research Institute (MRE) and Dept. of Biological Sciences, University of Cape Town

Ma-Re s

7 "
s, )
v o
PAup « 09

Marine Research Institute




DECLARATION

I know the meaning of plagiarism and deelahat all of the work in this thesisave for that which
is properly acknowledged, is my ownhis thesis has not been submitted in whole or in part for a
degree at any other university.

Signature:
Date:




ACKNOWLEDGEMENTS

The first and greatest thanks must go to my supervisors, Prof Astrid Jarre, Dr Lynne Shannon, and Prof
Larry Hutchingdor variously supplying me with their time, guidance, encouragement, motivation when

it was lackingidea bubbles and, always, support. It has all been invaluable.

For financial support | would like to thank the South African Research Chairs Initiative, funded by DST

and administered by the NRF, through the SA Research Chair in Marine Ecology amnesFthle€@EC

FP7TLINE 2SS OlG W5 STINF IwS ¥ 2 dzydaS | & INK @A $hérd Mis dosk!'wadd! 0

not have been possible. | wouldilso like to thankthe UCT Vie¢ KI yOSt f 2NRa ! TNAOI vy
Developmentlnitiative through the Mare BASICBroject for funding to travel to thee UROCEANS Hot

Topics Conference A Changing Ocean, Nov. 2013

| am very grateful tonanystaff at the now Department of Forestry and Fisheries (previously Marine and
Coastal Management) fayenerouslyassisting me with bdt data andexpert opinions when neededr

Carl va der Lingen, Janet Coetzdey, Tracey FairweatheDagmar MerkleJan van der Westhuizeby
Sven KerwathDr Rob CrawfordProf. Colin Attwood Nla-RE,UCT),Sobahle Somhlaba, Charlene Da
Silva as well asSarah Wilkinson (Cé&sh) for helping me out of a few dataourcingheadaches! would

also like to thankDr Mathieu Rouaul{Ma-RE, UQTfor his advice, suggestions, timand help with
sourcingSST data. Thankéso goto Dr Florian Welle(UCT for hisinput in tackling sensitivity analyses.
Thanks must also go tor Michael Smith and Kobus Botha, for developing and sharing their code for
their respective previougprototypes of the model presented here. Both Kobus Botha and Patrick
Mulumba were very paent with a biologist making forays into the not always wonderful world of

coding, and | am very grateful for their indispensable assistance.

Staff in the Biological Sciences Department andR#eaoffice particularly Mrs Gilly Smitlleserve more
than a Bw votes of thanks for keeping things running smoothly and helping out in times of adnun

sometimes fundingelated need. Thank you!

Last but very far from least, my friends, family and fellow postgrad studdedervea huge thank you
for helping me hrough the up and downs of the PhD process: Sam, my family, mynktbs and
FISHNET ewmonspirators, and everyone else on a list too long to mention who has been along for the
ride with me. Whether | needed a hand, a shoulder, a run, or just a cup afsemebody haslways

been willing to provide itand | cannot thanlouenough.



Contents

A B ST R A C T .ot e oo ettt ettt oo e e e e et e et ee b bt e e e e e et e et teb b e e aaaaaeaerarraa 7
CHAPTER ONBETRODUGCTIOMN. ...ttt ettt e e aeeab s s e e e e e e et e eesebbaan e e e aaaeeeeeennen 9
00 I L1 oo [FTo{ 1o ] o PP P PP PPPPPP R PPPPPPPRPP 9
1.2. Relevant species and observed Changes.......cccccvvvviiiiiee e 14
O B ST 1 (o |1 = PP PP PPPRPPPI 14
12,2, ANCRIOVY. ...ttt e e e e e e e e e e e e e e e e e 16
1.2.3. West Coast rOCK [ODSIEL............eiiiiieiiee e 17
1.2.4. HOISE MACKETEL......eiiiiiiiiiiii et e e e e e e e e 18
12,5, SEADIITS ..ottt 18
1.2.6. ECOSYSIEHRVEI ChANQES .. .uuiiiiiiiiiiiiiieeeee e 19
1.3. Implications and QUESHIONS...........coieeiiie e r e e e e e e e e e e aaaaaaaaaaa e 19
1.4, TRESISIIUCTUIE......eeiiieiiiitee ettt e et e e e e sk e et e e e e e e re e e e e e e e e annbrnneeeeeeanne 21
CHAPTER TWSTRUCTURE AND FUNCTIONING OF THE SOUTH COAST, WITH COMPARISONS TO THE
LT PP P TP PPPPUPPPPPPRPIR: 24
P2 R 1 (0T [§Tox 1 o] o H TP PP OUPPPPPPRR 24
2.2. The south coast system with comparisons to the WeSL..............oeoee e, 24
2.2.1. PhysSiCal CNaraCteriStICS:. .. .. ciiiiiiiiiii ettt 24
2.2.2. BiolOgiCal COMPONEINTS ... ....uiiiiiiieeeiiii ittt e e e e s e e e e e e ssbbrneeeeeeaanes 28
2.2.2.1 Primary PrOUCTION..........uutieiieeeseeitieeee e e e e ettt e e e s st e e e e e st e e e e e e s nnbnneeeeeeeaannes 28
A A AT o] F-T a1 A o] o PP 29
2.2.2.3Small pelagiC fisSh..........cooiiiii e 31
2,228, CROKKA.....oeeiieieeeeee e e e e e e 37
2.2.2.5. HOISE MACKETEL.......uiiiiieiiiiie et e e a e e 40
2.2.2.6. MeSOPEIAGIC TISh....coiiiiieiiee e 41
2.2.2.7. HAKE ... e e e e e 41
2.2.2.8. KINGKII. ..o e e et et e e e et e e e e e e e e aaa e e e e e e e e e e e e e e e aaaaaaand 43
2.2.2.9. Other pelagic & demersal PredatQrS.............ue i 44
2.2.2.00. SEADIITS. ...ei i it 45
2.2.2. 11, SCAIS.....oiii i A0
2.2.2.02. CIACEBANS......cii ittt e e a7
2.2.3. Summary of biological COMPONENTS........coiiiiiiiiiiiiiie e 48

4



2 T T = =1 014 (o ] o WY 48

2.2.3.2. Small pelagic fish and chokKa SQUId..............ccooiiiimiiiiiiiiiiiieee e 48
2.2.3.3. FiSh PredatOrS......ccco i i ittt e e e e e e e e e e e e e e e e e e e e e e e e e e e e s e e s s aae s s e e e neannansd 49
2.2.3.4. TOP PredatorS......ccooeeeee e et rerrrerrerrrrrereeeeseeaaeaaeaaaaaaaeennennnnenn 4O
Y T o 1= 1 52
CHAPTER THREEATIAL CHANGES IN DISTRIBANIDRVERLAR.........coiiiiiiie e 55
I I [ 011 (o [0 Tox i o T o PP P PP P OPPPPPRPPPN 55
I Y 1= 1 To o K-S TP PP PP PPRPTPPO 55
I B B 111 01U 110 o OO PP OPPPPPPPPRRON 55
3210, SUINVEY TALA.......ciiiiiiiiiiicc e e e e e e e e e e e 56
3.2.1.2. COMMETCIAI HALAL.......eeiiiiiiie it 57
3.2.1.3. TIME PEIIOUS. ...eeeteeeeeiiiitte et e ettt e e e et e e e e e s e e e e e e e s e e e e e e e snnnbbnneeeeeeannnes 57
3.2.1.4. Constructing diStrDULIONS........coiiiiiiiiiiee et e e 57
T Y o - 1V 59
3.3 RESUILS. ...t r e a e 62
K I 1o U 111 o o O OO P U PP OPPPPPPPPPPN: 71
CHAPTER FOUHEEXAMINING CHANGES INGS THE AGULHAS BANK AS A DRIVER OF
DISTRIBUTIONAL CHANGE IN SMALL PELAGIC. FISH......cccoiiiiiiiiici et 75
v oo (U1 1 o] o W TP P PP PP OPPPPRPPPRR 75
4.2. METNOUS. .....eeiiiiiiie ettt e e e snnn e e s snneeesnnnneeensnnnneesnn i
N T I T L - WO PP P PP PTPPRPPPPPURTPRRPY 4 4
4.2.2. ANAIYSES. ... .t e e e e e e e e e e e eean 77
4.3, RESUITS. ...ttt e e e ettt e e e e e e e e e et e e e e e e e e e e e anree s 79
4.3.1. Western AQUINGS BamnK............uuuiiiiiiiiiiiiii ettt e e e e 79
4.3.2. Central AQUINAS BanK............uuuuiiiiiiiiiiieieiie ettt 80
4.3.3. Eastern AQUINERNK...... ... 81
4.3.4. SENSILIVIEY ANAIYSES. ... ettt e et e e e e eeeeees 82
B 1o U 1S3 (o] o P TP TP PO PPTPPPPPTUTIPPPRS 33

CHAPTE FIVEA FRAMBASED MODELLING APPROACH TO UNDERSTANDING CHANGES IN THE
DISTRIBUTION AND ABUNDANCE OF SARDINE AND ANCHOVY IN THE SOUTHERN BENGUELA

LT I 1 0 1o U1 1o ] o [T 87
o0t N0 O 1] (o Y SRR 87



5.1.2. Frameéased MOUEIING.......coiuiiiiiiiiiii et 91

I 1Y (oo (=1 e (1] T | NP P PP PRRPP PP 92
5.2.1. MOUEI OULIINE ...t sbre e 92
5.2.2. MOUEI BlIEMENTS.....cciiiiiiiite e 96

5.2.2.1. Population MOEIS. ...t e e e e neanees 96
Sardine population MOEL............uuiiiiiii e e e 96
ANChOVY POPUIAtION MOGEL:......coiiieie e 101
5.2.2.2. Environmental Suitability iNOEX.........c.uvriiiiiiiii e 102
I T ] o 11 o TP 106
5.2.2.4 Daemons & frame ShifgItules...............cco e 111
5.2.2.5. Additional outputs: SYStemM Stale..........ccovvviieiiieiiiee 114

5.3. TeStING @Nd ANAIYSES. ...t e e s 118
5.3.1. GeNEral MOUE TESLS.....ciiiiiiiiiiiiie et e e e e e s e e e e e e e e aan 118
5.3.2 SENSILIVILY ANAIYSES.......uuuuiiiiiiiiiiiiiiiieiiieee e e e e et e e e e aeaaae e e e e e e e e e et e s e s s aasaassseeansanasnrennees 126

G T R g o0 S (=) (=Y o R 127
5.3.2.2 OULPUL MELIICS. ..ot i ettt e e e e e e e e e eaaaaeeeeaeeaaees s e e e s e e s e seasannnsnnnennees 128
5.3.2.3 SEOCNASTICILY. ... ettt e e e e e e e s a e 130
5.3.2.4 Model SEUP TOr TESTING.....eeeiieeiiiiiieit et e e e e e e anees 130

TR T T (1] U] £SO 131

5.3.3 Testing alternate climate SCENANIOS. ........ccovvviiiiiii i 141
5.3.4 Alternate shifting SCENAIIQS............ccoiiiiiii e e e e e e e e e e e e e e e e e e 145

LR S T 1 110 148
CHAPTER SFURTHER MODECENARIGEFFECTS OF SPATIALISED FISHING PRESSURES1

L I [ a1 (oo [ BT 1o T o PSP P PP TSPPPPPRP 151

L 2 Y 1= 1 s To o K-S TSP PP T PPPPPPPPPRN 153

6.3, RESUILS. ...ttt e e e e e e e e e e e 156

6.4, DISCUSSIQN.......ueieeiiiee ettt ee ettt e e e et e e e e e e et e e e e e s e e et e e e e e s ann e e e e e e e e e anrnnneeeeeeann 168

CHAPTER SEVENMNTHESSD CONCLUSIQNS. ...t 173
Limitations and fUtUre rESEAICHL...........uiiiiii e 179
(O70] 0 [o) U151 To] o - SR TP PP PP PPPRPP PP 182

APPENDIX: All overlaps by species and COASE.........ccvvvviiiiiieeiieec e 183

REFERENCES . ... e e et e ettt e e e e e e e e et et ee bbb e e e e e e e e e eeeeeeennnnnns 188



ABSTRACT

Several ecologically and economically important species in the southern &angave undergone
southward/eastward shifts in their distribution in recent decades, including saiSiamdinops sagaand
anchovyEngraulis encrasicoliis the mid1990s. This has affected prey availability to top predators such

as seabirds, and the spally-distinct nature of the systemthe west coast characterised by seasonal,
wind-driven upwelling, and the south coast with characteristics of both a shelf system and an upwelling
system- means the location of a stock may have implications for itslpetivity. To investigate possible
impacts of these shifts and their drivers on the ecosystem as a whole and on the south coast subsystem,
now playing a more important role both commercially and biologically: i) the physical and biological
characteristicsof the west and south coasts (divided at Cape Agulhas) were comprehensively
investigated using existing literature to better understand differences in structure and functioning; ii)
distribution maps for before (19851991), during (1992000) and afterZ003¢ 2008) the shift in small
pelagic fish were constructed for 14 key species using catch and survey data, and used to calculate
spatial indicators (relative overlap in biomass and area, index of diversity, connectivity); iii) SST data
previously usedd link shifts in anchovy distribution and changes in cisdf SST gradient on the
Agulhas Bank were reanalysed with refined and extended domains usieguential ttest algorithm

for detecting regime shift§STARS) to fevaluate this hypothesis; ivisults from the above were used

to inform the design of a frambased model (FBM). Sensitivity analyses and a series of model tests
were performed, and the usefulness of this approach in the context of understanding spatial changes in
sardine and anchovgxplored. Results show that the south coast is more diverse than the west, and
may be more constrained in terms of nutrient availability. For several species, previously unidentified
increases in the proportion of biomass east of Cape Agulhas were shothawvéooccurred over the

same period as that of small pelagic fish, although none to the same degree. On average overlap with
small pelagic fish increased over time, but overall system connectivity was lowest in the intermediate
period, possibly indicating system under transition. Previously identified shifts in SST data were
confirmed and additional undescribed shifts identified on the central Agulhas Bank and in thsloetiss

SST gradient on the western Agulhas Bank. A FBM approach appears to bevitbafuhe context,
allowing for the exploration of current thinking regarding drivers of distributional changes in small
pelagic fish and the potential role of fishing, and for the development of an indicator of the capacity of
the system to support topredators in terms of prey availability. The model was most sensitive to
fishing parameters, and was not more sensitive than expected to alternate assumptions regarding the

effects of the environmental driver used (ESI). Results suggest that the modediédcpvity of the



sardine resource, and as a result the ability of the system to support top predators, is highly dependent
on the spatial characteristics of fishing pressure. The role of anchovy within the model system has not
yet been fully developed.ntreasing our understanding of the relative suitability of environmental
conditions on the west and south coasts, as well as the relationship between the two, is important if we
are to increase our capacity to predict trends in abundance and distributiothe context of the
management of the small pelagic fishery, a FBM approach provides a useful alternative to a spatial

model when attempting to better understand changes in sardine distribution.



CHAPTERONE
INTRODUCTION

1.1.Intro duction

Understanding the structure and functioning of a marine ecosystem is isioglg accepted as an
important, if challenging, step towards understanding the consequences of environmental or human
induced change within the systeamd the effective maagement ofhuman activitiesThis is particularly

true given then changes we can expect to see as the impacts dtelichange become more evident
Since the Reykjavik declaration of 2001 emphasized the importance of the use of an ecosystem
approach to $heries management (EAF) there has been a move towards applyir{§&2R003) the

southern Benguela ecosysteas discussed bgochrane et al2004)and Shannon et ak2006)

Variability in the environment has a strong influence on fish populations in terms of abundance,
migration anddistribution (Bakun 1996; Lehodey et al. 2008F a resultglimate change is expected to
drive changes in latitudinal rangein marine species as a response to local temperature chamésh
hasin some cases already been sho¥mg.Parmesan & Yohe 2003; Perry et al. 2006eung et al.
2009 Brander 2010Simpson et al. 20)3While potential impacts bfuture environmental change can

be hypothesised, in reality the different lifastory traits of each species means that a range of
responses across species will result from any given ch@®aenesan & Y 2003) Thiscomplexity in
predicting system response to changely highlightshe need for a greateunderstanding ofecosystem
interactions and the naturef past systerdevel changes. MEAF isnly likelyto be successfullapplied

in inherently vaiable environmens if these two conditions are addressed

Given the increased importance of monitoring long term changes, both in the context of an EAF and of
climate change,agime shifts have become an apted concept in marine sciencelere regime shits

are definedaccording tade Young et a[2004)andaspreviously adopted in the context of the diern
Benguela(Jarre et al. 2006as H rapid change from a quantifiablstate, representing substantial
restructuring of the ecosystem, acting over large spatial scales and persisting for long enough that a new
guastequilibrium state can be observ&larre et al. 2006)Note that although patterns of alternating
dominance in small pelagic fish in eastern boundary current systems, such am sardianchovy in the

A2 dzZi KSNY . Sy3dStl s KI 05 LINKEhvadzide &t alo 13%0e tainSisy § R

now rather assumed to apply to ecosystéavel changes as described h¢&hannon et al. 2006)
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According tade Young et al2004) andCollie et al(2004) the change from one stable state to another
could take place in a number of distinct ways, for example: 1) as a gratkadychange, which is most
likely reversible; 2) as a more abryput still steadyand thus reversiblechange, or lastly and with
greater potential implications, 3) as an abrugiscontinuousand irreversible change reflecting chaotic
dynamics (Figure.1l). Whether or not observed changes are widespread enough to be classified as a
regime shiff and the potential for those changes to be reversbdds implications for the potential

systemlevel effects of the changendthe suitability of various managemeactions.

a) b) <)

Ecosystem state
[ ]
L]
L ]

Time / physical environmental state

Figure 11: lllustrations of three possible models of change between two stable states:

smooth change; b) an abrupt change; &)discontinuouschange, thought to be irreversibl
(adapted from de Young et al. 2004)

Under the application obn EAF in the southern Bengudlee monitoring of longterm ecosystem
change ha been recommended as a research priof@pannon et al. 20Q6van der Lingen et a{2006)
also highlighthe need for @ increased understanding @ossible stable statesind the mechanisns
behind changesin this regardJarre et al(2006)suggest the development of suitable indicators and

testing of hypotheses regarding change and possitbnitoring approaches.
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When attempting to interpret any kind of change, one must remain aware tthetspatial scale under
O2yaARSNI GA2Y gAft AyS@AaiGlofte FTFFSOG 2ySQa | LILINE
drivers or response¢Perry & Ommer 2003)or exampleHutchings & Nelsorf1985) illustrate the

interplay of different timescales involved in some of thBving processes in the southern Benguela

(Figure 1.2). While small pelagic fish and plankton variability may operate on scales of days to months,
often increased spatial scale implies a longer timesd®erry & Ommer 2003)When considering
ecosysterdevel changes, years to decades are a more appropriate scale for meaningful observations of
change. Combined with the longer term management objectives involved, this makes for a complex

situaion where the mplications of the scale issues canmhetignored.

Phyloplunkton

( KOO O

: O 70 O\ O
I \ / \ \ ]
| Wind X \ A Zooplankton ( \‘) \(
( =5 days r\ (\ ) = 25 days /" )
: ) ( ) \ () ()
\ 7 e 9
5 ( /) CN D G (
65 ( PN |
({) s \=
B o e A N\ A
(,,’U \ ph N\ ) \ ptl; ) =5 Wind cycles,
\\ : 25 Phytoplankfon cycles
= 5 Zooplankton cycles,
O =25 Wind cycles,
) (> ! 125 Phytoplankton cycles
\
\ \ CHANGES |
\ ' o\ : | — / OVER |
| / Anchovy spawning \ / [ vears ? |
\ =125 days \ [ \

| | |

[ 1
| CHANGES OVER
‘ DECADES ?

\ ( 1 [ \

T ;
A

Figure 1.2Various interacting timescales in the southern Beng(idlachings & Nelson 1985)
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Given the levels of complexity and interdisciplinarity inheri@nany atempt to apply an EARhe use of
models and indicators as means of increasing both our understanding and our ability to communicate
system functioning and statusias become a vital and accepted practiggarcia & Staples 2000;
Degnbol & Jarre 2004; Starfield & Jarre 201ddiicators have been and continue to be developed and
used to evaluate various aspects of the southern Beng(etp Cury et al. 2005; Yemane et 2008
Shannon et al. 20Q9Shinet al. 2010) These can in turn be used as inputs for various molde
techniques that allow for the distillation and clearer communication of findings to stakeholders and

management alik¢Paterson et al. 2005hin & Shannon 2010; McGregor 2015)

There is a huge range of modelling approaches and techniques that can be appieddontext of
marine systems. Modelling of specific sectors of the ecosystem was once the most common approach,
for example biogechemical models such as NR®Pe models focused on the interaction between
nutrients and plankton group@ranks 2002; Heinle & Slawig 20@8)ingle or multispecies models of
economically important higher trophic level spec{egg. Magnusson 1995)increased understanding of

the importance of an EA&nd increased computing power has led to a proliferationnodre complex
whole-system, or endo-end models, attempting toncludeall system procesboth biotic and abiotic
(Travers et al. 2007; Fulton 2010)hese include modelsonstructed using modelling packages like
Ecopath with EcosiniChristensen et al. 2005DSMOSEShin & Cury 2004)r Atlantis (Fulton et al.

2011)

Although extremely complex models including many interactions now existon et al.(2003) have

shownthat increased complexity is not alwagiesirable andl WK dzY LIS R Q exiéShietlvaerh 2 y & K A L.
the complexity and the éctiveness of ecosystem modelsy A I NNJ 8murdNB HYMyAs0Q Y2 R
recommendedas most effectiveéo avoid the increasing uncertainty and difficulty in interpreting outputs

arising from more complex modelling approach&slton et al. 2003)One approach that has been

suggested as suitable for the modelling of ldegn system change is fra#ased modelling, where a
WYAYANSdzYE A 204 0Q | LILJpERituldrfobjective il miridSKayTielads & Jarke 2011 his is

similar to theWa 2 RSt & 2F LYGSNY¥SRAZ2aBGIYV2YILASEAABSyRIZANI 90 ¢
described byPlagényi et al(2014) where a model somewhere between the complexity of a single

species model and an ecosystem model developed to answer specific questions relating to
management. Although without the complexity of some of the ecosystem models currently developed

for the southern BengueléShannon et al. 2003; Shin et al. 2004; Shannon et al. 2688)Mminimum

12



realistic and MICE modelling paradigms do allow specific questions to be addressed with the minimum

level of conplexity, and thus investment of resources, neces¢8tgrfield et al. 1993)

KwaZulu-
Natal
coastline |.

WEST/COAST \Lambert's Bay
Heleng
Bay,

ATLANTIC | b s
OCEAN ) Port Alfred
X ! Port Elzabet
34° i% Cape Town S |
o
- Pl 2 . - SOUTH COAST _
%2 current &
& WESTERN | Agulhas current
AGULHAS | AGULHAS BANK
BANK |
360
|
|
| INDIAN OCEAN B
|
38° 1 ] ] i ] ]
16° 18° 20° 22° 24° 26° £

Figure 1.3The southern Benguela agjulhas and Benguela currents. The area east of Cap

Agulhas is referred to as the south coast, and the area west and no@hpme#Agulhas as the

west coas{Coetzee et al. 2008a)
The southern Bengueld I & A (& y 2 NI K SS\al/thed_addriyz Ripwilling dedlind stretckes
south and east around the coast to include the Agulhas Bank and reach its eastern boundary at East
London (28E).It includes within its extent two very different regions: the west coast, an area of-wind
driven upwelling between Luderitzn southern Namibiaand Cape Agulhas (Figuted) with upwelling
increasingly seasonal towards the souttind the south coast, including the Agulhas Bank, which has
both the characteristics of aeasonalshelf system and an upwelling systdidutchings et al. 2009;
Shainon 1985)
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Although the established fisheries in the southern Benguelperate within both of these areas,
historically the cold, nutrientich waters of the wst coast have been more important with regards to
productivity and landings by commercial fisher{€awford et al. 1987; Shannon 1988)\ver recent
decades, however, a number of commercially and ecologically impostaeties (sardine, anchovy, rock
lobster and horse mackerelhave undergone changes in their distributions, with relative or absolute
increases in their abundances to the south and east recorded compared with the west(caaster
Lingen et al. 2006a; Cockcroft et al. 2008he numerous known and countless unknown biological
implications for trophically linked species, as well as the sometimes severe economic impliéations
the industries involved resulting from these changkave dravn the focus of research effort. Our
understanding of the repercussions is still far from complétewever,and the systerevel effects in

particular warrant further investigation.

1.2.Relevant species and observed changes

1.2.1. Sardine

The sardineSardinops sagais a small pelagic fish of great ecological and economic significance in the
southern Benguela. Small pelagic fish as a group play an integral role in the trophodynanicestofic

upwelling systems like the southern Benguela, influencing groups at both higher and lower trophic

levels ThisK & 0SSy GSNX¥ERQ YVENBLKAO O2 y(CuNRttal. 20@BIdlg G KS SO
with the anchovyEngraulis encrasicolusardine havealso formed one of the mainstays of the South

African pelagic purse seine fishery since its inception in the 19&#adlowing sardinedistribution

patterns, the South African sardine fishdmyganat St Helena Bay on the west coast, where much of the
AYRdAzZAGNB Qa AYTNI &G NUzOG dzNB. Thel palagi€ fskiely dheriesipdrfalét! sdutff R NB Y
and east through the 1960s and 1970s, extending to Cape Agulhas on the south coasfadidg the

western Agulhas @k (WAB)Crawford 1981) Catches from the pelagic fishery peaked at ~ 400 000 t in

1962but shortly afterwardsn the mid-1960sthe sardine stock collapsed as a result of increased effort

and a southward expansion of the fishing groundsoupled with inconsistent recruitment.
Correspondingly lower yields from the fishemgre recorded throughout the 1970s, 1980s and early
1990s(Crawford et al. 1987; Coetzee et al. 200&)bsequent @nsewvative management strategies

applied since the mid980s coupled with favourable conditions on the west coast howevesulted in

the recovery of the stockCochrane et al. 1998) andings increased in the late 1990s, peaking in 2002

14



following unusually good recruitment from 20@D03, but low levels of recruitment and a resultant

decline in catches have been recorded in the yeatevohg (Coetzee et al. 2008a)

Sardine are distributedround the coast of South Afrigacording to size/aggroup, as a result of both
sizespecific behavior and seasonal hydrological charigesstrong et al. 1987When monitored over

the period 19641976 and during the 1990s, spawning appears to have taken place predominantly
during spring andate summer, over the Agulhas BardeéFigure 13). Most Glyr old fish were found

off the west coast from May to September whiledgr old fishwere recorded predominantly on the
spawning grounds over spring/ summer, migrating to the east in aut{@nawford 1981; Barange et al.
1999; Beckley & van der Ling&899) Overthe 1980s and 1990he majority of sardine biomassas
found west of Cape Agulhé&Barange et al. 1999Jhis is reflected in theentre of gravity(CoGor mean

locationof sardinedirected landing$or that period (Figure 1.4).

Sardine-directed catch (10° tons)
g ® (=

° @ o)
10-30 31-60 61-90 9
_____CVofthe extent of the

1-120 121-380

variance of the

spatial distribution catches for each year

; Hout Bay and Cape Infanta
— Cape Colambln Cape Point Hermanus Gansbaai Cape Agulhas
- Saldanha Bay -
St Helena ,__.L/d_“'_/
Ba w5 ) -
Y QF o — g — / ' -
1990 ] o= e =%
1987 / 1995 ’ 2
996/4 1994 1992
1997 1ohg 1989 993/ 1994 \1991 99
1998 1999 2000 2001 2002 2003 2004 2005

Figurel. 4: Annual mean location of the sardha@ected catch along the linearised taf
South Africdrom 1990- 2005 Point size is proportional to cat¢Rairweather et al. 2006a)

Since the late 1990s however, an apparent shift in sardine distribatiarmange in relative abundance
has been observeldy annual hydo-acoustic biomass surveys, ichthyoplankton sampling and the CoG of
the catch: by 1999 the sardine biomass east of Cape Agoltageighed that to the westOver the
period 1997¢ 2005 the CoGof catchesshowed an annual eastward moveme(ftigure 1.4)reflecting
increased landings off the south coast and correspondingly lower catches off the west(\aaster

Lingen et al. 2005; Fairweather et al. 2006ayure 1.5 shows thdiy 2004 ardine werefound almost
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entirely east of Cape Agulhawith the majority beng as far asr further east than Mossel Bgyan der
Lingen et al. 2005; Coetzee et al. 2008@gart from the implications for the pelagic fishery, now facing
the costs of the separation of ifrocessingnfrastructure from its resourcehe trophic importance of
sadine within the systemmeansthis shift in dstribution could have serious and not fully understood
implications for the ecosystem as a whole. This is particularly of confoerthe many groups which

either prey on or compete with sardine (van der Lingéeal.2005).

There are currently three hypotheses suggested to explain the mechanisms behind the shift, namely 1)
differential fishing pressure, 2) environmental forcing, and 3) successful spawning on the south coast
combined with natal homing of spawre(Coetzee et al. 2008a)lhe possibility of multiple sardine
stocks, one on the west coast, one on the south coast, and a possibleothifte KwaZultNatal east

coast, is also currently being investigated. Biological data seem to suggest this may be tfvaucales

Lingen et al. 2013put the hypothesis is so far not supported by genetic studtsmpton 2014)The

use of a twestock recruitment model in the Operational management procedure (OMP) used to

manage the small pelagic fishery is currently under considerétierMoor & Butterworth, 11;,2013)
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Figurel.5: Biomass of sardine east and west of Cape Agulhas durin
November acoustic survey€oetzee et al. 2008a)

1.2.2. Anchovy

Anchovy is another commercially and ecologically important small pelagic fish abundant in the southern
Benguelalike sardine, anchovy are important both as a prey species for larger fish and mammals and as
a predator driving plankton abuahce(Cury et al. 2000)Due to their short lifenistories ttrere is high
interannual variability in sardine and anchovy abundance. As in other edsteimdary systems the two

species tended to show alternate dominance on a decadal scale until the late (B90sgartzlose et al.
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1999) A period of cadominance has alsoccurred in the early 2000s when the abundance of both
species ws high (Fairweather et al. 2006a)Anchovy also experience high seasonal variability in
distribution and abundance:f@r the peak summer spawning season on the Agulhas Bank, eggs and
larvae are transported to west coast nursery grounBlg. maturity at ~ 1yr, adult fish have migrated
inshore and back to the Agulhas Bajvian der Lingen & Huggett 2003)

Similar to sardine, anchovy underwent a change in relative distribution in thel@86s: hydreacoustic
data for the period 1982005 reveal thatthe majority of anchovy spawner biomass shiftin 1996
from the western Agulhas Bank to the central and eastern Agulhas @aglre 1.6) where it has
remained since (van der Lingen et al. 2002; DAFF 20@hough given their migratory lifecycle,
anchovy juveniles are always found on the west coast for a portion of the year). This shifédras
linked to changes in windriven upwellingand subsequent cooling on the south cgastiggesting a
close association between environmental fluctuations and the biolbdicectioning of the ecosystem
(Roy et al. 2007)
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Figurel.6: Proportion of anchovy spawner biomass found to the w
and east of Cape Agulhas during November acousticegs from
1984¢ 2005(Roy et al. 2007)

1.2.3. West @astrock lobster

In the inshoe environment, he valuable commercial fishery fo¥est @ast rock lobstedasus lalandii

has been operating in South Africa since the 1800s. Prior to the late 1980s the majority of landings were
made on the west coast, but from this point landings onwhest coast began to decline while those on

the south coast increased until by the late 1990s the relative contribution by each coast to overall
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landings had been inverted.n8e then the west coast has contributed <10% to total landingféecting

a sout and eastward shift in their distributiofCockcroft et al. 2008)hedecline on the west coast has
been attributed to decreased productivity of rotdbsters on the west coast over the late 1980s and
early 1990s as a result of decreases in somatic growtien combined with an increased frequency of
lobster walkout eventsover the 1990s and consistently high fishprgssure(Cockcroft 2001Cockcroft

et al. 2008; van der Lingen et al. 2018¢ stock could not recove The increased waluts over the

1990s were the result of an increasddmw oxygen events;aused wherdense plankton bloondecay as

a period of upwelling is followed by a period of calm. That this increase should occur concurrently with

the less understood decrease in somatic growtlhmbined with the shifts in pelagic fislspecies
described above has however been suggested as evidence of some underlyBygtemlevel
environmental forcindCockcroft et al. 2008Y his issupported by positive shifts in upwelling variability
and mean summer winds identified Blamey et al(2012)in the early¢ mid 1990s on the west and

southrwest coasts, concurrent with the shift incklobster distribution.

1.2.4. Horse mackerel

Another contributor to the pelagic fishenas well as to the miavater and demersal trawl fisheries,
whose dstribution may have shifted south and easince the 1990ds the Cape horse mackerel
Trachurus trachurus capensidp until the 1980s landings were primarily made off the west colbst
frNBES K2NES YIOlSNBt KI @Sy Qiat 6tHslgha Bay yirkRéStRO60s y
(Hutchings € al. 2012) Since the 1980 possible south coast spawningognd has since been
identified. Although juvenile horse mackerel are still prevalent on the west ctrasisouth coashow
supportsa far greater biomass dforse mackere{combined juvenileand adults}han can be found on
the west (Barange et al. 1998; Merkle & Coetzee 2007; Hutchings et al. ,20423e horse mackerel

currentlyplays a more important trophic rolen the south coast than on the wesbast

1.2.5. Seabirds

AA3y

Some of the more wellocumented responses to changes in small pelagic fish and rock lobster

distribution and abundance are in the seabirds preying on these sp@eias/ford 2013; Crawford et al.

2008a; Sherley et al. 2013; Cockcroft et al. 2008)o species preying on sardine and anchovy and one

feeding largely on rock lobster (African penguBpheniscus demersuSape cormorant®halacrocorax
capensisand Bank cormorant®. neglectusrespectively have declined significantly since the 1990s

(Crawford et al. 2007aCrawford et al. 208b; Crawford et al. 2011 Other species, generally those
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whose life histories allow for greater foraging range or flexibility in breeding site selection, have
responded positively and have extended their ranges southwards and eastwards along withréyeir
species: Cape ganneidorus capensigand swift ternsThalasseus bergii berdiCrawford et al. 2007b;
Crawford 2009)

1.2.6. Ecosystem-level changes

In addition to the changes slrved in the above species, a number of possible systeei shifts have

been identified in the southern Benguela since the 1980s. Based on shifts in SST, upwelling and small
pelagic fish abundancéjoward et al(2007)identified an ecosysterdevel shifts as having occurred in

the early 2000s. Similarly, shifts in demersal fish assemblagesalso been shown for the mi®90s

and the mid2000s, although the latter may be due to changes in samghilginson et al. 2011a)
Blamey et al(2012)also identified shifts in the mid990s when examining wind and upwelling indices.
These changes, together with those outlined above, seem to point to a degree of syienchange

with a grater potential influence on other aspects of ecosystem function and state than any individual

species change could have.

1.3. Implications and questions

These distributional changes have had serious secimomic and ecological ptications Biological
consequences are inevitable, for exampihe increase in rock lobster abundance east of Cape Hangklip
has also indirectly affected the abalone fishery by causing a decline in the abundance of sea urchins,
which play important roles in abalone recruitmentcsesqTarr et al. 1996; Day & Branch 2002; Blamey

et al. 2010) Widespread ecological impacts are likelybt felt by groups trophically linked to species
undergoing changes in distributipas has been illustrated in trease ofpelagic fish andeabirds by
Crawford et al(2008&:-c), rangingfrom changes in diet and reproductive success to shifts in distribution.
The consequences of humamduced or environmentally driven changes or regime shifts are also not
restricted to the biological subsystenmend are felt in the human social system as well via the fisheries

and associated communities reliant on the various affected resofdegse et al. 2013)
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The aim of this thesis is to investigate possible ecosys¢el impacts of distributional shifts of
important component species in the southeBenguela, with a focus on small @gic fish (sardine and
anchovy). Acombination of dataderived indicators and modellingill be usedo better understand the
processes affectednd how this might influence ecosystem structure and funct{®iven the iereased
abundance of small pelagic fish now found east of Cape Agulhas, the south coast system is of particular
interest in its nowmore important role both irterms of fisheries and ecological interaatie within the

southern Benguela.
In this thesis th following key questions are addressed:

a) Does the south coast function differently from the west coast, and if so, what are the implications
for a largescale change in the location of the majority of the biomass of small pelagic and other
species affected

b) Have the distributions of any other prominent species changed over a similar timeframe, and if so,
what are the likely impacts?

c) How robust is the hypothesis that changes in anchovy distribution can be linked to changes in SST?

d) Can a framéased modellig approach be useful in exploring our current understanding of the

processes involved, and the relative importance of possible drivers?

As described further below, in the first three chapters the structure and functioning of the south coast
and implicatios of shifts in small pelagic fish is investigated, distributions of other species are examined
for concurrent changesand a brief further investigation of sea surface temperature (SST) as a driver of
change on the south coast is conducted. Finally théglns gained over the course of these earlier
chapters inform the construction of a frammsed model of sardine and anchovy population
distribution that is used to explore our current understanding of the processes involktk
undertaken is in line wit recommendations made by Shannat al. (2006) for furthering the

application of EAF in the southern Benguela
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1.4. Thesisstructure

Chapter Two: Structure and functioning of the south coast system, with comparisons
to the west.

Chapter Two autlines the trophic functioning of the south coast system as far as it is known, with some
comparison with that of the west coasystem This mostly conceptughapterprovides an ecosystem
perspective anda backdrop for what has been happening over recent desaote more detail than
introduced above The south coass expected to functiomlifferently from the west coast baseah its

shelf ecosystem characteristics atite greater species diversifyresent e.g. a greater abundance of
squid and cetaceans, andcieased predation pressure on the Agulhas Barikis would implythat
different mean trophic linkages are in place on the south coast when compared with those on the west
coast. Thidasimplications for the structure and functioning of the south coasteyysas a whole and

how these elements react to changes such as increased sadhanchovypiomass.

Chapter Three : Spatial indicators and changes in distribution

Pecquerie et al(2004) compiled a number of different data sources (acoustic and demersal surveys;
pelagic, demersal including mvdater trawl, hake directed antlina directed longline fisheries data) to
create geographic information systemss($ distribution maps for 15 key species in tBeuthern
Benguela: anchovigngraulis encrasicolusardineSardinops sagaxound herringetrumeus whiteheadi
chub mackerel Scomber japonicys horse mackerel Trachurus trachurus capensidanternfish
Lampanyctodes hectoriightfishMaurolicus muellerialbacoreThunnus alalungabigeye tunarhunnus
obesus yellowfin tunaThunnus albacaresilver kobArgyrosomus inodorusnak Thyrsites atunCape
hake Merluccius spp kingklipGenypterus capensend chokka squid.oligo vulgaris reynaudiThese
data were then used bPprapeau et al(2004) to quantify spatial interactions between species using
measures of overlap, and réon et al(2005a)to derive seven spatial indicators, two of which can be

used to characterise the system and five to be used as an indication of fishing pressure.

A similar approach is used in Chapter Three, distfibutions are plotted using updated time-series
currently available fronthe Department of Agriculture, Forestry and Fisheries (DAR#pther sources
for the periods pre, during, and post shifts in small pelagic fish biomass (1B8%1; 1997 2000; 2003
- 2008) Thisallowsfor comparison of an intespecies overlap index over three time periodset@luate

the null hypothesis that the spatial distributisof the main component species and fishing pressure
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have not changedrom those reported in these earlier studieResults should give further insight into

possible changes to ecosystem structure and functioning over this period.

