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Abstract 

The northern Benguela, under the influence of the opposing forces of the poleward Angola 

Current and the eastern boundary Benguela upwelling regime is a highly variable 

environment. The impact of climate change, especially in warming water temperatures and 

the shifting position of the Angola Benguela Frontal Zone (ABFZ), may be compounding this 

variability. Biological responses such as shifts in temperate species away from the warming 

mid latitudes, towards the cooler poles are becoming evident. This study aimed to quantify 

the effects of these changes (in ternlS of temperature, dissolved oxygen and salinity) on the 

spatial distribution of an important inshore commercial, artisanal and recreational fishery 

species in the northern Benguela, Argyroso11lus COrOllllS (west coast dusky kob). The ability 

of MODIS Terra and Aqua sea surface temperature data to represent nearshore temperature 

variability with limited satellite estimation error (Terra: +0.76 ± 1.06°C; Aqua: +0.85 ± 

0.85°C) overcame the paucity of in situ temperature data. World Ocean Atlas (WOA) data as 

well as Regional Ocean Model System (ROMS) BIOgeochemical model of the Benguela 

Upwelling System (BIOBUS) outputs were used to represent salinity, dissolved oxygen and 

temperature data at depth. The optimum ranges (accounting for >95% of CPUE values above 

0.0 I fish per angler-hour) of the selected environmental variables for west coast dusky kob 

were estimated in ternlS of temperature (16-22°C), salinity (35.4-35.6) and dissolved oxygen 

(190-206mmol.m-3
). Surface Temperature (measured relatively easily throughout the region, 

at a high spatial resolution (2x2km) and a known accuracy) was identified as the best suited 

environmental variable to determine spatial variability of A. corOIll/s. A warming trend of 

over 0.8°C.decade-1 faster than the global mean (0.07°C.decade-1
), as well as a southerly shift 

(~0.9° latitude) in the 22°C isotherm were identified in the region over the last decade (2000-

2010). The high rates of walming particularly in the inshore «200m depth) regions between 

15.5-17°S and 18.5-20oS indicated areas of potential warming hotspots. As a similar warming 

trend exists in the Pathfinder reanalysis data (25 year period) this warming may exist outside 

of the known dec ada I variability of the region. If these warming rates continue A. corollus is 

expected to undergo a southerly shift in its spatial distribution. A more accurate 

understanding of the nature of this distributional shift will only be possible if inshore and 

nearshore monitoring programmes of temperature, salinity and dissolved oxygen throughout 

the water column and within the identified warnling hotspots are established as a matter of 

urgency. 

8 



Univ
ers

ity
 of

 C
ap

e T
ow

n

- - ------

Chapter 1 

Introduction 
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1.1. Climate change impacts 

According to the fourth IPCC assessment report, the fact that climate change is occurring at 

an unprecedented rate is unequivocal (IPCC 2007). While regional differences are evident, on 

average the earth's land, air and sea temperatures appear to be wanning (IPCC 2007). The 

effects of this temperature rise on global biota are varied; however one of the most noted 

biological responses is a shift in distributional range. A global trend, which has become 

increasingly evident, is a shift in temperate species away from the rapidly wanning mid 

latitudes and towards the cooler poles (Pam1esan and Yohe 2003, Pannesan 2006, Portner 

and Knust 2007, Loarie et al. 2009, Burrows et al. 2011). This is especially true in marine 

environments where the effects of warming are compounded by the negative relationship 

between dissolved oxygen solubility and temperature. Fish, for example, experience a 

mismatch between a higher oxygen demand, resulting from increased rates of physiological 

processes in wanning waters, and the amount of oxygen available for respiration (Wootton 

1990, Portner and Knust 2007). This highlights the limiting effects of temperature on the 

aerobic scope of marine organisms (Portner and Knust 2007). 

In order to ensure sustainable exploitation of marine resources in the face of global change, 

the scale of species specific distributional shifts will need to be detennined and management 

plans will have to take these shifts into account (Link et al. 2010). Predicting an organism's 

response to environmental change requires an understanding of the nature and variability of 

its surroundings. Recent walming trends in the northem Benguela provide an oppOliunity for 

an investigation into the response of marine organisms to this change. This study explores the 

effects of this localised wanning on the spatial distribution of A rgyrosol1l us corOl1Us. In order 

to undertake such an investigation, a sound understanding of the physical and biological 

aspects of the north em Benguela is necessary. 

10 
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1.2. Oceanography: 

1.2.1. The modern Benguela Current System 
The Benguela Current system is highly productive, with the majority of the surface currents 

flowing northwards along the southern African west coast (Shillington et al. 2006). Along 

with other major eastern boundary current systems of the world (Humboldt, Canary and 

California) the Benguela upwelling regime is characterised by the upwelling of cold, nutrient 

rich, subthernlOcline waters to the coastal surface layer. This upwelling is thought to be the 

primary driver of production in the region (Hardman-Mountford 2003, Shannon 2006). The 

Benguela Current Large Marine Ecosystem (BCLME) has evolved over millennia into its 

modem form, a dynamic system which experiences seasonal and inter-annual variability in 

intensity and location of oceanographic features and processes (Hardman-Mountford 2003). 

The BCLME is set apart from other eastern boundary systems as it is bounded on both its 

northern and southern extremities by warn1 currents, the Angola Current in the north and the 

Agulhas Current in the south (Figure 1.1) (Shannon and Nelson 1996, Shannon 2006, 

Shillington et at. 2006). The poleward flowing Angola Current and the eastern boundary 

Benguela Current converge in the northern sector of the BClME, at the Angola-Benguela 

Frontal Zone (ABFZ) (Figure 1.1). The convergence of these wann and cold water masses 

create areas of strong thennal gradients know as frontal regions. The geographic positions 

and intensities of these frontal regions are detennined by the relative ClllTent strengths, thus 

controlling the influence of warm water intrusions into the cool current regime and vice versa 

(Veitch et at. 2006, Monteiro et at. 2008). 
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Figur~ 1.2 The cO"<lal, wind-driven lIpweJlin~ rells lIf Ihe Bfllgllela S~·<tem. The LuderitL cell 
,el'ar"lr, Ihe norlhern "lid ""ulhff!! regioll' of (he Benguda upwcJlin~ re~ime, " nd j, onr uf Ih~ 
"orld ', larg~.t "ind driwn relh. (Adallt ed from Dunromhe Ibe n al. 1992) 

The Benguela currelll ~yslem ~an be vIewed as two separate brJJlches (Veilch ('10/ 2( 10), an 

approach whi~h ha, ken adopted I',r this sllldy. 

L2.Ll. In_hore Branch: B{'nguda upwelling regime 

The illShor~ hranch of the Benguela system is regarded as the wastal upwelling regime 

extendillg from 16°S to Ihe ,outh~m lip of Africa, and incorl'Oratillg anum her of wiml-dn ven 

upwellillg cell~ (Shannon InS, Veitch <'I ul. 2010, Figure 1.2). The olT>hore boundary ufthe 

upwellmg regime is defined hy the edge of upwelhng tront, and lil~lncnts which exlend 

seaward with zollal oneli tati (lll , uownslream of lr.., upwelling cdls (Shannon and Nelson 

1996, Veitch ,'I u/. 2(10). The offshore from is welJ defined in the ,outhem sector of the 

LOa,tal upwelling regime along the ,helf edge. however in the nor1h~m ,~ctor toc ul'welling 

front is more dltfuse (Simmon and \lelson 1996). The course of the easlem boundJry flllW 
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associated with the coastal upwelling regime is known to be topographically steered (Veitch 

et al. 2010), while the Ekman pumping is driven by meridional wind stress (Colberg and 

Reason 2006). 

In response to the equatorward surface flow of the coastal upwelling regime in the Benguela 

system, a poleward under current (PUC) exists following the shelf edge (Veitch et at. 2010). 

The sub surface current is the result of the balance between the Sverdrup relation and the 

windstress curl (Shannon 1985, Veitch et al. 2010), and supplies phosphate and silicate to the 

upwelling areas from the Angola current region (Berger and We fer 2002). Monteiro (1996) 

argued that the undercurrent does not flow continuously between the northern, central and 

southern sectors of the Benguela Upwelling System, but rather that that it is diverted off the 

shelf at sites of vigorous upwelling cells which forn1 barriers between the different sectors. 

Three sites of vigorous upwelling are Cape Frio (I 80 S), Luderitz (27°S) and 

Olifants/Columbine (~32°S) (Figure 1.2), all of which experience strong and constant 

equatorward wind stress along a narrow shelf. The majority of the undercurrent is composed 

of South Atlantic Central Water, which is present as part of the undercurrent throughout the 

Benguela Upwelling system. However each sector of the system has its own unique source of 

SACW (Monteiro 1996). Monteiro (1996) labelled the three sector dividers "gates" where 

cold, fresh SACW flows onto the shelf. This SACW is then entrained into the PUC and 

upwells at the relative upwelling centres of that particular sector. In tum the upwelled water 

is modified and becomes part of the north westerly Benguela surface flow. The cross shelf 

sheer at each gate site between the divel1ed SACW and the fresh, new SACW flowing onto 

the shelf results in an environmental barrier forming between the sectors. However, Monteiro 

(1996) noted that the environmental barriers associated with the gate sites can break down 

during periods of weakened upwelling, possibly caused by El Nino southern oscillation 

(ENSO) related events or seasonal variability. The breakdown of such barriers would allow 

continuous poleward transport between the sectors along the shelf edge, and possibly 

facilitate intrusions of low oxygen water (LOW) into the central and southern Benguela. 

14 
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- - , 
Figure I.J The O<'ranogr~ I) ltk d;malr of 'oullten' Afr;"a. The "'estern boundary, Agulhas 
Current t1o,,~ along the ca,t coast of .outh rrn Africa, whilr thr rooL ca.\l'rn boundar)'. 
8cuguda Cu rnnt 11",,', a long Ihl' ,,"l' , 1 "uasl. forming Ihe "~st"nI limb uf t he ounth AII~nlk ,ub 
(ropk~ 1 gyre, The coa.l~ 1 nn~ uf Ih. Benguela IlfJwdling regime a re indicated b~' th e 'hdcd 
area. aloug tile We'l coast. (from I.Uljchanm e/ ul. 20(11). 

1.2.1.2. Offshore Bra nch: Bellgur la C urren! p roper 
The second branch of the Benguela system is the offshore meandering flow in \\lhich Agulhas 

rings have hecn shown to imcract, known as the Bcnguda Current (Monteiro ('I ,,/. 200g, 

V'citch ('/ al. lOlU). ThiS cqllatorv.:ard t10w forms the eastern ooundalY of the South Atlantic 

Sub Tropical Gyrc, veering west in an offshore direction at 20-26"S (Bcrger and Wefcr 2U02, 

Veitch ('( ai, 2010, Figures l.l, 1.3), 

It is ncccssalY to define the oceanographic rcgions and spatial scales that will be rcferred 10 

throughout this study_ The IIlshore area is considered as the legion cxtending scaward from 

the high tide mark to the ~dge {)f the contmental ~helf (200m Isobath) , this area IS also 

describcd as coastal waters 01' the coa,tal ocean (Mollcs 20(5). The ncarshorc is considered 

to be the 70ne extending from the high tide mark in an offshore direction beyond the 

~lIrf70ne. and lIwludes walers under the mfluence {)f near~hore or l{)ng:;hore CUlTents (M angor 

2011 L Figure ].4). The 0 ffsh{)re region is synonymous ({) the' oceanic zone. (h~ ar,'a of open 
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ocean, which exists beyond tbe contlnenta l shelf (Snuth and Heemstra 2003, :>'1olles 2005. 

Figure 1.4). 

c"" .... , R ... .,. • 

Figure 1.4 The different 1On .. and hou ndarie. of the coa,tal ocean. (Adapted from Ron and 
Z.ch. ri~ . 2011 ). 

The cells of the R~nguela upwelling regime are di",ded "'to the southem (CaP<' renin,uk 

Clpe Columbine and Kamaql1a upwelll11g: cells) and northcm sectors (Central :-<amibiun. 

Northern Namibian and Cape Fno ~eJb) ; with the Lllderi!7 ~e ll ' eparming: the northern and 

~outhern regIme, (/l.lonteim 1996. Lutjehanns ct ai. 200 1, Veitch et al. 2006, Veitch ct al. 

2(10). The northern ami central ~ecto!"l;. subjected to con8tant sOlltherly windstress, 

experience perennial upwelling: (with a ,light maximum in the northem sector in austral 

wll1ter) while upwelling event, in the southern sector are governed by the seasollalmigmtion 

of the South Atlantic Anticyclone (SAA, high pre"ure celli and predominantly occur in the 

austral summer. when the atmospheric pre~sure system attains its southemmo,t position 

(Lu1 lehamls ("/ ai. 2001. Veitch d al. 20(6). The narrow shelf at Luderitz and the constant 

,olltherly wind,tre" make, thi, the strongest and po>sibly the most vigorous wind driven 

upwelling cell globally (Shannon 1985. Iiardman-/I,fountford et al. 2003. Shannon 2006, 

Veitch eTa!. 2010, Figllre 1.5). 
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Seu L~"el ?,-c "ur~ (millib",-w) ~e. ;"'v.l l'r e s"ure (mill:', ,,-,.,,) 

Figon-~ 1.5 .\ l ean sea I~HI pre"urr (millibars) lIi>lI-ib"lion in l!if lJ~ng,,~la ;ysl~m a, aHrag~d 
for a) m"mwr (.Ia"uary) and h) winter (July) cO lldition,. Ima~e~ are cOl"TrUC(ed from (be 
i'o.tional C~ntro fOl' Ellvironmental Prcdiclioll (NCLP) reanaly. i. dat~. vi~ Ihe "'Iational Vi'1u~1 
Occan Uata Sy,tcm (."VOUS) ('<VOUS 20 II). 

The no,1hwJrd Iran~port oflhe BcngueiJ Curren I over Ihe WJiVl~ ridgc hJS been desCrIbed by 

Garzoli and Gordon (1996) to be approximJtciy 13Sv (! Sv=h:106m-'.s- ' ). The amhor~ 

desnibe The waler mJ'S composi llon of The offshore limb of Ihe currem J~ comprising of 

rollghly 50% Soolh AtlJntic Cen1ral WJler (SAC\V), 25'\-', Soulhern Indian Ocean Cenlral 

WJler (Slew) and 25"lo Tropical CenlrJI waler Ii-om bOlh the Agulha~ and (ropical Atlanlic 

(\Vedepohl e/ a!. 2000, Shannon 1985)_ SACW upwell, fi-om approxlmalely 200m helow lhe 

~urfal'e wllh J ~almily of 34,7-3565 and lemperJltITe~ belween II. and 16"C (Shannon and 

Nel~on 19% Mohrholz e/ a!. 2001. DlIncombe RJe 20(5)- Angola currenl wa1er (24°C and 

~aiinijy of 36.4) i~ pre~enl in Ihe upper mixed layer of lhe waler column in Ihe norlhcrn 

Bengucla. and extcnds southwards to 14-17"S during scasonal migrations of the Ango[a

Hengucb FrontJI Zone (Mceuwls and LuljehalmS 1990, I.JSS ct al. 2000, Vellch ("/ a!. 2(10). 

Agulhas nngs lransport heat Jnd sail in10 the reJlm of the cold Benguela al the soulhern 

boundary where pockct~ of watcr of a ~alinity of 34.45, temperatures between 24 and 2);"(' 

and relatively low oxygcn, travel cqualOrv,ards (Shannon alld l"clSOIl 19%, Hardmall-
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Mountford ef al. 2003). Water masses form distinct boundaries on the shelf slope and are 

relatively easily identified however, as they become entrained into the inshore upwelling 

regime they are less distinguishable due to the mixing and upwelling processes (Monteiro et 

at. 2008). Seasonal hypoxia, which can have dire effects on the local taxa, is known to occur 

in the northem Benguela especially, and is related to the mixing of oxygen depleted water 

onto the continental shelf (Monteiro et at. 2008). 