Chapter Four : Re-examining changes in SST on the Agulhas Bank as a driver of
distributional change in small pelagic fish

SST has previoudhgen implicated as a driver of the change in sardine distributiRoy et al. 2007)n

Chapter Four, this assertion is further examined by a more rigorous analysis of SST data for the Agulhas
Bank using aequential ttest algorithm for detecting regime shifter STARS method, developed by
Rodionov(2004) This method has previously been demonstrated as useful in identifyingtdomg

shifts in timeseries for the soutern BenguelgHoward et al. 2007; Blamey et al. 201ahd should

clarify the presence of shifts and the previously hypothesised link to the change in anchovy distribution.

The results of this chapter inforthe switching rules for the frambased model.

Chapter Five: Frame-based ecosystem modelling approach

Frane-based modelling is an ecosystem modelling approach that provides an alternative to the more
detailed methodologies applied when using, for example, Ecopath with Ecosim or O$8MD5& Cury
2004; Christensen et al. 2003pr the purpose of assessing management strategies when applied to a
changeable environment. Initiallipased onWestoby et als (1989) StateandTransition approach
frameo  AaSR Y2RStftAy3 NBftASa 2y (GKS ARSYGATAOLIGAZY
objective of the investigatiormepresenting specific characteristics of the ecosystem in different periods
During sochastic simulations run usingédse individual frame modelthe likelihood of remaining in the
current frame or switching to a different ortbat better describes the prevailing conditioissregularly
evaluated using indicatord.he advantages of this approach are that the developnpgntess is goal
oriented, and that while the model may be simple, it allows for exploration of the effects of
management strategies on the systdma processriented modelling paradignwvithout the need for

vast amounts of data, thus providing a praatitool for strategicmanagement(Starfield et al. 1993;

Starfield & Jarre 2011)

While previously used to describe the dynamics of terrestrial syst@rester et al. 1997; Rupp et al.
2000), Smith & Jarre(2011) and subsequentlyBotha (2012) applied this technique as a means of
modelling regime shifts ismall pelagic fish in the southern Benguela, focusing on the west coast. In this

project, frames arecreated to represent spatial shifts in distributiofhe parameterisation of the south
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coast frame and thevgitching rules (i.e. the conditions under whia change of frame will occuaye

informed by the results ofprevious chapters.

Chapter SixFurther model scenarios: effects of spatialised fishing pressure.

In Chapter Six,he model constructed in Chaptdfive is used to explore possible implicatioref

different management scenarios, exploring the hypothesis that the current fishing pressure is
ddza Gl AyrotS Ay GKS t2y3 (§SNY dzyTReSpudsibHiy®ithe zolth 6 f S Q
coastframe favouring anchovyecruitment is also condered. The implications of all scenarios in terms

of system state and suitability of each coast for top predators are examined.

ChapterSeven Summary and conclusions

In this final chapterresults of the previous chapteere assimilated with respect tihe key questions
introduced above gection1.3). Qverall conclusionare drawn with regard to possible future directions

and implications for strategic management advice.
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CHAPTER TWO
STRUCTURE AND FUNCTIONING OF THE SOUTH COAST, WITH
COMPARISOIS$ TO THE WEST

2.1. Introduction

Previous models of trophic functiong of the southern Benguelaave dealt with the entire ecosystem,
from the Luderitz upwelling ceih the north(26°S to East London (28°Ephannon et al. 2003; Shin et

al. 2004; Watermeyer et al. 2008; Travers & Shin 201® southern Benguela cdroweverbe divided

into two physically and biologically distinct regions: the west coadiending from the Orange River
mouth in the northto Cape Point in the south; and tegulhas Bankextending east from Capeint to

East LondoriHutchings et al. 20097s discussed further below, although Cape Point is sometimes used
as a break between the west coast and what is referred to as the south doaslis project when
referring to the west coast, the entire area west of Cape Agsillmcluding thewestern Agulhas Bank
(WABisintended. KS Wa2dziK O2F aGQ NBFSNE G2 This khapteOdmsioNI € |y
outline possible implications of differing conditions in theotwegions for the trophic sticture and
functioning in each via a structured review of available data, both qualitative and quantitative where
possible.Information compiled in this chapter will be used both directly to inform the design of the
model discgsed in Chapters Five and Six, and indirectly to provide context for interpretation of results

in the chapters that follow.

2.2. The south coast system with comparisons to the west

2.2.1. Physical characteristics:
Despitebeing part ofthe same upwellingystem, he west and south coasts of tremuthern Benguela

have quite different oceanographic characteristics:

The pulsed upwelling that characterizes the west coast is driven by prevailititegly winds, strongest
in summer and autumn (Shannon et al8%9 Hutchings et al. 2009)The resultingharrow but highly
productive band of nutrient rich water along the coast is also associated with low bottom water

temperatures and oxygen content.
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Figure2.1: The major divisiomof the southern Benguela: the west coasicluding the westerr
Agulhas Bankr{dicated as the soutiwest coast WAB) and the south coast, which includes tl
central (CAB)@and eastern Agulhas BaifEAB).The sheHledge isindicated by the BOm Bobath
(adapted from Blamey et a2014).

In contrast, the sotln coast, whib includes the Agulhas Bartkas a relatively wider shelf and possesses
characteristics of botliemperate shelf and upwelling systems. The substrate is predominantligyroc
compared with themudsthat are more representativalongthe west coat shelf(Hutchings 1994; Sink
et al. 2012) Both shelfedge and winetriven coastal upwelling occur, although less intensely than on
the west coast, antligh surfacechlorophyllconcentrations aregelativelyless commor(Shannon et al.
1984; Boyd & Shillgton 1994; Demarcq et al. 200 Batterns of uppemixed layer nutrients on the
Agulhas Bankre strongly seasonalhe water column is subjected to deepixing during wintedown

to depths of 76100m, especially on the western and centfegulhas Bankin contrast to the west coast
while summer resul in a far more stratified water column and a subsurface chlorophyll maximum

similar to the seasonal patterns of temperate shelf regi@@obyn et al. 1994 utjeharms et al. 1996)
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Although nutrient concentrations in the surkadayers increase during wintefue to the mixing of
nutrient-rich bottom water(Lutjeharms et al. 1996}he deep mixing results in lighimitation and low
productivity during Juné&eptember. The possible exception is the eastern extent ofAtingdhas Bank
(Port Alfred), where persistent upwelling induced by the divergence of the Agulhas Current from the
coast may facilitate perennial pradtivity (Verheye et al. 1994)Overall, there is a period of
destratification from MayJune (late autumn/ winter) as winter storms increase in frequency and
intensity and insolation decreases, and conversely a period of stabilisation in Ottolsember
(Spring). These periods coincide with pelagic fish surveys, designed to cover peakyapdnoring
(Nov) and recruitmentMlay/ June) eventsThe south coast can also be distinguished from the west by
its higher bottom water temperatures particularly in winter, with higher dissolved oxygen

concentrationgRoberts, 2005; Hutchings 1994)

Primary production on the south coast can be summatias occurringvia nine possiblemechanisms

(van der Lingen et al. 2006b)

a) the seasonal cycle characteristic of temperate zones;

b) intermittent mixing by high wind speeds, where turbulence introduces nutrients to the upper
mixed layer resulting in increased production as the water column restabilises;

¢) the subsurface chlorophyll maximum can be raised into the euphotic zone bgahteaves
resulting from transient low pressure systems and tidal moveméhargier & Swart 1987)
temporarily increasing productivity;

d) winddriven castal upwelling;

e) upwelling resulting from divergence of the Agulhas Current from the shelf, geraediigen
26 and 2&;

f) sheltedge wpwelling;

g) increased divergence or convergence with the slvetfichcan be caused by eddies in the
Agulhas current, positively or negatively affecting production onAgelhas Bank

h) the semipermanent coldridge feature descriéd below; and

i) diffusion through the thermocline
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Figure 2.2: Primary productivity in the southern Benguela duri
summer (Feb) 2004 based on MODIS data. The higher produc

on the west coast when compared with the Agulhas Bank is cl

The Agulhas Bank can be divided into three distinct regions based on hydrography, plankton, and forage
fish patterns: the western (WAB), central (CAB) and eagtguthas BankEAB)Figure 2.1)The WAB is
similar to the west coast in that it is characssd by winddriven coastal upwelling and the associated
higher nutrient levels, particularly during late summ@igure 2.2Hutchings 1994; Lutjeharms et al.
1996) The CAB and EAB experienekatively lesscoastal upwellingpccurring when it doefargely in
summer and atumn due to the seasonal increase in easterly winds. Enrichment along thebsbek is
also a typical feature of the CAB and EAB as a result of eithetestlgelfupwelling from friction between
the Agulhas Current and the shelf break,eddes originating in the Agulhasu€rent and moving slowly
SWalong the shetbreak (L. Hutchings, pers. comm.).

Thiscool, upwelledwater covers the entireshelf of theAgulhas Bankn sumner on thebottom and,
together with advection of Agulhas Current surface waterd asummer heating viansolation
significantly influencethe developmenif the strong thermoclingin the region(Largier & Swart, 1987
Lutiehams et al. 1996) A prominent feature of thesouth coastis a sempermanent ridge of cold,
productive water occurring around the 100m isobath from Mossel Bay to Cape St Frititipeak
productivity between March and Jur{kargier & Swart, 198%an der Lingen et al. 20068Becausehe
Agulhas Currenieaves the bank at the southern tip and approximately the widest point of the shelf at

around 28 E currentdriven shelfedge upwelling is not a feature of the WAB.

As previously mentioned,dzause the WABas more physicalharacteristics in common with the west

coast (namely episodic, seasonal and wilndven upwelling) than with the restféhe Agulhas Bank (BA
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and CAB)for the purposes of this thesis the following chaptersvhere a division between the west

and south coast is discussed, the break between the two regions will be assumed to be Cape Agulhas

(Figure2.1), rather than Cape Point, which is someis used to divide the west coast from the Agulhas
Bank The WAB is thus included with the west coast in further discussidrese possibleunless
otherwise stated, in linavith regional oceanographic features as well as wasumptionscurrently
made when considering spatial implications ftre management of the sardine fishefyan der Lingen

& van der Westhuizen 2013)Vhere possiblel, will distinguish betweenvest coast andvestern Ayulhas
.yl FYR OSY(dN}t FyR SFaGSNYy ! 3dzZ KlFa .Fylo
entire extent, including WB, CAB and EAB.

2.2.2.Biological components

The biota of the south coast are outlinaddcompared with that of the west coast below, and
summarized in Table 2.1.

2.2.2.1 Primary production

According taProbyn et al(1994) phytoplankton concentration othe Agulhas Banks on averagéower
than on the west coas{using Cape Point as a divisiohaving an average chlorophyll concentration of
1.48mg.nT compared to 2.15 mgn™ on the west coast. Concentrations of > 3 mg.canhoweverbe
found associated with the increased coastal upwglim the WARProbyn et al. 1994)pnd6-12mg.m™
has been measured at timestime region between Plettenberg Bay and Algoa hannon et al. 1984)
More recentlyDemarcq et al(2008 confirmed higher productioron the west coast buestimated
slightly lower rates of primary production as 1.6 g €adfl for the west coast and WAB, and 1.2 g C.m
2d* for the CAB and EAB, using depitegrated chlorophyll a distributionfor the period 19972003
Brown et al (1991 estimatedtotal annual primary production as slightly higher on the south coask(79
10° tCy™, or) than on the west (7@.x 10 tCy™), based orimited data from the 1970s and 19808his
still equates to higher primary productivity per unit area on the west coast (104 0600k2.01 g C.m
2.d* compared with 1.87 g C:Ad™ for the Agulhas Bank116 000 krf), particularly given that within
the area of the west coast productivity is daty concentrated in a narrow belt along the coastline.
Annual P/Bhas beerestimated as higher on thagulhas Bankl53.y* versus 114.y for the west coast,
and similarly a slightly higher sedimentation rate of ~ 2 900 00tf6rythe south coast copared to 2

800 00t C.y" for the west coas{Brown et al. 199) These iferencespossiblyresult from variationin
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factors determining offshore transport or accumulation of phytoplankton ontiine coasts It should be
noted that these rates were calculated as a function of primary production, and that the confidence

limits were larggBrown et al. 19911

2.2.2.2.Zooplankton

The zooplakton communities on the more divers&gulhas Bankre structurally different from those
on the westcoast althoughpredictablythe WAB does sharsome characteristics of the west coast,
upwellingdriven community(Verheye et al. 1994)Heterotrophic zooplankton concentrations have
however beemrmodelledas substantially higher on the west coast (~100 migus ~30 mg.i on the
Agulhas BnK) (Moloney et al. 1991)Seasonal variatiomn zoopanktonis a common featuref the
whole system closely linked to upwelling and primary productismmmermaxima andwvinter minima
Although still present, easonal variabilityis less clear on the west coast north of Capeu@bine,
around St Helena Bagnd on the WABHistorically large biomasses of small pelagic fish have been
present in these areas, juvenildaring winter on the west coastnd adults during summer on the south
coast,and thismay serve toobscure seasongatterns inzooplanktonabundance as a result of high
predation rateg(Verheye et al. 1992; Huggett et al. 2008pophnkton courts in the Mossel Bay region
on the south coasthave shown an approximately sevenfold decline since the 1980s Huggett,
unpublished data in DE2013) Different size classes of zooplamk play differenttrophic roles within

the system, and so warrant individual attention:

Micro zooplankton

Abundance of ntrozooplanktonimportant as a first prey for fish larvabasbeen shown to be higher
on the Agulhas Bank during summeojncident wih anchovy spawningverheye et al. 1994Brown et

al. (1991) estimated a average concentration of 6.3 mghfor the west coast compared with
10.7mg.n¥ on the Agulhas Bankestimates are only availablesing Cape Point as a break between west
coast and Agulhas Bankyhich equates to 5.6 t @n the Agulhas Banlcompared wilh only 2.9t C on

the west coast.

Mesozooplankton

Mesozooplankton isthe most prolific component of the south coast zooplankton community.
Comprising largelgopepods, this group makes up 90% of the standing stock biomass in terms of carbon
on the AgulhasBank compared toonly 60% on the westoast(Hutchings et al. 1991; Verheye et al.

1994) although stimates of standing stock noentrationsin the 1980%n the Agulhas Bank0.9 gC.m
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?) are only slightly higher than those for the west coast (0.8 dand are highest towards the east in
association with the cool ridge betwedossel Bay and Cape St Frarfeigtchings et al. 1991; Verheye
et al. 1994)Huggett et al(2009)estimated an average annual concentration of approximatelygZ s
Zfor the west coast, and only gC.n¥for the WAB for the period 1988 2003 while concentrations of
1.34 gC.nmfwere recordedin springoff Mossel Bay on the CAB for the 1990s, dropping togQ@5rf
during the 20009J. Huggett, unpublished data DEA 2013)This may be as a result of increased
predation by the high biomass of small pelagic ishthe south coasin that period, although the high
degree of spatial and temporal nability in biomass indicates that copepod biomass is strongly
influenced by local bottorup a well agop-down trophic forcingVerheye et al. 1992; Hutchings et al.

2006; Huggett et al. 2009)

On the Agulhas Bankhe copepodCalanus agulhensidominates the mesozooplankton community,
particularly on the EAB where it may account for up to 85%h@topepod componen{Verheye et al.
1994) It is replaced on the west coast Balanoides carinatupossibly as a result of differing responses
to variability in food abundance, which is lower but more continuous onfiinglhas Biak (Huggett et al.
2007) Concentrationsfluctuate seasonallwith variation in upwellingelated winds and chlorophyll
concentrations both on the AgulhaBank and the west coast, and supporting seasonally different
assemblagefHutchings & Nelson 1985; Verheye et al. 1992; Verheye et al. . 18%hn the west coast
and WAB however, seasonal differences in production have only been redaas significant on the
central west coast, and winter productiam the west coast and WA®ntributed up to 39% of annual
production (Huggett et al. 2009)As mentioned, hie high copepod production on thAgulhas Bank
sustains a relatively high biomass of pelagic fish, historically supportirggriargbers of anchovy on the
WAB, and sanal fluctuations may also be masked by increased predation on the WAB during summer
(Verheye et al. 1992; Hutchings et al. 2006)e remainder of the Agulhas Bank wast included in that
study and sasonal patterns on the CAB and EAB are not well stydadder Lingen et al. 2006)

A P/B ratio of 20% and a diet of 50% phytoplankton, 50% micpaonkton were estimated for
mesozooplankton on both the south and west sts(Hutchings et al. 1991)f this assumption holds,
copepods consume 15-25% of daily primary production on thégulhas Bank or 3050% if
phytoplanktonconstituted 100% of their diglVerheye et al. 1994)
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Macrozooplankton

Estimates for macrozooplankton are based on ewglid abundanceas the primary constituent of this

group in the soutbrn Benguelaand suggest thatoncentrations are considerabhigher off the west

coast (.16g dry massm?) than on theAgulhas Bank (0.2yC.n¥) (Pillar et al. 1992Estimates are only
available using Cape Point as a break between west coast and Agulhas Bank, however biomass has been
shown to be lower on the south west coasbuth ofCape Columbingherefore concentrations on the

WAB are likely to be lower and closer to those on the Agulhas Banktthdre higher west coast

concentratiors. P/B ratiosfor both coastsvere estimated at 13%Hutchings et al. 1991)

Phytoplanktonare estimated to compris€0%of the dietof macrozooplanktonalthough @phausiids

are considaed to be opportunistic feeders andecome increasingly carnivorous fonditions allow
(Hutchings et al. 1991Pillar et al. 1992)Little seasonal variation in euphausiid biomass has been
observed, possibly as a result of the resilience conferred by their longer lifespans (approximately 1 yr, vs
1 month for ceepods) (Pillar et all992). Although abundance varies, the permanent availability of
euphausiids in the Benguela makésem an important prey item for a number of fisspecies,
particularly anchovy, juvenile haksardne, redeye and horse mackei@illar et al. 1992; Verheye et al.
1994) Althoudh the relatively higherabundance of euphausiids makes them a more important prey
item on the west coast, copepods and euphausiids combined have been shown to conkrdiwien
40-100% to the diet of anchovy recruits on the west coasmpared with 88100%for adults on the
south coast(Verheye et al. 1994)where phytoplanktonis a less importantdietary component
(Armstrong et al. 1991)

2.2.2.3Small pelagic fish

TheAgulhas Bankupports a relatively high fish biomagsyticularly during ssnmer when an increased
biomass of small pelagic fish are preseastimated as 2 30000 t for the period 1984992 @lthough

this figure is believed to be an underestimp{dapp 1994)Although this biomass is high in comparison

to many systems, it is comparable with other eastern boundary upwelling systems around the world,
characterised by high small pelagic biomgSehwartzlose et al. 1999pmall pelagic fish are an
important component of this community, exerting botbg down and bottom up trophic control over

other system component&ury et al. 2000)
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Sardine and anchovy

As previously mentionedasdine and anchovy form the main component of small pelagic biomass and
landings in the southern Bengueladults of both speciesiigrate around thecoastover the course of
their lifecyclefrom the west coasfeeding grounddo spawn onthe Agulhas Banduring summel(peak
upwelling season in the southern Bengydl@rawford 198Q)Although higher productivity on the south
coast during summedoes supporspawning, energy reserves that have been built up on the west coast
feeding grounds are also important for successful spawning, effecBublsidising engy requirements

for small pelagic fish while on the south codstutchings et al. 1998Fggsand larvae are then
transported back around Cape Point to the west coast via a foifgalcurrent (Shelton & Hutchings
1982; Hutchings et al. 2002After they recruit, both sardine and anchovy shift south and eastwards
again with age and size, although some anchovy and sardine seem to move northwards as well as
eastwards with age (Hampton 198Barange et al. 1999Thereis a difference in length at maturity
between sardine on the westnd south coasts, with south coast sardine maturing at a larger size than

those on the wesfvan der Lingen 2011)

There has been extensive variation in the primary spawning area of small pelagic fish in the southern
Benguelgivan der Lingen et al. 2006ayhile anchovy spawned pleminartly on the WAB during the
1980s, spawners were divided between the WAB and the CAB and E#B @arly 1990s, and
subsequent years have seen the majority of spawners congregatitigeasouth coas{van der Lingen

et al. 2002) Fa sardine, tolerance for a wider range of spawning conditions, particularly for colder
temperatures, has allowed for muljiear switches between chiefly wesbast(late 1980s and. 9909 or

south coas{early 1990s and 200Pspawning(van der Lingen et al. 2006b)

As both sardine and anchovy biomass are highly variable on an annual and decadabwseaiey; it is
difficult to provide an average for the Benguela as a whole, and conseglieftiathe west and south
coasts, unless a specific time period is examiregkdine spawners are generally found inshore of
anchovy on the WABbut tend to overlap further eastwardsnothe south coast. Both speciéave a
positive relationship between gpial extent and stock siz@Barange et al. 2009; Barange et al. 1999)
and since the 1980sardinehave beenconsistently found on the WAB at all stock levels, expanding

north, south and east as stocks increg€eetzee et al. 2008a)

Based on data from the late 198@smstrong et al. (1991gstimated a higher avage monthly biomass
for anchovy(juveniles and aduls)of 754 000 t (68%)n the Agulhas Bankcompared to 286 00Gind an
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additional 66 000 t of preecruitson the west coast (32%jt should be noted that as abundander

both sardine and anchovig strongly seasonal, peaking in winter on the west coast and summer on the
south coast/ Agulhas Bank, although a nfdwptor annual averge is usefulit may blur seasonally
meaningful details Since thdate 1980s theproportion of the Novemberanchovy spawner biomass
found eag of Cape Agulhas has increasedm 15% to 63% in the 200@Roy et al. 2007this study
ChapterFou), with absolute biomass peaking in the early 20@®&n more than 12x1C t of sardine

and anchovy were found on the Agulhas Bank during the November spawner biomass(Saege

et al. 2008a; Hutchings et al. 200Based on data from the B®sand 1990sanchovy found on the west
coast are largely recruitalthoughin years of highanchovybiomassa low proportion of adultshave

been found therdHampton 1987Barange et al. 1999

The proportion of sardine spawner biomass found east of Cape Agulhas began to outweigh that to the
west from 1998 Coetzee et al. 2008aPn average, this proportion has increased over the last decades,
from 10% in the late 1980s, to 70% in the 20(@ss studyChapter Four Smilar to anchovy, ardine
recruitsare also found predoimantly on the west coast, but greater proportion ofadult sardinehave
beenalsoobserved on the west coast during recruitment survihen is the casdor anchovy(Coetzee

et al. 2008a)The highbiomassof small pelagic fish in the early 2008sd theexpectedconsequentially

high levels of predation on eggs and larvae may partly explain the low proportion of sechsérved

on the Agulhas Bank, particularly the central and eastern regions, when compared with the west coast
(Hutchings et al. 2009T he possibility of multiple stocks within the southern Benguela is currently being
assessed, based on a separation of sardine west and east of Cape Agulhas at nrmediow lBiomass

levels identified byCoetzee et al(2008a) Two main stocks on the west argbuth coasts are
hypothesised, with a small third stock off the KZN coast also suggested, although this has less bearing on
management issues given the low proportion of total biomass and landings it contribedasder
Lingen 2011)Differences in various biological characteristics in sargamepled vest and east of Cape
Agulhas supporthe existence okeparate stocks on the west and south coabtg, with an unknown
degree of mixing between the tw(van der Lingen 2011Whether or not this hypothesis is correct
however would not change the observed patterns described here, tbate would be potential
implications for the suitability of various management strategies were that found to be the case (for

example spatial management).

Armstrong et al. (1991agstimated total consumption by pelagic and mesopelagic fish as 1 986 000 t
and 1 604 000 t on the wesbastand Agulhas Bankespectively based on data from the 1980¢hen
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pelagic biomass on the south codstsed on spring/summer acoustic survey dates of the order of 2

3 million tons¢ considerably lower than during the early 20008wer the same periodanchovy were
calculated to haveonsumed only approximately half asuch on the west coasZ24 700 t dry mass
when compared withtheir consumption orthe Agulhas Bankl 552 200 X Consumption rates were
assumed the same on each coast, and it can be assumetbtahtonsumption wa substantiallyhigher

on the south coast in the 2000s due to both the higher proportion of biomass on the south coast and
the higher absolute biomass during this period. Mean diet composition of anchovy differed on the two
coasts, including a far largergportion of phytoplankton on the west coast (pré& postrecruits),
12.2%, compared to 1% on the south (postruits) (Peterson et al. 199ZHutchings 1994)In contrast
mesozooplankton dominated in the south coast diet (61.3% vs 49.8% on the west coast), where the
copepodCalanus agulhensgedominates. On the WAB when anchovy stocks are high, particularly low
concentrations of copepods havbeen recorded, implying a strong predation effeeterson et al.
1992 Hutchings 1994)Intense stratificatiorresultantly deep thermodfiesin this area in spring and
summer mayalsoresult inlower copepod stockdimiting anchovy feeding anéading toan increase in
eggcannibalismin this region(Armstrong et al. 1991 Macrozoopankton accounted for approximately
one third of the total dietof anchovyon each coast, again, based thve most recently availabldata,

from the 19809Armstrong et al. 1991)

Like anchovy, sardine are omnivorous, although in contrast are printaviyselectivefilter-feeders,
consuming smaller plankton preferentially, their diet refiagtthe local plankton environmen(van der
Lingen 2002; van der Lingen et al. 2008n der Lingen (2003howed that although phytoplankton

may account for a higher percentage of the diet in terms of frequency, large zooplankton and anchovy
eggs contributed the most in terms of dietary carbon. In 1888 1994 anchovy eggs constituted on
average 15% of dietary carbon, up to a maximum of 50%, alththeyhwere most importantn sardine

diet on the EABValdés Szeinfeld (199f)und such high concentration of anchovy eggs in sardine
stomachsin the late 198040 suggest that they may be responsible for up t&®6f anchovy egg
mortality. Although these findings have not been replicated, localized importance of eggs has been
reported (van der Linge2002) and while spatial separation of sardine inshore from spawning anchovy
further offshore may minimize egg predation under normal conditions (van der Lingen B8tiige et

al. 1999) thisseems to point to opportunistiand potentially heavy predation under suitable conditions.
Basedon previously published studies largely based on the west céasistrong et al(1991) gave diet
composition for sardinen terms of weightas phytoplankton 67% (range -88%); mesozooplankton

30% (range 1¥80%); macrozooplankton 3% (rang®%), and van der LinggB002 found that the
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majority of diet was composeaf dinoflagellates, with copepods and crustacean eggs the most
important zooplankton componentsihe high proportion of phytoplankton reported does not change
the important role of zooplankton in the diet however, given the much higher proportion of othoa

and nitrogen provided by zooplankton when compared by volume with phytoplanitam der Lingen
2002) Armstrong et al. (199lestimated total consumption by sardine during tlage 1980s as 48 10
tC.y"' on the west coast compared wii7 x 1GtC.y' on the Agulhas BankAs with anchovy, this can be
assumed as substantially higher for theuth coastduring the 2000slt is important to note however

that the WAB was included in the Agulhas Banlkemvbalculatinghese estimates.

Small pelagic fish in the southern Benguela have been intensively exploited by aspunsdishery
since the 1940s. Catches were initially dominated by sardine, but after the fishery collapsed in the mid
1960s, anchovy dzame the dominant snilapelagic in terms of landings until the early 2000s when
unusually good recruitment resulted in high catches of both spediesenile anchovy caught inshore on
the west coast around St Helena Bay comprise the bulk of andaogiygs, and landingsn both coasts

are highest in winte{DAFF 2012Before 1990 the majority of sardine were caught west of Cape Point
(Hutchings et al. 2012and all catches were taken west of Cape Agulhas. Catches on the WAB increased
in the early 1990s however and from 1997 thesan location of sardine catches moved steadily
eastwards until it was east of Cape Agulhas in ZB@&rweather etal. 2006b) The majority of the catch
was taken from east of Cape Agulhas until 2008, after whieh080 of landings continued to be made

to the east and total landings also declinddan der Lingen & van der Westhuizen 2053rdineare
generally caught further offshore than anchovy,on the south coastand southern west coast
(Fairweather et al. 2006b)

Redeye

The third important small pelagic species in the southern Benguela, red8yenfeus whiteheadi
spawns around the whole coastline, with a peak from Aug@ttober. Similar to sardine and anchovy,
eggs and larvae are thought to be advected further insHooen spawning locationen the Agulhas

Bank, or from the WAB the west oastwhere juveniles aggregate inshore arltke anchovymove
southwards over autumn and winter. Larvae on the south coast (CAB and EAB), where the majority of
adult redeye have been foun@ased on spring and summer surveyae thought to remain theras

juveniles and move to deeper waters with agRoel & Armstrong 1991)
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Thedistribution ofredeyeextendsthroughout the southern Benguelaoverlapping with that of saine

and anchovy but extending further offshore as far as the shelf break, with older fish favouring greater
depths(Roel & Armstrong 1991Based on data from the late 108/ 2000s, ecruits of redeye are more
abundant on the Agulhas Bank relative to sardine or anchovy recruits when compared with the west
coast(van der Lingen et al. 2006/According toRoel et al(1994), redeye are found in deeper water
along the shelf edge during winter when water column temperature is fairly unifbunstratification

and warming ofoffshore surface waters cause redeye to shift inshore to cooler watersn x) in/
summer Based on data from the 1980dder fish on the west coast tend to occupy deeper slIf or

shelf edge habitats, and hence have a lower degree of ovestaghe west coastwith anchovy
particularly, and sardine to a lesser exterm. cbntrast on the soutltoastthe three sgcies overlap to a

large degree and are often found in mixed schoodsultingin increase predation and competition
interactions. As large schools of redeye are present on the WAB when anchovy are spawnheyeand
been recorded as consuming both anchovy eggs and larvae, this may impact on anchovy recruitment

succesgRoel & Armstrong 1991)

Based orsummeracoustic survey datdyiomass of redeye in the southern Benguela has increased from
an annual average of 466 kt from the rlifl80s t0-1990s to 1357 kt over the late 1990s and 2000s
(1999¢ 2012)(Shabangu et al. 2012)it should be noted however that the survey wiagtially designed

to monitor anchovy and sardine abundance and not to cover the extent of the redeye distribution,
making underestimation likelyn the late 1980shiomass of redeye was estimatéal be approximately
seventimes greateron the Agulhas B (with no distinction between WAB and south coatstan on

the west coast however this estimate is based on only two surveys, and the results of one are known to
be an underestimate of west coast biomagRoel & Armstrong 1991; Armstrong et al. 1999r the
period 2003¢ 2009 however, Farweather (2009)estimatedon averageonly twice the biomass on the
Agulhas Bank during autunmompared with the west coast during summatlthough theseesultswere
based on demersal surveySummer aoustic spawner biomass surveys in 20ib2vevershowedmore

than 70% of redeye biomass to be found east of Cape Agulhas, with the majorite oérnainder

located on the WABShabangu et al. 201.2)

Although both adult and juvenile redeye feed primarily on large copepods and eupha(Widlisce
Fincham 1987; van der Lingen & Miller 2Q1ldyvae & other fish species are likely consumed due to
their similarity in appearance to euphausiids, rather than selective feeding (L. Hutchings, pers. comm.).

results from stable isotope analysis suggest redeye have a higher trophic level than predicted from
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current knowledge of their diet, possibly reflecting a higher proportion of either fish or euphausiids
consumed than previously reportd@tan der Lingen & Mer 2011) Based on estimates of production,
copepod biomass on the WAB may be fully exploited by local anchovy stocks alone, thus anchovy in this
area are likely to be particularly vulnerable to competition pressures imposeddayeein the region

(Roel & Armstrong 1991Armstrong et al.(1991) estimated based on data for the late 1980s that

redeye consumed five times as much food on the Agulhas Banion the west coast.

Redeye is also landed by the pussne fishery, althoughm smaller amounts than sardine and anchovy.
Landings arenade almost entirely on the WAB and west coast during late sungnaetumn (Coetzee
2009) A limi of 100 kt has been set for redeye but has never been exaeaindfrom a single species
management perspective, redeye asssumed to be undexploited (Roel & Armstrong 1991; DAFF
2012)

2.2.2.4.Chokka

Chokka squid.oligo vulgaris reynaudére an important component of the south coast systewhere

the majority of biomass is locateoth economically and with regard to trophic linkage§ A LIA Za 1 A ™M dd
Like a number of species in the southern Benguela, the lifecycle of chokka squid is generally accepted to
involve a migratory loop between spawning grounds and feeding gro(fagustyn 1989Augustyn et

al. 1994) Spawning, peaking in summg&ugustyn et al. 1994)takes place inshore on the EAB between
Plettenberg Bay and Port Alfre(Augustyn 1990; Roberts 2005although there is evidence for
additional if limited spawning further offshore and on the WByott et al. 2007) Spawning on the

west coashorth of Cape Point thought to be precluded by low oxygen concentration in botteater.
Similarly bottom dissolved oxygen levels on the WalByough higher than on the west coast, appear
unfavourable for spawnin@Roberts 2005) Squid hatchlings are located primarily on trgulasBank
predominantly in the more easterly regioff8ugustyn et al. 1994rnd juvenile squicre widespread

inshae on the south coast yeaound, between 30 and 150m depths. The highest concentrations of
juveniles have been found between Cape St FrancisNeison Mandela Bay (formerdgoa Bayon

the EAB, and to the east of Cape Agulhas on the(@Adgustyn et al. 1994; Olyott et al. 2003uvenile
abundance is greatest during autumn when they dominate the size stru¢furgustyn et al. 1994¥n

the Agulhas Bankrgwth occursin tandem withwestward and offshore migratigrand large adults are

generally foundin deeper waters > 100m deptlvhile small squicbccupyinshore regions shallower
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than 100m(Augustyn et al. 1994Although paralarvae were previously assumed to drift passively in
westward currents to feeding grounds on thest coast Robertsandvan den Bay (2002)suggesthat
paralarvaefrom eggsspawned inshore, which are in the majority, are gengredtained by a clockwise
gyreand that mly those spawned further offshore at greater depth would follow the suggested pattern
of passive dispersal to th& AB and west coastin either scenario,lte majority of chokkdound on the

west coast and WAB are immature satbults which will return to spawning grounds on tAgulhas
Bankas they mature(Augustyn et al. 1992)Tte distribution is uninterrupted from thélgulhas Bank
around Cape 6int until the region of Cape Columbine, where squid occur at greater depths than on the
south coast,in waters up to 350min depth and subsequently becoming patchier further north
(Augustyn 1991)

As described, chokka squid are found throughout the southern Benguelathbutajority of their
biomass remains on the Agulhas Bd®oberts 2005; Augustyn et al. 199®%)ith west coast biomass
highestin summer(Augustyn 1991and subject to a very high degree of variabiligugustyn et al.
1994) Estimates for the period 19861991 are 13 kt for the south coast and approximately 4.4 kt for
the west coast, however as sampling was limited to trawlable areas, thbatzlity of the gear was
unknown and migration effects not taken into account, estimates should not be taken as absolute
(Augustyn et al. 1992)Biomass is dependent on spawning and recruitment success, which inraurn a
closely linked to environmental factors such as temperature, food availability, dissolved oxygen,
transport (i.e. current strength)and as such is highly variall@ugustyn et al. 1992; Roberts 2005)
Autumn survey data doefiowever show an increase ifiomass on the Agulhas BarfW/AB not
distinguished)in the 2000s from 8.5 kt in 2004 to 31 kt in 200@AFF 2012)Based orcommercial
catch data(this document Chapter Folithe estimated proportion of chokka squid found east of Cape
Agulhas increased from 77% in the late 1989091% in the 2004 2008 althoughvan der Lingen et al.
(2006)reported that no changeswere observedin either catch or biomass of squid sdguent to the

eastward shift of sardine and anchovy and their increased abundance on the Agulhas Bank

During their initial passive planktonic phase of,litee paralarvae are particularly vulnerable to
starvation(Augustyn et al. 1992)and feed primarily on copepod¥enter et al. 1999)The presence and
strength of the cold ridge on the CABdEAB, and the associatédjulhas Bankopepod maximum may

be important in determining paralarval survival, in its role as a feeding grRaberts 2005)After 2
3months the now active paralarvae switch to euphausiids, amphipods and other macrozooplankton as

prey (Augustyn et al. 1992)Late juveniles and adults are opportunistic predatarsl their prey
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spectrum expandsvith size Generally an increasing proportion of fiskwhich provide an energetic
advantage over crustacean prey, is consumédukn older(Lip2 8 { A M dppH T | dzd0eihee y S
west coast, crustaceans become more important and fish less so in the diet during winter. Seasonal
variability in diet is not distinct on the south cog#tugustyn et al. 1994frequency of occurrence of

dietary components for chokka in the southern Benguela includerozaoplankton (613%); anchovy
(10-32%); mesopelagic fish-636); hakes (28%); cephalopods {45%) and other, nomommercial, fish

(11¢ 76%)6 [ A LIA Z aApproximaiedy B3 of diet on the feeding grounds (offshore on the south
coast and the west coast) is estimated to consist of anchovtjp av high degree of variability, and
cannibalism is primarily important on the spawning groundd is less prevalent offshof@ugustyn et

al. 1994)

Chokka squid are also prey to a number of fish species, all opportunistic predetomsding toLipiZski

et al. (1992, shallow water hake, kingklip, and, to a lesser degree, snoek all prey on chokka on the west
coast, while on the south coast degmter hake and monkfish also add chokka to their didiso

species of hke are the most important predats of chokka squid Consumption byMerluccius
paradoxusoccursalmost exclusively in spring, and for both species chokka consumption is primarily on

the south coastalthough other cephalopods are consumed on both coasisA LJA Z& | ACh8kia | f & ™
comprised approximately 600% of mass afephalopods in the diet d¥l. capensi®n the south coast ,

vs 0% on th west coast, and < 5% by maakhough approximately 30% by frequenof cephalopods

in M. paradoxugiet onthe south coasd [ A LJA Z & {1 A De$pile tHeifimportandedas gredators for

chokka however, the total consumption of cephalopods by hake is not high, comprising on average < 5%

of the diet by massexcept in the case of largel. paradoxuswhose diet comprises up to 70%
cephalopodsHowever, hese areikely to consist of other large and more demersal cephalopod species.
Squid on the spawning grounds in summer are less avail@blM. capensis which prey more
extensively on small adsibn deeper feeding grounds in May[ A LJA Z & 1 A CaPeiifur eslatso m pdpH 0
prey opportunstically on small chokka s@liThis is presumed to occur areas other than the chokka
spawning grounds wherthe size of squid available is much largef A LJA Z aAJthougvaptdoeans

are assumed to consume some proportion of cephalop@8sannon et al. 2003knowledge of

predation on chokka is limited and no reliable estimates are avai({@algustyn et al. 1994)

From the 1960« mid-1980schokka squid was caught largely as bycdighthe demersal trawl fishery
operating on the west coast and Agulhas Bamkt since the establishment of a squid jig fishery in the

mid-1980s jigging has been responsible for the majority of landindgch are taken mostly from the
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south coas{Augustyn et al. 1992; DAFF 2Q12¢asonality of peak catches varies, but catches tend to be
higher during spring and sunen(Augustyn et al. 1992As of 2012 catches hadmained steady over
the 2000s and the stock was thoughtasf sustainably exploite@AFF 2012; Cochrane et al. 2014)

2.2.2.5.Horse mackerel

Horse nackerel Trachurus trachurus capensase found throughout the southern Benguela, but the
majority of the southern Benguela stoe& found on the south coast, wher&orse mackerel were
estimated to constitute 14% of the total fish stoakger the late 1988 and early 199068Japp 1994)
Spawning occurs on thegélhas Bankn two peaks, one in summer and one in wintenth peaks
occurringearlier on the EAB (Jurg& November) than on the WAB (August & F@barange et al. 1998)

A lifecycle proposed barange et al(1998) suggests spawning predominantly on the EAB and CAB
during summer and subsequent passive transport of reproductive products towards the rest of the
Agulhas Banland the west coastivhere recruits have been observeti2yr old fish move into deeper
water on the shelfbreak, possibly madmg inshore and south onto the south codseéfore winter

spawning. This eastward movement continues with age, with oldest age classdsdiothe EAB.