1.2.2. Angola-Benguela Frontal Zone (ABFZ) Seasonality 
The Benguela system as a whole undergoes extensive seasonal variability in transport 

velocity, upwelling intensity and productivity (Hardman-Mountford ef at. 2003). Seasonal 

variability in strength and position of the system boundaries is evident (Hardman-Mountford 

2003, Veitch ef at. 2006). This is especially true at the ABFZ, where the position and 

intensity (thermal gradient) of the front are determined by the relative strengths of the 

equatorward flow associated with the upwelling regime, and the poleward flow of the Angola 

current (Colberg and Reason 2006). These opposing forces determine the advance or retreat 

of associated warm (~24°C), saline (~36.4) Angola current water in the northem Benguela 

(Meeuwis and Lutjeharms 1990, Colberg and reason 2006). This seasonal displacement, 

between 14 and 16°S affects fisheries and rainfall in the region (Meeuwis and Lutjeharms 

1990). Variability in the equatorward flow of the upwelling regime is govemed by seasonal 

fluctuations in upwelling intensity driven by southerly wind stress, while the intensity of the 

Angola current is driven by the strength of negative wind stress curl maxima at the coast and 

the resulting geostrophic flow from the north-west (Colberg and Reason 2006). The offshore 

Benguela current is too subject to seasonal variability, flowing faster in the winter and spring 

(Garzoli and Gordon 1996). During the summer the Angola-Benguela front reaches its 

southemmost position where it extends approximately 300km offshore in a zonal direction 

and exhibits a well defined thennal gradient. The front is most intense in the surface layers 

(50m) and decreases in definition with depth, until 200m where it is no longer distinguishable 

(Shannon ef al. 1987, Hardman-Mountford 2003). Over winter the contrary is true and the 

front is less intense reaching its northem most position, where its zonal offshore extent is 

approximately 200km (Meeuwis and Lutjeharms 1990, Colberg and Reason 2006). The 

location of this front, however, is not only defined by seasonal variability as it has been 

known to be located further to the north and south of its expected seasonal position. This 

variability may be linked to extreme events in the coupled ocean-atmosphere system. 
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Fi~urc 1.6 ,\Iean surface trmflcratlln condition, on (he we,1 co,"" or Namibi" (Icft) compand 
(0 I ho>~ during Ih~ 1984 Re"gud~ l\"iilo ~"cn( (rigb1j ( 11II ~ge adapted from L .. (jehanll~ <'I ",. 
2001) . 

1.2.3. Benguela l\ifios 
Th,' typical seasonal cycle ofth,' A13FZ can be' amplified, this occurs roughly OIl a dccadal 

scale and Joost notably during the soutocrly displacement of the front. when the Angola 

current is ~lrengthellcd and the upwelling cells of the northern sector are weakened 

(Mohrholz <'1 u!. 2001. Hardman-Mountford 20(3). These amplifications arc thought to be' as 

a rcsult of coupled oc,'an-atmosphcre td,'conm'ctions with U Niiio-Southcrn Oscillation 

(ENSO) pcrrurbations (Colbcl'~ and Reason 2006j. During such ,'\'Cnts, extreme' intrusions of 

Angola cuuent water enter into the northern Benguela re,ultmg in a deepeuiug of the 

thennodine and uncharactelistic walming along the Namibian coast a, the frontal zone 

moves as far a 25°S (Mohrholz I!I al. 200 1, Figure 1_0)' Although the short knTI intra-annual 

mobility of th~ li-ont is a rcsult of m~ridional movcmems and St"asonal weakening of thc 

SOUlh Atlantic Anticyclone (SAA) tradc wind belt (Colberg and Reason 20(6). the cxact 

mechanjsm~ behind the inter-annual wanning events are not fully understood (Florenchie e l 

al. 20()4_ Rouaull e/ ,,/. 2()07 J. These larg .. seal" wanning events h~ve b"en termed 13enguda 
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Niiios due to their likeness to their pacific counterparts (Shannon ct at. 1986) which have a 

similar variability pattern, although the Pacific El Niiios are stronger and more frequent 

(Florenchie et aI., 2003). Benguela Niiios are seen as a chain of ocean-atmosphere coupled 

events occurring across the Atlantic basin which result in anomalously warm sea surface 

temperatures (SST) occurring along the coasts of southern Angola and Namibia (Florenchie 

et al. 2003). These wann events occur roughly two months after a sudden relaxation of zonal 

wind stress in the western equatorial Atlantic which, in some cases, has been linked to 

forcing through the El Niiio Southern Oscillation (Florenchie et at. 2004, Figure 1.6). An 

equatorially trapped Kelvin wave is excited by the relaxation of the westerlies, and moves 

along the oceanic thern1Ocline, also propagating in an easterly direction (Florenchie et at. 

2004, Rouault et at. 2007). On hitting the west coast of Africa, the Kelvin wave becomes 

coastally trapped and spreads southwards (and northwards) along the coast. The extreme 

warn1 events, such as those of 1984 and 1995, took place during the late summer (February

March), early autumn (Florenchie et at. 2003), when the Inter-tropical convergence zone 

(lTCZ) over south western Africa is at its southernmost position, approx. 50S (Reason et al. 

2006), and the ABFZ is at its widest (Veitch et al. 2006). It is under these conditions that the 

seasonal intrusion of warm Angola current water into the northern Benguela region takes 

place, (Peterson and Stramma 1991) however, when combined with the influence of the 

coastally trapped wave and its anomalously warn1 water, the intrusion can be amplified. 

Although the southerly extent of such wanning events is relatively easily identified through 

satellite SST imagery, when reviewing Sea surface Height (SSH) measurements over these 

periods it was found that pockets of anomalously warm water may have travelled along the 

subsurface thermocline and reached as far as 27°S where they were upwelled at the Luderitz 

upwelling cell, much further than the 200S estimated using SST (Hardman-Mountford et al. 

2003). 

In contrast, during occasions when the equatorial trade winds strengthen, upwelling cells are 

intensified, similar to the Pacific La Niiia. These events have been tenned Benguela Niiias. 

Such events result in cool SST anomalies spreading equatorwards along the northern 

Namibian and Angolan coasts (Florenchie et al. 2003). During anomalously warm events the 

Kelvin wave arriving at the west African coast is in a downwelling form which suppresses 

the thermocline and enables warm sea surface temperature anomaly to spread along the 

coastline and intrude further south than the ABFZ (Hardman-Mountford et al. 2003). The 

opposite is the case during cold events where the Kelvin wave arrives at the coast as an 
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upwelling wave and acts to enhance upwelling. This results in a strengthening of upwelling at 

the ABFZ and along the Angolan coast. 

During anomalous events there is a change in environmental conditions throughout the water 

column and the ecosystem responds in different ways. In the case of the wanl1 events of 1984 

and 1995 the economically important sardine populations found within the Namibian fishing 

grounds, followed their preferred oceanographic regime and food source, shifting south 

(Gamme1sf0d et al. 1998" Binet et al. 2001, F10renchie ef at. 2003, Shannon et al. 2008).The 

Namibian sardine fishery subsequently failed with catches falling from 1.3 million tons in the 

1960s to less than 100 000 tons in the 1980s and 1990s, while the South African pelagic 

fishery of anchovy (l980s) and later sardine (l990s-2000s) prospered (van der Lingen et al. 

2006a, Hutchings ef al.2009, Figure 1.7). It is important to note that these stocks had been 

heavily over exploited prior to the persistence of unfavourable oceanographic conditions and 

were thus vulnerable to further decline. FurthemlOre, these unfavourable conditions may have 

contributed to the lack of recovery of the Namibian sardine fishery, together with continued 

high fishing pressure and the increase in abundance of species such as horse mackerel and 

jellyfish. 

Both wanl1 and cold events have been known to result in large-scale ecosystem effects which 

can have drastic consequences for the hugely important pelagic fisheries of Angola, Namibia 

and South Africa (Shillington ef al. 2006). Although there is no infOlmation available, it is 

thought that the inshore linefish species in this region may show similar trends, with their 

southern displacement resulting in their being targeted by neighbouring fisheries. Since the 

1970's extreme wann events have increased in strength and intensity (Binet et al. 200 1). 

Largescale ecosystem effects relating to the increase in wanl1 event have been observed and 

further change is expected if such wamling continues (Binet et al. 200L Shannon et al. 2003, 

Shannon et al. 2008). It is important to understand whether the observed fluctuations in the 

oceanographic conditions and the resulting biological responses have always been the case in 

this system, or whether they are the result of recent changes in the global climate. 
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Figu re 1.7 The yariabiliry in w!a l catch pcr annum of .ard;",' ~nd ancho,-)' in th~ northern 
B"ngu~b ("d~p l~d from v~ n drr Li ngc n ~I ,,'. 2006a. H ukhin gs ~I <I'. 200'1). 

1.1.4. The h istur~' uft he Henguel:t C urrent Systl'm 
rhe dynamics. variab il ity and structure of the Uel1g\lcl~ currel11 as described alxwe are very 

different from the oceanographic cond itions off the sOUlh wes! coast of Africa which existed 

historically, A number of important evel11S and developments h~ve occulTed dllring Ihe laST 

130"la (r-kga anlllll11 S, million years) which h~ve shaped, whm heg~n ~s ~ "dead' global 

o,<all basin; in lo Ihe dynamic ~nd produc tive system we nOw call Ihe Ikngllela_ 

Ullderstanding the fonn~lion process hehind the m()(km Bengud~ current syslem may hdp 

to undersland exis tmg changes III lhe region and provide ,ome in ,ighl mto how lhe CUTTent 

may r~~ct 10 pDlenlia l changes 111 the futur<_ 

The f"ml~lion "r tlle Soulh Alialllic Basin began approx1male ly 130\lil a, (iond"ana ,-ilie<i 

and lhe South American and AtTican plales separaled (Shannon 1985), The hasil1 widened 

Wi lh lime as the cominel11al plme, datlcd furt her apart, It was only during the early to mid 

lcrliary (30-nOMa) (FIb 'lI re L~ ) lhat lhc ha,in exhihiled silfticient zonal eXlent to alluw wind 

and ocean circulation proce,ses ,imlial' in charac ter lO modem fedlllre, (Kennel 19n), AI this 

lime 1I'ill111 water condition, existed througholll the water col limn (Shannon 1985). 
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GEOLOGIC TIME SCALE 

Time Units of the Geologic Time Scale Development of 
Eon Era Period Epoch Plants and Animals 

Holocene 
0.01 Quaternary Earliest Harm sapiens 

Pleistocene 
1.6-

Pliocene Earliest hominids 5.3-
u u Miocene 6 6 23.8-N N 0 0 Tertiary Oligocene 'Age of Mammals" L.. 

OJ c 33.7 c OJ 
III U Eocene .s;: 55-a... 

Palaeocene Extinction of dinosaurs 
65- -and many other species-

u Cretaceous 145 First flowering plants 6 "Age N Jurassic First birds 0 of rJ) 208 Dinosaurs dominant OJ Reptiles" ~ Triassic First mammals 248 
Permian Extinction of trilobites and 

rJ) 
286 many other marine animals 

::J 
Pennsylvanian "Age 0 

L.. of First reptiles ~ 
c 320 Amphibians" Large coal swamps 
0 
.0 

Mississippian L.. 

Amphibians abundant u III 

6 U 
N 360 
0 

Devonian "Age First amphibians OJ 
..!!1 410 of First insect fossils 
III 

Silurian Fishes Fishes dominant a... 
438 

First land plants Ordovician "Age 
505 of First fishes 

Cambrian Invertebrates" Trilobites dominant 
545 First organisms with shelis-

Vendian "Soft-bodied 
Abundant Ediacaran faunas faunas" 

.~ 
650 First multicelled organisms 

0 
N 
0 Coliectively called L.. 

2 Precambrian e 
a... 2500 comprises c 
III about 87% of the 
OJ geological time scale First one-celled organisms .s;: 
u 
L.. Age of oldest rocks « 3800 

Hadean 
Origin of the earth 600 Ma 

Figure 1.8 The geological time scale, units are mega annums (millions of years) (Waikato 2011). 

Processes similar to those of the modern Benguela system occurred along the west African 

coast even during the Eocene times (Figure 1.8), As the south Atlantic gyre is believed to 

have been well established since the Eocene (55-36 Ma), an equatorward surface current has 

been present along the African coast for approximately 50 million years (Shannon 1985), 

This current, together with the south easterly wind stress would have resulted in a form of 
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upwelling along the coast, although only of wann waters (as the entire water column of the 

basin was still wann). 

Bottom waters in the south Atlantic basin began cooling approximately 33Ma at the Eocene

Oligocene boundary, with the fonnation of Antarctic sea ice (Kennett 1978). This cool 

bottom water was then entrained into the early Benguela system and the resulting temperature 

differential in the water column was the basis for the beginning of modem themlOhaline 

circulation. The next significant event in the development of the early Benguela was the 

establishment of modem upwelling. This meant that cool subthennocline waters were 

uplifted into the surface layers, rather than the simple mixing of wam1 water that had taken 

place thus far. The estimate of the initiation of upwelling in the historic Benguela region is 

based on the analysis of productivity indicator measurements calculated from drilled 

sediment cores (Siesser 1980). Much discussion exists in the literature as to the exact time 

period associated with the commencement of upwelling in the Benguela region; however the 

majority of authors agree that it coincided with the northward extension of the Benguela 

current to the Walvis ridge which occurred during the Miocene approximately 10 Ma (Siesser 

1980 Diester-Haass et al. 2002). The changes in the Benguela were mirrored globally and 

similar increases in productivity were seen over the same period in the tropical eastern 

Pacific, western and northern Pacific as well as the Indian Ocean (Diester-Haass et al. 2002). 

In most cases, if not all, large biogenic blooms are suspected to have given rise to widespread 

increases in marine productivity as a result of global paleo-oceanographic and climate 

changes (Diester-Haass ct al. 2002). The changes in paleo-climate and the cool 

oceanographic current are evident in the establishment of the Namib Desert between 8 and 5 

Ma as the adjacent oceanographic conditions continued to cool (Ward et al. 1983, Krammer 

et at. 2006). 
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Figurc 1.9 a) Tho pcrol'nlagc oj' organic carhon COlllcnt in drilll'd c()res fro", DSDP ,ito 
36!!36Z.-\ (_ZuoS. 11.3°,") leg.\U ()f lhe DSDP. b) fhe I()ralion ()flh e drilling sil l" from Sic"l'r cr 
"I. (19S0) and Erdrn~n lind SdlOrno (Ins). 

Aller the 'ni ti<lt'oll of upwelling. the inlen,ity of thlS proce,s in the region <lppe<lred to 

,teadily increase (Sie,;,er 19RO) rvlodem features of the CtltTellt and upwelllllg ,ystem 

migrated pro~'Te,sively northward, along the coa,t dunng the late MIO{'ene llild Plwcene as 

the oceanic and atmospheric circ ulatJon systems strengthencd (Diesler-H ~~ss d al. I "'XI), A, 

the S()ulh A llalltic Anticyci()lle (SAA, almnspheric high pressure 1 devel, 'pcd. dllting the late 

Pliocene (-·2Mal, and ,outll e~'t erl y wind stre~s on the we,t Atncan c",-"tllltensitied. eoa,tal 

upwellillg ,trellgthened dramatically (S lesser ] no]. Erdman alld Schomo (197S) and Siesser 

<'I,,/. (193m pn,vidcd evidence of this significant lllcrea,C in upwclhng illlcnsity through thc 

analysls of organic contClll in sediment cor~s Vlhich ,how~d a 111'\101' incrcas~ at 2 Ma (Iligurc 

1.9). Thc modcrn Ikngucla systcm ~nd the ~ssoci~tcd rigorous upwclling of th~ inshorc 

upwelling rcgimc was thu> eS1abli,h~d ~pproxim~te ly 2.\h. smc~ Vlhich timc no significant 

changcs havc takcn plac~ in thc processes Involvcd in the systcm, although wnh the illcrca,~ 

in extrem~ VlaI'ming eVCll1S sllch as Iknguda ~iiio, indicatcs an ccosy,tcm ,hift m~y be 

underway (Sh<lnnon el ui. 20m, 20()8j. In thc past dec,lde a number of wccessflll 

envlmnmcnml monitoring programmcs lwve becn Initiated. One such e~Jmple IS the 

Bellguela CUTrell! Large \-larine Ecosy,tem {BCLMEj programme. Vlhich h~s en~bkd 

invcshgati()n,; into enViwnmelllal and hiuluglcal chang~ in the rcgion. 
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1.2.5. Future changes in the BCLME 
The Benguela current has an important influence on global climate through south-north heat 

exchange, including the transport of cool water towards the tropics and the distribution of 

wann Indian Ocean central water into the Atlantic through inputs via Agulhas rings 

(Hardman-Mountford et at. 2003, Shannon and Nelson 2006). Alterations to the typical 

behaviour of the system will therefore have an impact on global climate. When considering 

how the Benguela system has reacted to significant cooling or wanning events in the past, 

one may gain insight into how the system may react under future climate change scenarios. 