Biomass on the south coast was reportedaggproximatelyfive times that on he west coasin the
1990s where almost exclusively recruits are foufdhrange et al. 1998More recently @&mersalsurvey

trawl dataestimatingan annual averag of approximately 5&t on the west coast and 28kt on the

south coast between 2000 and 200Bairweather 2009a)and November pelagic acoustic survey data
from 1997¢ 2009 estimating an annual average of approximately 6 kt on the west coast and 30 kt on
the south coast, aafirm this estimate Biomass on the south coast generallyhigher in spring than in
autumn (Kerstan & Leslie 1994and based on acoustic survey data from 199006, predominantly
comprised oflarger adult fish, while hiese mackerel on the west coast are more abundant in autumn
and are largely recruit@Merkle & Coetzee 2007Hower giowth-rates for horse mackerel on the west

coast have been observed than for those on the south c4stht 1990)

Horse mackerel are opportunistic filter feeddiserstan & Leslie 1994¢onsuming mostly euphausiids
and copepods (8090%of diet), as well asa small proportion of largely pelagic Hig<10%)Pillar &
Barange 1998)Euphausiids and copepods are seasonally interchangeable in their contribution to the
diet on the south coast, with ghausiids dominating in winter (~40%) and copepods dominating in
spring (>40%). Both groups compdsefar greater proportion of diet on the south coast (~50%) than on

the west coast (< 25%) (summer), whenmphipods were more importanand a large propdion of
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unidentifiable digested crustaceans (euphausiids, copepods and amphipads)beerrecorded(Pillar
& Barange 1998)

On the west coadthe pelagic purse seine fishebegan targetingadult horse mackerein the 1940s, but
landings declined rapidlgfter a peak in the 1950€xploitation on the south coasia the demersal
trawl fisherybegan during the 1960s, but the contribution of horse maek&s the catch declined in the
early 1980s to approximately 20% of demersal landings on the south, atst foreign vessels were
withdrawn from the fishery. Subsequently a mvdter trawl fishery was initiated in the 1990Barange
et al. 1998; Barange et al. 200%nce the 1970slandings have been as bycatch of the pelaigiodry
targetingsmall pelagic fisfjuveniles) anaf the hakedirected demersal trawl fisherfadults) as well as
from the midwater trawl since the late 1990arange et al. 1998; Hutchings et al. 20I12)e mid
water trawl operates on the south coast and has recorded the nitgjorf catches in the 2000DAFF
2012)

2.2.2.6.Mesopelagic fish

Previous biomass estimates fonesqelagic fish covethe west coast onlyArmstrong et al. 1991,
Armstrong & Prosch 1991and veryfew recordsare evident indemersal trawl surveyen the south
coast inthe 2000s(DAFF, unpublished datdajhe group ppeaisto be found almost entirely on the west
coast(Hulley & Prosch 1987andin the 1980swvere largey absent from stomachs of pelagic fidmale
1986)and hake(Pillar & Wilkinson 1995)n the south coastLightfish(MaurolicusMuelleli) eggshave
been found all over the west cofsbut extendsouthward only along the southwestern edge of the
Agulhas Bank. Eggs were only found edsCape Agulhas in some yedfgmstrong & Prosch 1991)
Based on trawl survey in the 1980s lanternflsdimpanyctodes hectoriare thought to be abundant

north of Cape Columbine on the west coast, but largely absent southwArdsstrong & Prosch 1991)

2.2.2.7.Hake

The Cape hakes are the most commercially important species on the swoatst and together
accounged for approximately 10% of total fish biomass the Agulhas Bank during the 1980s and early
1990s(Japp 1994)0f the two speciesshallowwater hakeM. capensiglominates the shallower shelf
environment of the CAB, whil. paradoxuss most prevalent in the deeper water on the western and

southern shelf edges, with both species found progressively deeper with(Bagenhorst & Smale

1991) Both species spawn south of &St Helena Bay on the west coasje WAB has been identified
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as an important spawning groungGrote et al. 2007; Stenevik et al. 2008)ith eggs and larvae
seemingly using a strategy similar to anchaw which eggs and larvae are transported from spawning
grounds on the southern west coast and WAB to feeding grounds on the west coast Wantat jet
current (Benguela jetHutchings et al. 2002Stenevik et al. 2008)Stenevik et al(2008) identified
spawning as occuring during spring and sumfoeboth species, peaking in NewmberDeember, with

a possible lesser pd for M. paradoxusin late summer/early autumn and potential yessund
spawning on the Agulhas BanR&rote et al.(2007) however found peak spawning to have occurred
during winterspring on the WAB over the period 1992003, and suggest that spawningaonirs year

round with geographicallgpecific maxima.

On average since 198@here estimates are availahline proportion of total hake biomass represented

by each species on the south coast is approximately MO%apensigo 30%M. paradoxug+10%), wh

the relationship approximately inverse on the westast £17%). Average annual biomass on the south
coast is estimated to be approximately 184M. capensiand 66kt M. paradoxuscompared with 150

kt and 289kt respectively on the west coastvhich equates to approximately 30% of total hake biomass

on the south coas{Fairweather 2009b; Rademeyer dt 2008) No evidence of an eastward shift in
response to the increased biomass of small pelagic fish east of Cape Agulhas during the 2000s has been

observed for hake or other demersal fish spediesn der Lingen et al. 2006b)

Hake areopportunistic predators, their diet in general reflecting the ambient food environment. Based
on data from the west coasRayne et al(1987) calculated an index of relative importance (IRI) of prey
items, a composite index derived from frequency of occurrence, nuaddriequency, and contribution

by mass. flistaceans (euphausiids and amphipodsye shown to be the most importamreyitemsfor

hake of both species < 50 di6i0-100%IR), particularly forM. paradoxusalthough in some areas hake

of > 25cm have also lmn recorded consuming large proportiosf small pelagic fis{~70%IR),
specifically anchovy, when availability allows. A snadittnce(10-15%IRI) on mesopelagic fish was also
commonly recored. After a size of roughly 50cm depending on the area, dilersifies to become
predominantly piscivorous, including small pelagic fish, mesopelagic fish, hake, and other demersal and
pelagic fishBoth species consuming more chokka in spring than autdninA LJA Z & { AAc®rdlingl f @ ™ ¢
to Pillarand Wilkinson (1995) during the early 1990teleost fish account foapproximately92% by

mass ofM. capensidiet overall size classeen the south coastO that, 52% were pelagic fish, 24%
horse mackereland 17% demersal. Anchovy ar®re important on the south coast, largely replacing

the high proportion of crustaceans in the diet of small hake on the west coast vdudkye, pilchard
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and chub mackerel are important prey for rstzed hake. As on the west coast, at approximately 50 cm
diet switches from primarily pelagic fish to midiater and demersal preyPillar & Wilkinson 1995)
Horse mackeretonstitute up to 60% of the diet in largekeon the south coast, but is unimportant in
the diet on the west coast, repted by hake and other demersal fish. On the south coast, hake
predation is largely cannibalistic, while on the west interspecific predatipriv. capensison M.
paradoxusoutweighscannibalism According tqPayne et al. 1987ephalopods are not an important
prey item for hake on the west coast, but are egfesl to be more so on the south coast where they are
far more abundantPillar & Wilkinsor(1995)however observed that cephalopods are more important
for M. capensi®n the west coast, along with mesopelagic fish, whose contributiotheaiet of hake

on the south coast is negligibleipizski et al.(1992 report similar frequencies of cephalopods in hake
stomachs on both coasts (~6%), although chokka sspedificallywas only found in stomachs sampled
on the south coast. On the south coamster the late 1980s and early 1990arse mackerel were more
important prey for largeM. capensigluring spring, and crustaceans and cephalopods more important to

smallM. capensisluring winter Pillar & Wilkinson 1995)

The hake fishery is the most commercially valuable in South Africa, and the majority of catch is taken
from the west coasby the deepsea trawl sectofFairweather et al. 2010andM. paradoxusiominates

landings from both coasidapp 1994; Glazer 2009)

2.2.2.8.Kingklip

Kingklip are @emersalspecies distributed along the west coast and as &Part Elizabeth on the south
coast Uncertainty persists as to whether the south and west coast kingklip are a sitogleor two
separate stocksmaking stock assessment diffic(lRunt & Japp 1994Brandio & Butterworth, 2008.
Spawning aggregationsethought to occur on the south coast, particularly on the EAB, during late
winter and spring, making these stocks particularly vulnerable to exploitdRont & Japp 1994)t is

not known whether any spawning takes placetba west coas{Japp 1990)

Based on an Ag8tructured Production model, spawner biomdsss been estimated as lowen the
south coastat approximately 2t, compared with approximatel90 kt for the west coastrom 2007-
2012 (Brandao & Butterworth 2013Biomasson the west coastvas higher in summer than in winte

while biomass on the south coast was higher in autuhrantspring Brandao & Butterworth 2013)

Kingklip has been a valuable-bgtch of the hakelirected demersal trawl fishery since the 1930s. A
directed longhe fishery operated between 1983 and 1990, after which longline catches only been

43



taken as a bycatch in the hake longline fishe(fPunt & Japp1994 Brandio & Butterworth, 2008
Between 1932 and the mitl960s, 7680% of kingklip landed was caught on the west coast, but
increased efforton the south coast from the miti960s to the early 1980snd exploitation of new
fishing groundsincreased e contribution of the south coast to landings, although the west coast still
dominated until the mid1990s(Punt & Japp 1994 Subsequently landings on the south coast have
outweighed those on the west due to the contributiofthe trawl fishery, averaging 2520 t/y compared
with 1420 t/y on the west coast. Longline landings remain higher on the west ¢Bashddo &
Butterworth 2008) Puntand Japp(1994)calculated that the stock on the west coast was overexploited
by the 1970s (<50% of pristine stock) and by the 1980s on the south coast, and tieisasabated by
the longline fishery during the 1980s which specifically targetted spawning agreggdtimwsest coast
stockhas since recovered slightly, but increased trawl catches after the closure &intjdipdirected
longlne fishery causedfurther declines in abundancéranddo & Butterworth 2008)Since 2007
however the west and south coast stocks are thought to have undergone annual ie€@a2% and 3%

respectively(Brandao & Butterworth 2013)

2.2.2.9.0ther pelagic & demersal pre dators

According taSmale(1992) although important pelagic prey species orettvest and south coasts ate

a degree the same (small pelagic fish and horse mackerel), tliatoreassemblages are different and
are more diverse on the south coast. On the south coast these include yelltuviin bigeyetuna,
skipjack tuna, snoek, geelbek, and yellowtail, the latter being more abundant on the southacwmiast
western Agulhas Bartkan north of Cape PoinSmale 1992)Pelagic predtors such as tuna appear to
have respondedositively to the increased abundance of small pelagic fish on the south coast, with
yellowfin tunaabundance increasing, while abundance of Albacore tuna from the Atlantic on the west
coast has decline¢van der Lingen et al. 2006brophic ecosystem models of the southern Benguela
showed no significant change in biomass of largagelfish excluding snoek over the period from the
1980s to 2000k8owever(Osman 2010)

Atkinson et al. 2011)identified temperature and salinity as having the greatest influence on demersal
fish assemlages on the west coast, which display temporal changes in the early 1990s a2000w&l

These shifts in assemblage composition coincide with spatial changes in West Coast rock lobster and
small pelagic fish distributions, and as such are thought to ieedi to changes in the physical
environment as well as the indirect effects of fishi#gkinson et al. 2011b)fhe demersal community

on the south coat hasbeen shown to be more diverse compared to that of the wesdst and to have
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a greater chondrichthyan component, estimated as 176 876 t compared to 49 456 t on the west coast
(Smale 1992)Yemane et al(2010)have shown an increase diversity ofthe demersal fish assemblage

as a whole on the south coast, as well as a decline in domirgeincethe mid-1980s,a result ofsome
combination ofdeclines in dominant speciesd increases in those less abundantppablyrelated to
differential exploitationrates. Diversity of demersal fish on the south coast however was significantly
correlated withdepth, a proxy for temperature, salinity and dissolved oxygen, which would indicate
potential sensitivity to changes in the physical environment on the south chidstalso hypothesised

that greater visibility on the south coast as a result of increaskdtification and lower nutrient levels

may increase the efficiency of visual predators such as tuna, as well as many small cetacean species

found in the regionl(. Hutchings, pers. comjn.

2.2.2.10.Seabirds

Of the 91 seabird species occurring off dmrm Africa, 40 occur regularly, with 12 breeding in the
region (Smale et al. 1994)African penguinsSpheniscus demersu€ape cormorantdhalacrocorax
capensisand Cape gannetglorus capensiare the most prolificand all three are currently classifl as

W@ dzt y SnNdrnasfof&@hservation statySmale et al. 1994; Crawford 2018%hough other species
have also exhibited @mngesover recent decades, given their abundance and hence increased role in
trophic functioning of the system, these three species are focused on here.

Penguins in the southern Benguela breed largely at a numblecalities within two areag on the west
coast (includingWAB) SG6SSy [ YOSNIQ&a .F& FyR /LIS ! 3dzx KI &
on the south coast in Algoa Bay time Eastern Capé¢Crawford et al. 2011)During the1990s the
number of breedig pairs ofpenguirs on the west and south coasts were simil&n increase iwest
coastpopulationsin the early 2000s lead to an average of approximatel@(5 breeding pairsaround

three times thosdound breeding on the south coast. By 20606weverpopulations on both coasts had
declinedagainto similar levels ohpproximately 10- 11000 pairs in each are@rawford et al. 2008a;
Crawford et al. 2011)

Capecormorantsbreeding on the west coast haweclinedfrom approximately 10000 pairs in the
1980s and early 1990s to around from 1994¢ 2006. Very little breeding occurs on the south
coast and only 253 pairs were recorded east of Cape Aguthtdre early 2000¢Crawford et al. 2007a)
Cape gannets breed at two locations on the west cqhatrd S 8lBa@ and Malgasandone onthe

south coast(Algoa Bay)where they are more abundant. Thetal number of gannets in the southern

45

0



Benguela has increasaihce the 1950showeveratfter fluctuating between 9000 and 1000 pairs for

the 1990s and eayl 2000s, breeding pairs #he western-/ northern- most location(| I Y6 SNJi Q& . | &
declined to zero from 2008 2005 Conversely breeding pairs in Algoa Bay increased froge5®00 in

the 1990s to 9®00 pairs by 2005. Changes in colony sizes appeairtorrthe changing availability of

small pelagic fish as prey, and the increasing numbers on the south coast are thought to reflect the
increase in small pelagic fish abundance east of Cape Agulhas since the latg2@dsrd et al.

2007b; Crawford et al. 2008a)

Overall consumption by seabirds during therlgal980s was only slightly higher on tAgulhas Bank

(140 000 t wetmasg than the west coast (130 000 (Crawford et al. 1991)f the WAB is to be included

in the west coast as it is in this project howewgiventhe high number of seabirds found on the WAB

for example approximately half of the total populatioh Cape cormorants, theost importantseabird
consumers in the southern Benguéfarawford et al. 1991 has beenfound on Dyer IslanfCrawford et

al. 2007a); even given recent increases in some population on the south coast it can be asthahed
consumption by seabirds is higher on the west coast than on the sbutfing the 1980s anchovy was

the most important contibutors to the dietof prolific seabirdsin addition to ardine, pelagic goby and
hakes, with a higher proportion of sardine consumed on the south coast when compared with the west
(Crawford et al. 1991)Consumption may also vary seasonally, for example breeding success of African
penguins appears to be negativelyffeafted when the proportion by mass of anchovy in their diet is

below 75% during breeding seas(8herley et al. 2013)

2.2.2.11.Seals

The Cape fur sedlrctocephalus pusillus pusillissthe most abundant marine mammaltime Benguela

(Smale et al. 199Z) 2 OOdzNNA Y3 G KNRdzZAK2dzi Dbl Y Adadlessel dgdree,2y { 2 0
south coastsonly two breeding colonies are located on the south sp@ompared with 8 on the west

coast and 14 in Namib{Butterworthet al. 1995)Butterworth et al. (1995)estimated the population in

1993 to consist of approximately 2 million individuals, and this seemed little changed by the early 2000s,

over which period approximately 33% of the population was located in the sautBengueldKirkman

et al. 200’). Based on seal pup counts frdahe early 1990s and 2000ess than 2%f those are found

at the two south coastcolonies(Kirkman et al. 2007)Although numbers on the west coast have

increased since the 1990garticularly in the region of St Helena Bay with the establishmedtrapid
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growth of a colony at Vondeling Island, south coast colonies have remained relatively(statalings

et al. 2012; Kkman et al. 2013)Unlike a number of other species in the southern Benguela, seal
distribution has not displayed an eastward shift over time in tandem with the shift in small pelagic fish,
probably because available breeding space is already fully mxtafong the south coast, constraining
shifts in spatial distributiofKirkman et al. 2007)

Smale et al(1994)calculate annual consumption as foraging individual kydaition of 3.76 kg x 365

days, and based on the conversion afppcount data to forager¢Smale et al. 1994; Kirkman et al.
2007) seals on the south coast can be estimated to have consumed approximatelyy5.duking the

early 2000slIn order of importance, anchovy, horse mackerel, hake, sardine and cephalopods constitute
84.2% of diet on thédgulhas BankDavid 1987)Dietary compodion is known tovary according to Iad
abundance of prey speciég®wever(Kirkman et al. 2007 samples taken in the late 199@s2001 in

the region of St Helena Bay on the west coast showed an increasing prevalence of sardine, concurrent
with an its abundance at the timéHutchings et al. 2012) and given the change inmall pelagic
distribution in the mid1990s it can be expected that small pelagic fish have contributed a greater

proportion to the diet of seals on the south coast since.

2.2.2.12.Cetaceans

A number of dolphin and fewer whale species are found off thestwmast,includingl S A & A RS Qa
Cephalorynchus heavisidiuskylLagenorhynchus obscuraed longbeaked common dolphinBelphinis

capensif I YR . NE Baféhdptera Kderfi(Beat & Folkens 2007They are largely generalist
feederswith the potentialto range widely and are therefore assumed to be relatively adaptatiie

changes in prey distributiofBest & Folkens 2007; Hutchings €t2012) Of the 32 cetaceans occurring

2FTF GKS &az2dzik 021 40T F2dzNJ R2f LIKAY aLlSOASa yR 2y
frequently enough to be considered residgi@male et al. 1994)There is no estimate for thegélhas

Bank specifcally, but 80% of the sightings used Bgst et al(1984)to generate an edginate of total

population of 582. NE RSQa ¢KIfSa Ay werf $nadd Rasriiok Sagd/ Pairarkly 3 dzS € |
estimatedto consuned between 19 000 and 65 000 t of small pelagic fislhis region anaoally. In

summer the majority of these are found east of Cape AgulBast et al. 1984)A more recent estimate

however, based on data from 20@52008, suggests a smaller population of 13250 individuals for

the south coast(Penry 201Q) Common Delphinus delphis)bottlenoe (Tursiops truncates)and

humpback dolphins Sousa chinengisare all numerous in the region. The estimated 20 000
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common dolphins on the south coast with a diet of roughly 66% fish and 33% cephalopods would
consume 19; 25 000 t annuallyCockcroft & Peddemors 1998male et al. 199. Consumption by the
remaining dolphin species is in the order of thousands of tons,@sgrised offish and cephalopods

(Smale et al. 1994put no estimates of abundance are available.

2.2.3. Summary of biological components

2.2.3.1. Plankton

Although total primary productivity on the west coast is comparable with that on the Agulhas Bank, it is
more concentrated on the west coast. Primary productivity on the WAB is more similar to the west coast
and higher than on the south coast (CAB and EAB)

Zooplankton biomass is about three times greater on the west coast than on the Agulhas Bank, although
based on data from the 1980s concentrations of microzooplankton are higher on the Agulhas Bank.
Estimates for the WAB as distinct from the CAB and EABa available. Mesozooplankton are by far

the main contributor to zooplankton biomass on the Agulhas Bank, although concentrations are
estimated as similar as or somewhat lower than on the west coast. Zooplankton densities on the WAB
are closer to thog on the south coast than the west coast, although low concentrations here and on the
CAB may be the result of heavy predation from small pelagic fish. Macrozooplankton are most abundant
on the west coast north of Cape Columbine and concentrations arer lowehe south west coast and

Agulhas Bank.

2.2.3.2. Small pelagic fish and chokka squid

The majority of sardine and anchovy spawning takes place on the Agulhas Bank, alternating between the
WAB (west coast) and CAB and EAB (south coast), while redeye apdwth coasts. Sardine spawning
peaks in spring and autumn, anchovysummerand redeye in spring. Since the late 1990s the biomass

of sardine and anchovy has been greater on the south coast than on the west coast and redeye have
been shown to be morabundant on the Agulhas Bank in the 80s and specifically the south coast during
the 2000s. Consumption by all species is greater on the Agulhas Bank, where it is important to note that
the WAB is not distinguished in the majority of literature 2@0. @ the west coast, sardine and

anchovy consume a greater proportion of phytoplankton, while predation and cannibalism on eggs is
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more of a feature of the Agulhas Bank. Anchovy and redeye are caught largely on the west coast and
WAB, while sardine landingsflect distribution, taken mostly from the west coast prior to 2005, after

which the majority or a large proportion were taken east of Cape Agulhas.

The majority, possibly up to 90% of chokka squid biomass is found on the south coast, where they
spawn insummer on the EAB. There is dispersal to deeper waters on the Agulhas Bank and west coast
with age before a return to spawning grounds at maturity. A number of opportunistic predators prey on
chokka, particularly the two species of hake, which consume maréhe south coast than the west.

The majority of landings are made on the south coast.

2.2.3.3. Fish predators

Horse mackerel biomads higheron the south coast, comprised of both adult and juvenile fish, while
those on the west coast tend to be juvis. Horse mackerel have slower growth rates on the west
coast, where amphipods form a larger dietary component, whereas diet comprisesuesijols and
copepods on the south coast. The majority of landings in the 2000s have been taken on the south coast

by the mid-water trawl fishery.

The majority of hake biomass is located on the west coast which is dominateld pgradoxus unlike

the south coast wherdl. capensids more common. Mesopelagic fish and crustaceans in the diet of
smaller hake on the west ast are replaced by small pelagic fish and horse mackerel on the south coast.
M. paradoxusconstitutes a greater proportion of hake catches, and landings are higher on the west
coast.Kingklip are thought to spawn largely on the south coast, although lderoa the west coast is
higher. Since the late 1990s landings from the dsep trawl sector have been higher on the south

coast.

Mesopelagic fish appear largely absent from the south coast, howewtr pelagic and demersal
predator communities are more ivkrse on the south coast, which also has a larger pelagic
chondrichthyan component. The demersal community on the south coast has become more diverse
since the 1980s probably as a result of high fishing pressure on historically abundant species over this
period. Predation on the south coast may be more efficient for some predators due to increased

visibility when compared with the west coast.

2.2.3.4. Top predators
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Numbersof the most prolific seabird species afegher on the west coast than on the soutlbast
(presuming the inclusion of the WAB in the west coast system, which is often not the case when seabird
populations are considered), despite increases in some species on the south coast during the 2000s e.g.
Cape gannets. The availability of smallapét fish as prey appears important on both coasts and may
have driven changes in seabird abundance since the 1990s. Consumption is assumed to be higher on the
west coast.Almost all sealgoloniesin the southern Benguela are located on the west coastereh
populations have increased since the 1990s. Seals are opportunistic and their diet reflects the relative
abundance of local prey specie€etaceanpopulations are poorly known, but arthought to be

adaptable to changes in prey distribution.
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Table2.1: Summary of the generalised differences in biological components of the southern Benguela between the wesgt toasprject
referring to the areavest of Cape Agulhas) atite south coast (east of Cape AgulhaBue to different data sources usingpe Point and Cap
Agulhas interchangeably as the break between the west and south coasts, statements arecodkidito match the area that they apply t
west coast = blue; south coast = green; west of Cape Point = red; east of Cape Point = yellow.

West Coast South Coast
Biological Component West coast north of Cape Poift WAB CAB | EAB References
Primary productior] Higher concentration Demarcq et al. 2008
Microzooplankton Higher concentration Brown et al. 1991
Mesozooplanktor) Higher/similar concentration| Verheye et al. 94; Hugget et al. 2009; Verheye 2!
Macrozooplanktor Higher concentration Pillar et al. 1991
Anchovy Spawning 1980s - mid—lQQOBpawning mid-1990s - 2000s; majority biomass since mid-1990s-R2fX8der Lingen et al. 2002
Sarding Spawning late 1980s & 1990sSpawning early 1990s & 2000s; majority biomass on south coast mid-1990s-2007 & on WAB 20p8&n2fd0Lingen et al. 2006b; de Moor et al. 2013
Redeysq | Higher biomass & increased overlap with other spf's Roel & Armstrong, 1991
Chokkal More abundant Augustyn et al. 1992 & 1994
Horse mackerd| More abundant Barange et al. 1998
Mesopelagic fis Abundant | Mostly absent Hulley & Prosch 1987
Hake Higher biomas; paradoxusmore abundant M. capensisnore abundant Rademeyer et al. 2008; Fairweather 2009b
Kingklip Higher biomass Brand&o & Butterworth, 2008
(Other pelagic & demersal predatofs More diverse; higher chondrichthyan biomass Smale 1992
African penguingBiomass similar to SC in 1990s; increased in early 2000s; dBiomass similar to WC in 1990s; declined to low levels over Crawford et al. 2008; 2011
low levels by 2010 the 2000s
Cape cormorantg Almost all biomass; declined ~ 2/3 since 1990s Crawford et al. 2007a
Cape gannefs Lower biomass; declined in early 2000s Higher biomass; increased in early 2000s Crawford et al. 2007b; Crawford et al. 2008
Seal Almost all biomass Kirkman et al. 2007
Cetaceanp Higher biomass but poorly known Best et al. 1984; Smale et al. 1994
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2.2.4. Synopsis

The differing physical characteristics of the south and west coasts in the southern Benguela translate
into diverse systems. Due to the wider shelf on the south coast, the physical processes determining
nutrient availability and wir column characteristics are numerous and varied, and in many cases
geographically distinct from other areas within the system. Less intense upwelling on the south coast
allows for increased stratification of the water column, and warmer surface watergalthe influence

of the warm Agulhas Current. Low oxygen bottom water is also less frequent, and the substrate on

average more rocky.

The biological systems functioning within each region are consequentially inherently distinct (see Table
2.1 for summay). Primary production is greater on the west coast, boturs in characteristibighly
concentrated episodic blooms, which results in a lower degree of utilizaétian on the south coast

Both microzooplankton, an important foesburce for recently hahed larvae, and mesozooplankton

are more abundant on the south coast, while on the west coast maopmaokton dominates the
zooplankton community. Productivity on the south coast reaches a seasonal maximum during summer
when the various drivers of primamproductivity are enhanced, in contrast with winter when increased
mixing and a decline in insolation result in ligitited conditions offshore and the resultant lower
nutrient levels, driving abundant fish stacknshore or to the west coast. It sholdd noted that much

of the information available for plankton resources and small pelagic fish (below) is based on data
collected in the 1980s, e.gsrmstrong et al. (1991 Hutchings et al(1991), Roel & Armstrond1991),
Verheye et al.(1994) and has not been résited on a systerscale since. That these data are
representative of a system in which the majority of small pelagic fish biontdlse ime was located on

the west coast should be kept in mind.

In its role as spawning ground, the south coast supports a high biomass of small pelagic fish, particularly
during summer. The majority of these are spawnthiad have spent the recruit phasef their life-cycle

on the west coast feeding grounds, where phytoplankton constitutes a higher proportion of their diet,
unlike on the south coast where mesozooplankton predation/cannibalism on anchovy eggs lséabme
more important. Energy supplies tuup on the west coast by small pelagic fish effectively subsidize
activities on the south coast during summer, and together with the local nutrient levels on the south

coast are important in determining the fitness of the spawning adult fish. Chokkd atga utilize the
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south coast as a spawning and feeding ground, adding to ¢leg biomass, with a dual trophic role as

predator and prey.

For opportunistic predators such as Cape hake, prey profiles differ for each coast, with mesopelagic fish
and cristaceans on the west coast replaced by anchovy, redeye and horse mackerel on the south coast.
Conditiors for growth and development appear to be more favourable on the south coast: species such
as horse mackerel and kingklip have been shown to grow fasterlarger on the south coagitan on

the west coast.

At all trophic levels, the communities on the south coast are more diverse, from zooplankton to
predators. Lower nutrient levelare hypothesised taallow for greater visibility and thus increased
efficiency fortop predators such as tuna and dolphins. Seabirds also consusigmificantamount of

small pelagic fish on the south coaspiteoverall numberseinghigheron the west coastincluding

the WAB ¢ Cape gannets in the 2000s for example far more abundant on the south cog€trawford

et al. 2008a) The observed dependence of seabirds on the presence of small pelagic fish ,aandrey
recent shifts inte distribution of a number of specigi$ is likelythat the degree of consumption ahe

south coast ismay haveincreased since the eastward shift adrdine and anchovy in the 2000s
However, expansiornof seabirdpopulations on the south coast is limit by a lack of island habitats not
alreadycolonised Seals consume more on the west coast, but as breeding localities are currently fully

utilised, particularly on the south coast, this is not necessarily a reflection of food availability.

Overall, thehigherconsumer biomass and diversity on the south coast, in combination with a lower but
more continuous supply of nutrients, implies a system where resources are more efficiently utilized and
less is lost from the system in the form of sedimentatoampared to onthe west coastalthough this
remains to be tested through construction of trophic modél$is can result in a more constrained
systemon the south coasin terms of potential for expansion of various populations, as resources are
more easilyfully exploited and there is a greater risk of felaitation, particularly for lower trophic

level consumers such as small pelagicsishl f § K2dzZaAK GKS adeadSY Aa Wadzwair
coast feeding grounds which influence the condition pdiwsners on the south coasthe differences in
mechanisms and trophic linkages between the two regions have implications for the potential impacts
of systemlevel changes, particularly since many economically and trophically important species utilize
both coasts at different stages of their life cycldsifferences between west and south coast structure
and functionneed to be taken into account when considering ecosystem functiorhénsbuthern
Benguela as a whole, particularly in connection with redi@hanges in abundanc&hefunctioningof

the two subsystems as described in this chapter will be used as a backdrop to the chaiptag both
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in the interpretation of results anth the design of the model described in Chapter Five. Although not all
details described here are usdlirectly, all contributeto overall understanding; for example, the
information on the lifecycles and recruitment strategies of small pelagic fish species discussed here is
important when the implicatiosof the environmenal signal (ESI) udén Chapter Five and Saxad what

it representsare considered.

54



CHAPTER THREE
SPATIAL CHANGES IN DISTRIBUTIOAND OVERLAP

3.1. Introduction

An understanding of the functioning of an ecosystem is not achievableoutitinowledye of the
interactions involved This can be improved by observing aclyangesin the relative distributions of
trophically linked species over timilonitoring of past and current patterns becomes of even greater
importance as climate changmpacts become more apparent. Chigas in mjration and distribution
rangesas well as distributionall known to be strongly influenced by environmental fluctuations
(Lehodey et al. 2006have already been shown in multiple regions and species glo@dliyawski
1993; Perry et al. 2005; Hiddink & ter Hofstede 2008; Rijnsdorp et al. 2009; Simpson et al. 2013)

Distribution maps for relevant key species in the southern Benguela havepsvbeen constructed

by Pecquerie et ak2004)for the 1980s and 1¥0sand the overlaps between these used as a measure of
spatial interaction between species, and for the calculation of indicators of ecosysten{Btafgeau et

al. 2004; Fréon et al. 2005a)he eastward shift in sardine biomass is likely to have caused regional
changes in the spatial interactions between trophically linked species, thus influencing the trophic
functioning of the system. In this chapter, distribution maps of 14 key species in the Benguela were
constructed for different time periods andnalysedto identify possible changes in the level of

interspecific interaction over time. Interactions on thast and west coasts were also compared.

3.2. Methods

3.2.1. Distributions

Data from scientific surveys and commercial catch records were useddtaha distribution maps.
When distributions have been plottgateviously(Pecquerie et al. 2004all available data sources were
combined into a single distribution maphis requires a number of assumptions to be made rduay

the ability of various data sources to represent a particular specieRR A & UaNdithie ¢mssibR Yiases
involved.For example given that both commercial catch data and survey data are by definition more
representative of the species targeted byatHishery or for which the survey is designed and are likely

to underrepresent other specie$y combine the two data sources you would either need to assume
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equally accurate representation of the species in question by both, or decide on a weightihg to t
importance or representativeness of each. Because of this, and given that the aim is to detect change
over time rather than the most accurate distribution map possile the purposes of this study was
decided thata single data sourceould be setcted for each speciasther as the most representative
source, which would be best suited teflecting temporal changdor that species (see details below).
Resultant distributionswhile not assumed to be completare representative and appropriatévgn the

aim of the study.14 key species were examineanchovyEngraulis encrasicolusardine Sardinops
sagax round herringEtrumeus whiteheadiCapehake Merlucciuscapensisand M. paradoxus;horse
mackerelTrachurus trachurus capensitiub mackereScomber japonicugingklipGenypterus capensis
chokka squid_oligo vulgaris reynaugdsnoekThyrsites atunsilver kobArgyrosomus inodorugellowfin

tuna Thunnus albacaregellowtail Seriola lalandand geelbelAtractoscion aequidens.

3.2.1.1Surveydata

Annual hydreacoustic surveys of principal small pelagic fish species, comprising a summer (November)
spawner biomass and a winter (May) recruitment supnrewe produced reliable data for ¢hsouthern
Benguela since 198Hampton 1992) Survey design @anmethods have been thoroughly described in
Hampton(1992)and Barange et al(1999) The abundance and biomass estimates from these surveys
are an essential input into the management process, because they serve as a basis for total allowable
catch (TAQecommendationdor sardine and anchovy stockddampton 1992; de Moor et al. 20Q0&nd

are therefore very carefully designed and implemented. The area covered by the pelagic surveys initially
extended from either the Orangeier (May survey) or Hondeklip Bay (November survey) on the west
coast to Port Alfred on the south coast (Figut8),lbut in recent years has extended further east. The
entire time series has recently been revised to take into account changes in suwigyneqt and an
increased understanding of possible souroégrror in earlier estimate§Coetzee et al. 2008b; de Moor

et al. 2008) Pelagic survey data from both the May and November annual surveys (see below for
details) wereassumed as most representative of the distribution of the small pelagic sardine, anchovy

and redeye, and hence were used to construct maps used in analysis for these species.

Demersal biomass surveys, as describe@agienhorst & Smal@l991) are also conducted around the
coast of South Africa and are used in the estimation of hake biomass to inform the management of the
hakedirected trawl fishery. Cruiselsave been conducted on the west coast (Orange River to Cape
Agulhas) biannually from 1986199Q after which thewinter cruise was discontinued.nCthe south

coast (Cape Agulhas to Port Alfresl)rveys were conductednnually in spring from 1985990, anl
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subsequently in both spring and autumn. Data from all available cruises up to 2008 were considered,

and assumed to be the best descriptordidtribution for hakes, horse mackerel, and chub mackerel.

3.2.1.2.Commercial data

The inshore and offshore hakkrected trawl fishery has been operating off Soéfrica since the early
1900s(Lees 1969)and data are provided in the form of catch and duration of trawl pe&2@grid cell.

Data from these §iheries were taken agpresentative of kingklip, chokka and snoek distribution.

{2dziK ! TNRAOI Qa fAYyS FTAAKSNE Aa 2 iSe off fhe chnfienta £ RS & § 2

shelf(Griffiths 2000) Catch and effort data are availabletive form of catch weight and catch dayand
were obtained for years up to 2008. Line fishery data wesed to produce maps for silver kob,

yellowtail and geelbek.

The tuna longline fishery began in 1996, with boats reporting their catch and the nurhbeoks per
set as well as the start and end positions of the line. Data from this fishery was used as the basis for the

yellowfin tuna distribution used in analyses below.

3.2.1.3. Time periods

The average distribution during different periods was used aseans of examining change over time,
based on the concept of reginghifts and orpreviously identified shifts in the biological and physical
elements of the southern Benguela, the finstthe early to midl990s andhe second in the early 2000s
(Howard et al. 2007; Roy et al. 2007; Atkinson et al. 201THree time periods were chosen as
representing different ecosystem d&s to be comparedPeriod 1 was therefore chosen as859991,
representing the system before thacreased abundancand eastward shift in sardineand anchovy
Period 2 as 1992000, an intermediatéransition phase, and Period 820032008, duringvhich both
sardine and anchovy were predominantly foundseaf Cape Agulha3.o create alearsnapshot of the
specified periodsand the ecosystem states they represeiheyears between these selected periods

(19921996 and 20042002) were omitted

3.2.1.4.Constructing distributions

To choose thelata sourcemost representative of each species, a plot for each species during Period 3
(2003-2008) was constructed for each available data so\ree survey data and all commercial data).
Based on these maps and discussions with scientists at UCT and DAFFe dasngpurce was then

selected as m&t representative for each species and most likely to illustrate change overTimgewas
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decided on the basis of which speceedata source was either designed to represent or most likely to
representgiven the targt species @ the fishery concerned. For species that were not the primargear
of a fishery or survey, the datsource covering what was thought after discussion to be the largest
proportion of their distribution was selecteata sources used for dadistribution and their units are

listed inTable3.1. To allow comparison between data sources that have different spatial scales, all data

were joined to a 1&10%eference grid.

Positions of May and November pelagic survey intervals and their comdspp densities of sardine,
anchovy and redeye, including zero values, were plotted using ArcGIS 9.3. The points were then joined
to the reference grid and the average annual density per grid cell calculated for each period. Although
May and November surys estimate recruit numbers and spawner biomass respectively, and thus
reflect different stages of the life cycle and the associated differing distributions, the data from surveys
were combined. This investigation is to increase understanding of ecosysitetion and how changes

in distribution may have affected it, thus the interest lies in the availability of food to predators and
hence both recruits and adult fish are to be considered. Data from both surveys were combined
assuming an equal weighting. &woid skewing the results due to the extension of sampling effort along
the east coast during the more recent periods, an easterly limit on acceptable data points was set as the

most easterly extent of surveys during Period 1.

Table3.1: Data sources used plot distributions for each species

Species Data source Units
Sardine Pelagic survey g/m?
Anchovy Pelagic survey g/m?
Redeye Pelagic survey g/m?
M. capensis Demersal surves* kg/hr
M. paradoxus Demersal survey kg/hr
Horse mackerel Demersaburveys kg/hr
Chub mackrel Demersal survey kg/hr
Kingklip Demersal commercia kg/hr
Chokka Demersal commercig kg/hr
Snoek Demersal commercia kg/hr
Yellowfintuna Longline kg/1000hooks
Silver kob Line fishery kg/day
Yellowtail Line fishery kg/day
Geelbek Line fishery kg/day

"Both May and November surveys were included, see text.
Al available survey trawls were included, see text.
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Demersal survey data were excluded where trawl duration was less than 15 minutes or north of the
Orange RiverCatches, including zero values, and minutes per trawl were converted to kg/hr. Catches
and trawl duration were plotted and joined to the reference grid. The average annual catch in kg/hr per

reference grid cell was then calculated for each period, inclydaro values.

To allow commercial inshore and offshore trawl data already assigned t&208grid to be displayed
on the 1@&10Sreference grid, each reference grid cell was assigned one quarter of the catch of the

20%20cell within which it was siated. The average annual catch in kg/hr per reference grid cell was
then calculated.

Line fishery data are reported on a 5x5 minute grid. This grid was joined to the reference grid and the
catch and number of catch days per grid cell summed and usedid¢olat the average annual catch
per fishing day per cell during each peridgag for kob in the linefishery doot distinguish between

species, however their distribution lignited to the area between Cape Point and the Kei River mouth
(28.37ZF) on the southeastern coast of South Africa. Any records east of this point were excluded from

analyses, and all those remaining were assumed to consist of primarily Silver Kob (Colin Attwdrigl, Ma

UCT, pers. comm.).

Tuna longline data contains the gstaand end positions of the line set, as well as number of hooks
deployed and the catch. Start positions were plotted and data paiveiswere obviously incorrectiere
removed. The average annual catch in kg/1000 hooks for each reference grid celleafingeriod was

then calculated.

For all data sources, any data points that fell obviously outside of possible sampling areas (i.e. on land/
far outside of known sampling area) were disregarded. To allow for uncertainty in areas of low density/
catch rate,cells representing the lowest 5% of all distributions in each period were removed, thus the

final map used in analysis only represents the core 95% of the distribution.

3.2.2. Analysis

Maps were used to calculate the following indicators. Indicatariy irelate to ecosystem state, whereas

Vv is an indicator of pressure.

i) The proportion of biomass east and west of Cape Agulhas was calculated for each species in
each period.To test for differences in the observed proportions in each period a beta

regressionmodel with a logit link function was fitted to the observed proportions, with
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period as an explanatory variable. This was done using the betareg packad€trifpdRi
neto 2010)

The relative overlapping areas and biomass (ROA and ROB) between species were

calculated:Y 0 & %

where aand b are the trophically related species, j is the period arsymbolises the
intersect between the two (Drapeau et al. 2004; Fréon et al. 2005&milarly, the
proportion of total biomass overlappingas calculateROB)When calculating overlaps
between species based on demersal survey data (hake, horse mackerel and chub mackerel)
and small pelagics (based on pelagic survey data), only the November spawner biomass
pelagic survey data were used foetbverlaps. This was decided based on the timing of the
surveys: since 1990, no winter demersal surveyshasen conducted, so it was decided

that a more accurate overlap could be obtained by excluding the winter pelagic survey from
the analysis. All othespecies, based on year round commercial data, were overlapped with

combined May and November pelagic survey data for small pelagics.

As inFréon et al(2005a) the averages of ROA and ROB between all species where a trophic
relationship (predation or competitiorgxists (Tabl&.2) weretaken as a measure of overall

ecosystem connectivitfor that period.! f 1§ K2 dzZ3K WO2yySOlAGAG&Q Aa d
refer to the degree of trophic linkage within the system, the term can also be applied to a

range of factors relating to states of physical or trophic and literal or potential
connectedress, or degree of interaction within systems or between components of those
systems(e.g. With et al. 1997; Link 2002; Cadenasso et al. 2006) SNBE X WO2yy SOUA ¢
to the average degree of physical overlap between species and thus the potential for
interaction(Fréon et al. 2005a)

Relationships were based on those identifiedOnapeau et al(2004) initially derived from

trophic relationships in the southern Benguéthannon et al. 2003Jhose for geelbek and

yellowtail were added based on dietary litetare (Nepgen 1982; Smale 1986; Griffiths &

Hecht 1995)and discussion with DAFF scientigid. relationships involving yellowfin tuna

were excluded from this calculatipms there are no data for this species during Period 1
(19851991). Differences in the degree of overlap over time was again tested using a beta
regression model with a logit link function fitted to the observed proportions, with period as

an explanatory variabléCribarineto 2010)
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ii)

An index of spatial biodiversity (lpBras calculated for each period (j), based on mapped
species only, and excluding yellowfin tuna as no data are available for this species for Period
1. Maps showing theumber of species out of the possible 13 found in each cell for each
period were also generated. [S&s calculated as the average proportion of total possible

speciesSfound in any grid cell during period j according to:

‘0"Y6

wheren is the total number of cells with observations asis the number of species in cell
g (Fréon et al. 2005a) Differences in ISB between periods was again tested using a beta
regression model with a logit link function fitted to the observed proportions and period as

an explanatory variabléCribarineto 2010)

The proportion of effort east and west of Cape Agulivas calculated for each data source
in units of survey intervals (pelagic survey), trawl minutes (demersal sunsyhgfihours
(demersal commercial), hooks set (longline) and catch days (linefishbage proportions

averaged overall as well as for all commercial data and all survey data, for each period.

Table3.2: Trophic relationships between species examinediatgd fromDrapeau et al(2004)
Strong predation (P) or competition (C) and moderate predation (p) and competition (c) are shown.

Prey predator Sd| An | Rd| Mc |[Mp |Hm | Cm| Kk | Ck | Sk | Sn | Yf | Yt | Gb
Sardine Sd C C pc | pc | pc | pc pc P Pc P P

Anchovy An | C C pc | pc | pc | pc p P Pc P P

Redeye Rd| C C pc | pc | pc | pc p Pc

M. capensis Mc | ¢ C C P pc C C Pc | Pc pc | pc

M. paradoxus |Mp | c C C pc P C C Pc | Pc pc | pc

H. mackerel Hm| ¢ C c | Pc| Pc C P P pc | ¢ p p

Chub mackrel | Cm| ¢ C C P P C pc | ¢

Kingklip Kk C C C C c c

Chokka Ck| ¢ Pc | Pc P P P P

Silver kob Sk c

Snoek Sn| ¢ C C C C C C C pc

Yellowfin Yi

Yellowtail Yt c c C
Geelbek Gb c c C
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3.3. Results

1985-1991 1997-2000 2003-2008

208 25% 30 15'e 208

Figure3.2a: Distribution map$or the 14 species investigated and proportion adrbass east and wes
of Cape Agulhas for eaclerdbd (P1, P2, P3Asterisksindicate where a significant change from P1 v
detected on further statistical analysis, results below. * = p §;0:0=p < 0.01; *** = p< 0.01.
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1985-1991 1997-2000 2003-2008

15'E 208 25'E 30°E e 208 25°E 30

Figure 3.2b: Distributon maps(continued and the proportion of biomass found E and W of Ci
Agulhasfor each period.Note there are no data for yellowfin tuna in Period 1 198®1. Asterisks
indicate where a significant change from P1 was detected on further statisticglsanaksults below. :
= p <0.05; ** = p < 0.01; ** = p< 0.001.
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Figure 3.3Estimated poportions of biomass east of Cape Aguliragach period examinedior species
where a significant change over time was found. Proportions vestanated usinga beta regressior
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Analyses and results from beta regression GLMs show numbspegies increased in proportion «
biomass east of Cape Agulhas over the periods examined, although to a lesser degree than tha
for sardine here (P2: p < 0.01, P3: p < 0.001, psed®m6) and as previously illustrated Byetzee et
al. (2008a)and van der Lingen et al. (2005Anchovy (P2: p < 0.05, P3: p < 0.001, pseifdo (R6);
redeye (P3: p < 0.05, pseud6=R0.32);M. paradoxus(P2: p < 0.01, P3: p < 0.001, pseuds R.41)
chub mackerel (P2: g 0.01, P3: p <0.001, pseudd=R0.26); kingklip (P2: p < 0.001, P3: p < 0.(
pseudo R= 0.79) and chokka (P2: p < 0.001, P3: p < 0.001, ps€ud0.f57) all showed significa
increases in proportion of biomass on the south coast relative to th&t waen compared with Period
(Figure 3.2 a and b and Figure 3.3). Not all changes over time were linear hoMeparadoxus chub
mackerel and snoek for example increased on the south coast from Period 1 to Period 2, ar
declined again in Period, Z&lthoughM. paradoxusand chub mackerel both remained at significan
higher levels on the south coast in Period 3 than they had been during Period 1. The propor
geelbek found east of Cape Agulhas was significantly lower in Period 3 compareribth P(p < 0.05
pseudo R= 0.42).

Horse mackerel, the linefish kob, snoek and geelbek, and clankkd all showed similar proportions ¢
the west and south coasts over all periods examined. Although effort in the tuna longline f
expanded betwen periods 1 and 2, when evaluating Period 3 catches taken only within the
sampled during Period 2, there was still a far higher proportion on the south coast (77%) in th

period.
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Similar patterns were illustrated by ROA and RBlBures3.4 and 3.5). There was an increasing overlap
between small pkgics andhorse mackerel chub mackerel, chokka, the linefish kob, yellowtail and
geelbek, and to a lesser exteht. capensiover all time periods (Figurd4). M. paradoxusalthough
displaying a slight increase in overlap with redeyeerlapped less wh sardine and anchovy over time.

On closer examination of results, this is a reflection of a decrease in overlap with small pelagics on the
west coast (seethe Appendi}, where the majority ofM. paradoxusbiomass is found (Figurg.2a).
Overlap of Ioth biomass and area with small pelagics increased over time on the southlomaster,

but this is masked by the west coast trend.

In general overlaps were lower during Period 2, increasing again in Period 3, except in the case of the
two hake species whichdisplayed similar levels in Periods 2 and 3 with regard to area overlap, while
biomass overlaps declined over all three periods (Figusg Bll overlaps, separated for south and west
coasts, are illustrated ithe Appendix displayed between each spesi@nd east and west of Cape

Agulhas.

The pattern over time inystem connectivityvas similar based on area or biomass overlap, declining in
Period 2 and increasing again in Period 3 (Fig.6a), althoughonly overlap in are&stimated by the

fitted betaregression GLMuring Period 2 was significantly different when compared with Periu<

0.05 pseudo R= 0.15) Connectivity on each coast based on ROA and ROB (FijGilest c) was
initially lower east of Cape Agulhas in both cases, but in P2raetlined in the west so that both coasts
were similar.Modelled predicted werlap in area east of Cape Agulhas was however not significantly
different in Periods 2 and 3 when compared with Period 1, but was significantly lower west of Cape
Agulhas in Péd 2 when compared with Period fp € 0.05. The same is evident in overlap of biomass
which was only significantly different from Period 1 on the west coast during P2rifm < 0.0%
however both models tdlow explanatory powergseudo R= 0.15 and0.09 respectively. Though
connectivity on both coasts appears to have increased during Period 3, connectivity in the east remained

higher than in the west.
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Figure 3.6 a-c: a) Overall system connectivity based on the average ROA (area) and ROB (k

between trophically related species (see TaBl2 for relationships), and connectivity base onRQA
and c) ROB on each coast.
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Figure3.7: The number of 13 of the mapped species (yellowfin tuna was excluded) found per gri
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Figure3.8: Index of species diversity
(ISB) east and west of Cape Agulha
during each period.
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IncreasingSBon to the east when compared with the west coast is illustrated both by the maps of the
combined specieslistributions (excluding yellowfituna due to lack of data for Period 1) (Fig®.&),

and by the Index of Spatial Biodiversity, ISB. The index was similar around the coast during Period 1, but
over time decreased in the west and increased in the east (FR8yeWhen data were used tatfbeta
regression GLMs, overall ISB wamificantlylower for both Period Zp < 0.01)and 3(p < 0.001Wwhen
compared with Period Jalthoughthe explanatory power of the model was low (pseudo=F0.01). The
sameresults were true for the west coasis well (bothp < 0.@1, pseudo R= 0.09. ISB east of Cape
Agulhas was nagignificantlydifferent in Periods 2 and 3, but the model had an even lower explanatory

power (pseudo &= 0.007).

As inFréon et al.(2005a) ISB(ISR;) was also calculated based on all common species identified by
demersal surveys during each period (161 .ymd compared to the above findings based on 13
species. As expected due to the large humber of species included, overalvéSBnuch lower than

when calculated based on the 13 mapped species included, being lowest in Period 1 (8.93%), increasing
to appraximately 11% in Periods 2 and 3. In all periods, M&s approximately 20% higher in the area

east of Cape Agulhas than on the west coast.

Effort from all data sources increased on the east coast over time and decreased on thé-igest (

3.9). Due to te initial surveydriven bias towards the west coast, this has meant effort in the most
recent period (3) is the most evenly distributed by coast of the periods examined. This difference is
driven by increased survey effort rather than increasing comrakreffort on the east coast (for
example proportion of demersal commercial effort on the east coast in Peridtedod 3 is 56:59%,

while that for demersal survey is 33:62%).

o7 W All sources Commercial data Survey data
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Figure 3.9: Proportion of effort east and west of Cape Agulhas averaged ocwemmercial
fisheries and survey cruises for P1: 198891, P2: 1997 2000 and P3: 20082008.
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3.4. Discussion

The pattern of eastward movement seems to be consistent throughout the small pelagic fish, and has
already bea illustrated for both sardie (van der Lingen et al. 2005; Coetzee et al. 20@8d) anchovy
(vander Lingen et al. 2002; Roy et al. 20050t was notconsistently present in all higher trophic level
species as one might expect. Although both hake species are strongly trophically linked to various other
species that displaincreased abundance on the soutlvast over time (Tabl8.2), e.g. small pelagic

fish, horse mackerel and chokka, neithrers folloved the same pattern: the proportion dfl. capensis

on the south coastid not increase significantly in Period 2, and proceeded to decline in Period 3. The
proportion of M. paradoxuson the other hand was significantly highar the southcoast duing Perbds

2 and 3. The relationship to changes in sardine was not linear however, with a decline in prevalence on
the south coast betwen Periods 2 an8. If prevalene of small pelagics, or chokkadiet is to be taken

into account, horse mackerel, kob, geelband yellowtail would also have been expected to increase on
the south and east coasts. Except ¢melbek in Period,however, this was not the casgellowtail did

display an increasing but nesignificant trend.While kingklip did increase proportially east of Cape

' 3dzf KFa 20SN) GAYSE AGQa LRaaAraofsS GKIFIG GKAA Aa NBf

in the region, rather than a shift in distribution.

Stocks of silver kob and geelbek, along with other species targeted by théslmey, were heavily
depleted by the late 1990Griffiths 2000) Despite a substantial reduction in effort in 2000, pressure
from the line and inshore trawl fisheries remains relatively high given the low abundance of these
speciedDAFF 2012; Winker et al. 2013phd is likelyd effect the ability of line fish species to respond

to increases in prey abundance. Top predators were not included in this study, however observed trends
in seabird abundance and distribution since the +h890s have already been linked to the concurrent
changes in small pelagic fish distributi@rawford et al. 2008aubstantial declines in African penguins
and gannet populations over the early 20G0s example hag been related to the availability of small
pelagics as prey, as has the increased abundance in Cape cormorants and swift terns on the south coast
(Crawford et al. 2007Crawford et al. 2008b; Crawford 200@rawford et al.2011) Although the
prevalence of sardine in the diet of Cape fur seals, opportunistic top predators, has been shown to
reflect local availability, no change in population size or distribution to changes in small pelagic fish
abundance or distribution & been recorded in South Afrigirkman et al. 2006)This is largely

attributed to the lack of additional suitable &eding habitat limiting any potential expansion of the
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population however, and the decline and subsequent expansion of populations at the northern extent of
their range in Namibia and Angola indicates that there is a direct effect on seals of changeg in pr

availability if space limitation is not a fact¢irkman et al. 2013)

A number of species show peaks east of Cape Agulhas during Period 2, along with the documented shift
in anchovy spawner biomass and eggs east of Cape Adutuasier Lingen et al. 2002)This abrupt
change in distribution has been linked to environmental changessibly induced by increased coastal
upwelling east of Cape Agulhas, and the resultant improvement of feeding conditions for anchovy
spawners relative to those on the west coast (Rayal. 2007). This may illustrate a botteop
mechanism of trophic cdrol in the ecosystems, where environmentaihyediated changes in primary
production affect higher trophic level abundance and distribut{@ury et al. 2003)The above change

in conditions to the east may then also have influenced the distribution of other species, such as chub
mackerel, which also showed an increase on #oeith coast during Period 2. As the upwelling is
restricted to coastal regions, it is ukdilly to haveeffected the Period 2 increase in snoek east of Cape

Agulhas, where records are largely further offshore.

Although plotting only 95% of the distribution has been suggested as too low a thr¢Ehalokau et al.

2004; Pecquerie et al. 2004y this context where a map based on a single data source was used to
explore change oveime, it was deemed a reasonable if conservative measure, allowing for meaningful
interpretation of overlaps. As expected, where both species in the pair being examined for overlap
exhibited an igrease in proportion on the souttpast, degree of overlaipcreased. That these are not
always coupled predator and prey species seems to imply an outside driving force, or drivers, other than
trophic interactions considered here, such as environmentally favourable conditions to the east as
discussed byRoyet al. (2007)and in this project irChapter Fourincreased overlap can also be seen in

the case of chokka squid for example, which is more prevalent on the south coastrandich the
degree of overlap with e.g. sardine is increased as this prey item shifts eastward. As in that example,
there are nunerous cases in which the trophic functioning of the system is likely to have been affected,
as trophically related species (see TaB®) are not sharing the same proportions of their distributions

as they were previously.

System connectivity (Figurg.6) can give an indication of the ecosystems resilience and ability to
withstand change, and the dip in Period 2 is not unexpected for this transitionary period. While the
connectivity of the system as a whole does not appear to have changed dramaticgllye (8-6a),

figures 36 b & c illustrate the increased trophic importance of the south coast in Period 3 as more

72



potential trophic interactions are located there than on the west coast, and a concomitant decrease in
connectivity between Period 1 and PeriBan the west coast. While in this study connectivity has been
based on the interaction between only these 14 species, and is thus not truly a reflection of the whole
ecosystem, it does in general include the most prevalent and commercially and trophmeptrtant

species, and allows for comparison between time periods.

The ISBj indicator has some drawbacks, namely that different patterns can give the same overall average
result, and it may not be suited to intersystem comparisons without considerafitimeamplications of

the species used to calculate (fEréon et al. 2005a)lt does, however, allow for an exploration of
possible ecosysterfevel change over time, and here seems to echo tiweasing complexity on the

south coast that has been suggested by increasing connectivity on that coast. The inclusion of a large
number of less prevalent species in this calculation of,I§Bes anoverview of system state from a
different perspective, but also explains the lack of agreement between the outcomes of the two ISB

calculations (a dip in ISB Period 2, and an increase in J8®m Period 1to Periods 2 and 3).

The different data sowes used have their own advantages and disadvantages. Survey data are by
definition more suited to produce an accurate index of biomass, although it should be kept in mind that
demersal surveys have been designhed around hake and the pelagic surveys#adijst and anchovy,

thus are not as representative for other species. Both redeye and chub mackerel for example are likely
to have ranges extending further offshore than is captured by surveys. Horse mackerel have also been
recorded by acoustic survey avthe shelfbreak area when demersal survey methods failed to detect
them there (Barange et al. 1998Commercial data on the other hand, while providing far greater
sampling effort than surveys can, are uf@lto provide unbiased data as the effort is not random.
Commercially viable concentrations of target species are actively sought out, and for example data for
the pelagic fishery will reflect only those fish that are accessible in terms of port and giruges
facilities. Commercial data can potentially provide more accurate information and better coverage for
species that are not the object of survey data collection, but the limitations must be kept in mind when
assessing results. Unfortunately any sindgga source is very unlikely to represent the full extent of a
species distribution. If this is kept in mind however, the method can still provide a useful means of

comparing change over time, as has been done here.

Results could be improved if the dispte distributions and trophic roles of juveniles and adults of
trophically important species, which were not considered separately for this study, could be taken into

account. These data are only available at an ecologically satisfactory level of detsérdine and
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anchovy, although data for redeye are also available. The decision to combine the May and November
recruit and spawner biomass survey data for the small pelagic fish species was based on the goal of
investigating ecosystem structure and ftioaing, and as such the need to understand the availability
and distribution of small pelagic as potential food represented by alktdges of a species within the
ecosystem. However, the differences between the recruit and spawner distributionsfiddrity each
survey should be kept in mind. For example the eastward distributional shift in an¢exvyer Lingen

et al. 2002)is evident only in the spawner biomass, while recruits remain almost entirely on the
traditional west coastnursery grounds (data not shown here), with greater implications for the
seasonality of prey availability to predators. On the other hand, sardine and redeye display very similar
trends in both recruit and spawner biomass distributions, both found ininghseast of Cape Agulhas

over time, with redeye recruits actually showing a more pronounced distributional trend towards the
east than displayed by the redeye spawner biomass (&i& vs 18% increase in proportion found east

of Cape Agulhas from Periddto Period 3)Thus while sardine and redeye se¢mnhave undergone a
distributional shift, anchovy have experienced rather a shift in spawning area, and this must be taken

into consideration when interpreting results.

It appears that in many cases dibtitions and patterns of interaction have changed over time, and
based on these and reported changes in top predators spestiel as seabirdsan understanding of
trophic relationships is an important tool if potential systewide changes are to be undeostd or
anticipated. Changes identified were not particularly noticeable when considering the average state of
the ecosystem as a whole, although previous studies based on ecosystem models have described
changesto overall system functioningWatermeyer et al. 2008; Osman 201®egional differences
between the areas east and west of Cape Agulhas have occurred, with ndcfaifie n species
distributions and the potential interactions between species (predators, prey and competition for
common prey). During Period & number of species displayed a far greater prevalence on the west
coast compared to their Period 3 distributions.nBectivity was highest on the west coakiring Period

1, and to the east in Period 3, with an overall dip during the intermediate Period 2. This pattern was
largely echoed by the index of biodiversi#ithough unfortunately beyond the scope of this thesi
future expansion of this work to investigate links with physical variables would be an important step in
understanding system functiorSpatictemporal variations in biomass and structural complexity affect
the structure and functioning of the systemnd an understanding of these implications is important
when attempting to appreciate the possible ecosystem impactcwfent and future systemlevel

change.
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CHAPTER FOUR

RE-EXAMINING CHANGES IN SST ON THE AGULHAS BANK AS A
DRIVER OF DISTRIBUTIONAL CHANGE SMALL PELAGIC FISH

4.1. Introduction
Understanding lte impacts ofexpectedclimate change owur global fisheries, already evident in some

caseg(Finney et al. 2000; Pinsky & Fogarty 2012; Cheung et al.,281#)great importance given the
potential ecological, social angconamic effects.In ecological terms climate change could affect a
system at many levels, from individual or sped®sl physiological or behavioural adaptation, to
population structure, to systedevel changes in trophic interaction and productiviBortner & Peck
2010; Moloney et al. 2010)The mechaisms behind future or current changare key to effective

management of fisheries in systems undergoing change.

Although the impacts are widespread, the causes of the-latiel 1990s changes in small pelagic fish
abundance and distribution are not clearknown. Environmental forcing has been suggested as
responsible for the increasing proportion of anchovy east of Cape Agulhas sincéRi39ét al. 2007)

while changes in sardine distribution, thought to be more affected by fishing pressure than anchovy,
may be the result of a number of factords discussedCoetzee et al(2008 propose increased
spawning success of sardines east of Cape Agulhas and natal homing of thesg sast&rlers, in
combination with the traditional west coast focus of the fishing pressure despite the increased

proportion of biomass to the east.

To try and clarify possible drivers or pressures that may have been inyativieduseful to examine
availalle data series as possible indicators of change in system state, or of the possible impacts of
change, and a number of studies have already used this approach for detectirgtonghange in the
southern BenguelaRoy et al(2007)used decadal averages for cregeelf SST gradient on the central
(CAB) and eastern Agulhas Bank, and atmospheric surface pressure and zonal wind speed at a point on
the EAB, to infer possible shifts in these data series innit:1990s. As these shiftwould have
coincided with thesudden increase ithe proportion of anchovy spawnerfound east of Cape Agulhas

from 1996, it was hypothesised that wirdtiven coastal upwelling increased the Agulhas Barik the

mid-1990s and enhanced the spawning conditions for anchovy in the region.
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In recent decades, as lostgrm daasets have become available, changes at an ecosystem level such as
GK2aS 020S KIFI@S Y2NB FTNBIljdzSyd(f & (do bobyet dl. RGP K 2 F
term characterised by a sudden, largeale and persistent move by an ecosystem from one measurable
state to another, that requires adjustment of the ecosystem structure to its new stateY ¢deg et al.

2004; Jarre et al. 2006)Rodionov(2004) developed asequertial t-test algorithm for detecting regime

shifts or STARS. STARS method has some advantages over those previously available in that being
sequential allows for the detection of regime shifts without an a priori hypothesis of when a shift may
have occurrd. The method may also be applied to relatively short time series, still reliably detecting
shifts at the end of the series. STARS has been used successfully in a number of studies, including
analysisof the Pacific decadal oscillation (PDO) dataset, andatasets from North Pacific, Bering Sea

and Gulf of Alaska amongst othdRodionov & Overland 2005; Litzow 200@pre recently it has been

applied to multiple physical and biological tireeries in the southern Bengue{dloward et al. 2007;

Blamey et al. 2012)

Howard et al(2007)statistically examined a number of physical (SST, upwelling anomaly) and biological
time series for shifts that could indicate changes in state, and identified atéonmg ecosysterrevel

change as occurring in the late 1990s/ early 2000s based on shifts in SST and upwelling at points on the
west coast, and positive shifts in small pelafigh abundance over this period. Shifts in the demersal

fish assemblages in the southern Benguela have also been identifiatkimgon et al(2011and 2012)

in the earlymid 1990s and the mif000s, although the latter shift coincides with a change in survey
gear so may not signify a real shift. In the inshore regielamey et al. (2012) have investigated multiple

data series, and identified an increase in thesitn measurements of the summer southerly wind
component at Cape point in the mitB90s (1994), awell as an increase in remotedensed upwelling

at Cape Point, Hangklip and Cape Agulhas in thel®8@s. Shifts in upwelling variability at Cape
Hangklip and Cape Agulhas were also detected in 2007. While no individual variable gives a clear idea of
sydem functioning, by examining multiple time series, the timing of syskewel changes and possible

implications of future change can be better understood.

AlthoughRoy et al(2007)linked shifts in anchovy abundance to concurrent changes in decadal cross
shelf SST gradient, these shifts were idiedi by examining decadal means. By subjecting the same
dataset to more rigorous analysis using the STARS method, and in light of more recent analysis of regime
shifts in the southern Bengue({&loward et al. 2007; Blamey et al. 2012)greater understanding of the

processes involved should be gained.
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4.2. Methods

4.2.1. Data

Data analysed were extracted from the optimally interpolated SST (OISSTetéiReynolds et al.

2002), previously used iRouault et al(2009 and2010 and described in more detail ouault et al.

(2010) and by NOAAh{tp://www.ncdc.noaa.gov/sst). The data resolution is°1x 1°, and monthly
means were extracted for the domains selected for this asialjor the period 1982, 2010. The
domains used here were extended from tieogssed by Roy et gR007) to include an additional offshore
domain for the CAB (domain 5 in Figure 4.1), offshore domairike@lVAB and EARlomains 2 and 8)

and a second domain inshore on the EAB (domain 7). All domains usesh@sm in Figured.l,
representing inshore and offshore regions for the western (WAB), central (CAB) and eastern Agulhas
Banks (EAB). Where possible, on the CAB and the EAB inshore, data frorhxwld llocks were

aggregated to make for more robust results.

4.2.2. Analyses

Anrual, early summer, late summer, and autiiwimter SST anomalies over the period 198210 were
calculated for specific suthomains, as was the gradient between inshore and offshore SST on the WAB,
CAB and EABhe domains selected to represent each aresxewefined from thoe used by Roy et al.
(2007), and o the EAB the crosshelf gradient was calculated between domains 6 ar(éigure 4.1)

rather than using the aggregated inshore domain. Early summer was assumed as Qdisnember,

late summer asahuary¢ March of the following year, and autumg winter as April¢ September.
Crossshelf gradients were calculated by subtracting mean inshore SST from offshore, so that a positive
shift in gradient would result from some combination of warming offehand cooling inshore that left

the inshore relatively cooler than previously.
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Figure4.1: Location of the domains for which data were extracted. Domains 1 and 2 represe
WAB, 3, 4 and 5 the CAB, and 6, 7 and 8 the EAB. The map inset at bdttoshaig the domains
used to calculate crosshelf SST gradient.

Data were analysed using STARS, the algorithm for which is descri®ediamov2004)and uses seven
steps to decide at each observation whether to accept or ref¢at that a shift has not occurred,
comparing each observation to the current mean by way of a St@létestii If a significant difference

in the current observation from the previous mean is determined and confirmed by analysis of
subsequent observation, a regime shift is marked as occurring, and its magnitude and direction
determined, represented by tke regime shift index (RSI) output. S&adionov (2004) for a full

description of his method.

The sensitivity of the model to three possible input parameters was tested using the same methods
described byHoward et al.(2007) and Blamey et al.(2012) cutoff length I, which prescribes the
minimum regime length; Huber weight parametdy which determines the weighting given to outliers;
and significance levgl, setting the level at which the difference between two possible regime means is
considered significant, was tested by varying the values of each over 10 iterations, as applmady

et al. (2007) Default analyses were run usihty= 1,1 = 10,| = 0.1, with further sensitivity testing

varying the settings tbi=3 or 6)=5, 7 or 13 and¢l = 0.05.
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To account for the assumption of no autocorrelation made by the STARS method, a second set of
sensitivity analyses were run using the same inmrameters but first removing autocorrelation in the

data by a buitA y -#KINBSY Ay 3IQ YSUGK2R ¢ AThiKnethod wksSevélopeédvagd LINE 3 |
described byRodionov(2006)to remove potential autocorrelation from the data before the data are
analysedAs in previous studig@lamey et al. 2012}he IP4 (Inverse Proportionality with 4 corrections)

built-in method was used to estimate théirst order autoregressive model (AR1) required to model red

noise in the data setand thus remove autocorrelatio(Rodionov 2006)

As in previous applications of the STAR&hod, based on sensitivity analyses shifts detected were
52 VALBSNER WNE b difiistme featuwiderreh & Grirddi
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4.3. Results

4.3.1. Western Agulhas Bank

Inshore (Figuré.2a),a prewhitened shift in annual SST anomaly was detected in 2008 but in seasonal
anomalies the only shift detected was i®@ during early summer. No shifts were detected in the
offshore WAB, however positive shifts in creself gradient (Figurd.2c) were evident in autumn

winter 1995 and annual and eaflsjummer season in 1996.
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Figure4.2 ac: SST anomaly, reginshift index (RSI) and weighted regime mean on the WAB fc
subdomain linshore, b) subdomain &ffshore, and c) the crosshelf gradient. y ndicates a robust
shift, ¥ a prewhitened shift, and\/  a possible shift.

4.3.2. Central Agulhas Bank

On the CAB inshore (Figude3a) negative shifts in the mid990s (1995) were only detected in the
annual and winter anomalies, the annual and early summer anomalies also displaying negative shifts in
2008 and 2009%espectively. In offshoré domain (Figure4.3b) mid1990s shifts were this time evident

in the summer timeseries, with robust shifts detected in 2009 and in late summer 1994. Early summer
showed possible and pihitened shifts in 1996 and 2008 respectively, with none in winter. In offshore
domain 2 (Figurd.3c), a positive possible shift is evident in annual SST anomaly in 1997 and a positive,
pre-whitened shift in late summer 2003. When the crebelf gradient between the inshore domain

and offshore Idomainwas examined robust positihifts were detected in the late summer 1995 and

in 1996 in the annual, winter and early summer anomalies (Figud). Robust shifts were again

detected in late summer 2008 and in 2010 for the annual and early summer anomalies.
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4.3.3. Eastern Agulhas Bank

On the EAB inshore (Figufeda), possible and pravhitened shifts were detected in the annual SST
anomaly in 1996 and 2008 respectively. Robust shifts were detected in early summer 2008 and a pre
whitened shift in autmmn-winter 1995. Offshore, analyses only detected one negativeswirigened

shift in 2008 in the annual data. The cratelf gradient however exhibitetbbust shifts in the mid

1990s across all seasons: late summer 1995 and 1996 for the annual, awintenand early summer

datasets. Further robust shifts appeared in the annual and early summer 2010 anomalies.
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4.3.4. Sensitivity Analyses

Results from sensitivity analyses are not presented here, as they reflect the responses expected from
altering the parameters eerned and mirror the results of the same tests performedioyvard et al.
(2007)and Blamey et al(2012) analysesvere notsensitive to changes in Huber parameter and very
little difference across input values (1, 3, 6) was observed;aweragemore shifts were detected at
shorterthan at longer cubff lengths; and analysesere somewhat sensitive to significance level, with

either the same amount or fewer shifts being detected at S§aicance than at 10%.
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4.4. Discussion

The shifts identified here in the mitB90s (the majority in 1995 and 1996) using STARS analysis on the
whole confirm the findings oRoy et al. (2007)who describes a shift in 1996 in the crebelf SST
gradient over the central and eastern Agulhas Basikg the same time series but using only decadal
means and somewhat different domairRouault et al(2010)also identify 1996 (amongst others) as a
year during which a cooling event was experienced on both the west and south coasta aftem

period that lasted approximately three years. When the data used here were previously examined by
Roy et al. (200Mowever, no changes were identified in the r1i€I90s in the WAB or CAB offshore SST
(corresponding to the CAB offshore domain 1 here), and very little difference was founddrejwe

and post1996 SST gradient between the WAB inshore domain with the CAB offshore domain. Similarly
in this study no shifts were detected in either or offshore WAB subdomains SST, however, shifts were
detected in 1995/96 in the SST gradient awrthe two, indicating that environmental changes were not
restricted to the region east of Cape Agulhas as previously suggested. Additional shifts offshore on the
CAB were also evident in the current analyses, but otherwise results for the CAB and EfiBctlo
similar patterns to those identified bRoy et al. (2007)with robust shiftsin the crossshelf gradient
apparenton the EABand CAB in 1995/96. The proximity of thgulhas Currento the coast on the EAB

must be kept in mind however, as cresself gradients are consequentially likely te less meaningful

in this region than they are further to the west.

The negative shifts detected in the annual SST signal in 2008/2009 for a number of subdomains (1, 3, 4,
6/7, and 8), and the robust negative shifts in the early spsimgnmer SST anomadién the same years

for some of those subdomains in the inshore (3 and 6/7), seem to indicate possible increased upwelling.
Although negative shifts were also detected offshgdemains 4 & 8), these shifts were smaller than
those inshore, and as a resplositive shifts in the crosshelf temperature gradient were still apparent

in 2008 on the CAB and EAB. Widamey et al(2012)investigated upwelling indices along the south
coast using a number of methods (including STARS) to detect regime shifts, shifts were detected in
upwelling variability at Cape Hangklip and Cape Agulhas in 2007, which may ldetdirtke cooling
identified here. It also appears that winter winds, with northerly and westerly components, declined
since 2007/2008 at Cape Point and along the south coast, and over the same period winter upwelling

increased on the west and south coafamey et al. 2012; DEA 2011)
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Roy et al. (2007proposed that the 1996 increase in the easterly distribution of anchowag
environmentally driven, given concurrent and statistically significant changes in zonal wind speed and
annual atmospheric surface pressure on the EAB, and -stadf SST gradient and an unpublished
increase in retention on the Agulhas Bank east gfeCagulhas that also reportedly took place in 1996
(Roy et al. 200) It was suggested that the changes in SST gradient may also haveyegtomatic of
ecosysterdevel changes that lead to the reversal of the long term (195@id 1990s) positive trend in
zooplankton abundance in St Helena Bd¥grheye et al. 1998)although this negative trend has also

been linked to a simultaneous increase in abundance of anchovy re¢klitshings et al. 2006)

Because environmental changes were restricted to the coastal zone, it was concluded that the change in
SST gradient on the CAB and EAB was likely driven by increased coastaiweimdipwelling, rather

than by the influence of the Agulhas Current. The findings of Blamey et al. (2012) seem to support this
theory, having detected an increase in upwelling at Cape Columbine and along the south coast also in
the early to mid-1990s. As 1996 was La Nifia year the characteristic stronger summer winds and
022t SNJ {{¢Qa NBfFIABS (2 (RouEUl kt2abZZ2010HSNeBalthou§INS  § 2
peak concentrations of surface chlorophyll on the south coast (MAmfi and October) do coincide

with temperature minima aithe Tsitsikamma underwater temperature recorder (deployed at a depth of
10m), they do not match up with peaks in widdven upwelling or the easterly winds responsible,
which are strongest over the spring and summer month&A 2011)Similarly, kifts in the inshore

region during the miedl990s on the CAB and EAB inshore detected here appear to be a result of cooling
during the winter months, out of $i¢ with peaks in upwelling favourable wind during summer. Cooling

in SST on the south coast over the period 198009 described byRouault et al.(2010) was also
predominantly a feature of winterWarming of the Agulhas Current systenmepthe same period, due

to intensification of the Agulhas Current, is thought to have led to intensification of the dynamic
upwelling cell at Port Alfred and may explaining some of the cooling on the EAB observdittiere

than the hypothesised increase summer coastal upwelling

This cooling was even more prominemiien trends around the coast of South Africa were examingd

Rouault et al(2009)usingAVHRR Pathfinder SST. Subsequent comparison of this dataset against MODIS
SST and in situ data however have shown that for versions prior to Pathfinder version 5.2, there was a
warm bias in Pathfinder $®f3¢p x / Ay Y2y GKfe adzYYSNI {{¢ RFGI ¥F2
Benguela and other eastern boundary systdidsfois etal. 2012) In version 5.2 this bias is improved,

and reanalysis of trends around South Africa using this vestiowthe cooling trends on the west and
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south coasts identified biRouault et al(2009)are no longer evidenéxcept in the vicinity of the Cape
Peninsula. In contrast to changes in nearshore results, the previously identifiedelomgvarmingof

the Agulhas system is still evidgiirouault et al. 2009; Blamey et al. 2014)

The warming in the Agulhas current system and localised coolingwazsen the west coast as a result

of increases in upwellinfavourable winds seem to be features of the winter and late summer months,
with little change occurring during the early sumnfBouault et al. 2010)This, however, is not entirely
reflected in the results presented here, efe changes during summer were generally apparent during
both early and late summer months. A significant, positive correlation has been demonstrated though
between SST anomalies on the west coast describing this cooling and those for the inshore rdgion of
south coast using the warbiased datase{Rouault et al. 2010)This can be attributed to largecale
weather systems concurrently influencing these regions, although these findings need to be updated
using SST from version 5.2. Changes in conditions on the west coast mayla¢swenthose on the
south by way of Kelvin waves propagating around the coastline from west tqRasault et al. 2010)

and t follows that changes in the physical environment on the south coast should not be considered in

isolation.

Increased crosshelf SST gradients would thetically mean a better food environment for small
pelagic fish, with increased upwelling during both summer and winter. However, less mixing in winter
would also allow fish remaining on the Agulhas Bank to be relatively more successful in terms of
condition and hence potential future spawning success. As both sardine and anchovy east of Cape
Agulhas have previously been shown to be in better condition than those to the(waestder Lingen et

al. 2002; van der Lingen et al. 2008)is may have greater implications for spawning and recruitment
success than an improved food enviment on the west coast might have. Anchovy have displayed a
preference for a spawning temperature envelope of 189 degreeqRichardson et al. 1998and a
relatively stronger crosshelf gradient would presumably mean a contraction of the area suitable for
spawning, particularly on th@arrow WAB, which again may have resulted in greater success for
anchovy further to the east on the CAB and EAB post 1996. Another potential compounding factor is the
tendency in both anchovy and sardine for older fish, with a generally greater likelitospgawning
success, to be found further to the eg®arange et al. 1999; Hampton 198AJthough an increased
crossshelf gradient might also mean more efficient transport back to the west coast where the majority

of recruits are found, eggs and larvae being transported over the Agulhas Bank from further east would
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be subject to a high degree of predation/ cannibalism by adult fish, possibly resulting in a lower

proportion reaching the WAB or west coast.