During past glacial events upwelling intensity increased (Diester-Haass et al. 1990, Berger 

and Wefer 2002). This is the result of a positive feedback between the intensification of 

atmospheric pressure gradients, increasing upwelling intensity, and the cooling of oceanic 

surface waters as a consequence of upwelling activity (Berger and Wefer 2002). The 

intensification of atmospheric pressure systems and the associated upwelling activity along 

the west African coast resulted in upwelling events occurring as far north as the Angolan 

basin (Diester-Haass ef al. 2002). While during inter-glacial periods, the thennal gradient 

between the poles and the equator lessened, weakening the Benguela Current. Productivity 

indicators suggest that the current veered west in the Cape Basin, further south than the 

modem current (Krammer et al. 2006) (Figure 1.1, 1.3). The earth is presently experiencing 

an inter-glacial period however, due to anthropogenic effects on the global climate system 

climate related changes appear to be occurring at unprecedented rates (lPCC 2007). One of 

the results of the BCLME programme was the realisation that the Benguela System was 

currently experiencing a wanning phase, as a result of weakened upwelling (Hutchings et 

aI.2009). Furthennore, this w31ming appears to be occurring faster than expected, 

considering past wanning phases. 

Wanning of temperate regions is occurring globally, and the present ecosystem response 

appears to be a poleward migration in temperate biota (Pannesan and Yohe 2003, Pannesan 

2006, Portner and Knust 2007, Burrows et al. 2011). If the upwelling processes in the 

Benguela continue to weaken, the system will continue to wann and may eventually take on a 

fonn similar to that which was experienced during the last inter-glacial period. In addition to 

the general wanning of the region an increase in extreme wanning events, such as Benguela 

Nifios would be expected. This would have significant effects on the biology of the region as 

the nature of habitats within the system will change considerably, and organisms may be 

forced to follow the global trend and track cooler temperatures by shifting to higher latitudes. 
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When considering the effects that oceanographic changes would have on the biology of the 

region it is important to consider the variable nature of the Benguela system, including the 

relative influences of its warnl boundaries and the potential for extreme warming and cooling 

events. Exploring past trends in biological responses to changes in the system could provide 

insight into how organisms may react in the future. 

1.3. Fisheries: 

1.3.1. Trends in the fisheries resources of the Benguela 
As the Benguela upwelling regime is one of the most productive in the world, the region 

supports many large fisheries (small pelagic, midwater, demersal and inshore species) 

(Hutchings 1992, van der Lingen et al. 2006a). Due to their significant economic value the 

offshore fisheries of the BCLME have historically dominated fishery as well as 

oceanographic related research. For this reason the offshore realm of the Benguela including 

trends in fishery yields from the system and the physical and biological drivers behind these 

trends are better understood than the nearshore (Figure 1.4) and shore based fisheries of the 

same system. 

27 



Univ
ers

ity
 of

 C
ap

e T
ow

n

-
~.~~;~ 

'" 
. -- ------

..L. 1.1 J:! 

-\< ::~ ~ ~::::i~::: 
.,r;- ~ 

~ 

\:-.. ~. -- \"'>C!'.L 
. H .... .. -~-.... • S"" ... , ...... ~~ 

Figun lolO a,c) Visual ,"hemalk. of Ihe reported ,,'girne shin. in Ih~ northrn and ">Dlheru 
fro'y~lfm. of Ihf Ile"gufb rfgion bfhHen Ihe 1970'. (lfrl) aud n'e pre.tu! day (2000's). The 
number of li"inl!, marinf n;ourct_ (small pdal!,k n~h. lIo.,e mackerel, hake~, I!,oby, jellyn,h, 
Cap~ ganncl. and Cape fur ,eals) repn.enh Ihdr rdalive ahuudan,c. b,d) Represent the 
a'-tragf arlu,,~1 ralchf' uf Illref uf Ihe rtMmfCfS from Ihf sdlfm~tjc (hakes. IInne m~"".trel arid 
small pdal!,1c n,h) on • decadal sca le le~pect for the last har 2000-20(3) for Ihe lIorthern (101') 
and ,outhern (hottom) Benl!,uda regio"_. 

[n recent years (Hutchings <'I ai, 2OO2, van der Lingen CI ai, 2006a, Shannon CI ai, 201.18, 

Hntchings <'I (1/. 2OO,)) among others, have noted a shift in the distriblllion or catches of many 

of the offshore species (especially small pelagics), to the south and cast of the South African 

coastline, Also noted is a regime shift in the nmihem Benguela system ii'om an ecosystem 

dOllllnated by pelagic blOm~ss (s~rd ine, anchovy) to one With a sholier mean trophic p~th 

which i, d(}minat~d by bi(}mas~ maxima in th~ mid-watn regim~ (hors~-machreL pelagic 

gohies), energy flow, in th,' ,ystem arc tholightlO hav,' been further alteJ\'d by thc increase in 

the abundance ofjdlyfish (Shannon el ai, 2003 . Shannon <:1 a/. 2OOS, IJutchings <:1 af. 2009, 

Figure 1, 10). ReductlOn 1n ~y'tem complexity. a' de~crihed here. redllce~ the ec(}~y'tem', 

resi lien c~ (0 dmng~ or perturbations, which could l~ad to further d~gradati(}n (Mom "I ai, 
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2007). The possible drivers behind the described regime shifts (Figure 1.10) are increases in 

intrusions of warm, saline Angola current water and LOW events associated with Benguela 

Niiios. Historic over exploitation of resources, especially in the northern Benguela, is 

believed to have amplified the effects of these unfavourable environmental conditions (van 

der Lingen et al. 2006a). Biomass yields in the southern Benguela are now similar to those of 

the traditionally more productive northern sector (Figure 1.10). Regime shifts of this scale 

have had implications for the economies of Angola and Namibia adjacent to the northern 

Benguela as the fishing sector made up between 3 - 6.4% of their annual GDP (van der 

Lingen et al. 2006). The modifications of the Benguela system have been mirrored by 

changes in temperature, precipitation and atmospheric carbon dioxide concentrations in 

global systems, the exact outcomes of which are difficult to predict due to the complex 

interactions and feedback loops which exist between the processes involved (Barraclough et 

al. 2005). Barraclough and Davies (2005) stated that future global and local climates will 

differ in biologically significant ways from th 

ose in which the current biota evolved. This becomes especially important when individuals 

of a given area are maladapted to the new conditions and their fitness is thus compromised. In 

the marine environment these changes can be accommodated through distribution and 

abundance shifts of existing populations, rather than the implementation of evolutionary 

responses (Tilman and Lehman 2001). 

Studies conducted off the coast of Namibia suggest this may be the case as south and 

eastward shifting distributional ranges and local decreases in species abundances of seabirds, 

especially gannets and African penguins as well as the west coast rock lobster have been 

observed in the inshore region (Crawford 1998, Shannon et al. 2006, Shannon et al. 2008). 

These changes have, in some cases, been related to the offshore ecosystem changes. For 

example, the large increase in the number of Cape fur seals on the Namibian coast is thought 

to be linked to their ability to forage in deeper waters than the seabirds, thus taking advantage 

of the shifting trends in biomass (Shannon et al. 2008). In addition to the species mentioned 

above, recent changes in the distribution of an inshore linefish, the west coast dusky kob 

(Argyrosolnlls COl"OllllS (Griffiths and Heemstra 1995)) have been noted. Lamberth et al. 

(2008) describe records of A. corollllS, caught far south of its distributional range, in the 

Olifants and Berg River estuaries, South Africa. It is thought that these individuals were 

displaced southwards after an anomalous wann event, the effects of which were exacerbated 

by hydrogen sulphide eruptions on the continental shelf in the northern Benguela. 
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FurthemlOrt, there IS ev"lcnce of a pos>ih1c oc<:hne In the southern Angolan population of A , 

cormm,l' as noted hy POll~ el al. (2DI 0). The :lUthor:; des~ri be a dedinc In the eat<:h rate of this 

:;pccie~ de:;pite no change in the <:at<:h of other impon~nt re<:reatioml fishery spc<:ie~. In 

addition, an alarming reduction of the catch rate or adult fisht~ ha~ been ohserved, ~')mpared 

with the other lInpmtant ~pecies. \loTCowr, there appears to be an inCTCa~e in the cakh rate 

01 this species further ~outh. in northern Namibia. compared to historical data (POll~ 

unpublished data) , Taking the above mentioncd eVldence into account, a shili in the 

distribution of thi> inshore spccles may be evidelll. howewr the mechanisms beh i nd~ thlS 

distributional ~hift are not yet known 

1.3.2. Slu d~' species 
A rgytvSulnlfS COtvilUS. west coast dusky kob, (Figure 1.1 I) was sekcted for this study ~s it is 

spends the majority of its lifecycie in the near and inshore "mers of the non hem l3enguela 

(Griffiths and Heemstra 10;<,15, Potts <'I at. 2010). The sea surface tempermures of its 

distributional r~nge ha\e been found 10 ha\e in<:reased between 0,6 - I"e since 1982 

(Shannon ('( al. 2006, Monteiro ('( al. 2008, Shannon ('/ ai, 2(08), As fish are poikilothenns 

(e<:tothemlic), IS imponant to understand how thl~ spe<:Jt:~ w1l1 respond 10 envlfonmen(al 

<:hange. Recell1 landmg~ of A, ('orOIiIlS outsIde of its des<:rihed distributIOnal range (Griffiths 

and Heemstra 1995. Potts el al. 2(10) may indi<:ate ~spe<:ts of this ~pecies" respon~e, 

Figure 1.11 .'\ rgyro,o mu, coron u" we,! coa,{ du,ky koh, j h ~ ,jud y 'prcie", rhojogr aph court~,y 
of \Vj\1 r oll •. 

1.3.3. Pot('n tial dr i\'('fS ofth(' di ~ triblltion ~ bift 

""'hen exploring possible physical dri\cr:; behind observed biological change it is important 

to understand the physical environment in which the spt"cies in question evolved, and 

subsequemly ~dapted to. Re<:ent genetic evidence de~crilx:; lhe ~epar~ti()n of several hndish 

specIes di:;trihuted in the northern Benguela and South Afi-ica {HcnriqclC> el (II. 20D9), 
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Henriques ef a1. (2009) have determined that the populations of Afracfoscion aequidens 

(geelbek) (Cuvier 1830), Diplodus capellsis (blacktail) (Smith 1844) and Lichia amia 

(leervis) (Linnaeus 1758) in the northern Benguela are genetically separate to their respective 

South African populations. Genetic results from the same authors show that A. coronlts and 

A. japonicus appear to have separated from a once continuous population of Argyrosomus 

spp. approximately 2Ma, with A. corOllllS now occurring in the northern Benguela and A. 

japoniclis (Temmink and Schlegel 1843) on the south and east coast of South Africa 

(Griffiths and Heemstra 1995, Henriques et aI.2009). Henriques et al. (2009) suggest the 

development of the Benguela upwelling regime, and specifically the Luderitz upwelling cell, 

which took on its modem form around 2Ma (see Oceanography section above), as the 

potential evolutionary mechanism driving the split of the now separated populations. If this is 

indeed the case, the modem distributions of A. japonic[(s and A. corOllllS may be governed by 

the fact that these species are only able to endure water temperatures within their 

evolutionary range. Physiological processes of poikilothenns evolve to function optimally 

within a specific environmental temperature regime; as a result these organisms are unable to 

function efficiently outside of their tolerable temperature range (Helfman et al. 2009). When 

a fish is exposed to temperatures above its thermal tolerance limit, it experiences an elevated 

metabolism and thus its oxygen demand increases. However in a warn1ing ocean this problem 

is confounded as the solubility of oxygen decreases as the temperature rises, limiting the 

amount of oxygen available for metabolism (Poliner and Knust 2007). 

1.3.4. Influence of dispersion barriers of spatial distribution 
Both A. japoniclls and A. corOll[(S have evolved in relatively wann waters, and therefore are 

not suited to exist in the cool waters of the Benguela upwelling regime (Griffiths and 

Heemstra 1995). This is especially true of the Luderitz upwelling cell, which is thought to be 

an evolutionary mechanism driving the relatively recent allopatric speciation event. 

Major oceanographic features or processes act as potential batTiers to distribution when, 

through differences in water mass properties, they cause discontinuities in temperature, 

salinity and resulting productivity (Macpherson et al. 2009). The development of 

oceanographic features or processes (such as upwelling cells, Figure 1.1, 1.2) may separate 

previously continuous popUlations of species through the fonnation of such barriers. The 

separated stocks then adapt to potentially different conditions on either side of the barrier 

which can ultimately result in speciation (Hemmer-Hansen et al. 2007). Hutchings et a1. 

(2006) describe separate stocks of Umbrina ('([nariensis, the canary drum, on the east coast of 
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South Africa. Movement between the stocks located on the Agulhas Bank and in Algoa Bay 

is restricted by cold water from the bottom mixed layer flowing along the narrowing 

continental shelf, these two stocks now show variations in life history traits as a result of 

adaptations to different environmental conditions (Hutchings et at. 2006). Dispersion barriers 

are not necessarily pennanent and changes in climate can weaken the driving forces behind 

such barriers (e.g. wind stress) causing the barriers to break down (Harley et aI.2006). This 

can have significant consequences for the spatial distribution of species as well as gene flows 

between regional fish populations (Potts and Gotz 2011). 

The vigorous perennial upwelling characteristic of the Luderitz cell results in the offshore 

advection of pelagic eggs and larvae, exposing them to fatally low nutrient levels and 

turbulent conditions (Lett et al. 2007). This, together with the cool (12-18°C, Salat et at. 

1992) water temperatures in the inshore region, pose a dispersion barrier to the longitudinal 

distribution of species between the northern and southern realms of the Benguela (Agenbag 

and Shannon 1988, Hardman-Mountford et al. 2003, Lett et at. 2007). The study species, 

which has pelagic eggs and larvae, is expected to be affected by such a barrier to pelagic 

dispersal. This is confinned by the evidence presented by Henriques et at. (2009) who 

indicated that the study species and a congeneric species have been separated by this barrier 

for at least 2 million years. Similarly, in tenns of adult distribution, A. COrollllS is restricted to 

regions within the range of its particular temperature tolerance. The persistent cool 

temperatures associated with the Luderitz upwelling cell, which extend throughout the water 

column at the coast, may well be below this the species' lower thennal tolerance limit and it 

is thought that the upwelling cell fonns a barrier to range expansion even of adults. 

The discovery of A. corOllllS individuals south of the Luderitz upwelling cell, 111 South 

African estuaries (Orange (28°S), Olifants (32°S) and Berg (33°S) River estuaries) suggests 

that the barrier is not a pennanent feature, and it may experience periods of weakened 

upwelling, allowing adult individuals of the study species to move through it. A possible 

example of such an event is the seasonal intrusion of wann water from the Angola Current 

into the Benguela system (Hardman-Mountford et al. 2003). Amplifications of this seasonal 

event occur under Benguela Nino conditions and as a result the Luderitz upwelling cell is less 

effective as a barrier for the meridional interchange of pelagic species. 
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1.3.5. Influence of ocean variability on fish distribution 
The effects of Benguela Ninos and anomalous warm events have been noted throughout the 

ecosystem, and if their frequency continues to increase, additional changes to the Benguela 

ecosystems should be expected. Rising temperatures, which accompany Benguela Nino 

events (Figure 1.6), may be beyond the thennal tolerance level of some temperate fish species 

in the north em Benguela. Fish exposed to temperatures outside of their thennal tolerance 

limits become stressed and experience increased metabolic rates as well as changes to other 

physiological processes including membrane fluidity and organ function (Jensen et al. 1993, 

Helfman et at. 2009, Potts and Gotz 2011). The release of homlOnes in stressed situations 

enables the maintenance of nonnal physiological functioning, however only for a short 

period, after which the fish must move to a cooler environment to avoid mortality (Wootton 

1990, Jensen et at. 1993, Helfman et at. 2009). Because of the themlal stability of water, 

wamling or cooling processes are generally relatively slow and fish have time to adapt 

(Helfman et al. 2009). 

Adult A. coronus seem to have adapted to seasonal temperature variability (Figure 1.12) by 

undertaking migrations in avoidance of the warm intrusions of Angola Current water into the 

northem reaches of its distribution (Potts et al. 2010). However, with the compounding 

effects of natural and anthropogenic induced climate change wann pulses of water into the 

north em Benguela where temperature changes can take place rapidly are increasing in 

frequency (Shannon et at. 2008). In order to cope with this change, fish such as A. coronus 

may respond by shifting the limits of their spatial distribution towards higher latitudes 

(northem Namibia), thus following cooler temperatures as has been noted in other temperate 

species (Pamlesan 2006, Burrows et at. 2011). This could have significant effects on the 

inshore ecosystem of southem Angola, as west coast dusky kob is believed to be a key stone 

predator in the region (Potts et al.2010). 
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continue their current increasing trend (Shannon et at. 2008). However the effects warming 

events have on ecosystem structure and function are only beginning to emerge and are still 

poorly understood. It is important to have an understanding of what changes could possibly 

take place in ecosystems such as the Benguela and how organisms may react to this change if 

we are to effectively manage marine resources. 