Given thebias in datasets from Pathfinder prior to version 5.2., reanalysis using a revised dataset is
recommended, however results presented here represent the understanding at the time of undertaking
this study Although the limitations of the data analysed heie describing mesoscale features
accurately given the relatively lowesolution and interpolation methods useshould be kept in mind,

it does seem that a regime shift occurred in the fh2D0s on the south coast, driven at least in part by
some combinabn of increasing windriven upwelling and the intensification of the Agulhas Current
since the 1980¢éRouault et al. 2009; Blamey et al. 201Phe resultant cooling in the inshore region and

an increase in the croshelf temperature gradient over the Agulhas Baydarround could have
improved spawning and feeding conditions for small pelagic fish on the Agulhas Bank, leading to the
increased proportion of sardine and anchovy found east of Cape Agulhas from the late 1990s. The more
rigorous reanalysis and refineghatial resolution here of the data used by Roy et al. (2007) to link
changes in anchovy distribution to SST using the STARS method has identified previously unrecognised
shifts in the temperature gradient on the western Agulhas Bank, an area playinglaamitanot
completely understood role in the life history of small pelagic fish. Understanding interactions in this
region in particular becomes even more important given the changes in distribution of both sardine and
anchovy since the 1990s, and the imptions of possible separate sardine stocks or substocks on the

west and south coasts, with mixing between the two occurring in this region.
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CHAPTER FIVE
A FRAMEBASED MODELLING APPROACH TO UNDERSTANDING
CHANGES IN THE DISTRIBUTION AND ABUNDANCE SARDINE
AND ANCHOVY IN THE SOUTHERN BENGUELA

5.1. Introduction

5.1.1. Biology

As in most eastern boundary current systems, small pelagic fish in the southern Benguela play an
important role in ecosystem function, acting as a trophic stepping stone katvpéankton and higher

trophic level species such as predatory fish and seabirds. A system operating under this model of trophic
FdzyOliiA2y A& REBOANASBRI I AA MG Y f f IS lcadtkoDon F A & K
zooplankton populations aseil as bottomup influence on predatory groups. The southern Benguela is
thought to operate in this manngiCury et al. 2000 and the structure was generally supported when

modelled data were fitted to observed data tinseries(Shannon et aR008) As discussed, in addition

S
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commercially valuable pursgeine fishery since the 194@€rawford et al. 1987Fairweather et al.

2006) As a result of their ecological and commercial importance, the dynamics of sardine and anchovy
populations are ofparticular interest from an ecosystem research and fisheries management
perspective in the southern Benguela. Historically both research and management have focused on a
target resourceg oriented, two species approach, but more recently with the increagmphasis on

the application of an ecosystem approach to fisheries management, increasing effort is being made to

better understand the role of sardine and anchovy within the system as a whole.

Sardine and anchovy populations around the world have beesemied as highly variable on an
interannual and decadal scale, with decadehle dominance shifts between the two species
(Schwartzlose et al. 199€@ury & Shannon 2004} his holds true fopopulations of sardine and anchovy

in the southern Benguela, wherene species mbeen dominant for a period (on a decadal scale),
followed by a change in the community structure and dominance ofativer species The southern
Benguela has also seen a period of high abundance of both species during the early 2000s, as a

conseqguence of an ecosystem regime stiifbward et al. 2007; Blamey et al. 2012)
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As has been discussedChapter Fourrecent decades have seen the concept of regime shifts in marine
sysems become a more common approach to describing-teng changes at an ecosystem leyedé

Young et al. 2004)To recap, here we are defining a regimshift as a sudden change from one
guantifiable state to another, occurring at a large spatial s¢@eYoung et al. 2004; Jarre et al. 2006)

As discussed in previous chapters, shifts in a number of physical and biological time series for the
southernBenguela, including in the distribution of sardine and anchovy, have been detected in the late
1990s¢ early 20005(Roy et al. 2007; Howard et al. 2007; Blagnee al. 2012;Atkinson et al. 2012
Chapter Four as discussed previouslgince the late 1990s the majority of small pelagic fiak been

found east of Cape Agulhas, where historically biomass was located largely on the wes{vemeadsty

Lingen et al. 2002; van der Lingen et al. 2005)

The mechanisms behind these shifts in sardine and anchovy distribution are not well understood.
Fishing pressure and environmental shifts, in combination with possible natal homing of those sardine
spawned further east are thought to be the main drivers behind the changes in distribi@ioty 1994;
Coetzee et al. 2008 oetzee et ak2008)outline the role that maintaining high fishing pressure on the
west coast while the stock had shifted south and east may have played. The sardine fishery is managed
using an Operational Management Procedure (OMB) assumes a single stock and with no allowances

for spatial elements. As a consequence, during the late 1990s and 2000s when the majority of biomass
has been on the south coast, fishing effort remained largely where it had been focused for the previous
50 years; on the west coast. The resulting high fishing pressure exerted on the diminished biomass of
sardine on the west coast may have contributed to the continued lower abundance. As a result, spatial
management of the sardine fishery is now under sideration (de Moor et al. 2013; de Moor et al.
2014) In the case of anchovyRoy et al(2007)sugest links between changes in anchovy distribution

and shifts in SST on the Agulhas Bank.

More recently there has also been some debate as to whether sardine in the southern Benguela are in
fact made up of two separate stocks, one on the west coast andoonthe south coast, with some
mixing between them(Coetzee et al. 2008aYhe possibility of a small third stock on the KZN south
coast hadalso been hypothesisefvan der Lingen et al. 201Chapter Ong Differences in biological
characteristics between samk found on the west and south coasts, and a separation of distributions
and spawning areas at medium to low biomass levels do appear to support the hypothesis of
functionally separate stocké&san der Lingen 2011; de Moor & Barivorth 2011) Investigation using

genetic markers though has so far shown that while the southern Benguela sardine stock has
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complicated structure, it is wethixed and the existence of genetically differentiated west and south
coast stocks was not spprted (Hampton 2014) Although investigations are ongoing, based on
biological data (morphometrics, meristics, some -history traits) there is still currently a
recommendationto explore the incorporation of a twestock approach into the management of the
sardine fishery in South Afri¢de Moor & Butterwath 2012; van der Lingen 2011; de Moor et al. 2014)
Further genetic studies and investigation using parasites as a means of estimating possiblgvaixing

der Lingen et al. 2013; van der Lingen & Hendricks 2®4gurrently underway to clarify this matter.

Given the uncertainty regarding the drivers of these shifts and the potential implications for
managemat, the construction of a model to represent the important processes as we understand them
would be a useful next step. A thoughtfully constructed model could assist in examining our current
understanding of the mechanisms behind the shifts, and in gagwnge insight into possible outcomes

of strategic management decisions regarding spatial direction of fishing pressure.

Because ecosystems consist of many complicated interactions at multiple levels of complexity, models
to address specific objectives aoften employed by ecologists in the application of an ecosystem
approach to fisheries management (EAEury & Christensen 2005|aBanyi 2007; Starfield & Jarre
2011) A model can allow for the simplification of a concept to explore a specific problem or interaction
based on only relevant and available knowledge. Although complex ecosystem models that attempt to
represent all inteactions within a system as accurately as possible are useful for increasing our
understanding of ecosystem function, insights can also be gained from models constructed by distilling
complexity down to the minimum needed to meet a particular modelling ctbje (Fulton et al. 2003;
Starfield & Jarre 2011; Plaganyi et al. 2084) ¢ KA & | LILINR F OK>X Ay fAyS 6A0K
Complexity for Ecosystem assessmenQ 2 NJ a L / PhgamyiietialPdiyarf i Chapter One

of this thesis, is adopted here. Starting with a very simple structure, complexity is only added where
needed to better meet the objective. Although this approach will (ad does not aim to) perfectly
represent all aspects of the realorld system, an objectivdriven approach allows the exploration of
relevant interactions of interest in a way that can feed back directly to questions of strategic input,
without becomingentangled in the multiple layers of uncertainty that are of necessity inherent in more

complex ecosystem models.

Two modelling approaches were considered here: a frévased model (FBM) based on the idea of a
single stock that shifts its main distributi@mound the coast, as is assumed under current management

procedures, and a spatial model incorporating the thinking behind the-stwok hypothesisFor a
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spatial approach, populations on each coast would be modelled separately with a degree of(ir@xing
der Lingen 2011)Whether or not thesystem operates in this manner is still not conclusively shown
though, and genetic data show a walixed, if complicated, stock structufglampton 2014)A frame
based approach where possible stable states are identified and rules for switching between them
constructed- would assume the single stoskifts between a west frame and a south frame, i.e. periods
during which the majority of biomass is found on the west or south to@aspectively. This is expanded

below.

Both approaches have advantages and disadvantages, assumptions that must be made, or parameters
that are currently unknown and must be estimated. A FEBMuires an assumption to be made as to

what proportion constitizi S& Wi KS YIFI22NAGeQ 2F o60A2Ylaaz FyR AT
to be calculated, an estimate of the biomass found on the other coast during any particular year must be
made (e.g. biomass on the south coast when the majority is onwtbgt). The nature of long term
changes in small pelagic fish biomass and distributiorthe southern Benguela do however lend
themselves particularly well to this modelling format, in that available data show long periods of relative

stability followed byrelatively rapid changes to another persistent state, i.e. regime shifts.

A spatial model, while incorporating the hypothesis of two separate stocks with mixing, has its own
drawbacks. The existence of separate stocks with mixing is still to be coalylisiown, andhe drivers

and processesnvolved in mixing between the two hypothesised stocks are not understood to the point
that thismixingcan be estimatedAssigning someegreeof mixing between the stocksould therefore

be a speculative exercise

Notwithstanding benefits and limitations in both modelling approaches, FBM was selected for the
F2tft2gAy3 1S& NBlFrazyay Al Aa LkRaairaoftsS G2 olasS i
abundance on the nodominant coast; the suitability of thapproach given the nature of change in

small pelagic fish (regime shifts); and the fact that FBM has already been shown to be a useful
alternative when modelling sardine and anchovy abundance shifts in the southern Beig§oeth &

Jarre 2011)In keeping with the principles of rapid prototypi(tarfield & Jarre 201 FBM approach

also allowsfor the ready addition ofalternate framesat a later stage; an advantagen view ofthe

expectedfuture oceanclimate change

The thinking behind thérame-basedmodeldescribed belows thus that the majority of the population

is on one coast, whilat leastr &Yl f f ydzOf Sdza NBYlI Aya 2y (GKS 2GKSNH

90



O2Faid INBX O2yRdzOA @S fi.e. & Ehit FromyoreOffarSedm anattn/ing)l (inot ScblP) &
Sardine on the more favourable coast do better in terms of recruitjmant thus that population

expancs.

5.1.2. Frame-based modelling

In keeping with a minimumealistic and objective oriented approacBarfield et al.(1993)proposed a
frame-based modelling paradigm. This apprbas suitable when dynamic ecosystem functioning can be
RAGARSR AyG2 RAAGAYOG adrdisSa 2N WEFNIYSaQ: I a
southern Benguela. A simple model for each frame is constructed that represents only the processes
relevant to the objective of the model. Only one frame is operational at any time, and rules must be
developed for when the model should switch to a different frame. This approach lends itself to the
technique of rapid prototyping, which allows for the gilest possible model to be developed quickly,
tested, and adapted or complexity added in the next iteration if neceqs#eyfield & Jarre 2011Yhis

has the advantage of allowing results of testingl d@edback on the current generation model to inform
developments in the next version, making the final version more useful than if it had been developed
from scratch to a high level of complexity. Rapid prototyping also means that fully functional gew$ion

the model are available at increasing levels of complexity, allowing hypotheses to be addressed before
the final version of the model has been reached, which is of value fordamsitive projectgStaples

1997) as well as demonstrating effective use of limited fundi®rfield & Jarre 2011)

A FBM approach has been used to maglgfting vegetation patterns in terrestrial ecosyste(Sarfield

et al. 1993; Rupp et al. 20Q@ut more recently it has also been applied to the southern Benguela to
explore regime shifts in the dominance patterns between sardine and ancho8mtily & Jarr¢2011)

A further iteration of this model for the southern Benguela has since been prodog&btha (2012)
updated to include an agstructured sardine population model. In these previous versgngle stoks

of anchovy and sardine that migrate around the coastline have been assumed, in line with current

assessment practice, with the frames representing high or low population levels.

While the previous work has aimed to model abundance, here a spatial stasnadded with the aim of
modelling distribution shifts in addition to abundandedding the concept of an ecosystem regime shift

/ spatial dynamics on top of the population dominance shifts should allow for realistic simulation of
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patterns of movemenand fluctuations in populations size. The two regions to be included, the west and

south coasts(east of Cape Agulhaskare functionally quite differentdue to different physical
environments and ecosystem structures. The west coast is characterised byutigipisodicwind-
inducedproductivity, while the south coast has loweoncentrationbut more continuous availabilitgf

nutrientsand a higher biomass of consumers / predators (see Chdpte). As a result, the population

dynamics of small pelagfish have been shown to be quitefterent on each coast, witlhecruitment

being poorer on the south coaéwvan der Lingen 201He Moor & Butterworth 2012)The formulation

of an additionalregime shiftbetween west and south coast modes wiittthe model shouldherefore

allow for better representation of the system dynamics than previous model vesgiwhich simulated
AKAFTGa 0SG6SSYy KAIK yR §2¢ LRLMzZEFGA2Yy § S@OSt A 0 dzi

The aim of this chapter is thus tause a framebased model to describe ecosystem dynamics in
connection with the egime shifts betwee a west coasupwelling system and a south coast shelf
systemasobserved in thdate 1990sn small pelagic fishiModelled outcomes undepossiblestrategic
management optionsare also explored via the development and testing of spatial fishing strategie

within the model

5.2. Model design

5.2.1. Model outline

The details of the model and the design process are given below, but to allow the reader some context a
basic outline of the model is provided here. The stepined byStarfield et al(1993)for constructing

a framebased model are used (numbered & below). Where applicable, model elements were based

on those used in the previous prototype of the southern Benguela fraased model whiclfocused on
fluctuations in sardine and anchovy abundariBetha 2012) Where necessary these were adapted to
better address the focus of this current versioregime shift between upwelling (west coast) and shelf

(south coast) dominated system.
1. ldentify the modebbjectives:

Although the mechanisms behind the west/ south shifts are not fully understood, as discussed,

fishing pressure and environmental changes are thought to be the primary d(@eetzee et

92



al. 2008 this thesis Chapter One and Chapter Five section. 3t1he current understandip of

the processes involved is sound, and is used as the basis for a model of the system shifts, the
model results should reflect similar patterns to those observed in the real world. The model
would then allow for exploration of the implications of therias assumptions made during
construction on model outputs, and the testing of alternate hypotheses regarding the drivers of
shifts and the responses to these drivefhie model objective is thus to investigate whether our
current understading of the dwers of thewest/ south shifts in small pelagic fish can roughly
reproduce the observed dynamics. If that is the case, further testing of possible strategic
management options will then be performed and evaluated on performance in terms of catch,
stability and a food base for the ecosystem. The robustnessadiel resultaunder alternate
management strategiesand sensitivityof outputsto uncertainties in ouunderstanding of the

relevantdynamicswill also be explored.

2. ldentify variables that will drivehe model:

As in the previous, neapatial iterations of this model, there are two variables driving shifts:

1 Environment, represented by the Environmental Suitability Index (ESI), which serves as

a proxy for physical variables affecting sardine and amgipopulations.

9 Fishing pressure.
The focus of scientific effort and the small pelagic fishing industry has been on sardine during
recent yeargShannon et al. 2006; Hutchings et al. 20 B¥causef this and the historically
conservative management and highly variable recruitment of anchovy, in this model and
previous versiongSmith & Jarre 2011; Botha 2012yery simple anchovy model is used, where
only environment (and ndfishing) affects the population. Anchovy are fished within the model,
but only to allow for calculation of the bycatch of juvenile sardine taken in the anetiiosgted
catch (see Chapter Two section 2.2.2.3 for a description of the pelagic fishery}aittiee

population is affected by both environment and fishing pressure.

Note that although food web processes such as predation are known to play a large role, for the
purposes of this model a roughly constant mortality is assumed. Possible increasiadiqe
effects on the south coast are incorporated via lower recruitment success when in a south frame

(discussed in section 5.2.2.1 below).
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3. Choose frames:

The four possible frames used previously to representing abundance (all combinations of
sardine andanchovy high or low) will still be present, but an element identifying the current
location of the majority of the stock is added; west or south coast. These represent upwelling or
shelf system regimes respectively. This results in 16 possible framesaltmymbinations of
sardine and anchovy abundance and location (high/ low and west/south) are considered.
Because both abundance and location of sardine and anchovy in the model will be largely
AYRSLISYRSyG 2F SIOK 2iGKSNIGING ALIOK SHFKFS OSIEO RNEAOMA
the purposes of describing the frames and shifting rules, the two species will be dealt with
separately. Four frames are possible per species (Figure 5.1):

. ¢KS YI22NRG& 2F o0A2Ylaa (2000 FYRRBWNT (KB LIz5 B

levels are high
II.  West coast mode; population levels are low
lll.  South coast mode; population levels are high

IV.  South coast mode; population levels are low

Based on oceanographic characteristics and in line with assumptions being made when
considering spatial implications for fisheries managem@main der Linge& van der Westhuizen

2013) Cape Agulhas, rather than Cape Point, is assumed as the break between west and south
(discussed in Chapter Twd)his has implications for seabirds in particular and must be kept in

mind when interpreting results

4. ldentify the relevant variables in each frame based on your objectives and chosen frames:
The relevant variables in the population models within each frame are those relating to
recruitment of each species. For sardine, because the stock is modelled usingstruagyeed
model, driven by a hockestick stockrecruitment (SR) relationship curgde Oliveira 2002¢e
Moor & Butterworth 2009) the important parameters are those determining the shape of the
SR curve. For details of the initial ilmentation of this agestructured model in the previous
model prototype (for the west coast) s@»otha (2012 In this prototype, it is implemented for a

south frame as well.
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Figure 5.1: Possible frames and the possible shifts between ther
each speciesincluding the possibility of remaining in the current fran

16 frames are possible when the two species are combined in the m¢

As in all previous model versions, anchovy is modelled very simply by stochastic dynamics
around a midpoint. This point and the degree of variance around it are determined by the

current frame.

For both sardine and anchovy, the assumption is made that recruitment is less successful when
in a south frame, and recruitment parameters are adjusted to reflieistwithin each frame (see

4S0GA2Y pOHOHOMY W yOK2@e LRLMZA I GA2y Y2RSEQ 068

5. Set out the rules for when to switch between the frames:
An independentagentg A G KAy GKS Y2RS{ daeoi&l NBZy Aliy22NAY NBH
parameers and determines when to switch from one frame to another. As in previous versions,
020K &FNRAYS FtyR FyOKz2ge RISYz2ya Y2yAaidz2N LR LA
in a high or low frame.
To determine whether a population is in a west osauth frame, both daemons monitor the

ESI, and the sardine daemon also monitors the fishing pressure.
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6. Construct the dynamic model for each frame:
Each frame contains a population model for sardine and another for anchovy, parameterised
according to thérame.
The model was based on the most current previous model ve(@otha 2012) however the changes
described here requiredomprehensive restructuring and expansion of the model and code. Whereas
the concept and design of the model, based on the understanding of the ecological processes involved,
were my own, core model code was implemented in collaboration with Patrick Mulumba, PhD
candidate, Dept. of Computer Science, UCT. The model was developed using C# in the Microsoft .Net

framework.

5.2.2. Model elements

5.2.2.1. Population models
The sarthe and anchovy population models comprise the dynamic model that runs within each frame,

each parameterised according to that frame.

Sardine population model:

The first iteration of this model used a very simple sardine population m&aeith & Jarre 201 1yhich
was updated byBotha(2012)to the agestructured model used in the assessment of the sardine stock
in the Operational Management Procedure 02 (OMP@® Oliveira 2002)It is this agestructured
version that is built on in this current model iteration. The full implementation of thesigetured
model within the framebased system is described Botha (2012) but the model structure will be
described briefly below. The agtructured population model is based on the following:

05,
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where

Ny.a is the number of sardines (billions) at amat the start of yeawy, anda has values & 4 and
sardine dieafter age 5.

(O is the mass in kilotons of sardine of amgeaught in yeay,

M, and M, are the natural mortalities of juvenile and adult sardine respectively, and

] is the mean mass in grams of saelin catch ¢,

Recruitment:

Recruitment is modelled around a hockstick (HS) stoekecruit (SR) curve, the shape of which is
adjusted according to the current frame (west or south and high or low) and the favourability of the
environment (see below)Although the HS stock recruit relationship is only one of a number
considered during stock assessments for the sardine in the southern Benguela and is not currently
selected as the most representative, it has been previously, and is still used whengaitg@rnate

scenarioqe.g.de Moor & Baterworth 2012)

Ny ois lognormally distributed around the curve according to the following:

U Q0 Q

- Y- p Y 8
", is the standard deviation of the residuals around the log of the SR relationship,
yAd RN} gy FTNBY (GKS adl yRi=NRang/ 2NXI f RA&GGNROdzIiAZY 6

S.ois the serial recruitment correlation.
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Recruitment variability:

" rand Sqrare used to introduce variability into recruitment around the SR curve. The residual standard
RSOAIRSE¥Y Spieadd KET Wi KS @I Aldharoondl the\ SR&ungehyy ONSSSWilRhdy 3

average increase the variability. Recruitment serial correlatign specifies the degree to which
recruitment differs from that of the previous year. A value closer to 0 is more likely to return
recruitment that is different from the previous year, while complete autocorrelation will mean that
NEONHzZA GYSYyid A& LINBLERNIA2YlIf (2 0A2YIl aa iS@SSNE &St N
0.499 and &is 0.374, both as per de Oliveira (2002). Nttt while these values have been updated in

OMRO04 and-08, as the model was not very sensitive to these parameters in the flaased model
previously(Botha 2012)and because a population model representing reality exactly is less important

here than one that behaves realistically within the modehtext, values have been left the same in this

version. The same applies to other variables such as mean mass at age.

Stock-recruit (SR) curve:

The shape of the SR curve is defined by the parameters for its inflectiontpantvhereb represents

the biomass (kt) an@ the base recruitment level (billions), according to:

Ea

hE &
Q06 6 -
h E &

Ea

whereB,is the November spawner biomass as determined by

aIS the mean mass in grams at agevalues used as pd&otha(2012)after de Oliveira (2002) using
average values for 1982000, with ;= 34.326, , = 69.537, 3 = 86.538, , = 98.706 and 5 =

111.525. Although these values have changed over time, this dataset remains representative with
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minor variation from estimates currently availablde Moor & Butterworth 2009pand was retained

allow for comparison with results frothe previous model version.

The shape of the SR curve is adjusted depending on the current frame to reflect:

a) lower recruitment success within a south frame, by varying the inflection pomt(Figure 5.2)
b) a density dependent effect in a high frarny varying the slope of the curve (see below); and

¢) an environmental effect driven by the environmental suitability index (ESI) of the current frame (see

below).

60

bw: aw

West frame
- === South frame

Recruits (billions)

1* Biomass (kt)

Figure 5.2: Stoekecruit curves used in the modeh ftd represents theinflection
point of the curve used for the west fran{®otha 2012; Cochrane et al. 1998)d
&y the inflection point of the south frame curvigle Moor & Butterworth 2012)
Curves are further adjusted according to high/low frame and the renmental
suitability index as discussed below.

Density dependent effect:

The Allee effecfAllee 1931)predicts that recruitment is inversely related to density until a population
drops belowa certain point, after which density is so low that successful spawning becomes less likely.
This is implemented as follows: when sardine are in a high frame, the slope of the SR curve is decreased

on a sliding scale fror,,, as biomass increases untilobiass Ba is reached (lgure 5.3). As in the
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previous version (Botha 2012),RBis set to 2000 an&,.xin a west coast frame is set to 0.0357 based
on the OMP04 values fob,a (de Moor & Butterworth 2009)and in a south coast frantg,,x = 0.1256
based on the values used for the south coast staakei Moor & Butterworth(2013) Syi,is equal t0Syax

2.

SR Curve Slope
(recruits per Kiloton)
L%

3

sardine : sardine
low I high

I
| 1 >
B_ n El'l'-al'

Spawner Biomass (Kilotons)

Figure 5.3: SBurve adjustments undethe density dependent
effect (Botha 2012)

4EAR OI OEAOS6 AT AOO Pi bOI AGEIT T ¢

One of the assumptions of this model is that the explicitly modelled population represents only the
majority of that total possible population. For example if sardine are in a west frame, #s¢ eoast is
assumed to be the location of the majority of the population, representing anything from180% of

the total population, with the remainder being on the other, rerplicitly modelled frame the south

coast in this case.

Because a shiftdiween frames (wessouth) is dictated by ESI and fishing pressure, for the sardine
daemon to evaluate the decision of whether to switch or not the daemon needs to be able to evaluate

0KS §S@St 2F FTA&AKAY3I LINB A& dzN& location. Tiokrfake g floksbia O2 | &
ydzYo SNJ ySSRa (2 o06S FaaAradySR (2 GKS LINRPLRNIAZ2Yy 27F
that while the current coast sardine population is modelled as above, the other coast population is

estimated as fbows:
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anything from 0¢ 40%. Correspondingly a random number between 0 and 40 is drawn and used to

OF €t Odzt GS | 0A2YlI aa 7F2Miyedr HrferathgalivisrBNIY is Coddtra@ingd tF@2 NJ (G K S
less than 20%. This value is then fed to the sardine daemon to calculate whether fishing pressure on the

coast as set by the user is relatively high or low and used to inform the shifting decision.

Anchovy population model:

The aachovypopulation is modelled simply as stochastically variable around a midpoint, with both the
mid-point and the variability dependent on the current fran@nfith & Jarre 201,1Botha 2012). When
referring to a west or south frame for anchovy, this refers to their spawning location. Their annual life
cycle means that juvenile anchovylivdlways feed on the west coast, but in the model west or south
frame distinguishes between whether they migrate to spawn on the west coast and western Agulhas
Bank (west frame), or move further south/ east and spawn on the central and eastern Agullas Ban
(south frame). Unlike sardine, the anchovy population is not modelled explicitly but rather is determined
entirely by the current frame, which is based on an environmental signal (ESI) lz@ldwot affected at

all by fishingas discussed above

Anchowy parameters for the west coast frame were updated based on the revised biomass estimates in
de Moor et al(2008) When adding south coast free parameters, increased recruitment variability for
anchovy when on the south coast was assunfean der Lingen et al. 2002as well as increased
mortality. This is represented in the model as lower recruitment when in a south frame: although
recruitment was initially shown to be highefter the change in anchovy distribution southward and
eastward in 1996van der Lingen et al. 20023t the time of model construction recruit biomass had
been measured as three times lower than the ldagn average(Twatwa et al. 2011a)Although
anchovy recruitment has since bounced back, given this bad year and the fact that heavier predation is
expected on the south coa¢Chapter TwoHutchings et al. 2009; Osman 2018)negative influence of

the south coast on recruitment of anchovy was assumed within the model. This assumption is however
tested in Chapter Six diis thesis, addressing the possibility of a positive effect of the south coast frame
on anchovy. To represent increased mortality and recruitment variability, the midpoint for the south
frame is 1/3 less than for the west frame, effectively increasirgtikee variability at the same time.

Parameters used are tabulated (Table 5.1).
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Table 5.1: Anchovy population model parameters

for recruitment in kilotons.

Anchovy Frame Midpoint Variability
West coast High 3000 + 1500
West coast Low 1500 + 750
Southcoast High 2000 + 1500

South coast Low 1000 + 1500:- 1000

5.2.2.2. Environmental Suitability index

The suitability of the environment for spawning, recruitment and feeding are known to be important
determinants of the population size of both sardiaed anchovyHutchings et al. 1998; Shannon 1998)
Although the physical characteristics of their preferred spawning environments per species have been
well investigated(van der Lingen et al. 2001; Twatwa et al. 200&atwa etal. 2011) here the ESI
represents physical conditions resulting in good recruitment (rather than spawning) due to the

recruitmentbased population models used.

Recruitment is influenced by a number of factors, from current speeds and the transporgsfasd
larvae from spawning grounds to nursery grounds, the degree of retention on the shelf, to the suitability
of the food environment for all stages of grow{Miller et al. 2006; Huggett et al. 2003feeding
conditions are particularly important in driving fluctuations in population Isas they determine the
condition of the spawning fish as well as the survival of larvae and revaitsder Lingen et al. 2006c)
Because sardine and anchovy favouret#ht methods of feeding however, optimal feeding conditions
are not the same for both: sardine mainly fiklred on small zooplankton and phytoplankton, while
anchovy are generally particulate feeders better suited to large zooplan@tan der Lingen et al.
2006¢) Because the environment strongly influences the structure of the zooplankton community, the
prevailing physical conditions indirectly determine which speciéavisured by the food environment.
Stronger upwelling results in suitable conditions for larger zooplankton, generally favourable for
anchovy recruitment success, and more stable conditions and weaker upwelling promoting the growth

of smaller plankton andre thus more suitable for sardir(@an der Lingen et al. 2006&ecause of this
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the ESI used to drive the model is designed as a proxy for the physical variables affextiogd

environment, representing intensity of upwelling, wind stress, aursgrength, salinity, SST etc.

Mean upwelling strength and SST have been shown to vary on a decadal scale in the southern Benguela
(Roy et al. 2007; Howard et al. 2007; Blamey et al. 2082)uch, in previous models representing the
west coast syster{Smith & Jarre 2011; Botha 201Bp ESI was set to fluctuate between favourabbel a

unfavourable every 10 years, as a 20 year cycle.

In addition to changes in the mean conditions however, shifts in the degree of variability of physical
variables have also been detected in the southern Benguela, although over longer timesca]e¥) (20
years) when compared with changes in the m¢atamey et al. 2012)These changes in variability migh

also be assumed to have some impact on species in the system; perhaps this is not the case for the food
limited south coast, where variable productivity is still more beneficial than low productivity, but the
value of including this longer timescale tuation in the west coast ESI signal was explored: When the
shifts in upwelling variability on the west coast, which increased in 1990 and again in the 2000s at
Hondeklip Bay and Cape Columbiamey et al. 2012)are compared with zooplankton and recruit
data over this period, there does not appear to be a discernible effect, although this has not been
tested. Although autumn zooplankton biomass in the early 1990s on the west coast wd¥ éibye

et al. 1998), anchovy spawner biomass did decline from the edadymid- 1990s. Small pelagic biomass
increased from the mid990s, whereas upwelling variability remained high and a further positive shift
has been detected in the 200QBlamey et al. 2012) There also does not appear to be any decreasing
trend in anchovy recruitment after 1990, despite the irmse in physical variability at the tinfliller &

Field 2002) Based on this, we assume in the model that changes in the degree of variability of the
environment do not have a strong efft on recruitment, or the effect is not distinguishable from that of

changes in the mean. The ESI was therefore taken to reflect only changes in the mean conditions.

In this model we hypothesise a slightly longer timescale for environmental varialilityeossouth coast.
Results presented iBlamey et al(2012) andHoward et al.(2007) and Shannon et al(2010) show

what appears to be a lower incidence of regimetshiin the south coast: shifts have been detected for

the west coast in the early 1970s, 1990s and 2000s, while for the south coast similar shifts are only
evident from 1996 onwards. To represent a longer timescale of changes in the south coast physical

environment, the ESI period for the south coast has been set to 30 years in this model, while the west
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coast ESI period remains 20 years. The effect of alternate assumptions regarding ESI period for the south

frame was examined in the model testing phase.

Implementation of ESt
In Botha (2012) and Smith & Jarr2011) ESI was modelled as a sine function with a 20 year period
operating as a mighoint around which random integers were drawn from a defined range. This
simulates decadadcale variation and introduces stochasticity. In this prototype, to allow daemons
GAOGKAY GKS Y2RSt TNI YSg2N)] elp@ulatidd Iauk BeSi®@. incakvEBsN@® (1 K S
a2dziK O2Fad FNIYSO o0FaSR 2y (GKS NBtFOGAGBS adaa Gl oAt
ambient environmental conditions were run for each coast, instead of just one ESI for the west coast as
in the previous two studies. Based on the above, ESI in the model was structured as follows:
1. Two ESI signals running simultaneously, one representing the conditions on each coast. As in
previous models, ESI is modelled around a sinusoidal function centred as@uwith amplitude of
60 (note the units are arbitrary and created purely for modelling purposes). The ESI for the current
year is set randomly within-f.0 from the sine function value for that year. As introduced above, as
in previous versions a 20 yeperiod is used fothe west coast function, but a longer 30 year period
is used for the south coast.
2. For the west coast, as before and based on the difference in trophodynamics between the two
species and hence their suitable food environmeen der Lingen et al. 2006@n the west coast
gKEFEG Aa W32 2R assim2did @63 ROLIS@Atisth&ERl hasiogp8dng effects
on the two species. On the souttpast however, because it is known to be a more fpodr
environment, any increase in nutrients is thought to benefit both species. As such the ESI has the
same effect on both specigsh ®Sd® g KI (i AsWIRRRORF 2N NUKSy 2 (1AK S NJ
3. Asinpreviousr 2 RSt LINRG20GeLISasy G2 SadloftAakK sKSGHIKSNI (K
ALISOASE 2y SIHFOK O2Fadz GKS 9{L A& SOlIfdz SR 0l &
the previous total unless the annual value is < 40. If so, the rgntatal is reset to the current
@SIFNDna 9{L OIftdzSY 4SS SEIFLYLX S Ay ¢l ofS pound ¢KS
2N WolRQ F2NJ alNRAYS |yR FyOK2@e INB akKz2gy Ay ¢
south), ifthe runningd 2 Gt A& o6S06SSYy nn IyR wmpn (GKSNB A&
evaluationchA S AT Al LINBOA2dzateé S@ltdd SR (G2 KI &S 68§
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Table 5.2: Example of how the ESI running total (ERT) is calculated based on the

current ESI. The ERT is reset to the current ESI value when that value is < 40.

Current ESI 90 84 79 57 57 42 29 21
ERT 90 174 253 310 367 409 29 21

Table 5.3: Thresholds for evaluating the favourability of the ESI for each specit

within each frame (west or south). ERT is the ESI running total.

Sardine Anchovy
ERT West South West South
<40 Good Bad Bad Bad
40 - 150| No change from previousNo change No change No change
> 150 Bad Good Good Good

4. For both species a favourable ESI will me@rcreased survival of early life stages and hence
increased recruitment. Thinfluence of ESI is greater for anchovy, which theught to be more
sensitive to environmental conditiondwatwa & al. 2005)and unlike sardine are not affected by
fishing pressure within the model.

5. Effect on sardine population model:

There are two mechanisms by which ESI affects sardine recruitment depending on whether sardine
are in a high or low framé@igure 5.1 In a high frame, the ESI effect is implemented the same way
as in the previous version: by alteriggin SR curve inflection poirii,a. If ESI is favourable and
S@I t dzl G S & = § . AVhehESI 2\RIGAEeS to bad= a Botha (2012) however founithat this
approach meant the ESI had no effect when sardine where in a low frame, as the low frame
population was by definition &; and so unaffected by changesadnTo address this and allow for an
increased recruitment or rate of recovery in the losarhe or when the biomass of agé dardine is

< by, in this model version when ESI favours sardine and the population is < bl the slope of the SR
curve is adjusted (rather tham) and is increased fromS,,t0 S.ax (values as for the density

dependent effet, see above) (Figure 5.4).
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Figure 5.4: parameters altered to implement the ESI effect on
sardine SRurve during high and low frames, adapted from Bo
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5.2.2.3. Fishing

In reality, both sardine and anchovy fisheries are managed by controlled catches via an Operational
Management Procedure (OMP) designed to limit the risk of stock depletion. Based on the OMP annual
total allowable catches (TACs) fardine and anchovy separately are recommended, based on the
results of biannual acoustic survefde Qiveira & Butterworth 2004) In the model TACs are set as

follows:

Sardine fishing

The sardine fishery targets only adult, agefith, and is implemented by the user with three possible

fishing strategies available: 1) a set TAC for each species férkhg2 £ S NXzy o6 WLY RA @A Rdz £ Q
the user repeatedly throughout the run after some S TAY SR Yy dzYoSNJ 2F &SI N&
automatic management, structured in a similar manner to the OMP but at several levels of severity, re
evaluating he TAC every year based on thedlA 2 Y &4a o6 W! dzi2 Yl yIF3SQ0d CAaKA
the sardine population model as describedBatha(2012), using the selectivity at age from OMR to

split the TAC among the age classes.
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1.

Individual TACs:

This strategy allowthe user to set a fixed sardine TAC for the duration of the run for each species.

In previous models this took the form of a value in kilotons. For this version it was decided that a

more realistic approach would be to use a percentage of total biomaasTasC. With the addition

of the spatial element, the user can also now specify a further spatial fishing strategy for sardine;
FAAKAY3I YIé& 68 FT20dzaSR 2y (KS sSaid O21aiG oWYlIEO®
the TAC can be split betweahe coasts based on the proportion of total biomass on each coast
SIOK &2SIFN oWReylFIYAO GNXYO1AYyaIQUd LF SAGKSNI 2F (K
maximum TAC possible on the chosen coast, even if this means fishing sardine ayagtab zero,

and redirect the remainder of the TAC from the other coast.

Active management:

This strategy is the same as in previous versions, allowing the user to reset the TAC every three
years as a default, enabling the user to explore various rgaatianagement options over a run.

Automanage:

In previous models, automanage was set up as a sliding scale from conservative to severe. The
population size was evaluated based on-pet thresholds, and a sardine TAC in kilotons assigned

based on whethethe population was identified as low, moderate or high. Although theoretically

this approach could allow for a more nuanced evaluation of fishing effects, in reality the results
G§SYRSR (2 0SS FIANI & aidlofsS a0y sverity werdiiite kindary 3 LJ2 A
but differed from results for 5@ 80%) (J. Botha, pers. comm.), and when used for model testing
generally only one of three settings was applied (0%, 50% or 100% severity). As such, when
developing the current model the slidirsgale was replaced with three discrete options with

minimal loss of meaningful detail: conservative; moderate and severe. Like the individual fishing
strategy, TAC was also now set proportional to biomass, rather than as a set value as before. To give
more realistic results, the previous approach of a fixed TAC based on population level category is
revised in this version to use a strategy similar to that used in the OMP for sardine: below a lower
population threshold the TAC is set to zero; between thisl @an upper threshold the TAC is

constant and set to a minimum TAC specific to that level of fishing pressure; above the upper
threshold the TAC is proportional to biomass with the slope again related to the chosen severity
(Figure 5.5). Minimum TAC andd Alope increase with increasisgverityand the lower threshold

is reduced.
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Figure 5.5: Relevant parameters used by the automar
fishing strategy to set the sardine TAC as a proportion*c

biomass.

Parameters were set based on the assumptidngm previous (west frame) models that
conservative fishing results in zero probability of the sardine population crashing (where a crash is
defined as biomass < 10 kt), severe in 60% probability of crashing, and in this model moderate
fishing results in 80% probability of crash. Starting values for each parameter were based on those
used in previous models and the values used in @BIFAC; biomass curve, but were tuned to the
previous assumptions re. the probability of crash in a west coast frame tsob@scomparable with

previous versions. Parameters used in the model are given in Table 5.4.

Table 5.4: Parameters used under the automanage fis
strategy to set sardine TAC at conservative, moderate

severe fishing pressure. Threshold anith MAC values are in ki

Parameter: ConservativeModerate| Severe
Lower threshold 250 150 150
Upper threshold 900 621.5 422
MinTAC 90 124.3 126.5
TAC slope 10% 20% 30%
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The model is very sensitive to the minimum TAC and lower threshold parameters, as was the case in the
previous model version, where the sardine population only began to crash as the sliding scale

' LILINR | OKSR WaABDSNESONS ! Ba [y NB aldzt OSNE 60A3 RAFFSNBEYO
a S @S NB B4), aéagd smdll Shange produced a large change in outputs. Because the assigned values

do result in the required probability of crashing the population however (868660% respectively), the

two categories were kept as a useful tool in the modekpite having similar parameters. Further

exploration of this sensitivity should be incorporated into any following model iterations.