1.3.6. Management 
Many of the inhabitants oflocal communities situated alongside the Benguela current, as well 

as the economies of Angola, Namibia and South Africa, are dependent on the fisheries of the 

region. The most lucrative of these are the offshore small pelagic species (including anchovy, 

red eye round herring, sardine and sardinella), midwater species (including Cape and Cunene 

horse mackerel) and the demersal hake fisheries (Merluccius spp.) which support large 

fisheries infrastructure and employ thousands of people in Namibia and South Africa (van der 

Lingen et al. 2006a). 

Local economies, however, are often dependent on inshore resources (such as Iinefish 

species); this is the case in Namibia where many coastal communities are driven by the 

recreational fishery, while in Angola the artisanal fishery provides much needed income in 

coastal regions (Stage and Kirchner 2005, Potts et at. 2009).These fisheries are generally of 

low economic value compared to those of a more commercial nature and therefore often lack 

scientific research and efficient managerial policies (Fidel 2005, Henriques et al. 2009). This 

can lead to a lack of understanding of local stocks, and ultimately overfishing of the 

resources, as has been the case in many South African and Namibian linefisheries (Brouwer 

and Buxton 2002). 

Recreational fishers bring a large amount of foreign capital into the region from which the 

local communities benefit directly (Potts et al. 2009). In order to maintain the growth of the 

recreational sector of the west coast dusky kob fishery efficient and sustainable management 

strategies need to be implemented rapidly to avoid a decline in local stocks (Potts et al. 

2009). 

Changes 111 environmental limiting factors are often accommodated by shifts in the 

distribution or abundance of species rather than the implementation of evolutionary responses 

(Tilman and Lehman 2001). Pelagic life history stages, which are common in marine teleosts, 

enable populations to select for abundance and distributional changes ensuring the 

persistence of popUlations through range expansion or distributional shifts. Changes in the 

35 



Univ
ers

ity
 of

 C
ap

e T
ow

n

distribution and abundance however, have species specific management implications. 

Increased mobility of fish stocks, especially in cases where stocks move across political 

borders, present resource allocation problems which may require negotiation and shared 

management solutions (King 1995). Management problems arise when there is a difference 

between the perceived stock size and location compared to the actual size and location. This 

is the case when a stock size apparently decreases in one area and increases in another, when 

in fact the stock size actually remains constant but shifts to a new location (Link et al. 20 I 0). 

In this situation Link et al. (2010) advise monitoring of the newly positioned stock in order to 

obtain new parameters for management plans. 

The west coast dusky kob fishery in southern Angola is dominated by artisanal and 

recreational stakeholders, and a southerly shift in the distributional range of this species 

would restrict the fisher's access to fishing grounds due to gear limitations or political 

boundaries (Potts et al. 2010). Besides the hypothesised decline in the artisanal and 

recreational catches in southern Angola, an increase in catches of west coast dusky kob in the 

well established recreational silver kob (Argyroso11111s illodorus) fishery of northern Namibia 

are likely. The danger in increased fishing activity in the open access areas in northern 

Namibia is that the A. cor0I111S stock would not have been assessed in this region rendering it 

vulnerable to rapid depletion (Link et al. 2010). FurthernlOre, the management measures in 

place in Namibia have been designed to preserve the fast growing and early maturing silver 

kob and would be not be suited to the slower growing and later maturing west coast dusky 

kob if they were to be found in the same waters. 

If a shift in the distribution of the southern Angolan stock into Namibian waters in confirmed, 

an adaptive management plan will have to be developed, whereby the spatio-temporal 

changes in the distribution of A. COrOllllS are taken into account. In the face of a changing 

climate on a global scale it is anticipated that regional conservation strategies will require the 

incorporation of climate change scenarios, and range shift predictions in order to allow 

effective management of threatened species through an understanding of changing ecological 

relationships (Link et al. 2010, Roff and Zacharias 2011). 

In order to investigate recent warming trends in the northern Benguela and detennine whether 

a southerly shift in the distribution of the study species may occur, it is necessary to explore 

water temperature variability on large temporal and spatial scales. Unfortunately in situ 

data sets of temperature are scarce in the inshore region of the northern Benguela and if 
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temperature changes are to be investigated on the required scales, a suitable dataset may have 

to be found from remotely sensed surface temperature estimates. 

1.4. Remote sensing 

As already discussed there IS increasing evidence of the influence of natural and 

anthropogenic climate change acting on the Benguela current system. However the northern 

Benguela continues to be a data deficient region, especially in the inshore zone and the 

system's response to changing climatic forcing is currently not being captured by in situ data 

(Fidel 2005). 

A solution to this problem could be found in the fonn of remotely sensed data, which enables 

the investigation of large spatial regions, on various time scales, with a known degree of 

accuracy, for offshore regions (Brown and Minnett 1999). The images received by a host of 

earth orbiting satellite sensors have transforn1ed our understanding of aquatic and terrestrial 

environments (Grassl and Koepke 1981). Since the launch of the first earth observing satellite 

the capabilities and monitoring frequency of satellite sensors have increased rapidly. 

Scientists now have access to large datasets (often free of charge) for a wide range of 

parameters at varied temporal and spatial scales (Ewing 1981). The algorithms used during 

the processing of received data are constantly validated against in situ observations for land, 

ocean and atmospheric monitoring satellite sensors (Brown and Minnett 1999, MODIS 2011) 

thus ensuring an accurate end product throughout the life of the satellite sensor (Tabata 

1981). If remotely sensed data is to be used with a known accuracy in the inshore region of 

the northern Benguela, a suitable ill sitll dataset with which to compare remotely sensed 

temperature estimates will have to be identified. 

Despite the inhospitality of the coastline, a few nearshore temperature datasets do exist within 

the distribution range of Argyrosol1lus COroIlIlS. These can be used to calculate the accuracy 

of remotely sensed SST in the northern Benguela, after which the results can be used to 

explore the relationship between SST variability and the movement of the west coast dusky 

kobo FurthemlOre, once this relationship is known future distributional changes of this species 

may become clear. 

37 



Univ
ers

ity
 of

 C
ap

e T
ow

n

1.5. Problem Identification 

In summary, there is evidence to suggest that a spatial distribution shift of, A. coronus, may 

be taking place in southern Angola. It is thought that this species may be moving south into 

northern Namibia as a result of wanning water temperatures in the Angola-Benguela Frontal 

Zone. As fish are ectothennic, and thus sensitive to temperature fluctuations, the recent 

wanning of the region may be a reason for this response. This wanning however, needs to be 

quantified in order to detern1ine the extent of its possible effect on the spatial distribution of 

the study species as wel1 as to identify possible future distribution changes. If the response of 

organisms to future environmental change is known, resource managers may be able to adapt 

management strategies accordingly and sustainable exploitation could be possible. 

The specific aims of this study are presented in three Key Questions: 

1. What is the most suitable satellite product to study surface temperature variability in 

the inshore zone of the northern Benguela, and what is the error associated with this 

product in coastal waters'? 

2. Explore fluctuations in catch rates of adult A. corOll11S in relation to environmental 

variability in southern Angola, and detern1ine whether an environmental parameter 

could be used to detern1ine the spatial distribution of the study species? 

3. How rapidly are environmental conditions changing and what are the implications of 

these changes on the distributional patterns of adult A. corOlllfS in the northern 

Benguela? 

1.6. Structure of thesis: 

This introduction is fol1owed by Chapter Two which detennines the most suitable satellite 

product to monitor the inshore environment of the northern Benguela and explores the 

accuracy of this product in the study region. The results of Chapter Two are then used in 

Chapter Three to examine the relationship between the catch per unit effort (CPU E) of 

ArgyrosoTnllS comllliS at Flamingo Lodge in southern Angola and sea surface temperature 

variability. Chapter Four describes the observed oceanographic changes in the Benguela 

system and explores the possible effects of further environmental change on the distribution 

of the study species. As each of the above chapters concludes with a discussion the final 

chapter comprises general conclusions which summarise the findings of the study and 

provide recommendations for future research in the region. 
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2.1. Introduction to Key Question 1: 

In order to explore temperature variability within the distribution range of Argyrosomlls 

coronlls, and the possible effects that this variability may have on the movement of the study 

species, a suitable inshore temperature dataset is necessary. Ideally a long term, daily 

temperature dataset where different depths and multiple locations are sampled is required. 

However, inshore oceanographic and particularly in situ data is largely unavailable (Fidel 

2005) throughout the primary distribution of A. COr0I111S (northern Namibia to southern and 

central Angola). This is largely due to the low (human) population density along the arid 

coastline. The Angolan civil war has further compounded this problem, as funding and 

personnel for oceanographic and biological monitoring has been scarce (Fidel 2005, Potts et 

al. 2009,20] 0). 

A solution may be found in the form of remotely sensed data. Cole and McGlade (1998) 

explained that satellite derived sea surface temperature (SST) imagery, in conjunction with 

chlorophyll A data, could successfully be used for the identification of oceanographic 

features and processes such as upwelling activity, frontal system dynamics and patterns of 

food abundance, which all affect the distribution of fish stocks. Recent improvements in 

satellite technology have lead to the development of a various satellite products which 

measure a host of different parameters. Each product has its own set of advantages and 

disadvantages in spatio-temporal coverage, resolution and accessibility, and the best suited 

product for measuring SST variability in terms of this particular study will have to be found. 

As A. COrollllS is an inshore species, the accuracy of the selected satellite product will need to 

be assessed in the inshore zone of the study region, especially because most validation and 

product calibration studies take place offshore (Tabata 1981, MODIS 2011). For this purpose 

an in sitll temperature database will need to be identified. Satellite derived SST estimates can 

then be compared to ill sitll values in order to detennine the satellite estimation error and 

calculate a cOITection factor, which would account for the calculated error of the satellite 

estimates. This value can be applied to the selected satellite dataset throughout the study 

region. In order to select the best suited satellite product for the study region, the limitations 

in the ability of such products to determine inshore temperature variability need to be 

determined. 
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2.1.1. Monitoring SST in inshore and nearshore environments 
When investigating the accuracy of satellite SST estimations in variable environments such 

the Angola-Benguela frontal zone (ABFZ), it is important to test the robustness of remotely 

estimated SST values. Therefore a comparative study should be carried out which takes into 

account as many different states of this environment as possible. This includes making 

comparisons between satellite and in situ data throughout the year, during all seasons as well 

as during extreme warm or cold events, such as those known to occur in this region (Meeuwis 

and Lutjeharms 1990). Because of the high level of diurnal variability in the inshore 

environment of the northern Benguela (Hardman-Mountford et at. 2003) a comprehensive 

data set of in situ and satellite derived temperature observations measured on a daily basis 

throughout the year is required. More than one study site is also recommended in order to 

take into account any changes in the satellite's SST estimating capabilities with a change in 

latitude, or oceanographic conditions. 

A range of satellite products that estimate SST of the inshore environment are available 

(Minnett et at. 2002, Ricciardulli and Wentz 2004). However, one historical short coming of 

marine monitoring satellites is that the algorithms used to calculate the parameter values as 

well as the poor resolution of available products result in inaccurate SST estimates in the 

nearshore regions (Ricciardulli and Wentz 2004). Various characteristics of the nearshore 

environment, which include steep temperature gradients, shallow water and close proximity 

to adjacent land, can result in interference with infrared and microwave measurements. 

One reason for the decrease in accuracy can be attributed to scan angle effects (Pearce and 

Pattiaratchi 1997, Ricciardulli and Wentz 2004) where higher scan angles at the edges of the 

satellite swath, which is generally where coastal pixels are situated in this case and which can 

result in pixels becoming contaminated by atmospheric aerosols and water vapour. The close 

proximity to adjacent land masses also plays a role in decreasing the accuracy of satellite 

readings (Tanner and Volkman 2009). This is because infrared sensors measure infrared 

radiance emitted from the ocean surface, which is easily contaminated by heat from the 

adjacent land in nearshore waters (Tanner and Volkman 2009). The greatest influence of 

satellite SST accuracy however, is the atmospheric attenuation of outgoing radiance, where 

radiance is absorbed by water vapour and atmospheric aerosols before it reaches the satellite 

sensors (Tanner and Volkman 2009). In order to determine, and account for the relative 

influences of atmospheric attenuation, an estimate of the amount of atmospheric water vapour 

present in a particular swath area is made. This is done by calculating the difference in 
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temperature estimates in two different spectral bands with varying rates of water vapour 

absorption (Anding and Kauth 1970, Ricciardulli and Wentz 2004, Tanner and Volkman 

2009). Therefore the technical constraints of each satellite product should be considered and 

accounted for when studying the coastal environment (Ricciardulli and Wentz 2004). 

Furthermore, as is the case with all environmental monitoring equipment, the satellite sensors 

need to be validated against ground truths in order to correct for any satellite estimation error. 

2.2. Materials and Methods 

2.2.1. Study sites 

2.2.1.1. Flamingo Lodge, southern Angola 
An area where in situ surface water temperatures have been recorded for a number of years 

on a daily basis is Flamingo Lodge, Namibe, in southern Angola (Figure 2.1). Flamingo 

Lodge is ideally situated in the centre of the distribution of Argyroso11111s corOI1US and has a 

good catch record for this species (Potts ct al. 2009, 2010). For this reason the site is an 

important monitoring area for the west coast dusky kob and the data collected at this location 

forms an invaluable part of this study. Temperature data has been collected concomitantly 

with catch per unit effort (CPUE) data for Argyrosollllls cor0I111S at Flamingo Lodge between 

2005 and 2009, which ensures the applicability of this dataset to the broader aims of the 

study. 
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j\n~ola. Tb~ ~hadcd "',~, "" ,,;, 
d~pth (m). 

· .. 

Water tcmpcmturc data was collected daily from the shoreline at the lodge (15.S7"S. 

12.02"E) at around Sam (Jocaltimc) between May 2005 and December 2009. A water sample 

was cul]«:ted and r~conled from imm~diatcly below the surface. in the surf ZOllt'. m~asured 

using: a ~tandard hand held themlOlTIcter, to an ~ccuracy of O.20T, III situ wakr l~mperatu'" 

wa, '3n1pkd on a lolal of 596 day' (hiring the 8ludy period Gap' Jl1 the dala set were a resull 

01" ~quirm~n( fuihlre or lack (l r persona",!. 

2.2.1.2. Ludcritt Harbour, Namibia 
A s",cond 81udy SIt'" was situa ted at the Luckritz harbour (26.62"5. 15.1O"El ill central 

Namibia (Figure 2.2), 3dja~c nt 10 the Lud"ri l~ upwdling ~ell. id ~n!ilied in lh~ tir,\ ~hapter 3;; 

a pOlmliial d,strih ulion harrier lilr th" study sPGcies. The daily lemperaturG duta,d (2()()R-

2(1 1) in thi, area is unfortunatdy not as conlprehensive (22 sampling days rocnrda:i) as lhal 

collected in thc Flamingo rcgion. Thc dataset is still important however. as the oceaoographic 

conditions hetwe"n the two study sites ore very dIfferent and the satellite SST estimotion 

Grrnr should h<' ~aklL1ated al eoch, in order to delemline its ,,~~ura~y throughout the ,tudy 

reglOn. 
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The .haded ana 01' Ihe in.ert repre,ent. t he en larged 'TUdy a rca. Colour bar repre,ent. 
d~pth (m). 

Ttlmperature ~ampll1lg Wa!; carried OUI in the Luderilz harbour and bay area~ as pan of a 

monitoring programme run by Ih~ Namibian MUli~try of Fi~hffie~ and "'lariTle R~sources 

(MFM R) (K Grobler pcr.\" CO IJJI" 20 I 0 J- T emp~ratur~. di~~ol\'cd oxygen and wind data were 

made available from the monitoring programme over the period be!w~en April 2(0); and 

March 201 L Mea,ming of temp~ralure and di~,ol\'cd oxygcn was carried Ollt vIa 

conduct;,,;ty, temperaturc and di~sol ved oxygen meter (lID) whIch was lowcred into the 

water column from a hatch on board a stationary research vessel. Wind data was mea:;ured at 

an automatic wcathcr Slallon located at Diaz POIllT. Luderitz. 

2.2.2. Selee fiotl of I he best suited satellite datase t 
It Wa, impot1ant to ~cled the bc~1 suited ~atcjjil~ product to estimate sea surlace temperature:; 

in the inshorc zone of the tv .. o study areas. 1'01' this paniClilar region and withm the confines 

of thi~ srudy. the ideal product had to have data available over the period of in silu d"t" 

collectioTl (1(105-1(111) a:; well as data bel()re Ib]:; t]me. to allow U'eTld~ in lempcramre 

variability to be explored m Ih~ next pha,e, ofthc Pl'OjccL Thc SST rctrie"al~ also nceded to 

have high levels of accuracy as c1o~e to the shoreline as possible and therefore a fille 

rcsolution of -2x2 Km was I'e<.]uired. As the inshore zone of the not1hem l-3enb'Uelu is u higbly 

vmiable em'IHmmenl (Hardman-Mmmtl"rd e/ al. 20()3) il wa, neccs<;ary to tind a product 
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which retrieved daily SST estimates in order to capture this variability. Daily satellite SST 

retrievals would also enable direct comparisons with the ill situ data sets which were both 

collected on a daily basis. 

Careful consideration had to be given to the choice of satellite product; especially as remote 

sensing products are known to decrease in accuracy as measurements are made closer inshore 

(Tanner and Volkman 2009). Thus a comparison between the different satellite products 

which estimate SST was carried out. Seven aspects of the available satellite sensors and 

products were rated according to Table 2.1. The sensor or product with the highest mean 

score was deemed the most suitable for the constraints of this particular study. 
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Table 2.1 The methodology used to rate the different features of satellite sensors or products in 
the inshore region of the study area. The score of a sensor or product was determined for each 
of the 7 aspects (rows) out of 5, according to the description in the columns. The sensor or 
product with the highest average score was deemed the most suitable for this particular study. 

2 3 4 5 

Beginning of 2006-2011 2001-2005 1996-2000 1991-1995 <1990 

active period 

Temporal >10days 7-10days 4-6days 1.1-3days Daily 

resolution 

Spatial resolution >15km 11-15km 6-10km 1-5km 0-lkm 

Ease of access to Not Payment Delivery by Freely Freely available 

data available required. post. available via internet, with 

to public. vIa adequate online 

internet. and user support. 

Proximity to the >35km 21-35km 11-20km 6-10km 0-5km 

coast of nearest 

accurate data 

Ability to Poor Average (51- Good (>80%) 

detelmine SST in «50%) 79%) 

variable 

environment 

SST estimates No At times Yes (Microwave 

available in over (Infrared (Infrared and sensors) 

cast conditions? sensors) lTIlcrowave 

sensors) 
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2.2.3. In situ validation 
In situ data collected from each study site was directly compared to satellite derived sea 

surface temperature estimates from the corresponding location and for the same day. In order 

to ensure satellite estimates were not influenced by radiant emittance from adjacent land 

masses, three different pixels were selected for comparison with in situ data at Flamingo 

Lodge (Figure 2.1) and two at Luderitz (Figure 2.2). The pixel with the most consistently 

accurate estimate of the observational data was selected for the remainder of the study. The 

MODIS Aqua and Terra data derived from this pixel during the study period (2005-2011) 

were then compared directly to the available in situ data. The average difference between the 

satellite derived estimate and the in situ observation was calculated and was used as the 

standard correction factor each product. 

2.2.4. Satellite data retrieval and analysis 
The MODIS instrument, on board the Terra and Aqua satellites observes every point on the 

earth's surface every 1-2 days in 36 discrete spectral bands and has been collecting data since 

2000 (Terra), 2002 (Aqua) (Minnett et af. 2002, MODIS 2011). Level-2 MODIS data, 

consisting of irradiance values which are corrected for instrumentation and radiometric error, 

was downloaded from the Ocean Color website (http://oceancolor.gsfc.nasa.gov) (Minnett et 

al. 2002, MODIS 2011). This data was then processed at a 2x2km or 4x4km resolution using 

the SeaWiFS Data Analysis System (SeaDAS - http://seadas.gsfc.nasa.gov). Only the 

daytime, long wave (11Ilm), passes were processed as this allows the use of the cloud flag 

(CLDICE), determined from the ocean colour images. Several other SeaDAS flags were then 

applied to the extracted MODIS data (ATMFAIL, LAND, HILT, CLDICE, HISOLZEN, 

LOWLW, MAXAERITER, ATMWARN, NAVFAIL and FILTER). In terms of this particular 

study, the Terra satellite passes over the Flamingo study site in southern Angola between 

10:00 and 11 :OOam while Aqua passes over the same site between 13:30 and 14:30pm. As the 

in situ data from Flamingo Lodge was collected at 8am, this results in a ~3 hour delay before 

the Terra overpass, and a ~6 hour delay before the Aqua satellite passes the study area. 

The MODIS sensor measures the infrared radiance emitted from the top 10 11m of the ocean 

surface (Brown and Minnett 1999, Minnett et af. 2002), this measurement is termed the skin 

temperature, which is known to be susceptible to diurnal warming. The potential influence of 

the diurnal warming signal on satellite derived SST estimates was therefore explored. This 

was done by determining the partial diurnal signal through a comparison between MODIS 

Aqua and Terra SST estimates as they were determined approximately 3 hours apart. 
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2.2.5. Comparison between in situ and satellite derh'ed SST 
MODIS Aqua and Terra daily sea surface temperallLre estimates were compared to the 

observed temperature values recorded at both study sites. Due to the influence of cloud cover 

On satelhte SST estimates or gaps in the iii silll damsets. daily "'match-ups" between the 

datasets were relatively limited 

Once the match-ups days octween the iii silll and satellite derived datasets had been selected 

using MATLAB 200'la. the accuracy of each pIxel from both the Aqua and Terra MODIS 

sensors were investigated. The pixel with the lowest average satellite e~timat l on error and 

standard deviation as well as the highest correlation coefficient ]n each case ,,·as conSl(lcred 

as the best representative of the shoreline temperature. Th]s pixel then became the k>eation 

Ii-om which to determine the MOmS derived SST for the remainder 01' the study In the case 

of the Flamingo L(ldge study site three separate p l xc1~ (Figure 2.3) were used for comparison 

with in sill! data 111 order to determine which pixel frllm each prnduct ocst described the 

observed In situ temperature dataset. While at the Luderi!" study site, tWIl MODIS pixels one 

in the vicinity 01' each of the samplmg siles. were used to delcnnine which pixel best 

described the in -'"11Ji data (Figure 2.4). 

F).mingo Lodge 

.;. 

Figur~ 2.3 MOTHS AQUA SST imago (14 Aug",t 2008, 2x2km n',olution) of the locution ur th~ 
three diff"renl pixeh (I. 2 & J) ~dj"""nt to ~'Iumi ,,!:u Ludge. "",rh~rn Angola. The colour har 
d~pict, th ~ SST lalnes in degr~~s Ce1,ius. (pixel 1, 15.54 _ 15.58°S, 11.9.1 _ I 1.98°E; phd 2: 15.54 
- 1 5.5HoS, I 1.70 _ 1 I. 75"E; phd .1: 1554 - 15.5HoS. I I.HO - I I.H5" E). 
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rij(uH 2A i\lOD IS T ERRA SS'I image (4 OCluber 20](1. 4, ~km re~olu1ion) of the positions of 
Ihe Iwo <ampling areas wilh in Ihe I.uderitz 'tudy ,ile. N~m i h i a. S~111 pli llg .ilt· I rep re,,· nls. 
Shearw~lcr B~y. while 2 represenls Ih t· I.aj(ooa adjneenl 10 Luderilz ha r bo ur. I: 26.6U-26.M"S. 
IS.U9-IS.I~"E; 2: 26.60-26.64"S. IS.IS- I S.17"E:. T he co lou r bar repre~.nls lh . SST nlues in 
d.grees C~hiu~. For use uf comparison. t he colour ,cale i, Ih. same fur bol h fi~ u re •. 

An investigallon mto the spread of the daily satdht<l <lstmJation error calculations was 

undertah'l1 whem the di,tlibulion or the salelhte estimation error was analysed Ihrough a 

deSCription of its ,kewne". 01' asymmelry 

sk el1'lJeS.f = I G t (i)-x ba r)3 

(n) 03 

as well as liS kUriosis, or th<l amplitude of the curve around the mode: 

(II) 04 

"here x arc the individu;11 salellile estimation error e;lkulalions, xhar is the ;wet;lge satellite 

estimation error, II is the sample size and 0 is the standard deviation of x, These p,lr~mders 

can be compared to a nomlal dislributlon, which ha, a skew·ness of zero and a kurtosis of 3 

(Mathworks 2011). 

The di\'<lrgence of the satellite dala limn in silu valu<ls was eon,idered as the satellite 

est imalion emn A seasonal inve,tigatiDn inlo the satellite e,timalJOn errDr evident in ooth 
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MODIS sensors was carried out. This calculation determined whether a separate correction 

factor for MODIS Aqua and Terra data was needed for each season. Unfortunately the small 

number of match up days at the Luderitz study site meant that a seasonal satellite estimation 

error investigation was only possible for the Flamingo Lodge region. For the purposes of the 

seasonal investigation, an average satellite estimation error was calculated for each season 

(summer = December, January, February; autumn = March, April, May; winter = June, July, 

August and spring = September, October, November) from the average of daily error values 

within each seasonal grouping. The significance of seasonal differences in satellite estimation 

errors were calculated at the 95% level using a non parametric one-way ANOV A 

Kruskalwallis test (MatlabR2009a) as well as a multiple comparison test (MatlabR2009a) 

(Mathworks 2009) to verify which pairs were significantly different from each other. 

After consideration of the above mentioned results, a correction factor was calculated as the 

average satellite estimation error, on a seasonal and year round scale. This enabled the 

derivation of inshore temperatures in the northem Benguela from MODIS AQUA or TERRA 

data. 

2.2.6. Diurnal Warming cycle at Flamingo Lodge 
An investigation into the amplitude of the diumal cycle was necessary in order to assess its 

effect on satellite estimation error throughout the year. This was carried out through a 

comparison between the difference between the SST estimations derived from the MODIS 

sensor onboard Terra and those derived ~3-4.5hrs later from the MODIS sensor on Aqua. 

Unfortunately as Aqua passed over Flamingo Lodge around midday it was not be possible to 

explore the complete diumal cycle, however the seasonality of the partial cycle was useful in 

explaining the seasonal variation in satellite estimation error. The comparison was based on 

match up days, where both an Aqua and Terra derived SST estimate was available from study 

area. The direct comparisons were then grouped into seasons (summer = Dec, Jan, Feb; 

autumn = Mar, Apr, May; winter = Jun, Jul, Aug, spring = Sep, Oct, Nov) allowing the 

investigation of seasonal variability. It should be noted that these calculations do not 

represent the full extent of the diumal cycle, but rather the extent of warming (or cooling in 

some cases), occurring between ~ 1 Oam and ~ 13 .30pm at the Flamingo Lodge, as well as the 

Luderitz study site. 
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2.2.7. Seasonal variability of wind stress in the study regions 
Wind stress affects the amplitude of the diumal wam1ing cycle, as high levels of wind stress 

(>3m.s- l
) cause mixing of the water column and thus destroy any diumal wam1ing signal 

(Gentemann et at. 2003). Altematively low wind regimes «3m.s- l
) in tropical and temperate 

regions can result in stratification of the surface layers, and high diumal wanning signals. 

Wind stress variability was thus expected to be related to the variability in the magnitude of 

satellite estimation error. Therefore together with the results of the investigation into the 

extent of the partial diumal wanning signal, an investigation into the wind stress of both stud 

regions was undertaken at both study sites. 

In situ wind data was available on a daily scale from January 2008 until December 2009 for 

the Luderitz study site, and this data was used to detem1ine the seasonal variability of wind 

stress in the area. Unfortunately no wind data was available from the Flamingo Lodge study 

site, and data derived from the Climate Forecast System Reanalysis (CFSR) dataset (1979-

2009), was used to explore the wind stress seasonality in the region. The CFSR dataset, a 

National Centre for Environmental Protection (NCEP) project, is a partially coupled ocean 

and atmosphere data assimilation system, which is used for the reanalysis of ocean, 

atmosphere, sea ice and land variables (Xue ct al. 2010, Ebisuzaki and Zhang 2011). One 

major advantage of the CFSR dataset is that it incorporates all available ill situ, satellite and 

model output data in order to detem1ine a "best guess" of the environmental variables, in this 

case wind components, acting on a particular area (Xue et al. 20 I 0). The CFSR wind data has 

been found to be better con-elated (by up to 15%) to in situ data sets worldwide than many of 

its predecessors, NCEP RI, R2 and R3 as well as ERA40 (Lileo and Petrik 2010, Xue et at. 

2010), and was therefore considered to provide a good estimate of wind stress variability in 

the Flamingo region. A short coming in the application of CFSR data to a regional scale 

study is that it is a global dataset and will provide a generalised wind stress pattem for the 

region, without the ability to take into account localised wind pattems. 

The U and V wind components available at the Luderitz study site and those from the CFSR 

dataset for the Flamingo Lodge region were used to calculate a monthly climatology of 

direction and speed vectors. Wind rose plots of the climatology from each site were created in 

MA TLABR2009a (Mathworks 2009), in order to view seasonal variability. 
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2.3. Results 

NASA's MODIS infrared spectro-radiometer, which is currently in use aboard the NASA 

EOS AQUA (launched May 2002) and TERRA (December 1999) was considered the most 

appropriate product for use in this study. The data collected from the MODIS sensors is better 

suited for nearshore oceanographic studies than all alternative sensors or products 

investigated as it records data at a very high resolution on a daily scale and is relatively 

accurate in the inshore and nearshore regions (Table 2.2, Minnett et al. 2002, MODIS 2011). 
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Table 2.2 Comparison of the satellite products considered to monitor inshore SST in southern Angola and central Namibia. Overall ranking (column 
8) shows the suitability of the product for this study, 5 being the most suitable and 1 the least. GHRSST-OSTIA = GODEA High Resolution Sea 
Surface Temperature - Operational sea Surface Temperature and sea Ice Analysis; ODYSSEA = Ocean Data analYsis System for merSEA; NIRST 
= New Infra Red Scanner Technology; AMSR-E = Advanced Microwave Scanning Radiometer; TRMM = Tropical Rainfall Measuring Mission; 
AASTR = Advanced Along-Track Scanning Radiometer; AVHRR = Advanced Very High Resolution Radiometer; MODIS = Moderate Resolution 
Imaging Spectro-radiometer. 

Satellite Product 

GHRSST
OSTIA 
( interpolation) 

ODYSSEA 
( interpolation) 

NIRST 

AMSR-E 

TRMM 

AATSR 

AYHRR 

MODIS 

53 

Beginning 
of active 
period 

2 

3 

2 

5 

2 

Temporal Spatial Ease of 
resolution resolutio access to 

n data 

5 4 5 

5 3 5 

2 5 5 

5 5 

4 5 

5 5 5 

5 4 5 

5 5 5 

Proximity to Ability to 
the coast of determine SST 

nearest in variable 
accurate environment 

data 

4 5 

4 5 

3 3 

3 

3 

3 

4 

5 5 

Affected Overall ranking 
by clouds (average score) 

3 2 (3.86) 

3 3 (3.71) 

6 (2.86) 

5 5 (3.14) 

5 5 (3.14) 

5 (3.14) 

4 (3.57) 

1 (4) 

References 

(PODAAC 2011), GHRSST 201l) 

(Autret and Piolle 2007) 

(Largerloef ef al. 2008) 

(RSS 2011) 

(ESA 2011, PODAAC 2011 , 

RSS 2011) 

(PODAAC 2011 , ESA 2007) 

(ESA 2011, PODAAC 2011) 

(PODAAC 20 II) 
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2.3.1. Flamingo Lodge: 

2.3.1.1. Determination of satellite estimation error 
At the Flamingo lodge study site both the Aqua and Terra MODIS data best represented the 

in situ dataset at pixel 1 (15.54 -15.58°S, 11.93-11.98°E) (Table 2.3). In both cases this pixel 

exhibited the lowest mean satellite estimation error, the highest R:2 value and the lowest 

standard deviation compared to pixels 2 and 3 (Table 2.3). Of the 596 in sitlt observations 

carried out between 2005 and 2009 a total of 161 daily match ups with MODIS TERRA SST 

estimations were found, while 193 match ups with MODIS Aqua data were detem1ined. 

Table 2.3 Differences between the MODS Aqua and Terra SST estimates and in situ data from 
three different locations: pixel 1: 15.54 -15.58°S, 11.93 -11.98°E; pixel 2: 15.54 -15.58°S, 11.80-
It.85°E; pixel 3: 15.54 - 15.58°S, 11.70 - 11.75°E off Flamingo Lodge, southern Angola (2005-
2009). (C.1. - confidence interval). 