School trap effect:

At low levels of bundance small pelagic ffisare known to school together. This disadvantathesless
abundant species as the school feeding behaviour will be that of the more abuspacies; an effect
1y26y & (K ureé 6KA)MN thel odithei® Benguela this also means that when the
sardine population is lovand juvenile sardine school with anchovy, they are taken as a bycatch with

anchovy catches.

As in previous models the school trap effect is taken into account in the model by assuming proportional
mortality of juvenile sardines based on anchovy catch wihensardine population is in a low frame. In

this model the effect only occurs when sardine are in a west frame, or west coast mode, both because
school behaviour is less important on the south coast (C. van der Lingen, DAFF, pers. comm.), and
because thecommercial anchovy catch is taken almost entirely on the west coast, during their annual

migration from feeding to spawning grounds.

Sardine bycatch is calculated as a proportion of juveniles based on anchovy catches, scaled by the school
trap factor- a measure of the proportion of sardine juveniles thought to be schooling with anchovy.
When sardine are in a low frame and anchovy are in a high frame and likelihood of mixed schools is
highest, the school trap factor is set to 0.4; when both sardine amthi@ry are both low it is set to 0.2;

when sardine are in a high frame the school trap factor, and thus bycatch, is equal to zero.
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Anchovy fishing:

As in previous versions anchovy fishing is included to allow for calculation of juvenile sardine bycatch via

the school trap effect when sardine are in a west frame. Because regardless of spawning area (west or
south) the lifecycle of anchovy takes them to the west coast annually as larvae and recruits to feed
before returning to the spawning grounds on the Amd Banlg A ®Sd® gKSGIKSNI G§KS& QNB
spawning west or south, a portion of the stock will always be present on the west coast over autumn/
winter (Hutchings et al. 1998) Because as previously mentioned the majority of the anchovy catch is

take on the west coast as the fish return from the west coast to their spawning grounds, within the

model anchovy catch is taken regardless of whether anchovy are in a west or south frame (to recap, this

refers to spawning location).

The three fishing strategies outlined above can also be applied to anchovy with the following alterations:

dzy RS NJ (AKRSdzZFWLQY RFAAMGA KA Y3 &GN dS3ex 06SOFdzasS FyOKz2g@ge |
the user is not able to specify a TAC for the west and the south, as for sardine, but rather sets a single
¢!/ T dzyft A1S F2NJ alF NRAYy S (TR adiilpdgiogion lofybibriaSsDasedlalii A 2 Y

whether the population is high or low and on the fishing severity selected (see Table 5.5).

Table 5.5: Proportions of biomass used to set anch
¢!/ { dzaAy3a GKS WldzizYly

Severity/ Framg Low High
Conservative 0.2 0.4
Moderate 0.25 0.5
Severe 0.3 0.6

Note that thisapproach is simpler than that applied in reality via the OMP, which sets TACs for both
species and aims to maximise sardine and anchovy catches without exceedidgfipesl limits of
acceptable risk of either stock declining below acceptable leidgdsMoor et al. 2011)As previously
discussed, in this model the emphasis has been placed on the salidented fishery Further model

iterationshowevermay exploe this approach of setting the two TACs based on a tiHtleurve.
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5.2.2.4 Daemons& frame shifting rules

The sardine and anchovy daemons monitor population levels, ESI and fishinbased on these
variablest RS OA RS Q 6 KS (i KS NJ ringe orivlietheé to Ahyft into @ Sew Qale N Shift T
occurs, the daemons then determine which frame to shift to. Rules for shifting between frames are
shown in Figure 5.6, and discussed below.

Sardine daemon

Highc¢ low frame switching:

The rules for swithing between high and low frames are driven by adult sardine biomass: the sum of
thel'oA2Yl a4 20SN) GKNBS @SINER Aa S@FfdZd SR yR &l NRJ
2400 kt, or otherwise remains in the current frame (Figure Batha(2012).

3 year 1'B Sum
<1800kt

sardine High sardine Low

3 year 1'B Sum
22400 kt

1'B Sum >1 800 kt
HOOp Z >wnsq. T

Figure 5.7: Sardine daemon higlow frame switching threshold8otha 2012)

West¢ south frame switching:

Based on the hypothesis that the change in sardine distribution in the late 1990s can be linked to
environmental changes and fishing press@@»etzee et al. 2008a¥patial frame switching is decided

based primarily on the ESI of the current coast, and then secondarily on the H&hamgl pressure on

GKS 20KSNJ O2Faded LF¥ GKS Odz2NNByid O2FradQa 9{L Aa ¥
OdZNNByYy il FNIXYSod LF (GKS OdzNNByid O2FadqQa 9{L A& dzy¥
Y2 G KSND 02 I §uihetiieKod ot tdrsBifd K Both S| and fishing are favourable, sardine shift

111



toanewframegi KS W20 KSND O2FadT AF 020K FNB dzy Fl @2 dzNI o6 f

if one parameter is favourable and the other is not, there is a pddbability that a shift will occur.
Note that it is assumed that population level does not affect wesbuth shifts:population sizeon the
west coast did not decline before tHate 1990s shift occurred and was actually quite high, so this is

assumedhot to be a driver of frame dynamics.

Fishing pressure is evaluated using the fishing mortality (F), calculated as catch/ biBaidssson

(1992) suggests that at an exploitation rate (E) > 0.4, where E = F/Z, a population is likely to decline.
Assuming Z = 1.2%for sardine in the southern Benguela, in the model fishing pressumensidered

low/ favourable if F < 0.48, and high/ unfavourable if E > 0.48. As previously discussed, ESI is evaluated

according to Table 5.3.

To avoid unrealistic rapid shifting from one coast to another that can occur under these rules in years
when the 50/50 probability of a shift rule is invoked for consecutive years, westith frame shifts for

both sardine and anchovy are constrained to a minimum number of years between shifts. Data on
changes in spawning location for sardine over time suggéstis ®n the timescale of 3 7 years(van

der Lingen et al. 2006ayvhich equates to roughly a full lifeycle. This may support the hypothesis of
natal homing(Cury 1994)with recruits returning to the areas where they were spawned. Based on this,

both sardine and anchovy daemons are constrained to shift a maximum of once every#aes.
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1: Sardine shifting rules

a) High/Low shifts:

<1800 kt Low

~—— 1800 < pop < 2400 kt ——
> 2400 kt HIGH

3yr sum of
biomass?

b) West/South shifts:

Current - GOOD — _

environment? | BAD

What's the other

coast like?
ESI=GOOD o
Fishing = LOW ESI=GOOD ESI=BAD
Fishing=HIGH  Fishing = LOW
SHIFT
50/50 50/50

\ ESI = BAD

Fishing = HIGH

1

2: Anchovy shifting rules

a) High/Low shifts:
- BAD LOW
Current
environment? | = INTERMEDIATE _.
™ oop HIGH
b) West/South shifts:

Current |— 6000 —

environment? | ~—_, BAD

What'’s the other
coast like?
N

SHIFT 50/50

Env. = GOOD Env. = BAD Env. = BAD

Figure 5.6: Rules for sardine (1a&b) and anchovy (2a&b) shifting between high and low, ar

and south frames. Sardine shifts depend on current population size, environment (ESI) and

pressure, while anchovy is driven only by E®l.
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Anchovy daemon

Highg low frame switching:

Anchovy high or low frame depends on the ESI. If the ESI running total > 150, anchovy shift to high,
between 40 and 150 there is no shift and anchovy maintain their current frame, and if the running total

is < 40 anchovy shift to a low frame (see Table 5.3).
Westc south frame switching:

As previously discussed, unlike the sardine daemon the anchovy daemon bases tlgsautistirame

decision purely on ESI and fishing pressure is not considered: if tNeScyri 02 4G Qa 9{ L Aa
AKATGO Aa NB2SOUSR FyR FLyOKz2@eé NBYLFAY Ay GKSANI Od
dzy ¥l @2dzN>F 6f S GKS RISY2y O2yaAiARSNER (KS O2yRAGAZ2YyaA
shift to a nav frame; if not, there is a 50% probability that a shift will occur. As for sardine, frame shifts

are restricted to a minimum three year interval.

5.2.2.5. Adlitional outputs: system state

As mentioned in the motivation for constructing this model, drpelagic fish are of interest because of
their impact on other trophic levels within the system. Model outcomes here have implications for the
functioning of the system as a whole, and in this version an indicator of system state has also been

included inthe model outputs.

Cury et al(2012)have shown over multiple systems thaffagrage fish biomass in a marine ecosystem
falls below approximately 1/3 of their maximum loeteym abundance, seabird breeding success is likely

to be negatively affected, providing a useful (if generalised) link between patterns in small pelagic
abundane to top level predators. This is particularly topical in the southern Benguela, where
fluctuations, and in the case of the African penguin, serious declines, in seabird populations have been
strongly linked to small pelagic fish abundance and distribugierawford et al. 2008a; Crawford 2013;
Crawford et al. 2008c; Ludynia et al. 2010; Sherley et al. 2013; Weller et al. 2ahdugh this is a

generalised indicator

In addition to the two bars on the model output display showing the current frathesh/low and

west/south), a third bar has been added giving an indication of whether the system as a whole is in
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predators (small pelagic biomass is < df3its longterm maximum). The system is assumed to be in

west or south coast mode when the majority of small pelagic biomass is located on that coast, based on

the current frame for each species. For example if sardine and anchovy are on opposite ndast® a

species is at a high biomass level and the other low, the coast with the high population is set as the

current mode.

Sardine have a higher calorific value than anchovy based on an average of reported calorific values
(Balmelli & Wickens 1994;dRiegru et al. 2010)and the seasonal transience of anchovy makes them
less accessible as prey. Consequentially if species are on opposite coasts and are both high or both low,
the system mode is biased towards sardine and the system mode is set tdf thertdine. For example if
sardine are in a high west frame, and anchovy high south, the system registers as being in west coast

mode.

¢CKS aeadsSy adrdisS Aa FtFr3a33SR & dzy ¥l @2dzNF 6t S F2NJ L
of both species fits below 1/3 of the longerm maximum within the model (based on the average max

100 year run biomass of sardine and anchovy over 100 runs), as suggested as a threshoiddiyal.

(2012)
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Table 56: Descriptions of the variables and parameters used in the model.

Parameter |Description
‘ . N the n.umbfarof sardines(billions)at agea atthe startof yeary, anda hasvaluesl¢ 4and
Sardine population V2 sardine die after age 5.
model Ga the mass in kilotons of sardine of agecaught in yeay
My the natural mortality of juvenile sardine
M, the natural mortality of adult sardine
Wae the mean mass in grams of sardine in catgh C
. the standard deviation of the residuals around the log of the SR relationship
Sor the serial recruitment correlation
y a random sample drawn from the standard normal distribution
B, the November spawner biomass
Wy the mean mass in grams at age
Stock - recruit curve b biomass value (kilotons) of the SR curve inflection point
a, base recruitment level (billions) for a west frame
a, base recruitment level (billions) for a south frame
Shax maximum slope of the SR curve
Siin minimum slope of the SR curve
Biax biomass above which density dependent effect no longer comes into effect
ESI ESI Environmental Suitability Index
ERT ESI running total
Automanage MinTAC the TAC set between the upper and lower thresholds
TAC slope |slope determining the proporrtion of biomass set as the TAC
Lower thresholdbiomass below which TAC is set to zero
Upper thresholdbiomass above which TAC set as proportional to biomass, according to the TAC slog
Via the interannual variability in the sardine catch

Table 5.7: Valuessed for key sardine parameters iretmodel.

Parameter Value used
34.326
1 69.537
1 86.538
1 98.706
1 111.525
Miy 0.8
M, 0.4
Y 0.499
Sor 0.374
agw 21.64
aoy 14.42
ais 5.4
a o 3.6
Shax.w 0.0357
Shinw 0.01785
Shaxs 0.1256
Shin.s 0.0628
Binax 2000
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Figure 5.8: Model structure diagram. Model outputs, such as population timeseries, are shown
grey, and forcing components, such as Environmental Suitability Index (ESI) in dark grey.
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5.3. Testing and analyses

The assumptions necesyan the construction of any model and the uncertainty inherent in its inputs,
whether based on quantitative data or estimated qualitatively from available information, need to be
tested to establish whether the model is working as it should. Sensit¥iputputs to the inputs used

must also be tested. Below are discussed:

1. General model tests, run to test whether the model is working as it should, and to illustrate how it
functions;

2. Tests to see how the addition of a south coast frame has affected niodetioning by running
recovery from Low frame duration tests. Results were compared with those from similar tests run
on previous versions of the model. (Testing the hypothesis that recovery of sardine is not affected
by the addition of a south coast fraej

3. Sensitivity analyses, testing the degree to which inputs are affecting the model outputs. Because our
objective is explore our understanding of spatial dynamics and their implications for management
decisions, analyses will be focused around sensits/itf the model to the additional inputs used for
functioning in the south coast frame, and the rules governing switching between west and south
coast frames to better understand model sensitivity to additional parameters used;

4. Exploration of model outcoss and testing some alternative climate scenarios.

5.3.1. General model tests

5.3.1.1Does ESI affect recruitment and is this effect evident in all frames?

a) Does sardine recruitment increase during periods when the ESI is favourable for them?

Becauseanchovy recruitment depends entirely on ESI, it is possible to identify these periods by
observing the anchovy biomass. On the west coast, what is favourable for sardine is unfavourable for
anchovy. On the south coast, what is favourable for one is fabbeiri@r the other. During a normal
model run (for the purposes of this analysis a model run length is equal to 50 years) even when no
fishing pressure is applied, the stochasticity inherent in the population models and the ESI, as well as
frequent switchig between west and south frames, makes it difficult to test the model functioning

(Figue 5.9). As a result, the test wasn with no fishing, stochasticity set to zero and autocorrelation to
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1 so that recruitment is proportional to spawner biomass. Beedahe ESI signals on the two coasts are

not in phase, to allow for clear observation of the effect of the ESI, two model runs were completed in
which sardine and anchovy in the model were both forced to either the west or south frame for the
duration of the run. In all tests, the west coast frame run was expected to mirror the results as the

previous version of the modgBotha 2012)as that version was essentially a west coast model.

Expected result: sardine should recruit at lower levels when the environment is unfavourable.

Sardine and Anchovy Populations
—— Sardine Juveniles (bn) === Sardine 1+ Biomass (k) = = Anchovy Biomass (k) |
T LA LA | LA LA | LI T I T
i
500 p ;\J’ ' 4 4000.0
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00 50 10.0 15.0 200 250 300 350 400 450
Time (years)

Figure 5.9: A standard aodel run, with stochasticity enabled and no fishing. Note lag time of
approximately three years between recruitment anthiomass levels.

Results:

Both west and south coast runs performed as expected and reflect higher recruitment during phases of
favourable ESI at the levels set by theamd & inputs to the SR curve set for each coast (Figures 5.10
and 5.11). The different periods set for the ESI on each coast were also visible, with 20 year cycles in
biomass on the west coast and 30 year cycles ersthuth. Note the opposite effect of ESI on sardine vs.
anchovy on the west coast, compared with the direct and equal effect on the south coast, where what is
good for one species is assumed to be good for the other. When forced to a south frame, urider tes
conditions without stochasticity and with serial autocorrelation set to 1 (Figure 5.11), the sardine
population did not exceed 50000t except during the first couple of years, where it is stabilising after

starting up in the high frame.
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Figure 5.10Model run in the west coast frame, with no fishing or stochasticity. Sardine are in the high

frame throughout, while anchovy alternates between high and low.
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Figure 5.11: Model run in the south coast frame, with no fishing or stochasticity. Sardinetleeldmw

frame for the majority of the run, while anchovy alternates between high and low.
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b) Does ESI affect recruitment in the low frame?

As discussed, in the previous version of the model it was discovered that ESI did not have an effect when
sardinewere in the low frame: because the implementation of this effect (altering teemponent of

the SR inflection poind) relied on the biomass being greater than theomponent of the inflection

point, b (Figure 5.4). Because this is almost never the @aghe low frame, the effect of ESI on
recruitment was effectively not implemented. In this version of the model, in addition to alterittge
influence of the ESI is implemented in the low frame by changing the slope of the SR curve bgiween S
and Synto reflect a favourable or unfavourable ESI (see section 2.2.2 this chapter). To test if this
implementation is working, single model runs were completed with fishing set to zero and the phase

plots of the SR curve inflection points used during tivesrwere examined.

Expected result: If the ESI effect is functioning in a low frame, the slope of the curve in the low frame
should vary between the relevant,sor Sax0f the current coast framelf it is not, the slope should be

roughly equal tds,» in all years

a) Phase Plot of SR Curve History b) Phase Plot of SR Curve History
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Figures 5.12 a & b: inflection points of the SR curve when sardine are in a) a west coast frame
a south coast frame, illustrating the changes in slope when in a low frame due to the effect

Note yaxis scales are different.

Results:

Phase plots confirm that when in a low frame, the slope of the SR curve varies betwgandSG;,

(Figures 5.12 a and b).
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5.3.1.2Does the coast frame affect recruitment?

Based on model inputs, sardine in a south coast frame should téesgiwell than when in a west coast
frame. This result can be observed in Figures 5.10 & 5.11 above, where sardine biomass and recruitment
when running in a south coast frame never exceed 1000 kt after initial stabilising years. In a west coast
frame however (Figure 5.10), biomass and recruitment are either equal to or greater than 1000 kt. The
phase plots above in Figures 5.12 a and b also show much lower inflection points for the SR curve in

south coast frames, all showing that the coastal frame dofeafecruitment.

5.3.1.3Does density affect sardine recruitment on the south coast?
Because the density dependent effect has already been tested for the west coast in the development of
the previous model version, only the south coast is tested hengléSmodel runs were completed with

fishing set to zero and phase plots of the SR curve inflection points used examined.

Expected result: if the density dependent effect is functioning and allowing the slope to vary in a high
frame, the slope of the curvehould be variable between,sand S.ain the high frame. If not, the slope

should be roughly equal tg,&

Phase Plot of SR Curve History
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Figure 5.13: Phase plot of sardine SR curve inflection points during a run of the model forcec

south coast, confirming that the slopd the curve varies between,gand S.ain a high frame.
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Results:

The phase plot in Figure 5.13 show that the slope of the curve varies wit#n8 $.x (the slopes of the
two low south frame points in the figure) as outside limits, thus confirmirag there is a density

dependent effect is operational when sardine are in a high frame on the south coast.

5.3.1.4Does sardine directed fishing mortality have an effect in a south coast frame?

Because this has already been tested for a west coastefianthe previous version of the model, only

the south coast frame will be examined here. Initially the same method was applied here as used by
Botha (2012)when testing the previous version of the model (west coast model): heavy fishing was
applied for 3 years usintpe active fishing strategy, and decreased over the next six years, after which
sardine were allowed to recover. The changes to the SR curve on the south coast however mean that
the biomass during a run when sardine has been forced to the south coaguifscantly lower than on

the west coast (as shown in test 5.3.1.2 above). Because of this, the levels at which sardine are fished for
had to be adjusted (lowered) in this test, and TAC was set at 100kt for the first 3 yrs, 50 kt for the next
and 30 for he next, before allowing the population to continue unfished. Although this does impact the
biomass over the run, because of the generally low biomass levels in a south frame and the inherent
stochasticity in the model, the effects of the fishing are nstabviously evident when looking at the
population graph output as on the west coast. As a result, in addition to the above test, individual fishing
strategy was used, which allows for multiple runs to be performed, making results clearer. Figures 5.14 a
and b show 5 runs with no fishing and 5 runs using individual fishing set at 40% of total biomass with
maximum catch taken on the south coast, in a model where sardine and anchovy were both forced to

the south coast.

Expected result: During runs when fisipipressure is applied, the level of sardine biomass should be

depressed.
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Results:

Figure 514b shows lower overall biomass during all runs, seldom exceeding 250 kt, unlike the unfished
runs which vary between about 600 kt and 250 kt (Figure 5.14 a). This confirms that when in a south
coast frame, sardine responds as expected to directed fishiegsure and have on average lower

biomass than when no fishing takes place.

NOTE: there is no anchovy fishing on the south coast, hence the bycatch of juvenile sardine in a south

coast frame is not tested. Functionality was tested for a west framigdtlga(2012)

5.3.1.5Does fishing pressure affect the sardine west/south frame shifts?

The switching rules for sardine location (west and south frames) are driven by ESI and fishing. Here the
effect of increased fishing on one coast on shifting behaviour of sardame tested. The automanage
fishing routine was used for this test. First severe fishing pressure was applied to the west coast, and

zero fishing pressure to the south. The pressure was then reversed between the coasts. Stochasticity

was enabled.

Expected esult: Although the ESI is the primary determinant of location for sardine, if the local ESI is
unfavourable, the fishing pressure on both coasts is evaluated. As a result, sardine should favour the
coast where fishing pressure is lowest/ conservative, imeceased pressure on one coast should result

in increased time spent on the other coast by sardine.
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Figures 5.15 g c: Representative model runs with a) no fishing, b), fishing on the west and c)

coasts. Bars below the population plot represegsidence time in high/low and west/south frame:
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Results:

Figure 5.15a shows a representative run with no fishing on either coast. The west/ south frame is
indicated by the second colour bar below, and shows a relatively even split in time spéat iwest

frame vs south frame by sardine (duration west:south 57.5% : 42.5%). Figures 5.15 b and ¢ show
representative runs where severe fishing pressure is applied to the west and then south coasts, and
shows a higher residence time for sardine in the shéid coast/frame in each example. Where fishing
pressure was applied to the west coast, sardine show a preference for the south (figure 5.15 b duration
west:south 28.5% : 71.5%), and vice versa (figure 5.15 ¢ duration west:south 74% Na@that the

runs illustrated here are only representative runs: due to the stochasticity in the system the full
spectrum of results vary from sardine being located entirely on the unfished coast to slightly higher
residency on the fished coast than shown above. Thstilted runs do, however, represent the most

common outcome, and the test does confirm that fishing pressure affects the location of sardine and

GKIFIG dKSe WTlFI@2dND GKS O2Faid 6KSNB FTAAKAY3A LINBAadz

5.3.2 Sensitivity analyses

Models can be sensie to their inputs either in that variability in a sensitive input may account for a
large proportion of output variability, or if model outputs are strongly associated with an input to the
point that small changes in that input result in larger changethé output (Hamby 1994) To test the
degree to which model outputs are affected by the selected input parameters, a sensitiglfysiss must

be performed. Because the model objective is to describe spatial dynamics and explore their possible
implications for management decisions, analyses will be focused around sensitivities of the model to the
additional inputs (compared with pwous model versions which are equivalent to a west coast only
model) used for functioning in the south coast frame, and the rules governing switching between west
and south coast frames. The model constructed by Botha (2012) was effectively a westecsiast of

the current model. As such, model parameters have already been tested for this previous model, and
thus the west coast frame. With the addition of a differently structured south coast frame, it is
important to establish any additional or diffemt sensitivities of the model when running under these
new conditions. As such, the tests below are run on a version of the model that has been forced to run
exclusively in the south coast frame, unless otherwise stated. Where applicable, results &sen th
previous analyses performed on the west coast frame, describdgbbya(2012) will be referred to for
comparison between west and south coast results. Sensitivity analyses aim to identify additional

functionality achieved by the addition of a south coast fraam the sensitivity of the model to
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additional parameters used in the switching rules for the shift between west and south coast frames.
Note that although baseline tests of model function and sensitivity are described in this chapter, further
testing ofalternate scenarios, e.g. alternate climate scenarios and shifting rules, are found later in this

chapter (sections 5.3.3. and 5.3.4.) and tests using spatial fishing are described in Chapter 6

5.3.2.1 Inputs tested

Model sensitivity to the following inga was tested:

1) Sardine SR curve parameters: various inputs determine the shape of the curve and are used to
implement the effects of density dependence and ESI on the sardine population. Parameters
tested are: the high and low-intercepts al and a2, usew implement the ESI effect when
sardine are in a high frame; and the slope of the curyg&d the inflection point B,, used to
implement the density dependent effect when sardine are in a high frame and the ESI effect
when sardine are in a low framBecause &, is equivalent to 50% of it was not explicitly
tested. Sardine recruitment variability parametegs, 5 y Rwere also tested.

2) Sardine juvenile and adult natural mortality.

3) Automanager settings: the lower threshold below which TAGtgcs0; the upper threshold
above which TAC is set proportional to biomass using the TAC slope; the TAC slope; and min.
TAC applied between the upper and lower thresholds.

4) Sardine daemon switching thresholds: the biomass thresholds below which and abmyethe
sardine daemon switched from a high frame to a low and a low to a high frame respectively.

5) Sardine daemon fishing pressure threshold: threshold exploitation level above which fishing
LINBaadz2NE A& OfFaaAFTASR | & nbsglacEhg @astaldein®R o0& G KS

6) ESI: variance and period of the ESI on each coast.

7)) WhiKSNI O02Fa0GQ LRLMAFGAZ2Y SaGAYFGS LI NI YSGSNEY
G2 068 2y (GKS W2UKSND O2Fads YFEAYdY A§UESNIVYY

assumed to be on the other coast
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5.3.2.2 Output metrics

Metrics used in previous sensitivity analyses were reused here to allow for comparison and are as

follows:

1. Average biomass of sardine and anchovy

2. Average catches

3. Interannual variability in sarde catch(cw
The interannual variability of the sardine catch is of concern to the small pelagic fishing
industry, because high yean-year variability in TACs is not conducive to industry stability and
therefore undesirable. ConstraintsonthkeS INES 2F OKI y3IS FNRBY (KS LINE
place in the OMP used to manage the resource to minimise variability, however these
constraints have not been applied to the TAC in this model, and so it is useful to monitor the
sensitivity of catch w#ability to changing input parameters as well as the response of this
output to various management strategies applied to the model. As in Botha (2012), an indicator
is used to quantify variability in the landings of adult sarding,)(\and is calculatkas the sum
2F GKS AYOUSNIyydzZ t QFINRIFIGA2Y FTNRY GKS LINBOJA 2 dz
To allow the metric to be expressed as a percentage, it is scaled by the maximum possible V
that can be produced by automanager over a runs(Wax), which is equivalent to a run during
which TAC alternates between the minimum (0) and the maximum TAC automanager may set,

according to the following equatiofBotha 2012)

B YOO "YOO

wadow

4. Frame duration
As in the previous model, the amount of time spent by sardine in the high frame is reported, and
an additional output monitoring west or south frame behaviour, weatrfe duration, has been
added. The frame duration outputs are both calculated as described in Botha (2012), by
calculating the average number of years spent in that frame over the model run. The duration of
the last frame the model is in for any particulam is excluded, because there is no way of
knowing whether it would have had long or short duration. For example if the west / south

frame sequence runs WWWWWSSSWWWWSS, the last sequence, SS, will be excluded from the
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calculation, unless it is > 10% bketmodel run length. Only sardine frame duration is monitored
because the anchovy frame essentially tracks the ESI signals, but also because anchovy
abundance does not appear to have been as affected by the southward shift we are attempting

to understand sing this model.

Output metrics are presented as the mean over all runs performed, however the median and standard
deviation of each were also calculated. Mean and median of all outputs were compared over 1000 runs
with automanager set to conservative Hiag, to test whether or not any of the output metrics were
non-normally/ -unimodally distributed and therefore perhaps not well represented by the mean (Table
5.8). Mostwere normally or unimodally distributed, although sardine juvenile bycatch, sardige h
frame and west frame duration all appear to be slightly skewed to the right. Although differences were
small, distributions for the outputs were plotted to verify the use of the mean as representative (Figure
16). All outputswere normally distributedand as such the mean was used as representative for all

outputs.

Table 5.8: Differences of the mean from the median of sensitivity analyses outputs, used as a measure of

distribution.
Sardine Anchovy Frame
Population catch catch duration
Output Sardine | Anchovy| West South VIA Catch | Bycatch | High | West
mean 598.33 | 2122.76 | 101.16 | 75.75 1714.02 | 618.23| 0.15 0.38 | 0.57
median 587.45 | 2121.94 | 98.59 75.72 1677.88 | 617.82| 0.13 0.35 | 0.54
% difference | -1.82 -0.04 -2.54 -0.04 -2.11 -0.07 |-11.93 |-9.51]|-4.93

*denotes bycatch of juvenile sardine in anchaliyected catch

150 -|Juvenile sardine bycatch 150 1 Sardine high frame duration 150 {Sardine west frame durgtion

0.13 0.14 0.15 0.16 0.17 0.18 0.29 0.302 0.314 0.326 0.338 035 051 0.522 0.534 0.546 0.558 0.57

Figure 5.16: frequency distributions for bycatch, high, and west frame duration over 1000 runs.
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5.3.2.3 Stochasticity

To take into account the stochasticity built into the model and all@w rbbust interpretation of
outputs, results for analyses are averaged over multiple runs. Before sensitivity analyses were begun a
test of the variability of outputs over multiple numbers of runs was performed (Table 5.9). Tests were
run using the automaage function set to moderate, and the mean and standard deviation of outputs to

be used in sensitivity tests recorded for 10 replicates at 50, 100, 500 and 1000 runs.

Table 5.9: Variability of selected model outputs (percentage runs crashed, sardine
highduration, and west frame duration, over increasing numbers of model runs.

Output No. runs: | 50 100 500 1000
% crash mean 29.80 | 34.80 29.54 31.05
stdev 6.00 3.36 191 1.55
Sardine High duration| mean 0.37 0.36 0.38 0.38
stdev 0.05 0.02 0.01 0.00
Sadine West duration| mean 0.57 0.56 0.57 0.57
stdev 0.02 0.01 0.00 0.00

The standard deviation of outputs decreases substantially between 100 and 500 runs, and even further
by 1000 runs, in some cases to zero. Based on these results we can safely theguaneeraged over
500 or more runs, the effect of the builh stochasticity has a low impact on the outputs. To eliminate

the effects on sensitivity analyses results, the outputs for tests were averaged for 1000 runs.

5.3.2.4 Model setup for testing

Paameters tested were varied from 50% to +50% of the baseline value used in the model in steps of
10% of the baseline value. Output metrics were averaged for each individual run and those values
averaged over all the repetitions (referred to as reps frioene on) performed at that input parameter
setting. As discussed above, testg 4 were run on a model forced to run in the south frame only, to
test the functioning of the added model parameters used for the model when in that frame. West coast
frame paameters have been previously tested (s@&wotha, 2012) Tests 5 and 6, dealing with

parameters involved with switching rules, were run on the full model with sardine and anchovy
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switching between west and south frames. Test 7 involving the period and variance pararogthe
ESI, was run twice, once on a model forced to the west coast while west coast ESI| parameters were
altered, and again on a model forced to the south coast while south coast ESI parameters were altered.

All tests were run using automanager to implent fishing, set to conservative.

The sensitivity of the model to run length was tested prior to the sensitivity analyses, by altering run
length from 25 to 75 years in 5 year increments. Models using a run length of 100 and 125 years were
also tested.Using the same criteria as for the sensitivity tests above, the model was only slightly
sensitive to changes in run length except when the length was set to 55 (sensitive) and 60 years
(moderately sensitive). Because the degree of influence of the E8Hpsrio some degree determined

by the length of a model run, this is to be expected and shows that the model is not sensitive except
when the run length is close to, but not more than, twice the length of the ESI period. For runs of
shorter length,thet® 9 { L Q& KI @S y2i KIFIR I OKIFIyOS (2 06S02YS
42 2dziLizia R2yQd O NE 3ANBIGfes YR T2N f2y3SN Nizy
Because the purpose of this model is to explore changes in a-kbedit species using decaeadale

forcing functions, general model tests and sensitivity analyses are all still run over 50 years, but based on
these results any test involving the changing of ESI period was run over 100 years (the longest ESI period

testedis 40 years). All tests were run using 1000 replicates.

5.3.2.5 Results

Output metrics were ranked in degree of sensitivity to input parameters from negligible to extremely
sensitive. Note that the outputs are ranked based on a sensitivity index daidua the relative change

in output compared with that in the variable being testeld y 2 dzi LJdzi OF 6 SI2NA &SR |
Watf AIKGE e aSYyardA@dSQ Aa adAftt NBaAaLRYyRAYy3a G2 GKS (

ax

Table 5.10 fodetails of categories. For tests run on a model forced to the south coast frame only, west
coast catch, sardine juvenile bycatch (taken in the anchovy fishery, which operates in the west frame
only) and west frame duration are not applicabfe overview 6 the results from sensitivity testing is

shown in Table 5.11, and specific results are presented in tables at the end of this section.
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Table 5.10: Thresholds for categorising sensitivity of outputs to inputs tested.
The sensitivity index is a measuwof proportional change in output relative

to the change in input, where 1 represents equal change in both.

Category Sensitivity Index

Negligible effect <0.001

Slightly sensitive 0.001¢ 0.49

Moderately sensitivg 0.5¢ 0.99

Sensitive 1¢1.49

Extemely sensitive | >1.5
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Table 5.11: Overview of sensitivity analysis results. Sensitivity to the following inputs was teste:
sets of tests: 1) sardine SR curve parametdngh and low yintercepts al and a2, the slope of tt
curve $a, the inflection point Ba, and recruitment variability § I Y R, 2) sardine juvenile and adu
mortality (Juv. and Ad. Mort.); 3) automanage fishing settings including values used for conserval
moderate (M) and severe (S) levels of fishing presslower threshold, upper threshold, min. TAC a
TAC glpe; 4) sardine daemon higbw frame shift thresholds (H and HL); 5) sardine daemon fishir
pressure threshold, tested at all fishing intensity levels (C, M and S); and 6) ESI period and vari
each frame (west/south). Model version refers to winer the model was forced to run in only a west
south frame, or whether the full model with shifting between the two was used. Note that byc

represents juvenile sardine caught in the anchdirgcted catch.

Parameter Model Ave. population Sardine catch Anchovy catch Frame duration
tested version | Sardine Anch wc SC V. WC Bycatch H w
a, SC
g a, SC
la- Bmax SC
z Smax SC
< S o sc
Or SC
Juv. SC
Mort
Ad. SC
Low C SC
“» Low M SC
T
- Low S SC
ﬁ Upper C SC
5 9 Upper M SC
by £ Upper S SC
E MinTAC C SC
£ MinTACM SC
.g MinTACS | SC
g O TAC slope C SC
& TAC slope M SC
TAC slope S SC
Shifting L-H SC
threshold H-L SC
Fishing C FULL
pressure M FULL
threshold S FULL
Variance wWC
Period wcC
ESI Variance SC
Period SC
'Other Max. prop | FULL
coast' pop. Var. FULL

INegligible[]Slightly sens. [ ]Moderatelysens. [] Sensitivellll Extremelysens. [ N/A
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Test 1: Sardine SR curve parameters:

a. High and low yntercepts, al and a2 (Figures 5.17 a and b):
The model is not particularly sensitive teingercept of the SR curve. Sardine catch and catch
variability are the most affected because changing the al or a2 value results in the sardine
popuf I GA2Y Y2OAY3I FTAdzNIKSNI 6208 2N 6St2¢ Fdzi2Yl yI :
0. This means a higher or lower TAC as you increase or decrease a, and increasingly frequent years in
which the TAC alternates between 0 and minTAC, increasingtgrannual variability.

b. Slope of the curveaxand the inflection point Rax(Figures 5.17 ¢ and d):
The model is not very sensitive to these parameters, especially when compared to the model in a
west coast frame (Botha 2012). This is a result ofsthegpe of the SR curve used for the south coast
frame. Because the inflection point of the curve, b, is much lower than in the west frame (14 vs
606), the sardine biomass is > b for the majority of any run in the south frame, limiting the influence

of the dope of the curve.

Table 5.12: Abbreviations used for sensitivity test outputs as plotted in Figured3. below.

Abbreviation Output

SardAvePops Average sardine biomass

AnchAvePops Average anchovy biomass

SardAveCatchWC|Average sardine catch on the west coast

SardAveCatchSC |Average sardine catch on the south coast

AutoManagerlA |Interannual variability in sardine catch

AnchAveCatch  |Average anchovy catch

SardAveJuvCaich |Average bycatch of juvenile sardine
SardAveHighDura|Years spent by sardine in a high frame

SardAveWestDurg Years spent by sardine in a west frame

Crashes Proportion of runs in which the sardine population crashed

134



Test 1: Sardine recruitment parameters
2

a) Lowy = b) Highy N
Extremely sensitive
e S — 1
5@ 10 30 50 -5 -30 ,‘ \fe.—:,e——so Slightly sensitive
-1 4 -1 A1
2 2
o - ——>SardAvePops
x | €)Bmax d) Smax
2 —— AnchAvePops
c 1 1
= SardAveCatchWC
£ e B — e |
E 50 30 101 10 30 50 -30 30 101 10 30 50 =——SardAveCatchSC
§ — AutoManagerlA
o | he |
: : AnchAveCatch
€) Scor 1] e 1] SardAveluvCatch
— — \n S SardAveHighDura
k ) I'— -—-_——_I - y
40 -30 10 10 30 50 -50 30 10 10 30 £ SardAveWestDura
-1 A1 -1 4
Crashes
2 2

% change in input

Figures 5.17 ae: Results of sensitivity analyses of sardine SR curve parameters, whe
sensitivity index is a measure dfiange in output relative to the change in input. Changt
parameter tested is shown on theaxis. See Table 5.12 for key to abbreviations usec

plotted outputs.

c. {F NRAYS NBONMHZA GYSYy (i O Bglréshi7rem@f)LI NI YSGSNE { O2 NJ
The model is not particularly sensitive to these parameterg stiows moderate sensitivity as a
result of lower recruitment variability resulting in lower biomass, and ineeeafluctuation around
the lower automanager threshold and a TAC of either O or MinTAC, so greater catch variability. The
south coast frame is more susceptible to this effect (Botha 2012 show the model is not sensitive in

the west frame) as the biomassda average lower than when in a west frame.
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Test 2: Sardine juvenile and adult natural mortality:
As expected, the model is relatively sensitive to the mortality parameters used. Sensitivity is higher
at low values for parameters, except in the cadecoash rate which is extremely sensitive to

increased levels of adult mortality (Figure 5.18).

Test 2: Sardine mortality parameters

a) Adult mortality = b) Juvenile mortality
- | \/

Sensitivity Index

—0 0

.50 30 -n-e/ 1 30 5¢C -30 -30 -10/ 0
/J.
S

z

% change in input

=S Ave.pop. — A Ave.pop. = AveCatchWC

S AveCatchSC == AutoManagerlA

= A AveCatch S AveJuvCatch S AveHDura S AveWDura Crashes

Slightly sensitive™=) Extremely sensitive

Figures 5.18 a and b: Results of sensitivity analyses for sardine mortality parameters. Se

5.12 for key to abbreviations used for plotted outputs.