Aqua Terra 

Pixel (1) Pixel (2) Pixel (3) Pixel (1) Pixel (2) Pixel (3) 

Mean: 0.84 1.98 1.33 0.74 1.22 1.98 

Max: 3.70 7.58 5.47 4.93 8.20 7.09 

Min: -1.49 -2.29 -2.23 -1.40 -4.73 -2.95 

Standard deviation: 0.97 1.53 1.21 1.05 1.33 1.32 

Correlation 0.92 0.83 0.88 0.89 0.83 0.84 

coefficient (R2): 

c.I. plus (95%): 0.97 2.20 1.50 0.90 1.43 2.20 

c.I. minus (95%): 0.70 1.76 1.17 0.58 1.01 1.74 

Number of matches: 193 185 207 161 158 125 

MODIS Aqua and Terra data from pixel 1 at the Flamingo Lodge study site (Figure 2.3) were 

extracted for the study period (2005-2009) and averaged for each month. These values were 

then compared to the monthly averaged in situ SST values from the Flamingo Lodge dataset 

(Figure 2.5). 
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- In,itu " -- - - _ AQUA2km 
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::~~~ ~==1 Ht---" t===========:=j " Jan Feb Mar Apr May !un 

Figure 2.5 Comparison of the average ",om hi}' in situ, ~Ioms 2~2km reoolution '\ '1ua and 
Tcrr~ ,atellito .'c~ surf~c" temperature (SST) c'tjm~t". ~t Fl"mingo Lodge_ ",,,thun Angola, 
fH tho p~riod 2005-20119 (.rr<>~ b~rs ,honing 95% .. onfid~nt~ inlen'all. n- 596 (in .ilol. n-t6J 
(Aqua), n- 322 (Terra). 

The mean dilTerence helween lhe MODIS SST t"~limale~ and in situ temperature value, wa, 

O,R4 ± O.9TC for Ihe qua dal:l,el :md 0.74 ± 1.05 ror Terra derived estimate, Cfable 2.3). 

Generally both MODIS scn\.IlrS over estimated the iii _,illl data (Table 2.3, Figme 2.5). 11 i, 

interesting!O note that the diftercncc between the observed and ,atellite estimated SST values 

1, neither cnnsi>1ent throughout the study period nor arc the calculated differences normally 

distributed, (Kolmogorov-Smirnov (P<O.05. h= L P~I .6H41xlO-4()). 

The distribution of the differences can he lurthcr described through the calculation of their 

skeville,s, 0.39 (n~193), and its kurto,i s, or amplitude of the curve relative to normal around 

the mode, 3.42 (n=J93) (Figure 2.6). These values can be compared to the nonnal 

distribution which has ~ skewness of zero and a kunosis value of 3. and in both c~se, indicate 

the over es!iml1ion of ill silo SST. The skewness value, empha,ise MODIS overestimation of 

in silo valucs, while the po,itive kuno,is indicate, that the mean e>1imation error occurs 

frequently. 
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" hi 

negrce. Celsi us ee) Degrees CehlUS eel 

Fig .. re 2.6 IliSlogr~"'1 nllrel~nfin g tile di~tributio" of the \afellit~ ~,timalio" error for holll fh e 
MODIS Aqua (a) and Terra (h) "',,surs "hen cstim~tin~ in situ data f"lIl',Il'd at Fbmin~u 

Ludge, ,,,,,them Angol~ be(w~en 2005 and 2009, Th~ s~{e1lit" eltimaTions wen reTrieved from 
Pixel I (lS.s4_1S.58°S: 11.90_11.95°E), a total of 19.' comparilnn day~ arc , lin,,"" here for the 
Aqua ,ousor and 16 1 frum fhl' T.'rra data.ct. 

2.3.1.2. Seasonal varjahil'l}" in salellile eS limation error 
As dlG m~an dGvi31ion frolllthG ob,ervations (by both the MODIS sensors) is not constant. it 

is important to determine whct llGf the diffcfGnCe, arc related to a time period (such as a 

seasonal cyck) or whether they occur at random. 

i\ seasonal comparison showcd a significant difjCr~nc~ in a .. crag~d satellite cstimation error 

was evident b~tw~cn the four seasons whcn using Aqua (Kmskalwall is: p<O.05, h=1. 

p-L33x l0-6) as wdlas Terra (Kl'll skalwallis: p<().05 . h-1. I S3xlO-5) :-10D1S data (Tabk 

2.4. Figure 2.7). The grem~st ovcrestimation of ill situ temperatures by both MODIS sensors 

occurred in autumn. while during the spring the satellite SS r estimations show little error 

(Table 2.4. Figure 2.7). Therefore the presented cOITection factors (Tabk 2.4 ) should be 

subtracted from original satell ite SST r~tric\'als in the nonh~rn Benguela. except during the 

months of spring wJlGr~ they should be added. 
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T"bl., 2.4 Thc "',,sunul ,-uH.,.-liun fadon d.,tcrmim'li frum thc satdlitc cstimulion crror uf 
MOTHS A'l"~ and TF.RR.·\ d~h "'h~n dNermining in situ SST in Ihe Flamingo ,t"d~' re~ion. 

;o"lhcrn Angola (2005_2009). Prc,;en(cd crror is ~hndard devialion and numben in brockct, 
rcpr~,,'nt sum pl., siLc. 

Summer Autumn Winter Spring 

:>'-lODIS on " 100 I J)9 ± 0.93 OH6 " 0')2 -(U) I ± 0.6H 

AQUA (42) (SH) (40) (23) 

:>'-lODIS 0.7S ± 1.25 I J)5 ± 0.91 0.93 ± 0.87 -0.22 ± 0.70 

TERRA (30) (74) (27) (30) 
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Figure 2.7 Tb., mcan ,,'asonal diffcrcnccs b<'l'.-cen Ihc salellile c,lim~tion crrur uf in Silu 
temperatures at Flamingo Lodge , ,outhHn '.ngola, for a) ,'Iodi' '\'lu~ data and h) 1\IODlS 
Terra data. Thc "a,om compri,e of Ihree month, each, ,ummer (OJ F). aulumn (1\1 ,\~ If, winter 
(JJ ,\), ~nd .prin g (SO.\). l\umhcrs ubo,e cadI ,,'asonal mcan d,'nuh' ,ampl., ,iLc. error ban 
repre,~nl th~ 95~. confideuce intn"~I,. 

2.J, I.J. Sca~onal \ ariubilily of the partial din rnul cycle: 

The partial diurnal ~yde was ~akulaled hy cumparing satellite derived SST estimatcs in the 

muming (Terr.l) and in the early aftemuon (A'-jtla) and \Va'; averaged according to ,ea~on~ in 

order IU a~,e,~ ~easollal variability (Figure 2.R) . The wanmng 'i~'llal wa' t(llmd to he greatest 

during SUmmer antlleast dunng spring (Figltl'c 2 R) . 
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Fi)(urc 2.8 rhc sea,unal "ari~billt~ "fthe purtial diurnal warmin:: .i::nul (- lU:OOarn- 14:00pm) 
<alcular ~d for 1"~ Flamingo Lodge ;lUdy ~i'e in southern .\lIgob ~ho\'in ~~ (h ~ differenre 
b~I\HCn MOms TF.RRA and AQL\ SST (2002_2011) estimate., The numher abo\'e rarh 
, ell"IOlIl ",tima!. represents the s~l1lpl" ,i,e uf m~tch -up day, Ii,. thut sc~"'": the error b~rs 
rer'Te;rnl !til' upper ~ nd Io>"cr 95";' l'onfidem'e i nlervals. 

2.3.1 A. Sell'DIll" Wind .tress lit Fhlmingu Lodge: 
The d mlalology of Willd speeds for the Fhmingo Lodge study slle (F lgure 2.9) in(kaled that 

monthly average wind speeds throughout the year were below 3m,s·1 wi th a seasolla l mnge of 

0,65m.s·I, Wind speeds at Flammgo Lodge were lower (- 2 . .1 0-2.50rn.s· l
) during winter and 

early spring (June-September). with higher wind speeds (- 2,70-2,98m,s·l) observed during 

the res! or the year. SOlllh easterl y wind, dominated at the Flamillgo Lodge study site, ex~ept 

for the months of May, June and July where the wlml swung to a more south-south-easterly 

dire~tion (Figure 2, I 0), 
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Figure 2.9 A"erage mon'hly wind 'I'eed~ deriwd fr(}ln Climale Foeen" SY"em Reanaly,is 
(CFSR) data (1979_2009).1 Flamingo I.odge, ,outhern Angola area (ISSS. 12°1':). 
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2.3.2. Luderitz Case Study 
Satellite data was only available for eight of the 22 sampling days using the MODIS Terra 

database and only four days using the Aqua data. The average estimation error by the MODIS 

Terra product was 1.97 ± 1.51°C and 1.05 ± 1.33°C for the Lagoon and Shearwater Bay 

sampling sites, respectively (Figure 2.11). While MODIS Aqua over estimated the in situ data 

at the Lagoon site by 0.46 ± 1.28°C and by 1.48 ± 0.79°C at the Shearwater Bay site. 

However, due to the low sample size of these comparisons, especially the MODIS Aqua 

values, further sampling is required in order to accurately detern1ine the satellite estimation 

error in the Luderitz area. 

The Shearwater Bay site was expected to be less affected by any diurnal wanning cycle in the 

region as it is located outside of the harbour area in deeper water. It was also situated further 

from the influence of radiance interference from the adjacent land. Thus the Shearwater Bay 

site was chosen as the best location to estimate ;,/ situ SST using the MODIS Terra sensor. 

An approximate correction factor for MODIS Terra SST data at the Luderitz site was 

estimated to be ~ 1.05°e, and ~ 1.48°C for the MODIS Aqua SST retrievals. 

20 

• X Shearwater Bay 
19 • Lagoon 

~ 18 • (j) 

c 
0 
Q) 17 • Cii 
E • Ui • • Q) 16 
t-
CI) 
CI) 

~ 15 
Q) 

CI) 
~ 0 X X 

0 14 • X 2 

13 X X 
X 

12 
12 13 14 15 16 17 18 19 20 

Luderitz in situ temperature observations ('"C) 

Figure 2.11 The correlation between in situ data collected at two sampling sites (the Lagoon and 
Shearwater Bay) in the Luderitz study area between April 2008 and December 2009 and 
MODIS Terra SST estimations. 
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Th~ pot~ntial effects of a diurnal signal on sutellite derived SST values in the Luderi ll area 

were e:;limated through a comparison of scasonal uverages of the difference b el we~n MODIS 

Aqua and Terra Cs[,maleS rctrieved at - 14:45 pill and -9.45am respecll\'ely (Figure 2.12), An 

average di lInml warming signal of 0,76 ± 1.llI<C was idcntified in the Shear,,;a\er Ray study 

site. \O.,ilh a slight increase in lhe wimer (JJA) (Figurc 2,12), 

"L_==_~ __ =~_~ __ =~_~_~~ 
"mm,,, "" tun", "'"'" . ,"". 

Fi~ur. 2.12 The •.• tent ufthe partial dillrna l ~ig ll~1 (0C) e"ident from thr di\'Cr~enc~ oj' MODI S 
Aqua 4x4km re'oll1t ion SST e,timatr . from \IOnIS Terra , 'alues at the Shearwater Ila~' . tud} 
si te (26.60_26.64 ' S. 15.09-15.14°E) in thr \'kinity of Lnderit~. !\amibia. All matdt up n ines 
from 2062 until 20Hl wen used in th i, rompllr;, on ~Dd the number ' ~bO\'e each data !,oint 
re!,r~ •• nt , am!,l. sift for earh Se~ "On. 

U .2.]. 
The average mOlllh ly wind spe~ds at Luden t.l ranged betwcen 3 und 8m,s-1 and were lower 

(-3.5 - 4.5ms· l) dUling early wi lll~r (May, June, JlI ly). with higher wind speeds C'-{),lI -lIm.s 

1) ohserved dunng spring and earl y summer (September Dccember) (Figurc 2, 13), 

South ea:;terly winds dominated the Luderi t~, study site with slight dcv iations in the fOim ofu 

we:;lerl y wind which lS common in willl~r (Figure 2. 14). 
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- - ---- -~-~-------

/ 

'"' 
Figure 2.13 Awragc monthl}' "[lid SIWed'l (2008-20(19) from anen,onWle r da la at Ihe ma, Point 
weatlon ~tation , Luderil7. 
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2.3.3. Determining a generalised correction factor for MODIS data in the 
northern Benguela 

It is not always necessary and sometimes not possible to incorporate a seasonal correction 

factor into studies utilising satellite derived surface temperature data. Therefore a generalised 

correction factor was determined which is applicable to both Terra and Aqua derived MODIS 

data throughout the northem Benguela region (Table 2.5). 

Table 2.5 Determining an all purpose correction factor for the northern Benguela region for use 
with both Aqua and Terra derived MODIS SST estimates. The satellite estimation error form 
both of the sampling sites (Flamingo Lodge, southern Angola and Luderitz, Namibia) was taken 
into account. The weighted average for each sensor (column 4) can be applied to MODIS data 
throughout the year in the northern Benguela. If a greater temporal resolution is required the 
seasonal correction factors presented in Table 2.5 should be applied instead. 

Flamingo Lodge Luderitz Weighted average 

MODIS Terra +0.74 ± 1.05°e (161) +1.05 ± 1.32°e (8) +0.76 ± 1.06°e 

MODIS Aqua +0.84 ± 0.97°e (193) +1.48 ± O.78°e (4) +0.85 ± 0.85°C 

2.4. Discussion 

2.4.1. Choosing the correct satellite product 
NASA's Moderate Resolution Imaging Spectro-radiometer (MODIS) sensor was considered 

the best suited satellite product for this study (Table 2.2). Although the more recently 

developed interpolation products such as GHRSST-OSTIA and ODYSSEA, which combine 

all available forms of data for each region, would have been well suited these products were 

not available over the required time period. 

Whether to use infrared or microwave sensor SST estimates in the inshore zone was also an 

important consideration. The great advantage of microwave sensing is that data retrievals are 

not affected by cloud or atmospheric water vapour, ensuring constant data availability 

(Minnett et al. 2002, Ricciardulli and Wentz 2004). Microwave sensors, however are 

negatively influenced by the effects of shallow water depths and suspended particles, as well 

as sea surface roughness which, in combination, render their temperature estimates inaccurate 

until at least 35km offshore (Ricciardulli and Wentz 2004). Infrared sensors on the other 

hand, are able to accurately measure radiance levels on a fine spatial scale, allowing accurate 

SST measurements in the coastal zone, as well as in regions of high temperature gradients 
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(Ricciardulli and Wentz 2004). A major limitation of infrared sensing is that infrared radiance 

is absorbed by atmospheric water vapour, and therefore infrared sensors are unable to collect 

radiance data during cloudy or over-cast conditions (Minnett et at. 2002). MODIS is an 

infrared sensor and in order to overcome the data gaps caused by overcast days, monthly 

averaged data were used for the remainder of the study. 

The MODIS sensors currently in orbit are carried on board two of NASA's satellite 

platfom1s, namely Terra and Aqua (MODIS 2011). These satellites orbit the earth in a sun 

synchronous fashion and in opposite directions, thus producing two separate sea surface 

temperature estimates at different times of the day (Brown and Minnett 1999, MODIS 2011). 

The Terra satellite (ascending track) crosses the equator at approximately 1O:30am, while the 

MODIS sensor on board the Aqua satellite (descending track) crosses at around I :30pm. It is 

important to include SST estimates from both flyover times in order to assess any diumal 

cycles of surface warming which may be present in the study region. 

2.4.2. Satellite estimation error in the northern Benguela 
The MODIS sensors on board both the NASA satellites, Aqua and Terra, were able to capture 

monthly (Figure 2.5) temperature variability relatively well at both study sites. However 

MODIS SST retrievals generally overestimated the SST when compared with in situ 

observations (Tables 2.3, Figure 2.7). Therefore, while the MODIS sensor adequately 

captures the variability of the nearshore environment it is recommended that a correction 

factor be applied to satellite SST estimates in this region to improve their accuracy. Based on 

these results, generalised correction factors were determined which are applicable throughout 

the study area and at any time of the year, for both of the MODIS sensors (Table 2.5). These 

were calculated as 0.76°C and 0.85°C for the MODIS Terra and Aqua sensors respectively. 

However, for studies that require higher temporal resolution, the seasonal cOlTection factors 

presented in Table 2.4 should be applied to the relative MODIS sensor data for the applicable 

season. 

Satellite estimation error in the Luderitz area was relatively high (MODIS Aqua: + 1.48°C 

and MODIS Terra: + I.05°C) compared to that calculated for the Flamingo Lodge region 

(MODIS Aqua: +0.85°C and MODIS Terra: +0.76°C). The use of 4x4km resolution data at 

the Luderitz study site as opposed to the 2x2km resolution data used at Flamingo Lodge, did 

not significantly alter the satellite estimation error (MODIS Aqua (2x2km vs. 4x4km) Two 
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sample t-test P>0.05; MODIS Terra (2x2km vs. 4x4km) Two sample t-test P>0.05) and 

therefore the higher estimation error at Luderitz was not expected to be a result of the use of 

lower resolution data. Instead it is thought that the high satellite estimation error in the region 

can be attributed to the low number of 'match-up' days between satellite and in situ data 

sources. For this reason it is imperative that routine sea surface temperature monitoring 

continues in the Luderitz area. 

2.4.3. Reasons for the observed satellite estimation error 
The observed estimation error by the MODIS Aqua and Terra sensors may have been caused 

by a number of factors. These include equipment restrictions, variability of regional wind 

stress and the existence diurnal warming cycles, explained below in the context of this study. 

2.4.3.1. Equipment restrictions 
One of the most common causes of satellite infrared sensor estimation error is the infrared 

retrieval methodology itself. This is especially true in coastal regions, which are often located 

on the edge of the satellite swath and in waters adjacent to land masses. 

The SST estimates retrieved from the MODIS sensors on board the Terra and Aqua satellites 

are most accurate when the water mass being measured is located directly below the sensor 

(Brown and Minnett 1999, MODIS 2011). However in order to ensure global coverage of the 

sensor, the width and length of the sensor's swath are extended to include as large an area as 

possible. The accuracy of SST estimates however, decreases towards the edges of the swaths 

(often where coastal regions are located) as a result of atmospheric contamination (Tabata 

1981). The erroneous values are removed from the dataset through the application of error 

flags, which are user-specified (see methods) but are originally applied by the OBPG group. 

It is possible for pixels to be incorrectly flagged (especially those located very close to the 

shoreline). which can lead to over or underestimations of the true surface temperature at that 

location. For this reason the areas selected for comparison to in situ datasets in this study are 

located further offshore (Figures 2.3, 2.4). 

A number of physical variables are also expected to have an influence on the ability of the 

MODIS sensors to estimate SST of the extreme inshore region. 
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2.4.3.2. The influence of the diurnal warming cycle and wind stress on satellite 
estimation error 

The use of infrared sensors, such as those used by MODIS are particularly sensitive to diurnal 

wanning, as they measure the skin temperature, or upper 111m of the surface layer, which is 

where the highest rates of diurnal wanning occur (Gentemann et al. 2003, Ricciardulli and 

Wentz 2004). A Further compounding factor is that the conditions under which MODIS 

performs best (clear sky) is when the surface layer of the ocean. exposed to full sunlight, is 

most susceptible to diurnal warming (Silio-Calzada et al. 2008). The difference in SST 

estimates between the MODIS Aqua and MODIS Terra (Figure 2.8, 2.12) illustrate the 

effects of a partial diurnal wanning signal in both study regions. 

The amplitude of the diurnal wanning cycle has been found to be as much as 2.8°C in regions 

which experience low wind stress (1-3m.s- 1
) (Gentemann et al. 2003. Ricciardulli and Wentz 

2004). In the case of Flamingo Lodge, the low wind speed (average 2.70m.s-1
) and temperate 

location (I5.5°S) of the study site indicate the potential importance of the diurnal cycle as a 

source of satellite estimation error in the region. In support of this, the seasonality of the 

partial diurnal warn1ing signal (mean=0.63°C. Figure 2.8) was closely related to the seasonal 

variability of the estimation error (Table 2.4, Figure 2.7). However. an exception occurred 

during late winter, early spring (July - September) where the wind speed dropped to between 

2.3-2.4 (Figure 2.9) and the partial diurnal wanning signal did not increase as was expected 

(Figure 2.8). Spring is known to be a season of strengthened upwelling in the northern 

Benguela (Hardman-Mountford et al. 2003. Hutchings et al. 2009) and it is thought that the 

development of local upwelling favourable winds during the day would mix the water 

column and bring cool water to the surface, breaking down any diurnal wanning cycle. These 

localised winds are however, not well represented in the global CFSR dataset (Figure 2.10) 

and investigations into the variability of localised wind stress are needed before their effects 

on surface temperatures in the region can be quantified. 

Furthelmore, the low number of 'match up' days in the Flamingo Lodge region during the 

months of spring indicates a high frequency of cloud cover. This would have resulted in 

lower insolation and therefore also played a pa11 in weakening the diurnal cycle in the region. 

Under wind stress conditions of greater than IOm.s- 1
, the diurnal warn1ing signal is thought to 

be negligible (Gentemann et al. 2003). Furthennore in areas of high winds stress (>3m.s- 1
) 
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(Gentemann et al. 2003), such as that observed at the Luderitz site (Figure 2.13), the diurnal 

wanning signal was expected to be less pronounced than that detennined in the Flamingo 

region. This was not the case however, as the average partial diurnal signal in the Luderitz 

region was found to be 0.76°C (Figure 2.12). This may be because of the sheltered nature of 

the Shearwater Bay study site, which is protected from the strong winds common in the 

Luderitz region (Figure 2.4). The slight increase in the partial diurnal wanning signal in 

winter (Figure 2.12) could be related to the drop in wind speed in the region (Figure 2.13) 

and an increase in stratification of the surface layers in the region. 

The application of the correction factors calculated in this study should account for the effects 

of these influences on the satellite estimation error in the northern Benguela. To investigate 

the origin of estimation error from satellite derived data in the inshore zone, future studies 

should consider both the amplitude of the regional diurnal wanning cycle, the variability and 

intensity of wind stress as well as the influence of radiant emittance from adjacent land 

masses. 
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Chapter 3 

Could an environmental parameter be used to estimate the 

spatial distribution of Argyrosomus coronus? 
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3.1. Introduction to Key Question 2: 

Many fisheries management strategies are dependent on at least a rough estimation of the 

extent and variability of the spatial distribution of a target species. Knowledge of the changes 

in spatial distribution of migratory species are particularly important as the targeted stock 

moves to different locations during different times of the year, where they may become more 

or less vulnerable to fishing effort (Link et af. 20 10). Low oxygen water (LOW), seasonal 

temperature variability, salinity changes and other factors such as lack of food leading to 

unfavourable local conditions can force species out of their traditional distribution ranges 

(Jensen et al. 1993, Pannesan and Yohe 2003, Parmesan 2006, Helfman ct at. 2009, Link ct 

al. 20lO). ). Future management strategies will be ineffective unless they incorporate accurate 

data on the variability of the spatial distribution of the study species in relation to changes in 

oceanographic conditions, especially in the face of global change (Link ct at. 2010). 

The response of a species in the northern Benguela, Argyroso11111s COrOl1l1S, in the northern 

Benguela, to changes in environmental parameters may be greater than those in relation to 

changes in prey distributions or abundance as this fish is a generalist feeder (Griffiths and 

Heemstra 1995, Potts ct al. 2010) and is not reliant of one source of prey. Furthern10re, the 

high seasonal variability in oceanographic conditions in the area associated with the seasonal 

migration of the Angola Benguela Frontal Zone (ABFZ) (Shannon 1985, Hardman

Mountford et al. 2003), the northern periphery of this species' distribution, suggests that west 

coast dusky kob individuals may regularly be exposed to conditions which fall outside of the 

range in which it evolved. Therefore despite considerable tolerance, extremes of very warn1 

or very cold water may affect the spatial distribution of the study species. However, the exact 

optimum environmental ranges of this species and how it will respond to anticipated climatic 

changes are still unknown. 

When the optimum environmental ranges for a particUlar speCIes are known, the most 

influential environmental variable could be used as a proxy for fish distribution, provided the 

variable could be measured relatively easily and on appropriate spatial and temporal scales 

(Portner and Knust 2007, Nye et al. 2009, Link ct al. 20lO). Management strategies could be 

dramatically improved if it is possible to estimate species distribution, even predicting future 

changes in this distribution, based on the variability of the selected parameter. 
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This chapter therefore addresses the second key question of the study by exploring 

fluctuations in relative abundance of A. COrol111S in relation to temperature variability, as well 

as assessmg the relative importance of temperature in deternlining this species' spatial 

distribution. 

3.1.1. Identifying environmental parameters which could determine spatial 
distribution of A. coronus 

A host of environmental variables which potentially indicate environmental change are 

available to be measured. These are water temperature, dissolved oxygen and salinity 

(Wootton 1990, Portner and Knust 2007, Helfman et al.2009). The availability of accurate, 

long ternl data sets of these variables however, is limited. This is especially true in the 

northern Benguela and the application of a variety of different datasets in this study was 

necessary to overcome the paucity of data. 

Although the individual influence of temperature, oxygen and salinity on the spatial 

distribution of A. COrOl1l1S will be explored in this chapter, it is important to note that fish are 

not exposed to any of these environmental parameters in isolation, and that it is frequently the 

combined influence of several interacting parameters which affect species distributions 

(Wootton 1990, Jensen et al. 1993). If the inter-relationships between the selected variables 

are known, one indicator variable (e.g. temperature) may be selected to detemline changes in 

spatial distribution of fish populations. For this purpose, three environmental variables are 

considered the most influential while also being relatively easy to measure. 

3.1.1.1. Temperature 

Temperature has successfully been used to track or explain the spatial distribution shifts of a 

number offish species (Portner and Knust 2007, Nye et al. 2009, Link et al. 2010). As ocean 

temperatures are expected to rise globally (Parmesan and Yohe 2003, Parmesan 2006, IPee 

2007, Link et al 2010) in the near future, and are cunently rising at a rate of O.07°e per 

decade (Bunows et al. 2011), a latitudinal shift in the distribution of species towards the 

cooler poles is probable (Parmesan and Y ohe 2003, POl1ner and Knust 2007, Nye et al. 2009, 

Potts and Gotz 2011). 

Fish have evolved to function optimally within a certain temperature range, and when 

exposed to temperatures out of this range their physiological processes (governing 
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metabolism, reproduction and osmoregulation) are affected. Even small fluctuations in 

temperature affect species spatial distributions as fish will move to a better suited 

environment in the face of adverse conditions (Portner and Knust 2007, Potts and Gotz 2011). 

Due to the high heat capacity of water however, temperature change often takes place at a 

relatively slow rate (Sturtevant 1977) allowing fish to move into better suited conditions. 

Although there is a paucity of environmental data in the study region, MODIS Terra and 

Aqua SST estimates have been evaluated in the study region and can therefore provide 

information on surface temperature variability (Chapter 2). Alternatives to ill situ subsurface 

monitoring can be found in global databases of sampling station data devolved from 

international and local research cruises. One such database is the World Ocean Atlas 2009 

(WOA) (Locarnini et al. 2009, Garcia et al. 2009, Antonov et al. 2010), a global database of 

research cruise sampling stations, which is freely available and incorporates data quality 

flags, invaluable use in oceanographic studies. Outputs from regional ocean model 

simulations may also prove useful in indicating temperature variability with depth, especially 

where the abundance of WOA sampling stations are limited. In the northern Benguela the 

regional ocean model system (ROMS) has successfuIJy resolved major oceanographic 

features and processes of the area (including upwelling cells and surface currents) and is 

believed to provide an accurate representation of the variability of temperature (as weIJ as 

other variables) with depth (Penven et al. 2001, Veitch et al. 2010). Through the employment 

of a combination of datasets, a good understanding of the variability of temperature in the 

inshore environment of the northern Benguela is possible. 

3.1.1.2. Dissolved Oxygen 
Oxygen too plays a part in detern1ining the spatial distribution of ectothermic species as the 

amount of dissolved oxygen in the water column determines the maximum rate of aerobic 

respiration in fish at a given temperature (Jensen et al. 1993, POl1ner and Knust 2007, 

Helfman et at. 2009). However the effects of temperature and oxygen variability are strongly 

coupled, as oxygen solubility decreases with an increase in water temperature (Wootton 

1990, Jensen et at. 1993, Portner and Knust 2007). A fish's aerobic scope is thus limited 

outside of its thermal tolerance range (Portner and Knust 2007). This is the case in a warming 

ocean, where the increase in oxygen demand of fish caused by an elevated metabolism is 

mismatched by the lowered amount of dissolved oxygen available in the water column 

(Portner and Knust 2007). Therefore changes in either variable can greatly affect species 
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distribution, as fish will move to more favourable environments (where dissolved oxygen 

concentrations are >5mg.m-3 or> 156.26mmo1.m-3
) when faced with adverse temperature and 

dissolved oxygen levels. 

Obtaining dissolved oxygen data is more challenging than retrieving SST values in the study 

region, as satellite sensors are unable to make surface or subsurface estimations of oxygen 

saturation. The WOA dataset can be used in this case to derive dissolved oxygen variables 

from regionally extracted datasets, as described above. Dissolved oxygen data is, however, 

recorded less frequently than water temperature, which may limit the applicability of this 

dataset. A solution may be available in model outputs. ROMS which is based purely on 

physical relationships and hydrodynamic equations has been coupled with a biological model 

(BIOgeochemical model of the Benguela Upwelling System, BIOBUS) where a variety of 

biological parameters are represented (Ie Vu et al. in press, Gutknecht et al. in press). The 

model simulates each month of a typical year, and dissolved oxygen variability can be 

explored in the Benguela system at different depths. 

3.1.1.3. Salinity 
Oceanic fishes have evolved to cope with relatively narrow salinity ranges, as opposed to 

euryhaline, estuarine dwelling species which can withstand salinity ranges from freshwater 

«0.5) to brackish water (0.5-17) as well as ocean water salinities (>35). As a result, dramatic 

changes in salinity levels affect osmoregulatory processes and can result in the loss of ionic 

balance within the tissues ofa fish (Wootton 1990, Helfman et al. 2009). Salinities outside of 

a fish's tolerance limits require an increased rate of osmoregulation in order to maintain 

normal functioning. As greater amounts of energy are required to osmoregulate, additional 

oxygen uptake is required (Wootton 1990). Oxygen solubility is also lowered at high 

salinities (Wootton 1990, Jensen et al. 1993), which means that in a situation where salinity 

and temperature are elevated, dissolved oxygen levels will be significantly lowered and fish 

will become stressed if they do not move into more favourable conditions. 

A. carolllls spends the majority of its life history in coastal waters and is thus exposed to the 

natural variability of salinity in the region (35.3-35.9) (Salat et al. 1992) as well as the fresh 

water conditions associated with river outflow at the Cunene River mouth. This species is 

thus thought to have an optimum salinity range of -1.7-35.9. Its allopatric species A. 

japolliclfS, occurring on the south and east coasts of southern Africa however, is estuarine 
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dependent and has therefore evolved to cope with a relatively large range of salinities (3-66) 

(Whitfield 1998). The west coast dusky kob may therefore exhibit a higher tolerance range of 

salinity than is expected for an oceanic species. If this is indeed the case, salinity would not 

act as an effective proxy for this species' distribution. 

Salinity data is becoming increasingly accessible after the launch of the first 

microwavelinfrared surface salinity sensor on board the NASA's Aquarius in August 2011 

(Aquarius 201l). Sea surface salinity (SSS) will soon be available at various spatial scales 

from this monitoring platfonn, and where salinity can be used as a predictive variable, 

managers should take advantage of this advancement. Alternatives for measuring salinity are 

similar to those for the measurement of dissolved oxygen. 

3.1.2. Measuring relative abundance of a species 
If changes in relative abundance estimates can be predicted by variability of one of the above 

mentioned environmental parameters, this parameter could be used as a proxy for the spatial 

distribution of the species. Studying exact range boundaries can be difficult for marine 

species, and an alternative to this is to investigate relative abundance of a species at one 

location and use this as an estimate of distributional variability (Harley et at. 2006). Catch per 

unit effort (CPUE) monitoring provides an estimate of the relative abundance of a population 

over time, in a specified region, on condition that the method of catching fish remains 

constant and does not improve in efficiency. 

Problems associated with using CPUE as an indicator of relative abundance do exist 

however, the most important of which arise from the assumption that the 'catchability' of a 

species (the proportionality constant for the relationship between CPUE and abundance) 

remains constant over time (Harley et al. 2001, Maunder et al. 2006). This is not necessarily 

the case as the catchability in many fisheries increases as the fishery increases in efficiency 

over time (e.g. through gear changes/adaptations), is subject to fluctuations in environmental 

conditions (e.g. effects of EI Ninos on fish populations) and is affected by population 

dynamics within the target species (Maunder et al. 2006). The problems associated with 

variable catchability were limited in the CPUE dataset recorded at Flamingo Lodge through 

the use of a fixed study site and the use of standardised gear and fishing method (Rod and 

Line cast from the beach) ensuring the fishing efficiency remained constant. Additionally, 

any changes in bait or hook type were factored into the standardisation process. The 
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recording of ill situ temperature data together with CPUE accounted for environmental 

variability and as the A. COr0I111S population in the Flamingo Lodge study region was thought 

to be at near pristine levels before the study period (2005-2009) (Potts et al. 2010) historic 

population dynamics shifts were not expected to have influenced to ability of CPUE to 

represent the relative abundance of the study species in this region. 