Test 3: Automanager settings:
The model is very sensitive to the lower threshold and Min TAC (Figure &.Ehd fh) and not
very sensitive to the upper threshold and TAC slope (Figure SiEdd fl). This is because the min
TAC and lower thresholare fairly close together; for example for severe fishing, min TAC is 126.5 kt
and the lower threshold is 150kt. If the lower threshold or min TAC are decreased or increased
respectively at all, it is possible for the TAC to be greater than the populatoinsardine will crash
very easily. Because the upper threshold and TAC slope are only applied when the population is
relatively high, even as their values are changed +50%, a situation where it becomes possible to fish
out the whole population is nevereated. As expected, for all automanage parameters, sensitivity

of outputs increased as the severity of fishing increased from conservative to moderate.
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Test 3: Automanager parameters

-30 -30 -10 10 30 5
[0 Extremely sensitive

1

Slightly sensitive

.F i~ ‘

10 0]

——SardAvePops
—— AnchAvePops
——SardAveCatchWC
——SardAveCatchSC

Sensitivity Index

l —— AutoManagerlA
—— AnchAveCatch
~——SardAveluvCatch
~—SardAveHighDura
~——SardAveWestDura

——Crashes

% change in input

Figuress.19 a- |: Results of sensitivity analyses for the automanage fishing strategy parameters

See Table 5.12 for key to abbreviations used for plotted outputs.
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Test 4: Sardine daemon switching thresholds:

Changes to these parameters do not have a particularly large effect, with the directly affected

output, high frame, being the most senséiyFigures 5.20 a and b).

Sensitivity Index

Test 4: Sardine daemon H-L switching thresholds

a) L-H threshold b) H-Lthreshold ~ |
1 4 14
[r— — 0 " ) f " 0 = ] )
-50 -30 -10:L 10 30 50 -50 =30 -:LO:L 10 30 50
oyl 2
Test 5: Sardine daerpon fishing pressure thresholds N
¢) C fishing pressure threshold d) M fishing pressure threshold
i 1 -
— - = ( S - — e — — ! .
-60 -40 20 20 40 6C -60 -40 20 20 40 60
-1 4 1 A
2 - 2
e) S fishing pressurétf reshold
14 Extremely sensitive
I 0 = — I
-60 -40 -20 20 40 60
-1 -+ Slightly sensitive
_2 d
% change in input
—— S Ave.pop. — A Ave.pop. =5 AveCatchWC =S5 AveCatchSC =——AutoManagerlA
= A AveCatch S AveluvCatch S AveHDura S AveWDura Crashes

Figures5.20 a- e: Results of sensitivity analyses for the sardine daemon Qiggw frame

shifting and fishing pressure threshold paramete&3se Table 5.12 for key to abbreviations us

for plotted outputs.

Test 5: Sardie daemon fishing pressure threshold:

The model is not very sensitive to this parameter (Figures 52@)c The moderate sensitivity of

sardine bycatch is a result of an amplification of the positive effect on west frame duration.
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Test 6: ESI variancand period on each coast:
The model is not more sensitive than expected to the ESI parameters (Figures &.@1 @he
response of sardine bycatch (S AveJuvCatch in the figure) to period in the west frame is the result of
the ESI effect on anchovy, inasng its biomass at a period of baseline + 10% and thus increasing
bycatch. Increased sardine biomass also at period baseline + 10% in the south frame caused

increased and moderately sensitive high frame duration.

Test 6: ESI period and variance

. 2 .
a) WC ESI variance b) WC ESI period
1 1
; 0 - _————
T ——
x -50 -30 10 10 30 50 -50 -30 -10 10 30 50
Q 1 - 1
o
£
> 27 7
&= 2
-E c) SC ESI variance d) SC ESI period
‘A
c 1 - 1
@
v e —— _
f T 0 ; T ] —— e ]
-50 30 -10 10 30 50 -50 30 -10 10 30 50
1 1 A
2 ”
% change in input
=S Ave.pop. = A\ Ave.pop. s § AveCatchWC S AveCatchSC == AutoManagerlA
e A\ AveCatch S AveJuvCatch S AveHDura S AveWDura Crashes

Slightly sensitive™=== Extremely sensitive

Figures 5.21 ad: Results of sesitivity analyses for the ESI parametesge Table 5.12 for key 1

abbreviations used for plotted outputs.
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although parameters were estimated, the values used did not greatly impact model outputs.

Test 7: ‘Other coast’ population

= a) Other coast pop. = b) Other coast pop. 27
2  proportion 1 4 interannual var. 1 4
s eSS -
-‘5 S0 -30 -10 10 30 50 50 -30 -10 10 30 50
c -1 1 -1 9
[
wv
-2 - .. 24
% change in input
= SardAvePops = AnchAve Pops - SardAveCatchWC = SardAveCatchSC = AutoManagerlA
AnchAveCatch SardAveJuvCatch SardAveHighDura SardAveWestDura Crashes

Slightly sensitive™= Extremely sensitive

Figures 5.22 a b: Results of sensitivity analyses for tie2 G K SNJ O2 | Paranetdrd2Skd
Table 5.12 for key to abbreviations used for plotted output

To further explore the implications of the value used for the proportion of biomass assumed for the
W2HGKSNR O2Fad oGdSaitSR Ay 0o F10208S03X RRAGAZ2YIFT (S
2y GKS W2iKSND O2! & o6famh (de. ZBrb iBt&rahnual 2aNabiliyd &hd iRodedskdit 2 v

10% increments from 0%#10% and the outputs used in sensitivity analyses recorded (Figure 5.23).

¢tKS Y2RSt gla y2G LI NIOAOdzZ F NI & aSyaridrBNDID20RNHIE=
with the most sensitive parameters being sardine catch on the south coast (SardAveCatchSC) and then
AYGSNI yydzr f OFGOK @FNRARFIOAfAGE o!dzizalyl 3ISNL! 0 Ly
W21KSNR O2Faid akKkz2gSikm ihkiselBNdilpuisS Ttie cHaR)ESAfroni Bageline T
values are consistent with the slight increase in proportion of run spent in a west frame at increasing

f SpSta 2F W20KSNR O2Fad oA2YlLaa FyR GKS TelOd GKI
majority of the run (~<5%c /&2 0 X (G KdzA W{ I NR! @S/ I GOK{/ Q ¢2dzx R KI @S
GKS LINRPLRNIAZ2Y 2F o0A2YlLaa 2y GKS W20KSNXR O21ad Grf
testing however: because the automanage fishiagtine used in this test very seldom results in fishing
LINS&dadz2NB 2y SAGKSNI O2Faid o06SAy3a -StchidgadaemanS e | & WK
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LINPLRNIAZ2Y 2F o0A2YlLaa 2y (GKS W20KSND O2Frad oAttt vy
FEAGSNYFGS LINBLRNIAZ2Y 2y GKA&a W20KSNJ O2FadQ ySSRa
pressure, and this is described in the following chapter using spatial fishing scenarios, see Shapter

scenario 3
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Figures 5.23:Change in outputsfrom baseline values underltarnate fixed
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5.3.3 Testing alternate climate scenarios

The climate function (ESI) used in the model assumes that the periodicity on the south coast is longer
than on the west (30 aopared to 20 year cycles), and that the effects of the ESI are different on each
coast/ in each frame: in the west coast frame, ESI conditions that favour sardine do not favour anchovy,
and vice versa; in the south coast frame, conditions that favour @eeiss favour the other as well.

These assumptions are based on what has been observed in measured data, but are assumptions none
the less Testing alternate scenarios for how the climate signal on each coast is generated and its

influence on the two spees will give a better idea of the importance of these assumptions, both in the
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model and in reality. All tests were run for 100 years for 1000 replicates, using the automanage fishing

strategy set to conservative. The following tests were performed:

Testl $7T AO OEA OAI AOEOA OOAOOET ¢ DPEAOA

due to the longer period of the south frame ESI (30 years coeaptar 20 years for the west coast). To
test the effect of this on the model, four alternate scenarios were run: west frame ESI was offset by 10%
and 50%, while the south frame ESI offset was kept at 0, and then vice versa. This would be expected to

influenOS Y2 RSt GKS NBflFIGA2YyaKAL]

Results:

As predicted, outputs are affected by starting phéseause of the resultant changes is frame duration
(Table 5.13). Both sardine high and west frame duration were moderately sensitive, affecting the
sardine catch for the west coast and also the bycatch of juvenile sardine, which was extremely sensitive,

but only for the test that offset the west coast phase by 10%.

2 dzi LJdz( a =

0 SOl dza S

between west and south, and the ESI on the current coast affects the high / low frame transition.

Table 5.13: Sensitivity of the model to changes in relative ESI phase.

% Offset Ave population Sardine catch Anchovy catch Frame duration
wWcC SC Sardine | Anchovy| WC SC Via wcC Bycatch* H w

0 10

0 50

10 0

50 0

[Negligible [T]Slightly sens. [ ]Moderately sens. [] Sensitive ] Extremely sens.
* represents juvenile sardine caught in the anchovy-directed catch.

Test 2: Does the starting coast for each species during a run affect model outputs?

We assume that both sardine anddovy start in a west frame in the model, to mimic conditions in the
southern Benguela during the 1960s. The effect of alternate assumptions regarding start coast was
tested. Changes to start coast would be expected to affect frame duration, given thdihesaand

anchovy in a west frame are parameterised to be more productive, and that both species will start the

model run affected by different ESI conditions than in the baseline model.

I £ OEA

In a normal model run, ESI signals start out in phase with each other, and slowly become out of phase
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Results:

The only output affected was sardine catch interannual Vit (Table 5.14), which was moderately
sensitive when sardine were started in a south frame. This is in response to the lower population levels
that result from increased time spent in a south frame, which place the sardine population close to the
lower threshold of the automanager TAC curve. This results in an increased probability of successive
years in which the TAC can alternatively be set to the min TAC or 0, hence increased-year

variability.

Table 5.14: Sensitivity of model outputsalternate start coasts for each species.

Start coast Ave population Sardine catch Anchovy catch | Frame duration
Sardine | Anchovy | Sardine | Anchovy | WC sC Via WC | Bycatch* H w

w S

S S

s w ]

[Negligible [T]Slightly sens. [ |Moderately sens. [] Sensitive ] Extremelysens.
* represents juvenile sardine caught in the anchovy-directed catch.

Test 3: Does the period of the ESI for each coast affect the outputs?

Although we are assuming that the period of the west coast ESI is shorter than that of the south coast

(20 years compared to 30 years)sed on recorded changes in the mean of physical variables (see
section 5.2.2.2), it is possible, given the relatively short data series available, that these values will not
always reflect conditions in reality. This assumption was tested for both cogstgsb setting the
LISNA2Ra (2 wn &SFNBR FT2N) o20KX YR GKSYy AyONBIFaAy3
keeping the other constant. Note that the base condition against which outputs are tested for sensitivity

is a period of 20 yearf®r the west ESI and 30 years for the south, as used in the model and in all other

tests.

Results:

The model was largely insensitive to changes in period, but sardine high frame duration and bycatch/
catch were moderately affected when both periods weré tge20 years, and when the west ESI period

was increased to 40 years, respectively (Table 5.15). These are all a result of increased west frame
duration during these tests; although the change was not great enough to register as sensitive, it would

have esulted in increases in all of the sensitive parameters as well.
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Table 5.15: Effects of alternate ESI period combinations.

ESI period Ave population Sardine catch Anchovy catch Frame duration
wc sC Sardine | Anchovy| WC SC Via wc Bycatch* H w
20 20

20 40

30 20

I Negligible[]Slightly sens. [ ]Moderately sens. [] Sensitive ] Extremely sens.
* represents juvenile sardine caught in the anchovy-directed catch.

Test 4: Relative influence of ESI on fish populations

The impact on model outputs of different assumptions of the relative émibe of ESI on sardine and
anchovy in each frame were also tested. We assume that opposite conditions are favourable for each on
the west coast, but that the same conditions favour both on the south coast. Alternate scenarios were
tested in which the sameonditions favoured both species, or the opposite conditions favoured each, in
various combinations for the two coasts.K A & aK2dz R AYLJI O

to which frame to switch, and also the degree to which both species are fiouheé same frame.

Results:

Changing the ESI effects does impact frame duration as expected, but not to the degree that it registers
as sensitive (Table 5:16). Sardine bycatch is moderately sensitive when the effects on both coasts are

set to equal howver, as a result of the positive change in sardine west frame duration during this test.

88 dzYLIGA2Y

Table 5.16: Alternate ESI effects on sardine and anchovy for each coast.

ESI effects

Ave population

Sardine catch

Anchovy

catch

Frame duration

wc SC

Sardine | Anchovy

wcC

SC

Via

wc

Bycatch*

H

w

same same

same |opposite

opposite|opposite

Negligible []Slightly sens. [ |Moderately sens. [_] Sensitive ] Extremelysens.
* represents juvenile sardine caught in the anchovy-directed catch.
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5.3.4 Alternate shifting scenarios

The model is highly dependent on the rules dictgtiwhen the model shifts (or does not) from one
frame to another. In the interests of further exploring the implications of the current shifting rules, a
number of alternate rule scenarios (within the bounds of the assumed drivers, fishing pressure and

envronment) were tested.

Test 1:What effect do alternate shifting rules have on model outp®ts

West/ south frame shifting rules for sardine within the model operate as follows:

The environmental suitability index (ESI) of the current coast is first evallgtede daemon. If it is
W3I22RQS GKSNB A& y2 &aKAFTGS AF Al A& WolRQE 620K
evaluated. If both are favourable, a shift occurs. If neither is, no shift occurs. If one variable is favourable

and the otheris not, there is a 50/50 probability of a shift occurring. Here alternate rules for when a

shift between a west and a south frame occurs for sardine were tested:

I.  Only fishing pressure is considered

[I.  Only ESI is considered
In both of the above cases, the cent coast was first evaluated. If it was found favourable, no
shift occurred. If not, the other coast was evaluated and either a shift occurred if it was
favourable, or there was a 50/50 probability of a shift occurring if not.

lll.  Under conditions when a phlability of a shift occurring is the outcome, the probability is high
(80/20)

IV. Under conditions when a probability of a shift occurring is the outcome, the probability is low
(20/80)

145



Results:

The model was not sensitive to the alternate shiftindes under test conditions except for the rules

using only fishing pressure to determine a shift (Figure 24 this case sardine biomass, sardine catch

2y GKS 6Sai O2Frad> @SIFNBR WolFRQ F2NJ LINBRFG2NBRZ |
moderately sensitive; sensitive. This is to be expected, because under the automanage fishing scenario

used for tests, the way in which TAC is calculated means that fishing pressure very seldom registers as
WKAIKQZ LI NI A Odzt I NI 18, and thus @8I ¥6 @ &¢i8d td be & mamAnduéricg/ader f SO S
AKAFGa Ay GKS olaStayS Y2RSto® !'a | NBadA G GKS WTA
residence in a west frame over runs). Further testing of alternate rules under inogdashing pressure

needs to be carried out, and this is done in the following chapter where spatial fishing scenarios are
tested (see Chapter Six, scenario four). The probability of shift rules only comes into play when the

Y2 G KSND O2I a éithek éombDdtiona af laTsuitdbie E$I &nd high fishing pressure, or an
unsuitable ESI and low fishing pressure. Thus for the same reasons this decision is taken less often under
automanage fishing given that fishing pressure is seldom high. As a resudfeshi the probabilities

dza SR G2 RSUOSNNAYS nlk H@K R2MINE 2082/B $hd SDHB®RUSAd S tie Daseline

model) did not have strong effects on model outputs under these conditions.
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Figure 5.24:Change in outputs from baseé¢ values for alternate west/ south fram
shifting rules: only fishing pressure influences shifts; only environmental signal
influences shifts; where a probability of a shift occurs, a shift is likely; and whe
probability of a shift occurs, a ghis unlikely.
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Test 2 What effect do alternate minimum years between shifts have on model outhuts

Currently the model is restricted in the maximum frequency of shifts with a minimum of 3 years
between shifts. This is to deal with the possibility ofealistic rapid shifting that can occur under these
rules in years when the 50/50 probability of a shift rule is invoked for consecutive years. The decision to
restrict shifting in this manner was based on data on changes in spawning location for safinene

which suggest shifts on the timescale of 37 years(van der Lingen et al. 2006ayhich equates to
roughly one to two generations. The implications of this decision to set a minimum time between shifts
were tested as follows: mininm years between shifts were set to 0, 5, 7 and 10 years, and outputs

compared to those for a 3 year minimum (baseline value used in model).

Results:

The model was not particularly sensitive to alternate minimum years between shifts, and changes in
outputs were greatest at increased years between (highest under the 7 year restriction) and show the
detrimental effects on sardine of being forced to remain in an unfavourable frame (Figure 5.25):
increased bad years for predators (total biomass < 1/3 of tengp maximum biomass) and a decrease

in catches under the § 10 year restrictions were the strongest responses. No restriction on switching
OADPS® WnQ &SFENBO NBadzZ SR Ay &AYAf I N 2dziLizia G2

case fordzZA S 2F (KA & NBAUNAROGAZ2Y HKAOK LINBE@SyGa dzyNBI

significant impact on outputs. This test is further explored in Chapter Six, scenario five, under increasing

fishing pressure and spatial fishing scenarios.
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AnchAve Catch SardAveJuvCatch SardAveHighDura
SardAve WestDura crash
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Figure 5.25Change in outputs from baseline values under alternate minimum yes
between shifts.
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5.4. Summary

The model appears to function as expected within the specifications laid out during construction.
Sensitivity analyses show that model functigrsensitive to the addition of a south coast frame and to
changes in the switching rules for the shift between west and south frames. Sardine recruitment is
affected by ESI in all frames, and both sardine recruitment and anchovy population levels desldffec
changes between west and south frames. Effects implemented for sardine in a south frame (density
dependence and fishing mortality) have the expected impact on outputs, and fishing pressure does drive

shifts between west and south frames.

In a southframe, the model was not particularly sensitive to sardine recruitment parameters, but does
show sensitivity to mortality parameters. The highest degree of sensitivity to parameters tested was to
automanage fishing strategy parameters, specifically toltiveer threshold and MIinTAC values. There
was a low degree of sensitivity to highow switching thresholds and fishing pressure thresholds for
sardine. Sensitivity was also low to most ESI parameters, although the model was moderately sensitive

to the periodsof ESI used to represent the lotgrm variability on west and south coasts.

This moderate sensitivity to the periods, and hence relative phase of the ESI signals for each coast,
occurs because of the implications for frame duration. Some moderatsitsaty to the start coast used

for each species and the period used for the west and south ESIs watago, but assuming different

AYLIX AOFGA2ya F2NJ A NRAYS yR FyOK2@e Ay GSNk¥xa 27
opposite efeécts on each) had little effedh terms of model sensitivity. It needs to be remembetkdt

there is an effectvhen these parameters are changdulit according to the criteria adopted in section
5.3.2.5the changeR2 Sa y 23 Of I & & Athat highlj nosHrie& .y EisAlatkh opsei3ifivityNsd S ®
likely also due to a general lack of sensitivity of the very simple anchovy population model used to
changes within the model as a whole, as shown in the alternative climate scenarios in this chapter, an

explained further in Chapter Six.

¢CKS FaadzvLliaAzya YIRS NBIFNRAYI GKS LINBLRNIAZY 27
any year and the interannual variability in this proportion (Figures 1 and 2) did not influence model
outputs to any INAS RS3INBS O0ySOSNI Of F AaAFASR a Y2NB (Kl y

reasonable for the purposes of this model.
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The decision to limit switching between west and south frames to a maximum of once every three years
was based on the observedequency of shifts in the spawning location of sardine in the southern
Benguela(van der Lingen et al. 2006agnd is also a way of incorporating a degree of natal homing
effect, also suspected of playing a role in the eastward shift in ttee1890s(Coetzee et al. 2008a)
While the model was sensitive to the increased the minimum number of years between shifts, it was not
sengtive when shifting was not restricted (i.e. the min. years set to 0). The use of a 3 year limit to
shifting in the baseline model is thus defensible in that it results in a more realistic representation of

shifting by preventing year on year shifting bacid forth, without unduly influencing outputs.

Exploration of alternate switching rules is an important step given the degree to which these rules
determine model functionality. The incorporation of an environmental signal and then fishing pressure

as divers fits with the current understanding of the mechanisms behind observed ¢Gifestzee et al.

2008a) albeit in a simplified structuren keeping with the minimum realistic approach. Neither ESI nor

fishing alone can be (nor are they) assumed to drive frame shifts alone. The alternate rule scenarios
tested here (Figures 5 and 6) affirm that the current rule set provides satisfactoritsregthin the

constraints of the model and given current understanding of processes involved: fishing pressure alone

as a driver does not result in realistic model behaviour. Given that fishing pressure was not and is not
always likely to be what was clah TA SR KSNB a4 WO2yaSNBI GAGBSQ> TdzNI
fishing scenarios is necessary, and is reported in the following chapter. Nonetheless this rule set (using

fishing pressure alone as a driver) is rejected as far as functioning batiedine model goes.

CKS WwWo{L 2yfteQ NHAS aSdtz la ¢Sttt Fa GKS FftaGSNYyIFds
that of the baseline model. This raises the question as to whether the inclusion of fishing pressure in the
rules adds any KAy 3 G2 GKS Y2RSto ! 3FAys GKA&A Aa NBfIFGSR
which seldom triggers the rules relating to fishing pressure. Further testing of alternate rules under
increased fishing pressure and spatial fishing, where outpyitRIE NJ G KS W9 { L 2y f &Q NIz ¢
expected to deviate more if the inclusion of fishing pressure in the switching rules is of significance, is

described in the following chapter.

A framebased modelling approach is potentially useful when appliedhe situation of changing
distributions of small pelagic fish. Overa#isultsfrom alternate climate scenario tesseem toindicate

that the relative environmental conditions on the two coasts have an important effect on the spatial
distribution of sadine. The incorporation of environment via a simplified proxy such as ESI remains an

adequate solution, keeping model complexity relatively low while remaining a reasonable
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representation of physical forcing. If the link between small pelagic variadidyenvironment becomes
better understood in the future, this proxy could be easily adjusted to incorporate new information.
Sensitivity analyses and model testing suggest that future research should focus on this@esssing

our understanding and aldly to monitor these conditions is important if we are to increase our
potential to predict shifts or impacts of previous shifts. This is particularly true of our understanding of
the effects ofrelative conditions on both coasts, if ware to begin to uderstand potential future

changes in distribution and system dynamics.
While this chapter focuses on the construction of the model and its functionality, the ability of the

model to describe and explore the dynamics of sardine and anchovy is furtherexpliod discussed in

Chapter Six.
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CHAPTER SIX
FURTHER MODEL SCENARIOCEFFECTS OF SPATIALISED
FISHING PRESSURE

6.1. Introduction

Chapter Five describes various levels of testing applied to the model as a check of functionality and
behaviour, as well as of model sensitivity to inputs. Here some scenarios are run to exercise the model
FyR GSad GKS Y2RSt 2dzi02YSa dzy RSNJ @I Nilevdede toVg K I G

topics in the generation of current management axv

One of the consequences of the change in sardine distribution and increased biomass on the south coast
versus the west is highlighted iBoetzee et al2008) Given the role the fishery may have played in the
initial change in distribution, and the persistence of sardine on the south coast since, two pertinent
guestions are: what may the fefcts of a spatialised fishing strategy have been prior to the late 1990s
when sardine were largely on the west coast, or in west coast mode, and how might those effects differ
now that the majority of the biomass is on the south coast/ in south coast rddese questions are

addressed within the model during the first two scenarios examined below.

Despite the large contributions anchovy make to the fish biomass in the southern Benguela and to the
landings of the small pelagic fishery, their role in stavictg the ecosystem is still not fully understood.

lf K2dAK aAy3atsS aLISOASa Y2RSta |INB dzASR gA0K &2
management of sardine and anchovy directed fishery in the southern BenddelaOliveira &
Butterworth 2004; de Moor et al. 2011dhe influence of envanmental variability and the implications

of the previously unobserved high biomasses on the south coast are not known to the degree that they
can be included in these models. Increased biomass of anchovy may mean increased predation on
sardine eggs, infencing sardine biomass recovery, as well as increased prey availability for species such
as redeye. In light of their continued high biomass since Z86@bangu et al. 2012 has become

even more important to better understand the potentiaifluence of anchovy on the system. As
discussed in Chapter Five, it was assumed when constructing this model that conditions on the south
coast were less favourable to both sardine and anchovy. Since the change in 1996 to a more easterly

distribution howvever, anchovy biomass has increased and remained high, and it seems possible that the

151



south coast may actually provide favourable conditions for adult anchovy. This possibility is explored

within the model environment under Scenario three below.

¢ KS AWIARRIZ f Q T Havefoped 3 this (tHedistiaBda Built into the model was structured
specifically to try to address some of the more pressing questions relating to spatialised fishing in the
management of the sardindirected fishery at the moment ithe context of the model. By allowing the

dzZa SNJ G2 asSt SOt GAl | waLl dAarf &aGNraGS3eQ 6KSGKSNI
OWYIE® ¢SadQ 2NJ WYIE &2dz2iKQ0O3X 2NJ NI §KSNJ G2 aL)Ad
OWKEFEYAO GNIOlTAYIQUT GKS AYLIX AOIFGA2ya 2F SIFOK FAak
¢2 NBOFLI 6F2N) AYAGAILIET RSAONARLIIAZ2Y aSS [/ KFLWGESNI CA
example, the maximum possible proportion of thesagned TAC is taken from the west coast. This

means that when sardine are in a west frame (and thus the majority of the biomass is on the west
coast), 100% of the TAC is taken from the west coast. If sardine are in a south frame, as much of the TAC
aspogs AofS Aa adAatt GF{1Sy FTNBY GKS ¢gSad O2Faid oy2s
/| KF LI SN CA@BS &aSOGA2Yy poHOPHOPMOSE FYR Fye NBYFAYRSNJ
a2dzKQ &GN} GS3@ 2LISNI GSa A prefareitilly tolthe Souths codst. TheziT RA N
WRBYFYAO GNIO{TAY3IQ aGNYGS3Ie awiXada GkKS ¢!/ | OO0O2NR
sardine are in a west frame with 90% of the total biomass on the west and the remaining 10% on the
south (e INBASY G SR o6& GKS SadAYlIGSR W2UKSNI 021 aGQ LI Lz

the west coast and 10% to the south.

Given that spatial management is a possibility for the sardinected fishery, testing the effects of each
fishing strateg in the scenarios mentioned above may provide some useful insight into the potential
implications of applying (or not applying) a spatial approach. At the least, the model should be a useful
tool for illustrating some potential outcomes given the varicassumptions used to construct the

model.
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6.2. Methods

Scenario 1: Hects of spatial fishing in the model

The first scenario is to explore what effect the different spatial strategies have on model outputs.
Assuming, as suggested Gyetzee et al2008a) that increased pressure on the west coast contributed

to the relative increase in binass on the south coast in the late 1990s and since, and given the design

2F (GKS NMzZ Sa 3F2O0SNYyAy3I a6A0O0OKAYy3I F2NJ al NRAYyS:I GKS
increased residency of sardine in south and west frames respectively, whidd in turn affect model

outputs such as total population based on the differences in productivity of sardine on each coast. The
YReYFYAO GNIO1AY3IQ &aidN}(iS3e akKz2dZ R KI@S tAGHES G
should be driven rathelby ESI because the dynamic strategy should not result in high fishing pressure on

either coast. All scenarios are run over 100 years, to avoid any potential influence of ESI fluctuations.

The individual fishing strategy was used, and model outputs oviareiit spatial strategies and levels

of fishing pressure compared. A TAC of 10%, 20% and 30% of total biomass was applied to both sardine

and anchovy in three separate tests, and the outputs for each were averaged over 1000 runs.

Scenario 2Effects of sptial fishing when sardine are in a south frame

Sardine do not appear to be as productive on the south coast as they are on the west, given the low
recruitment observed since the early 2000s when biomass has been primarily located on the south coast
(de Moor & Butterworth 2012; Shabangu et al. 2012% a result, and given that fishing is thought to
play a role in their distbution (Coetzee et al. 2008#)ere is some concern as to whether any particular
fishing strategy would be more or less likely to resalan increased biomass on the more productive
west coast. In this scenario the effects of the possible fishing strategies in the model were tested with
sardine starting out in a south frame and the strategies resulting in the most rapid return to a west
frame identified. Given the shifting rules and that high fishing pressure on the south coast is most likely
G2 FNA&S RdNAY3I (KS WYIED a2dzikKQ &GNFGS3es (KAA
most frequent shifting of sardine back intoveest frame. This scenario was tested using a model

configuration in which sardine are forced into a south frame for the first 15 years of a 100 year run.
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3AAT AOET xqd !'1 OAOT ACA EEQGAA POI Pl OOEITO 1T £ AE
scerarios and increasing fishing pressure

Ly |y SELIlIyairzy 2F GSad 1t Ay &aS0OGA2Y podHDdoPp P
coast described there are further tested under the spatial fishing scenarios used in scenarios 1 and 2
here. Allscenarios are run over 100 years, to avoid any potential of ESI fluctuations. The individual
fishing strategy was used, and model outputs over different spatial strategies and levels of fishing
pressure compared. A TAC of 10%, 20% and 30% of total biavaasapplied to both sardine and

anchovy in three separate tests, and the outputs for each were averaged over 1000 runs. Model outputs

are expected to be sensitive to changes under spatial fishing, as lower or higher biomasses on the

Y2 i KSND OQG adiKk MK INIHFKFS al NRAYS RISYy2y S@Ifdz G6Sa
WKAIKQ FYyR (Kdza Aa tA1Ste G2 IFTFFSOG aKAFTiAy3ID

Scenario 4: Alternate shifting rules under spatial fishing scenarios and increasing fishing
pressure

In an expansion of testih section 5.2.4., the alternate shifting rules described there are further tested
under the spatial fishing scenarios used in scenarios 1 and 2 here. As described above, all scenarios are
run over 100 years and the individual fishing strategy was us@@@s of 10%, 20% and 30% and using
dynamic tracking, max. west and max. south spatial fishing strategies. As in section 5.2.4., the alternate

rules tested were as follows:

I.  Only fishing pressure is considered

[I.  Only ESI is considered
In both of the above c&s, the current coast was first evaluated. If it was found favourable, no
shift occurred. If not, the other coast was evaluated and either a shift occurred if it was
favourable, or there was a 50/50 probability of a shift occurring if not.

lll.  Under conditionsvhen a probability of a shift occurring is the outcome, the probability is high
(80/20)

IV. Under conditions when a probability of a shift occurring is the outcome, the probability is low
(20/80)
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Scenario 5: Alternate minimum years between shifts under sgldishing scenarios and
increasing fishing pressure

As in scenario 3, test 2 in section 5.2.4. addressing alternate minimum number of years between shifts,
is expanded here. The min. years between shifts was set to 0, 5, 7 and 10 and model outputhender

spatial fishing scenarios used in the scenarios above compared with those of the baseline model.

Scenario6: Positive effect of a south frame on anchovy

Based on previous observations and theory on the structure and functioning of the south coa#t / sh
based system, as has been discussed it was predicted that both sardine and anchovy would be less
productive there than when on the west coast. This however may not be the case, given that anchovy
biomass is currently higher than it was before the 18Bénge in proportional abundance. This scenario
tests the implications of increased production for anchovy in a south frame, rather than lower
productivity as previously assumed, for model outputs. Tests were run on a model version
parameterised to allownicreased recruitment success for anchovy in a south frame. Recruitment
parameters used are shown in Table 6.1. The assumption that variability is higher in a south frame is

retained, and as in the standard model, variability is set at half of the higrefraigpoint.

Table 6.1: Recruitment parameters for anchovy used for each frame, with the
altered parameters used during Scenario 3 in the south frame below in grey.
Anchovy Frame  Midpoint Variability

West coast High 3000 + 1500

= West coast Low 1500 +750
g
S | South coast High 2000 + 1500
n

South coast Low 1000 + 1500
o | South coast High 3000 + 2000
® | south coast Low 1500  + 1500
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As for Scenario 1 low, medium and high TACs (10%, 20 % and 30% of total biomass) were applied to both
sardine and anchovy foeach spatial fishing strategy (dynamic, max. west and max. south), and the
outputs for each were averaged over 1000 runs of 100 years. Results were compared with those from

the standard model in Scenario 1.

6.3. Results

Scenario 1

As expected, Scenarlotests show that the spatial strategy chosen does affect model outputs. Figures

cdm YR cdo &K2g SEIFYLES Nbzyad dzy RSNJ (4 KS WYl E® 5Sa
have shifted away from the coast that is experiencing the highemfishressure: for example under
WYFED ¢6S40Q FAAKAYIS &FNRAYS &LISYR GKS Yl 22NRn(e@
productivity. Change in selected outputs for each strategy over the different fishing pressures are shown
infigures6.3agh { 2YSGKIG O2dzy G SNAYylGdzA GA GBSt & FNRY | KAald2
d2dz2iKQ LIJISEFNR G2 0SS GKS adNrdaS3ae GKIFG NBadzZ G§SR
maximising both the biomass and catch of sardine as a result (distfigther in section 6.4 below).

Note that under this strategy although the majority of the catch is taken from the south coast, some is

still taken from the west, and this proportion increases with increasing pressure (see WC catch, Figure

6.3 a). Crashate under this strategy also benefits and remains close to zero even at high levels of fishing
pressure. The interannual variability of the catch is the highest under this strategy however (figure 6.3
30 {dzNLINAAAYyTfe&s GKS e JACYIS\ it acedddiay] td Wiaddvisign(oNI G S 3
biomass west and south, performed the worst both in terms of total yield and sustainability, resulting in
relatively high crash rates at 30% TAC (151/1000). Predictably this strategy did not affect wist/ so
FNIYS NBAARSyOesz K24SOSNJ KAIK FNIYS Rdz2NF GA2Y RAR
appears more sustainable than the dynamic tracking approach, with fewer crashes under high fishing
pressure, it resulted in the lowest population léveand total catch due to low catch returns on the

south coast, and increased time spent in a south frame (Figure 6.3). Catch variability under dynamic
GNF O1Ay3 YR WYFHED 6Sa0Q aGNIGS3IASE 61F& &AAYALIl N

With regards to testing the use of low fish biomassaasndicator of food availability to top predators,
the system state indicator fell below the threshold of 1/3 of the longterm maximum increasingly with
AYONBI aAy3d FTAAKAYI LINB&aadz2NB dzyRSNJ Fff adNI@G@S3IASa
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strategies, the difference in number of bad years per run was greatest from low to medium pressure,

when compared with mediung K A 3K LINSdadzNBd ! yRSNI 6KS WYIED 5S40«
2T WOolFRQ &SI NBER LISN NYzy I $ueavhedh coRpadd Wit Rw. Heddhd dld Y S R A
FTNRY GKS NBadzZ 6a RAaAOdzaaSR 02@0Ss (KS ydzYoSNI 27
WYIEDP 6S4GQ aGNIFGS3e FyR t268aiG dzyRSNJ WYl Ed & 2 dzii F
time in theless productive south frame and more productive west frame respectively (discussed further

in section 6.4).

Sardine and Anchovy Populations

Sardine Juveniles (bn) == Sardine 1+ Biomass (k) — — Anchovy Biomass (k) |
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wy/s: [l Both W [l Sardine W Anchovy S [l Sardine S Anchovy W Both S
System:| | West [JllSouth [ Bad

CA3dzNB codmY 9EIFYLXS 2F | NHzy Ay 6KAOK WY
30%. The first bar below shows sardine ar a high frame (green or blue) for the majority of t
run, and the second bar shows sardine remaing in a west frame (green or red) for the entil
¢tKS GKANR akKz2ga OGKFIG GKS aedadsSy gla Ay W
west coast) for most of the run.
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Sardine and Anchovy Populations
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30%. The first bar below shows sardine in a low frame (yellow or red) for the majority of tr
and the seconaghows sardine shifting after 15 years from west (green) to south (blue or ye
for the remainder of the run. The third shows that the system was in both west and south n

over the run.
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Figures 6.3 a h: Slected outputs for sardine incénario 1 over different spatial fishing strategi
(dynamic tracking, maximum catch from the west coast, and maximum catch from the south «
Low, medium and high TACs were applied. For each strategy the first plot shows the propotl
the run spentin a west or south frame with the catch from each coast, and the second show
proportion in high or low frame with the sardine biomass and number of runs crashed. Th
figures show the interannual variability of the sardine catch, and the numideysars on which the
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Scenario 2

When the model was run with no fishing, sardine remained on the south coast 15 to 25 years after they

were allowed to shiff{note sardine were forced to the south coast for the first 15 yeqnsg. sardine

first moved to a west frame no earlier than 30 years and no later than 40 years into the run over 50 runs

2F wmnn @SFENBR SIFOK 6aSS ¢!l 6f Sppliedpaltiodgh thekednflest $hift: E & & S
remained at 30 years, but at 10% TAC the latest shift moved to 60 years into the run, and at 20 and 30 %
TACs in some runs sardine never shifted west (see example runs in Figure 6.4). When a dynamic fishing
strategy wasapplied there was no real difference between the timing of the earliest and latest shift and

GKS NXzyad LISNF2NXYSR ¢gAUGK y2 FAaAKAYy3a ONraa |ye f5S
20% and 30% fishing pressure were the only ones to chamgniing of the earliest shift, which moved

forward to 15 years. The latest shifts for those levels of fishing were also earlier, at approximately 32

years into the run.

Table 6.2: Timing of shifts to a west frame in a model where sardine
were forced inb a south frame the first 15 years of a 100 year run.

Earliest and latest occurrences of a shift were recorded over 50 runs.

west shift

Fishing | % TAC| earliest | latest
None 0 30 40
MaxWest 10 30 60
20 30 never

30 31 never

Dynamic 10 30 40
20 30 40

30 30 40

MaxSouth 10 30 40
20 15 32

30 15 32
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Sardine and Anchovy Populations
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Figure 6.4: Model runs in which sardine have been forced to a south frame for the first 15 yea
top panel shavs an example of a run in which zero fishing was applied, and the second anc
d&K26 NHzya Ay 6KAOK WYIFIE® a2dziKQ YR WYIEO®
In the first, sardine shift between south (second bar, yellow or blad)vaest (green or red), while i
the middle panel sardine shift west and remain there after 15 years. Sardine remain in a south
the entire run in the lower panel.
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Scenario 3

While model outputs were only slightly sensitive to alternate proportiods 060 A 2 Y &4a 2y (KS
coast under the dynamic tracking fishing strategy, as expected, multiple outputs were sensitive to
extremely sensitive under the max. west and max. south strategies, notably sardine catch, frame
duration , the indicator bad yearsif predators, and crash rate. Effects were particularly strong where

0KS W2GKSND O2Faid LRLzZFiAz2y sl a asSia G2 nx 4G n
SELISNASYOS WKAIKQ FAAKAYI LINB A& dzNBestiar® sdutif BshifgA & KA y =
strategies (where F is not proportional to biomass), making the coast frame unlikely to shift to this
W2iKSND O2FadGdod C2NJ SEI YL S dzyRSNJ YIE® 6Sai TFTAAKAY
be in a south frame, making K S ¢Said O02Faid G(KS W2GKSND O2Fadd ¢KS
G2 0SS TSNP A& (GKFG FAAKAY3 LINBaadaNB 2y (KS gSaid C
even more unlikely to shift back into a west frame than in the basatiodel, residence in a south

frame is increased, and thus so does catch on the south coast. Likewise, under max. south fishing with

B2 0A2YFaa 2y GKS W2iKSND O2Faidx GKS Y2RSftf &aLIlSyRa
increased (Figure 6.5This effect on catch is less pronounced under higher fishing pressures (20% and

30%) due to the baseline model already experiencing this effect (the other coast often evaluates as
SELINASYOAYT WKAIKQ LINBa&adNBI 4 KdgyOKS aaal  (R2SS ayXiiK S
population is very low). This increased time spent in a less productive south frame under max. west
FAAKAY3I G mr W20KSND O2Fad oA2Ylaa |faz2z NBadzZ GSE

pressures.

Athigherpro@ NI A2y & 2F o6A2Ylaa 2y (GKS W20KSNJ 02t &G 6o m:
to the population available to be caught rather than to a change in frame residence time. Under max.

west fishing for example, as discussed under scenario 1 the tyaghthe run is spent in a south frame,
YFE1TAy3 GKS gSad O2Frad Y2NB tA1Sfte G2 oS GKS w20l
dictates that the TAC is directed first at the west coast and the remainder taken from the south
regardlessofcurreln ¥ NI YS> gKSy (GKS gSad O2Faid Aa GKS W2(0KS
relatively high, west coast catches increase, and likewise under a max. south strategy south coast
catches increase (Figure 6.5). Crash rates were likewise sensifitd 8 K SNJ W2 i KSN O2 | &
dzy RSNJ YIE® $SaiGx 06SOFdzaS GKS ¢!/ A& OF t OdA SR

O\

coast population, thus a higher overall TAC is set but fishing is still targeted at the now proportionally

smaller thy¥y AT (GKS W20KSNDR O02Fad LRLI YIRS dzlJ 2yt & wmumEs
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coast. Under max. west fishing, juvenile sardine are also being caught, which is not the case on the south
coast (see Chapter Five section 5.2.2.3.), adding to thespre and resulting in a higher crash rate. This
effect is not evident under a max. south strategy because overall population levels are higher due to the

majority of the run being spent in the more productive west frame.
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Figure 66: Change in outputfrom baseline values for alternafexed proportions of biomass on th
W2 0 KSNIRy REB2NJ&&ILI GAlE FAAKAY3I A0Syl NA2a o6 WRe
WYFE® 6SaiGQ FyR WYIFE® &2dzi KQ ¥F2 Odzid 0S FIFy2RIII
10%. 20% and 30% of biomass.

Scenario 4

At low levels o fishing pressure, outputs across all fishing strategies were only slightly sensitive to
changes in switching rules (Figure 6.6). More effects are visible at 20% and 30% TA@sr boerall

only crash rate and years bad for predators are strongly affected. As in Test 2b, the moderate sensitivity
2F ON} &K NI}IGS dzyRSNI WYL E® $Sa0Q FTAAKAY3I 6AGK HE:

30% TAC, reflect relatively sthahanges in real rather than relative terngsin the first instance a
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OKFy3aS FTNRBY | o0lFaStAaAyS NradS 2F wkmnnn G2 nkmnnn A
oFasStAyS NIXdS 2F wmkmann (G2 nkMmannWy ArH UIEKSHIPCRBE ALY
the use of a relative measure as a sensitivity index produces an overstated result, when in reality the
outputs were not particularly sensitive. The system state indicator of bad years for predators was
however sensitive undai KS WFAAKAY3IQ NHzZ S a0SyI NA2 F2N WYlIE® &
Y2RSN} 6Steé& aSyardragdS dzyRSNJ G§KS alyYS aO0SylFNRAR2 o0WTA

Overall, as one would expect, the model under spatial fishing was most sensitive to thieirsyvitale

scenario where only fishing pressure influences shifts. Outputs were also somewhat sensitive to the

rules which resulted in increased probability of a shift (80/20), as visible in the deviation from zero for
GKAE G(GSad dzy RSNJ@WYd Edoi Ka Snali§hetplisykEre $ii lorly classified as

Waf AaKGte aSyardAagsSQe ¢KSasS OKFy3aSa Ay 2dzildzi NI
sardine in a high frame under these rules, as one would expect if a move away ffifarowrable

conditions is more likely.
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Figure 66: Change in outputs from baseline values for alternate west/ south frame shifting
(only fishing pressure influences shifts; only environmental signal (ESI) influences shifts; w
probability of a shift occurs, a shift is likely; and where a probability of a shift occurs, a sl
dzy t A1Sft @0 dzyRSNJ aLJ Al f FTAAKAY3d A0Syl NRZ2A
6S40GQ YR WYIFLE® &2dzi KQ F202dz& (1S WHB2ANIS OFiyk GBK ¢
20% and 30% of biomass.

Scenario 5

Under spatial fishing pressure the effects on outputs using alternate minimum years between shifts

were similar to those shown in the previous test using automanage fishingofsec2.4, test 2 and

Figure 6.7 here), with an increase in the number of years flagged as bad for predators, particularly at the
lowest TAC (10%). This output was not as sensitive at higher TAC levels, with the added effect of fishing
pressure at20% & o k> ¢!/ 2dzigSAIAKAYA GKIG 2F GKS AYyONBI
were already relatively higher in the baseline model under these TACs), At these levels of fishing
pressure however the number of crashed runs became extremely sensitive tmin. years between
AKATGOAS YR gsta (GKS 2yfeée 2dzilizi SFNAIFo6tS GKEFEG NB3I
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this was a response to the increasingly negative effects of being forced to remain in an unfavourable
frame at high fishing nressures. It should be noted that while the model crashes register as extremely
aSyardArAdS dzyRSNJ GKS WalEd &a2dziKQ adNy dS3e +ia om:
200%, the actual crash rate only varied between 1 and 3/1000.

Sardine B NBE Y2aid @dzZ ySNrofS (2 ONIAKAY3A dzy RSN 6 KS Wal
showing that this strategy results in increased time spent by sardine in the less productive south frame

(as shown in these results as well, with west frameation decreasing at higher TACs), where high

fishing pressure is more likely to lead to crashes. As in the previous test, outputs were on average not

more than slightly sensitive to changes in the min. years between shifts, with the exception of crash rate
YR GKS AYRAOFG2NI WolR &@SENBRQ F2NJ LINBRIG2NBR (G2 |
restriction on shifting (0 years), supporting the use of the baseline restriction of three years between

shifts as means of increasing realism withorgadly impacting outputs.
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Figure6.7: Change in outputs from baseline values for alternate minimum years between
dzy RSNJ aLJ GAFf FAaAKAY3 aO0SylFrNAR2a oWReyl YAO
WYFED &d2dz2iRY TKGdz® SETT2NIR &2dziK O2F ad NBA
biomass.
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Scenario 6

Assuming that the south coast is actually beneficial for anchovy rather than making them less productive
does not affect model outputs more than expected bey@mthovy biomass and catch (Table 6.3). The
only other output that changed more than 3% from the standard model outputs was crash rate,
although these are actually reflecting very minor changéssts that have no or very few crashes in the

standard modeteflect a high percentage change when the crash rate changes by only one or two points

(e.g. the 28.6% change under 20% dynamic fishing reflects a change from ¢/20@MO crashes, and

the 100% changes are from 1/1000 to 2/1000).

Table 6.3: Perceaage change in model outputs when the south frame is beneficial for anchovy r.
than decreasing their productivity as in the standard model (Scenario 5) when compared wi
standard model.

Biomass Sardine catch Anchovy catch Sardine frame duration Crash
Strategy | % TAC | Sardine | Anchovy] WC SC Via | Bycatch wcC High West rate
dynamic 10 -0.9 34.6 -1.3 -0.9 -1.8 -0.7 34.8 -1.9 -0.5 0.0
20 0.5 35.0 0.9 0.6 0.9 2.9 35.1 0.2 0.7 28.6
30 0.6 34.7 0.7 1.0 -0.1 1.0 34.9 2.5 0.2 -1.3
maxwest 10 -0.5 34.6 -0.4 -2.2 0.3 -0.1 34.9 -0.6 -0.5 0.0
20 0.4 34.4 0.2 1.0 0.3 -0.2 34.7 0.9 0.9 -100.0
30 -0.3 34.0 -0.5 0.3 -0.2 -1.7 34.7 0.6 -2.0 -12.1
maxsouth 10 0.5 34.7 -0.7 0.7 0.7 -0.1 34.8 1.1 0.7 0.0
20 0.1 34.4 1.2 0.0 0.8 -0.5 34.7 -0.4 -0.1 0.0
30 0.9 34.0 0.1 1.2 0.9 2.4 34.4 0.6 0.2 -100.0
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6.4. Discussion

The main factor behind the diffenees in outputs under different fishing strategies (Scenario 1) relates

to west or south frame switching and duration. Most of the changes can be traced back to the fact that
increased time in a west frame/ west coast mode increases productivity, whiteased time in a south

FNI YSk az2dzik O2lFaid Y2RS YSIya t26SN) LINPRdAzOGA DA (&«
more time spent by sardine in a west frame: fishing pressure on the south coast will more often than not

0S Of I aairTAyR lessdikelyer tha saineYdaeindn to shift south and more likely to shift
gSalid ¢KAA Ay (GdzNy NBadzZ §a Ay KAIKSNE ¢Sad 02l ad
increased high frame residency, a higher total catch and a lower chdrfedliog below the threshold

0St2¢ 6KAOK GKS agdatsSy Aa OflaaiaATASR a WolRQ F2N

| 2dzy G SNAYGdzA A @St e>x OFGiOKSa NS KAIKSad 2y (GKS az
the overall incrase in biomass induced when sardine are in a west frame where, as discussed above,
GKS& I NB Y2NB tA1Ste (G2 0SS dzyRSNJ (KS WYl E® &2dziK
frame is assumed to be the location of only tajority of biomass, ¥ R G KS W2 iKSNE O2I &
the south population when sardine are in a west frame, for exam@aenodelled simply as a proportion

of that explicitly modelled biomass (see Chapter Five section 2.2.1 for details). As a result, when the
modelledbiomd & A4 KAIKX &2 Aa GKIFIG 2F GKS W20KSNID O21I &
For example in this case because sardine are in a west frame and the modelled population is high, the
SAaGAYIFIGSR YR LINRLIZ2NIAZ2YI fon flod iviKcE ME soudth? oddstca@ativisK O 2 |
taken is also higher than normal. This results in a high south coast catch even though sardine are in a

west frame.

| 2y @SNERSt &8s 6KSYy || WYILE® 6Sa0Q &GNy GS3e AThis | LILIX A S
results in lower productivity. Consequently, biomass and catches from both coasts during those runs are
Ffa2 NBflIGA@GSte 265 YR (GKS aeadasSy Aa Y2NB tA(St

LYGSNI yydz £ OF GOK @I NR I GRIIAIKE WHE 40 R dSA FirRS Ni) KFSdzNy)
0KS W2GKSNDR O2Faid OFriOKSa Ay (K2aS Nz az ¢KAOK |
L2 Lddzt F GA2y 2y (GKFG W20KSND O2Fado

A % 4 A x

l y2UKSNI dzy SELISOGSR NBadzZ i Aa G Klighest érasiSratég Riedisdary A O G N
be explained by the fact that the TAC is set as a percentage of the total biomass, rather than just the

biomass modelled on the dominant coast. Because dynamic tracking splits the TAC according to biomass
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distribution, this meas that both coasts are always experiencing the specified fishing pressure.lIf this is
y2i adNAROGf& O2yaSNBIGAGSsE AG oAttt tSFR G2 AYyONBI
sardine to the south frame, but the fishing pressure remainscted at the west coast. This means the

LI NG 2F GKS LRLMzZ FdAzy 2y GKS W20KSNDR oAy (GKAa O
proportion of the TAC before any fishing pressure is placed on the sardine in the south frame, making

the likelihood of crashing lower.

The system state indicator included in the model is useful in that it allows an interpretation of the

implications of fishing strategies within the model for seabirds, which is based on quantitative results.
Although the mdicator is generalised, it does allow for a link between small pelagic fish and top

predators. It also adds some depth to the discussion of the implications of spatial fishing strategies
within the context of an EAF by providing a link between fishingpeer trophic level species and top

predators.

Within the model, heavy fishing focusing on the west coast (and resulting in increased residence of
sardine in the south frame) leads to more years in which forage fish are too low to sustain seabird
populations. Again this is due to the sardine productivity being lower in the south frHrttgs is the
case, it lends further weight to the question of whether spatialised fishing pressure has a role to play, in
the real world, in increasing the biomass ofdine on the west coast, where they are more accessible
to both the fishery infrastructure and seabird predators. This is particularly relevant for birds such as
penguins, which are restricted in their breeding habitat, and less able to adapt to changeyin

distribution.

As expected, and as suggested by the results of Scenario 1 testing, model results imply that the fishing
strategy applied has a significant impact on whether or not sardine ever move back into a west frame
from a south frame. In the absce of fishing pressure, the environmental signal drives a shift to the
west at some point, but given focused pressure on one coast or the other, the shift may be hastened or
prevented entirely. This has implications for distributions and productivitpagting both the fishery

and dependent predators.
¢KS aSyardArgariae 2F (GKS Y2RSt G2 OKFIy3ISa Ay GKS LJ
spatial fishing places further emphasis on the need to investigate spatial management of the small

pelagic fisheries. Decisions in this regard may strongly influence the shift or lack thereof of sardine from

a west to a south frame or vice versa. This sensitivity reflects what is suspected to have occurred in the
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early 2000s on the west coast, where fighremained directed at the west coast despite the majority of
biomass shifting to the soutfCoetzee et al. 2008aand which may have premted a complete shift

back to the west since.

Although the results under alternate switching rules tested (Figure 6.5) do not suggest changes be made
to the baseline model, they do highlight the need to better understand how the relative environmental
sutability of each coast affects whether or not a shift occurs, similar to results from tests in Chapter
Five. Given that the biggest determinant of outputs is the current frame, this fgctbift or no shiftg
ultimately determines the productivity of stock. If shifts away from unfavourable condition are more

or less likely either directly, due to probability settings in the model, or because of relative conditions on
each coast, this can mean the difference between a crash and a stable, productike Istveased

understanding of this interaction in the real world should be a priority.

Although whether or not the environment on the south coast is beneficial to anchovy definitely
warrants further investigation, for reasons previously discussed thesfefithe development of this
model has been on sardine. As a result the model is not particularly sensitive to changes in anchovy
productivity (see also Chapter Five section 5.4), and in its current iteration is not well suited to

answering questions in #t regard.

The bycatch of juvenile sardine in anchovy catches does influence the model sardine population. Sardine
bycatch is related to the proportion of anchovy catch. Therefore, sardine bycatch is not affected by
changes in anchovy population but otdy an increase in the proportion of anchovy caught. In further
development of this FBM, the anchovy population model should distinguish anchovy recruits from

adults, and also refine the anchovy fishery.

The design of the ESI within the model is also eulyequite simplistic, although it is functional. It
assumes that completely disparate conditions are favourable for sardine and anchovy (or, in testing,
that suitable conditions completely overlap), and that what is unfavourable for one is favouralbhes for
other. This excludes conditions that are unfavourable for both and the possibility of some overlap in the
range of suitable environmental states. This area also warrants further attention in view of the expected

climatechange.

While the current approeh of using coupled singkpecies stock assessment models to manage sardine
and anchovy fisheries in the southern Benguela is successful in terms otesimorprediction and the

output of specific and quantifiable assessments of risk, it is not welictitaddressing more loAgrm
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changes in conditions, or variability in productivity over ti(eey.,Fréon et al. 2005; Jarre et al. 2006)
Given that no approach at this time can be assumedate into account all relevant variables,
considering multiple modelling techniques when attempting to answer management problems is the
only way to achieve a more wethunded understanding of the issues at hand. The model described
here could in no waype used in the capacity of a stock assessment model for tactical management
recommendations, since it is not designed in this way. It can and does provide insight unavailable from
that approach in terms of the possible systéenel implications of variousanagement strategies. The
assumptions made when designing the switching rules for this model should however be kept at the
forefront when considering model outcomes, given that by determining frame (west or south) they
heavily influence results. Nonetlesds, a FBM does add to the overall understanding of in terms of
overall system stability related to strategic management choices. The system state indicator is a useful

addition to the toolkit of quantitative indicators.

The advantages of using a FBM a@mto are that the model structure is walliited to represent regime
shifts such as those observed in the system; the model assumes the same stock structure as used in the
current OMP¢ that of a single stocks whose main distribution shifts around the ¢east it is readily

modified further along with increased understanding of the processes in the real world.

lf 0K2dAK I C.a R2Sa NBJdZANSE GKS LINBPBLRNIAZ2Y 2F 0O0AZ2
model, this estimate can be based on obsenmdportions on each coast. Tests showed that the
O2NNBaLRYyRAY3I Y2RSt |addzYLliazya O6APSd LINBLRNIAZ2Y
not affect outputs greatly. Outputs were only affected notably when the model system was subjected to

spatial fishing pressure, as thought to be the case in reality.

Outputs of a FBM are by definition highly dependent on the rules used to drive shifts. While the current
rules are based on the best available information to date, our understanding oetatve importance
of fishing pressure and environmental signal remains fairly crude. When this understanding improves, it

will be straightforward to change the model in line with the improved understanding.

The spatial fishing scenarios tested here alfowuseful exploration of potential outcomes based on
various candidate strategies. Although a spatial model may produce similar results, the clearly defined
breaks that are inherent in a FBM as shifts occur are particularly useful in the context oé r&giis.

These breaks or shifts also make for clearer interpretation, allowing for the simplification of a complex

situation.
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On the other hand a spatial model would represent the hypothesisedstiook structure previously
discussed, with no need tesmate biomass on the other coast. The two stock hypothesis however has
so far not been supported by genetic dgtdampton 2014)Additionally an estimate would still need to

be made; this time of the degree of mixing between the two stocks, and based on what is currently very

limited knowledge.

Although a spatial model could certainly add to the toolkit that will enhance our evaluation of likely
consequences of fishing, thereeve no key sensitivities that came up in the FBM that would be resolved
within a spatial model. Roughly the same population models would be used as a basis for both
approaches, retaining sensitivities to parameters such as mortality and the thresholdsnuseplying
fishing pressure. As long as migration in the spatial model is not linked to an environmental signal, this
FBM provides a unique perspective which is in line with our understanding otdamg ecosystem

scale processes

Hence, the FBM is asaful approach, providing insights unavailable from current approaches. Model
results reported here suggest that the productivity of the sardine resource within the model is highly
dependent on the spatial characteristics of the fishing pressure it expee as is the ability of the
system to sustain top predators. Results suggest that future research should focus on understanding the
implications of the relative environmental conditions on each coast for the sardine stock, and how these
affect the probaility of a shift occurring. The role of anchovy within with model system has not yet

been fully developed, and further effort in this area may allow for more robust results.
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CHAPTER SEVEN
SYNTHESIS AND CONCLUSIONS

Systemlevel changes on a dadalscale have been shown to be a feature of upwelling systems around
the world, primarily in the form of decadatale fluctuations in abundance and the alternating
dominance of small pelagic fish speci{@hwartzlose et al. 1999; Cury & Shannon 20G#4en he
importance of these species within the trophic structure of the ecosystem, and the potential system
wide impact of anthropogenic and particularly environmental drivers of changestongchanges have

not been restrictedo sardine and anchovy. Heréhhive assumed the definition of a regime shift as a
sudden shift from one relatively stable ecosystem state to another, involving changes to the structure of

that ecosysten{de Young et al. 2004; Jarre et al. 2006)

In the southern Benguela, previoushemdified changes in physical variables (wind, SST and upwelling
indices) along with small pelagic fish abundance and demersal fish assemblages have suggested a
systemlevel shift occurred between the mid990sand early 2000gHoward et al. 207; Atkinson et al.
2011b; Blamey et al. 2012)Documented impacts on top predator species, such as sed@rdsiord

2007; Crawford et al. 2008a; Crawford 20f@)owing the increase in the proportion of small pelagic
fish biomass found east of Cape Agulhas since the late X98Ader Lingen et al. 2002; Coetzeekt
2008a) also support thepostulated changein the ecosystem These changes in predator species
highlight the importance of understanding the trophic linkages within a system and hence potential
implications of changeBy way of addressing these issuthe key questions laid out in Chapter One
sought to understand differences in structure and function between the west and south coasts, identify
any concurrent changes in the distributions of other key speogesyaluateSST as a potential driver of
change, and assess the suitability of a frapased modelling approach to changes in small pelagic

distribution. Pogress orthese pointss discussed below

There has been a concerted effort within South African fisheries research towards providind a sol
scientific background for the application of an EAF in the southern Ben@Qelzhrane et al. 2004;
Shannon et al. 2006)Given the inherent complexity of the topic however, there are still many
knowledge gaps to be filled inup understanding of ecosystem functioning and possible responses to
systemlevel change. The work in this thesis builds on suggestions ma8&dnnon et al(2006) and

further examined byShannon et al(2010) as to future steps toward EAF in South Afrisoth in terms
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of increasing understanding of spatial issues and species interactions and physical drivers and by

broadening the current modelling approaches applied to the southern Benguela.

This thesis aimed to increase understanding of potentigcosg/stemlevel impacts of distributional
changes in small pelagic fish during the 1990s. | addressed this using a combination-arlae

indicators and modelling tanswer thekey thesigjuestionsas follows:

1) Does the south coast function differently to the west coast, and if so, what are the
implications for a large -scale change in the location of the majority of the biomass
of small pelagic and other species affected?

Although they contribute to the same ecosystem, the west and south coasts of theesauBenguela
have quite different characteristics. This can lead to complications andsawgtifications when making

assumptions about the system as a whole, and about the potential outcomes of skestehthange.

When discussing biological variablasthe distribution of species in the southern Benguela, the break
between the west and south coasts is variably used as either Cape Point or Cape Agulhas in the
literature. Because the physical environment on the western Agulhas Bank is more similarviesh

coast than to the remainder of the Agulhas Bankgthregions were grouped together for the purposes

of furtheranalyse¥ | YR (KS Wa2dziK O2FaidQ RSTAYySBuhasas (KS
discussed in Chapter Twdhis approach is also line with current discussion regarding possible spatial

management approaches for the small pelagic fislfeayn der Lingen 2011; de Moor et al. 2014)

On compiling and reviewing available literature on the physical characteristics and biological
components of the souttrn Benguela with a focus on the variation between west and south coasts, it
was previously shown that although the west coast as a classicdtiveh upwelling system has higher
productivity, the south coast, with shelf system characteristics and divdsers of upwelling, is more
diverse and supports a higher yeaund biomass of consumers (sé&hapter Two and references
therein for this and the following statementand Table 2.1 for a summar\utrient availability is lower

but less variable on the south coast than on the west coast, thus the south coast system is lilely to b
more constrained than the west coast in terms of nutrients. A large number of resident species,
particularly fish, have migratory patterns that take them to both coasts over their lifecycle: the west

coast plays an important role as a nursery area fonynigsh species that may move south and east with
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age to spawn as adults on the south coast. As a result of these linkagdw/o regions cannot be

thought of as completely discrete, however the conditions on each coast are distinct enough that the
locat y 2F (GKS YIFI22NAGe 2F | & LIS Olikéydohave dnanifuenteaion 6 A ®S ©
its overallproductivity. Based on published literature concerning the two regions, the spatial distribution

of a stock is likely to affect the structuemd functioning of the ecosystem as a whole, with on average

slower growth rates, but higher productivity, on the west coast.

Compiling and assimilating our current understanding of the differences between the west and south
coast systems was an importastep in increasing our ability timterpret the implications of change,
spatial or otherwisewithin the southern Bengueld he findings from this chapter (Chapter Two) were
used in the interpretation of the results in Chapt€hree and informed the reaming behind the

construction of he framebased model (Chapters Figad Six

2) Have the distributions of any other prominent species changed over a similar
timeframe, and if so, what are the likely impacts?

This question was addressed in Chapter Théa®y differences in the degree to which various species
overlap as a result of changes in the small pelagic fish distribution or a concurrent reaction to its drivers
may have had implications for the trophic flows within the system by impacting prey lligildo
selective predators and the diet composition of opportunistic predators. The construction of distribution
maps of important species in the southern Benguela in this chapter allowed for the compairigairo
distributions over time. fie following indicators were calculated and compared before, during, and after
the change in small pelagic fish distribution in the late 1990s: proportion of biomass east of Cape
Agulhas; relative overlap in biomass and area; and index of diversity; and connedévigd from the

relative overlap of species.

Some species underwent similencreases in biomass found east of Cape Agulhas to that of sardine
although less pronouncedanchovy; redeye; chub mackerel; kingklip; choldcuid yellowtail (a
predatory peagic fish)and yellowfin tuna. In the case of anchovy the shift is primarily evident in the
spawner biomass, with recruits found on the west coast through all time periods examwials
redeye recruits showed a greater increase in proportion on the lsaaast over time than redeye

spawnersOther species, includingl. paradoxuschub mackerel and snoek, showed an increase on the
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south coast only in the intermediate period, i.e., the period which was considered representing the
OGN yardGA2y FHBY H2abS&@208K O2Fade SOz2aegadsSy adt
degree to which species overlap with one another over the periods examined, with the majority showing
an increasing average overlap with small pelagic fish species in the most recet T his is seemingly

due to a combination of incidental increased overlap with higher small pelagic biomass on the south
coast, e.g. in the case bf. capensisas well as increases in the proportion of the overlapping species on
the south coast, for xxample yellowtail, shown here, or changes in seabirds distributions in response to
small pelagic preyCrawford et al. 2008a)At least one species, namdl§. paradoxis, overlapped less

with sardine and anchovy over time. Both connectivity and diversity were lowest during the
intermediate period, and while starting highest on the west coast, were higher east of Cape Agulhas
during the last periodhan during theintermediate period. The low values in the intermediate period

can be interpreted as indicative of systemin transition, and both of these indicators highlight the
increasing importance of the south coast over time, notably in terms of trophic interactionswiidéi

system.

Evidence of the direct impacts of changing forage fish distributions on top predators such as seabirds is
already availabldCrawford et al. 2008a)The dfects on the less welhonitored species discussed in
ChapterThreehad not previously been shown, and also contribute to the overall thesis question of the
ecosystem implications of observed changes. The implied potential indirect effects of changallin sm
pelagicfish distribution on higher trophic level species shown here should also be kept in mind when

advising decisions regarding management and monitoring within the region.

3) How robust is the hypothesis that changes in anchovy distribution can be | inked
to changes in sea surface temperature (SST)?

Changes in anchovy spawner distribution in 1996 have been linked to a concurrent change-ghelioss

SST gradient on the central and eastern Agulhas Bank on the examination of decada(Ruoyaesal.

2007) When a more rigorous analysis of the dataset was applied in Chapter Four, addnizéns
examined extended and refinegdrevious findings were confirmedhat a shift in the crosshelf SST on

the CAB and EAB occurred in the h890s. Additional shifts in the late 199Bsthe crossshelf SST
gradient on the WAB where none had pmwsly been identifiedvere alsoevident as well asn the
offshore SST on the CAB. These findings lend weight to the hypothesis that environmental changes were

drivers of the change in anchovy distribution, and when combined with evidence for changghbrgu
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the system (e.g. seabird distributiq@rawford et al. 2008d; Crawford 2018hanges irother species
shown inChapter Thregand other previously identified shifts in physical varialflésward et al. 2007;
Blamey et al. 20123re linked to a systerevel shift. Recent investigation has shown that shifts are not
apparent in availablen situdata however(Schlegel 2014highlighting the need for further comparative
studies of any other available datasets, and improved monitoaing collecion of in situdata in the

future.

4) Can a frame-based modelling approach be useful in exploring our current
understanding of the processes involved?

Both a framebased approach and a spatial model could have been implemented in the context of
exploring changes in small pelagic fish distribution, as discussed inns&cti@. A framdased model
(FBM) in this context requires the assumption that the majority of the population, which is explicitly
modelled, is at any time on one particular coast, while some unknown proportion that must be
estimated remains on the othecoast. A spatial model on the other hand, modelling a separate
population on each coast, requires an assumption as to the degree of mixing between the two
populationsc a variable known to exist but of which there is currently no estimat&BM was chosen

as the approach to be pursuedvgn i) the advantages of a FBM in the context of a system undergoing
possible regime shifts, represented as switching between defined, stable, frames, and ii) the suitability
of a FBM in terms of a minimum realistapproad to objectivedriven modelling or a model of
intermediate complexityPlaganyi et al. 2014)discussed in Chapte@ne and Fiveas well as iii) the

connections between the west coast and the south coast in terms of early life history of many species

A framebased model of sardine arahchovyabundance and distribution was congtted, as described

in Chapter Fiveusing findings in previous chapters to inform model design and parameterisation. When
model sensitivity to inputs was tested and the model exercised under various climatedistuna
scenarios, results highlighted the importance of understanding environmental drivers and the relative
conditions on each coast. Productivity of sardine within the model, and hence the availability of this
species as prey to top predators such asalsrds, was also highly dependent on the spatial
characteristics of fishing pressure it experienced, regardless of whether the system was in a west coast
frame or south coast frame. Counter to expectations, a fishing strategy aiming to take maximum catch
on the south coast actually resulted in higher catches at higher pressure, unlike the converse strategy
(with catches taken largely on the west coast). This was a result of the rules governing frame switching,

in that high fishing pressure (along with emorimental conditions on south versus west coast) is a driver
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of shifts to the opposite coast. As a result, high pressure on the south coast make sardine in the model
more likely to be operating under a more productive west coast frame, increasing the $samd thus

the modelledlandings.

A FBM approacks useful in the contexbf a system undergoing regime shifiehe addition of a spatial

element implemented herewhich required major restructuring of the initial abundadoeused frame

based model prev 2 dzaf @ RS@OSf 2LISR T2NJ 0KS a2dziKSNYy . Sy3dzsSt
(Smith & Jarre 2011; Botha 2012Jlows for the exploration of current thinking regarding the possible

drivers of distributional changes and the potentrale of fishing, as well as the implications for top
predators.The FB®1 approachalso allowed for the development of the system state indicateed here

as a measure of thability of the system to support top predators in terms of prey availability,

somehing notcurrently implemented in the management of the South African small pelagic fishery

As discussed however, it is not the only means of addressing the problem. In using a FBM, an
assumption is made that the system functions sufficiently diffegenttA y d¢¢Sad O21 aid Y2RS
O21ad Y2RS¢ G2 4FNNIYyid &aSLINIGS FNIXYSas AdSdrI RA
population models. Given the degree of connectedness of both the biological systems (via migratory
lifecycles of componenspecies), and the physical systems (to a degree influenced by the same large

scale weather systems) of the two, describing them as two components of the same siaiteming

Hutchings et al.(2009) seems the most accurate. This does not reduce the value of the model
constructed here however. One tfie tenets of the approach taken here is the idea that the model

should address the objective using the minimum complexity required. This, along with the findings that

what has been observed within the southern Benguela is an ecosystem regime shift feostada to

another (Howard et al. 2007, Blamey et al. 2012, Chapter Three of this thesis), was the basis of the
decision to design the two separate frames wnitlthe model. If we have seen the real world system

switch from operating in one mode, where lmgical components are based largely on one coast under

its specific set of conditions, to the other, then the FBM approach is particularly suited to model the
situation, provided that the reality of an interconnected system of two parts is kept in mirgdaléo of

particular relevance given the difficulties encountered during the current investigations into the
feasibility of modelling the dynamics of the system based on spatial characteristicy@ohtor et al.

2013; Smith et al. 2013)Both these approachesre relevant forthe considerations of spatial

management of the small pelagic fishery currently under¢gieyMoor & al. 2013)
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Findingdrom all chaptershow that the distributional change of small pelagic fish cannot be considered
outside of the context of the ecosystem as a whole. Other species have responded to either the same
drivers as sardine and anchovy, torthe resultant change in prey availabil{$ee Chapter Two Table

2.1; Chapter Threk resulting in the south coast becoming more important than previously in terms of
trophic functioning interactions within the systenfFramebased nodel results highligied the

significance ofpplying spatialised fishing pressure to the regiginen thecapacityof this strategy to

influence the location of the njarity of small pelagic biomass. Thisturn was showrto potentially

impact prey availability to top predars such as seabirdi®m the model, using an indicator of prey
F@FAflroAfAlGe G2 (2L LINBRGilled ha findingsiire Ghap@nThraelahditf® Q A y
documented effects on seabird€rawford et al. 2008a; Sherley et al. 2Q1Bgre is reaso to believe

that this model worldeffect parallels observation made in the real world.

Limitations and future research

Reexamining changes in SST on the AgulhasBas a driver of distributional change in
small pelagic fish

The reanalysis of the SST dada the Agulhas Bank in Chapter Fouas performed using the dataset

assumed acceptable at the time, however a warm bias has since been identified in the PatB8ide

data used to derive the dataset uséDufois et al. 2012)Although this bias has since been improved

and the data could be mnalysed to confirm previous findings, the dataset remains at a fairly coarse
NEaz2tdziAzy 2F wmx E ™xand pdca8ghdei disBussidrd iddalfy thid analysi€k S NS 3
should be performed using data of a greater resolution, for examplePttbfinder SST (as opposed to

the Optimally Interpreted SST used here) at a resolution of 4km. Note that although MODIS data at an

even greater resolution of 1 km also exists, it is only available from 2000, hence is unsuitable here.
Although unfortunatey not possible within the timeframe of this project, it is recommended that

further analyses using these greater resolution data are conducted to increase our understanding of SST

as a driver of change in the southern Benguela.

The fame-basedmodelling approach

If the framebased nodel described here in Chapter Five andiSito be further developed, the focus
should be on refining both anchovy and the Environmental Suitability Index (ESI) within the model.
Although anchovy is included in the currentrsien, the population model used is simple and the
population dynamics are unaffected by fishing. If this approach is to be taken any further in its ability to

explore the movements of small pelagic fish in relation to environment and fishing pressure, the

179



anchovy modeusedneeds to be refined. Currently the frantmsed model can only be used to explore
FyOK2@e Y2@0SYSyld FtyR FodzyRFyOS 3IA@Sy € NBS LINRJA

model.

Similarly, although the use of a simplified indepnesenting environmental variability (ESI) in this and
previous versions of the model was justified (given that the approach focuses on developing the
simplest useful version first and adding detail as necessary), further development of the ESI and its
interpretation within the model would add value to model outputs. As discussed in Ch3pfexhile
different environmental conditions do favour sardine and anchovy, in reality there is some overlap
between both favourable and unfavourable conditions foe ttwo species, and a more nuanced

approach taking this into account could be a sensible next step.

Another aspect of ESI worth considering for future models is the inclusion of a correlation between west
and south coast conditionsRouault et al. (2010) demonstrated positive, significant correlations
between monthly SST anomalies for the west and south coasts, due at least in part to the large scale of
the weather systems affecting the southern Benguela influencing both regions. Explueirdféct of

the inclusion of a relationship between the ESI on the two coasts would be an interesting addition to the
model, although would require some restructuring of the ESI and how it is interpreted given that in the
OdzZNNBy i Y2 RSt wddéSts do{ndt @@resehi Sdméckaiactdiistis. On the west coast,

for exampleafavourable ESI for sardine is assumed to represent weak upwelling, which would lead to
a smallersized zooplankton community preferentially consumed by sardine, whig upwelling

leads to a food environment more favourable for anch@vgn der Lingen et al. 2006¢)hus opposite

ESI conditions favour each species in the model. Orsdlh coast however we are assuming a more
nutrient-limited environment, and thus that any upwelling or increase in nutrients is beneficial to both
AL50A54 0KSyOS y20 RA&ZGAY3IdAAKAY3 054658y Wwssdl|Q
therefore represents slightly different conditions to that for the west coast. This could be addressed by
increasing the complexity of the ESI as previously suggested, as would be necessary if the effect of a

relationship between the environmesbn the two coast within the model is to be explored.

Although the correlation in physical conditions describedRnyuault et al.(2010) can be linked to
weather systems crossing both regions, perhaps a more important relationship between the west and
south coasts in terms of ecosystem function and biological systems is the link between the Agulhas Bank
spawning grounds and feeding grounds on the west coast. The recruitment success of sardine and

anchovy is dependent on the retention and transport of egys karvae from spawning grounds on the
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Agulhas Bank to feeding grounds on the western Agulhas Bank and westasodetailed in Chapter

Two). This may also be important for understanding the implications of west-coastuth coastbased
sardine and anchovy populations. Here the south coast was assumed to have a negative effect on
productivity of both stocks, based on the more limited nutrient availability and higher biomass of
predators established in Chapt&wo. It appeas however that while sardine populations have declined
since their increased easterly abundance, anchovy may not have felt the same negative effects and
biomass has remained relatively high, at least up until 2Ckktzee et al. 2008b; Shabangu et al. 2012)
This difference may re#fiufrom the timing of peak spawning for each species (sardine spawning peaks in
early spring and autumn, on either side of anchovy peak spawning in sufvarerder Lingen et al.
2001) with anchovy possibly benefiting from better timing in terms of transport current stren@ikien

what we know about the factors affectingecruitment success of small pelagic fisind the potential
influence of the environment on thaecessanprocesses of enrichment, concentration and retention
(Bakun 1996; Hutchings et al. 1998; Miller & Field 2002; Huggett et al. 2003; Miller et al.206&)ter
understanding of how distribution and the timingf spawning affect these factors would allow for

better interpretation of environmental signals, whether in a model world (e.g. ESI) or the real world.

The possible changes to the model structure described above may be worth pursuing in the interests of
exploring the situation further, but one of the ideals behind, and advantages of, the approach taken
here is that complexity should be added only where necessary to address the objective. When
considering in retrospect whether any of the current compleigtperhaps extraneous, given the lack of
sensitivity of the model to quite substantial changes to model parameters, one could be tempted to
point to anchovy as an inconsequential component. Although this may be appealing, because the issue
to be addresseds the implications for the ecosystem, anchovy remain integral. In addition to bycatch
issues, it would be difficult to interpret either the potential botteap or top-down implications of
changes in sardine distribution without some idea of anchovy abood or distribution, due to their
shared role as prey and predator with respect to early life history stages. Likewise, other model
components were all included to address a particular function or problem, and seem indispensable at

this point, barring awbstantial reworking of rules governing frame switching.
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Conclusions

This thesis has shown that changes in small pelagic fish distribution do affect other species in the system
by way of changes in prey availability, and in some cases have resultéstrinutional changes for
other more selective predator species (fighg. Chapter Three, and birdshabges at the system level

are represented by spatial, systesnale indicators presented in Chapter Three. Changes in these species
may also be a resutif response to the same physical drivers, given the concurrent shifts in physical
variables that have been identifigtHoward et al. 2007; Blamey et al. 20Thapter Foyr particularly in

the case of low trophic level species. Resdhown here support the hypothesis that the location of
pelagic fish within the system influences the productivity of the specific stock, given the physically and
biologically distinct nature of the sedystems off the west and south coasts, and shouldaien into
account when management options are being considered. Results from the-fragsel model suggest
implications for future distributional changes in small pelagic fish under spatial management of the
pelagic fisheryResults support the hypothes{Coetzee et al. 2008dhat maintaining relatively high
levels of fishing pressure on the remaining west coast populatiap make a shitback from the system

in south coast mode to a system in west coast mode less likelgitionally, although it may appear
more feasible (at least from a biological viewpoint, since economic considerations are not included in
this thesis) to heavily fish less productive south coast stock that is not contributing significantly to
overall production, the importance of that biomass in terms of prey for the high biomass dditprs in

that region (Chapter Twoshould be kept strongly in mind. Investigatomto possible spatial
management options for the small pelagic fishang currently underway based on the hypothesis of
multiple stocksof sardine in the southern Benguel@san der Lingen 2011; van der Lingen & van der
Westhuizen 2013)Even under the currensinglestock, non-spatial management approachpwever,
insighsinto the respective functioning ohe west and south coast systemsof the system as a whole
GKAES Ay agSaid 02| adebf paritilan alRediie esul® presknietl hehe Rdkl o>
the base of knowledge from which defensible and strateganagementdecisions can be made, and

add insight to the interpreta@on of results produced by the models currently used in the management of
the small pelagic fishery in South Africa. Irrespective of whether or not the modelling approach
presented here is further pursuedhe results of this thesis should be consideredridg the

development of a revised management plan for the small pelagic fishery.
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APPENDIX: All overlaps by species and coast
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Figure Al: Overlap in area (ROA) and biomass (ROB) between sardine, anchovy and redeye and all other
species, east and wesf Cape Agulhas.
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Figure A2: Overlap in area (ROA) and biomass (ROB) betWvexapensisM. paradoxusand horse
mackerel, and all other species, east and west of Cape Agulhas.
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Figure A3: Overlap in area (ROA) and biomass (ROB) between abkirah, kingklip and chokka squid,
and all other species, east and west of Cape Agulhas.
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