3.1.3. Specific aims: 
The combined use of four different datasets namely, ill situ temperature and CPUE 

monitoring, MODIS Terra SST estimates, the World Ocean Atlas (WOA) dataset as well as 

model outputs from the ROMS BIOBUS simulation provide sufficient infonnation on the 

oceanographic variability of the northern Benguela (focusing on two study sites namely 

Flamingo Lodge and the Cape Frio upwelling cell). This study therefore aims to detennine 

whether Temperature, salinity and dissolved oxygen values from these datasets could be 

utilised to estimate the spatial distribution of the study species. 

3.2. Materials and methods 

In order to address this aim, the following methodology was carried out: 

3.2.1. Study region 
The study region was selected to encompass the region under the influence of the southerly 

extent of the seasonal migration of the Angola-Benguela Frontal Zone (ABFZ) (see Chapter 

1) as well as the southerly extent of the migration undertaken by the study species as 

described by Potts et al. (2010). The study region extended offshore to lODE, beyond the 

boundaries of the continental slope (~200m depth), in order to include the regional variability 

of offshore oceanographic conditions. This allowed for the investigation of possible offshore 

movements of A. COrOl1l1S when adverse conditions prevailed in the inshore zone. The domain 

of the study region was thus 15-19°S and 1O-12.5°E (Figure 3.1(A». In order to investigate 

environmental variability with depth, two smaller study sites were included in the study. One 

of these (Figure 3.1 (B» was directly off the coast of Flamingo Lodge, southern Angola, 

while the second was located further south at the Cape Frio upwelling cell, south of the 

Cunene River mouth (Figure 3.1 ( C». 
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hours and the lure or bait type used was recorded. This provided an accurate and standardised 

estimation of fishing effort. The total amount of fish caught was then divided by the 

standardised fishing effort in order to calculate the CPUE. Daily CPUE was averaged by 

month in order to determine a climatology of CPUE variability which could then be 

compared to similarly averaged environmental variables. 

3.2.3. Environmental variable data collection 
As a result of the paucity of oceanographic monitoring m the study area temperature, 

dissolved oxygen and salinity datasets from four different sources (listed below) were used 

and compared in this study. 

3.2.3.1. III situ 
The first method of data collection considered was the ill situ water temperature dataset, 

collected daily at Flamingo Lodge, southem Angola between May 2005 and June 2009 (see 

Chapter 2). The daily temperature values were averaged into a monthly climatology for 

companson to CPUE, which was collected in conjunction with this dataset. The in situ 

temperature values recorded at Flamingo Lodge were regarded as representative of local 

surface temperatures. 

3.2.3.2. Satellite derived estimates 
Satellite derived estimates of sea surface temperature (SST) were available over the study 

time period (2005-2009) from the MODIS sensor aboard NASA's Terra polar orbiting 

satellite (see Chapter 2). MODIS Terra data was used here as Terra was launched in 2000 

whereas Aqua was only launched in 2002; the longer dataset of the Terra MODIS sensor 

gives a more accurate climatology of the annual variability of SST than the Aqua version. 

MODIS Terra daily SST estimates of 2x2km resolution data were extracted for the region 

between 15-19°S and 12.5°E (Figure 3.I(A)). The SST values were averaged monthly to 

develop a climatology for the region. These values were then corrected according to Table 

2.4 (Chapter 2), in order to ensure their accuracy in the inshore region at all times of the year. 

3.2.3.3. World Ocean Atlas 2009 
World Ocean Atlas (2009) (Garcia et af. 2009, Locamini et af. 2009, Antonov et al. 2010), 

data for the study region was extracted using Ocean Data View (ODV) (Schlitzer 2011). This 

dataset is a compilation of oceanographic profiles and surface data collected during scientific 

research cruises from 1955 until 2009. Data was extracted according to the seasons, summer 
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(DJF), autumn (MAM), winter (JJA) and spnng (SON) to allow investigation into the 

seasonal subsurface variability for the selected environmental parameters. Seasonal instead of 

monthly averaged data was used here due to the low number of research stations in the study 

region. ODV was used to create seasonally averaged temperature, dissolved oxygen and 

salinity profiles of the region in the proximity of the Flamingo Lodge as well as the Cape Frio 

study sites (Figure 3.1 (B, C)). 

3.2.3.4. Regional Ocean Model Simulation (ROMS) and BIOgeochemical model of 
the Benguela Upwelling System (BIOBUS) model outputs 

ROMS is topographical following sigma coordinate model which has been regionally 

resolved in the northern Benguela through the use of a child model forced with parent 

boundaries (Vietch et al. 2010). The child model has been fitted with biological data 

(BIOBUS) at an 8x8km resolution (Ie Vu et at. in press, Gutknecht et al. in press). A ROMS 

BIOBUS simulation was run to output the environmental parameters for an average year. 

The climatologies of dissolved oxygen, temperature and salinity were extracted from the 

surface level (Sigma level 32) (or from a depth of -10m for dissolved oxygen) for the 

northern Benguela study region (15-19°S, 1O-12.5°S, Figure 3.1 (A)). 

3.2.4. Extent of the seasonal cycle in the study region 
As the effects of the seasonal cycle on the spatial distribution of A. corOl1l1S were under 

investigation, it was important to determine whether any other mode of variability could have 

had a significant influence on the oceanographic conditions of the region. The influence of 

the seasonal cycle on local temperature variability (Figure 3.1(A)) was thus explored through 

a correlation, where the total amount of variance in daily SST estimates (MODIS Terra) 

explained by the monthly SST climatology (MODIS Terra) was calculated (MATLAB 

R2009a). 

3.2.5. Determining the optimum environmental ranges 
The optimum range for A. corOllllS in ternlS of each of the selected environmental parameters 

(temperature, dissolved oxygen and salinity) was defined as the range of a particular 

parameter which accounted for >95% of the total number of instances of CPUE >0.01 fish. per 

angler-hour. To calculate this, the frequency of temperature, salinity and dissolved oxygen 

values where CPUE was above 0.01 fish. per angler-hour was detennined and the range in 

parameter values which included >95% of the CPUE values >0.01 fish.per angler-hour was 

considered to be the optimum range. Daily ill situ temperature values were compared with 
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daily CPUE values from Flamingo Lodge to detennine the optimum temperature range of A. 

corOllllS. While Monthly averaged salinity and dissolved oxygen values extracted from the 

ROMS BIOBUS simulation outputs at 15.5°S and II.58°E, where used to detennine the 

optimum ranges of salinity and dissolved oxygen. 

FurthernlOre, the maximum thennal range of A. corOllUS was established by determining the 

lowest and highest ill Sitll temperatures where >0.0 I fish. per angler-hour CPUE was recorded. 

Hovmoller plots of each environmental variable were constructed in order to investigate their 

regional variability. ROMS BIOBUS simulation outputs were extracted to display regional 

variability in salinity and dissolved oxygen, while MODIS Terra data (corrected according to 

Chapter 2) was used to represent sea surface temperature (SST) variability. The optimum 

ranges of each variable were then applied to these plots, to estimate the potential spatial 

distribution of A. corOl1US as described by each variable. All three of these ranges were then 

overlaid on the same Hovmoller plot to detern1ine the potential spatial distribution of the 

study species according to the combined optimum ranges of salinity, dissolved oxygen and 

temperature. 

3.2.6. Variability of spatial distribution in terms of avoidance limits at depth 
As adult west coast dusky kob individuals have been observed offshore (Potts et al. 2010) it 

was important to assess the environmental conditions at various depths in the water column, 

and to detennine the seasonal changes at these depths. Cross sections of temperature, 

dissolved oxygen and salinity data were extracted from the WOA dataset and ROMS 

BIOBUS outputs for the same region (l5-16°S and 1O-12.5°E). This allowed a comparison of 

the seasonal changes in oceanographic conditions in the water column, as well as a 

comparison between the WOA data and the model outputs. 

As the Cape Frio region is expected to be the southernmost point of the seasonal migration 

undertaken by the study species as described by Potts et al. (2010), seasonal cross sections 

were also extracted from the region (l7.5-18.5°S and 10-12.5°E) (Figure 3.I(C». This 

allowed the exploration of the suitability of the region for west coast dusky kob at different 

times of the year in tenns of the defined optimum environmental ranges. 

The optimum environmental ranges (defined above) were then applied to these cross sections 

to detennine whether the conditions were suited to an offshore movement for the study 
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specles, during periods when the nearshore conditions deteriorated. The oceanographic 

conditions in the water column, to a depth of 200m were viewed in terms of all three 

environmental parameters simultaneously, by overlaying the different cross-sections. The 

oceanographic conditions were deemed suitable if they were within the defined optimum 

ranges of at least two of the selected environmental variables. 

3.3. Results 

3.3.1. Seasonal signal in the study region: 
An average of 79.0% of the total variability in SST (MODIS Terra) was explained by the 

seasonal climatology of SST (Figure 3.2a). The extent of the seasonal variability is further 

highlighted by the amplitude of the seasonal cycle which had a regional average of 2.85 

(Figure 3 .2b). 

The seasonal cycle of temperature is evident in the MODIS Terra SST data (Figure 3.3a) 

which was corrected according to Table 2.4 (Chapter 2). Temperatures were found to 

increase in the summer and autumn, in the vicinity of Flamingo Lodge (15.5°S), while 

decreasing in the winter and spring. A similar cycle was observed in the salinity dataset 

(Figure 3.3b). Dissolved oxygen showed less seasonal variability with a high concentration 

north of 15.5°S (>200mmol.m-3
) and lower concentrations (140-200mmol.m-3

) south of this 

location for the majority of the annual cycle (Figure 3.3c). 
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3.3.2. Determining the optimum environmental ranges for A. cOI'onus in the 
southern Benguela 

An initial relationship between MODIS Terra SST as well as in situ temperature estimates 

and monthly averaged epUE (Figure 3.4) suggested that epUE declined rapidly when 

monthly averaged sea surface temperatures (SST) rose above 20oe, while increasing when 

temperatures were below 20°e. Although the CPUE appeared to decrease when temperatures 

reached 18°C, no monthly average temperatures below l8°e were recorded and it was 

therefore not possible to detemline whether west coast dusky kob avoided temperatures 

below this value. 
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Figure 3.4 Climatology of sea surface temperatures (SST) (in situ: 2005-2009, MODIS Terra: 
2000-2010) measured at Flamingo Lodge southern Angola compared with the monthly average 
catch per unit effort (CPU E) of Argyrosomus coronus for the same location (2005-2009). 

When considering daily CPUE and in situ SST measurements, the maximum temperature 

where epUE was above 0.0 I fish per angler-hour was 24.8°C, while the minimum was 16°e. 

Although 24.8°C can thus be identified as the upper avoidance limit of A. coronus, 16°C 

cannot be considered the lower avoidance limit as no temperatures lower than this value were 

recorded in the in situ dataset. The range of temperatures which accounted for 96.9% of 

CPUE values greater than O.Olfish per angler-hour was between 16-22°C (Figure 3.5a) and 

this temperature range was considered the optimum thermal range for west coast dusky kob 

in southem Angola. 
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The optimum range of dissolved oxygen (monthly averaged ROMS BIOUBUS outputs) was 

determined as 190-206mmo1.m-3 as this range included 95.8% of CPUE values greater than 

O.Olfish per angler-hour (Figure 3.5b). However it should be noted that an upper limit to 

oxygen concentrations tolerable to the study species is probably unlikely in reality. In tenns 

of salinity, the optimum range for west coast dusky kob was established as 35.4-35.6 which 

accounted for 97.9% ofCPUE values >O.Olfish per angler-hour (Figure 3.5c). 
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at IS.S7°S, I2.02°E, while dissolved oxygen and salinity data were extracted at IS.SoS and 
11.S8°E. 

The combination of the optimum ranges of the three environmental parameters (temperature, 

salinity and dissolved oxygen) (Figure 3.6 a,b,c) indicated that west coast dusky kob were 

potentially situated south of Flamingo Lodge (-15.75-16.65°S, 11.800 E) during summer, the 

range narrowing and moving further northwards (-15-16°S) in autumn (March-May), 

widening again in winter (June-August) and becoming extremely narrow (-15.65-15. 75°E) in 

spring (September-November) (Figure 3.6). All three environmental parameters suggest that 

west coast dusky kob are not found in the Flamingo Lodge region (l5.57°S, 12.0)oE) during 

summer and autumn, while both salinity and temperature optimum ranges indicate that this 

species would avoid regions south of Flamingo Lodge during late winter and early spring 

(Figure 3.6a,b). 
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3.3.3. Subsurface variability in the northern Benguela 

3.3.3.1. Flamingo Lodge 
Oceanographic conditions were found to be well suited to west coast dusky kob at the 

Flamingo Lodge study region during winter and spring. at depths of up to 60m (Figures 

3.7c.d;3.8c.d). In the case of WOA data these suitable conditions. in tem1S of temperature. 

salinity and dissolved oxygen extended as far as 200km offshore (Figure 3.8c.d). ROMS 

BIOBUS simulation outputs showed an increase in area of suitable temperature conditions in 

the winter (Figure 3.7c) while this area decreased in the spring as the 16°C isothenn 

swallowed (Figure 3.7d). 

Although the thennal conditions of the ROMS BIOBUS outputs appear to be well suited to 

A. cOI'onus individuals during the summer and autumn months (Figure 3.7a.b), the WOA data 

suggest that only deeper waters (10-20m in summer and 20-40m in autumn) fall within the 

defined optimum ranges of temperature. salinity and oxygen (Figure 3.8c,d). 
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Wimer and spring exhibit poor conditions for west coast dusky kob in the Cape Frio region 

(Figures 3.ge, d: 3, 10c. d) . Suitable conditions in terms of sa lini ty and dissolved oxygen Irom 

the WOA dataset arc evident between 40 and 60km otlshore, whik condit ions within the 

thermal optimum range are only found between 70 and 150km olfshore (Figures 3. IOc, dJ . 

rhe ROMS BIOBLIS data supports these findings as winter tempcrahlres within the defined 

optimum range arc only located - 160km offshore (Fignre 3.'Ie), while no aurumn 

temperarures within the range of l6-22"C were idcntifkd (Figure 3,9<1), 

No salinity data within tbe defined optimnm range (35.4-35 .6) frolll the ROMS BJOBL'S 

outputs was identilied at ei ther of the srudy sites , Although seasonal variability of salinity 

values below 35.4 was evident (Annex 2). 
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3.4. Discussion 

The seasonal cycle of SST (MODIS Terra SST, 2x2km resolution) in the region having 

explained an average of 79.0% of the annual regional variability, is expected to have the 

greatest influence on the dominant oceanographic conditions of the study area (Figure 3.2a). 

Furthern10re, regional temperature variability (Figure 3.3a) provided an accurate description 

of the spatial extent of the late summer intrusion of the Angola Current into the northern 

Benguela and the expected behaviour of the Angola-Benguela Frontal Zone (ABFZ) as 

described in the literature (Meeuwis and Lutjeharms 1990, Hardman-Mountford et af. 2003, 

Veitch et af. 2006, Colberg and Reason 2006) (Figure l.1). This is because of the very 

different temperature signatures of the two dominant water masses in the region, South 

Atlantic Central water (l2-18°C), and Angola Current water (l7-24°C) (Salat et al.1992). 

The optimum thern1al ranges defined for A. coronlls are thus expected to encompass the 

majority of the variability in the region as they are calculated according to temperature 

changes. Additionally, this thern1al range (16-22°C) (Figure 3.5a) is within the natural range 

limit of the closely related A. japoniclls (l2-28°C) (Whitfield 1998, Collett et af. 2008). The 

optimum tolerance range of farn1ed A. japoniclls individuals however, is 24-26°C 

(Bernatzeder and Britz 2007, Collett et af. 2008), perhaps indicating the ability of A, coronus 

to cope more effectively with cooler water temperatures (-16°C) than the allopatric A. 

japoniclIs. This is supported by evidence indicating 76% of Flamingo Lodge CPUE records 

greater than O.Olfish per angler-hour occurred in temperatures between 16 and 19°C (Figure 

3.5a). 

The optimum salinity range of 35.4-35.6 (Figure 3.5c) was slightly higher than the optimum 

functioning range of 35 indicated for farn1ed dusky kob individuals, potentially a result of an 

adaption to the high salinities of the northern Benguela. While the optimum range for 

dissolved oxygen of 190-206mmol.m-3 (Figure3.5b) is similar to normoxic conditions 

(-212mmol.m-3
) and could suggest (as would be expected) that the study species avoids low 

oxygen conditions «100mmol.m-3
). It should be noted, however, that the salinity and 

dissolved oxygen optimum ranges were calculated using monthly averaged data extracted 

from the ROMS BIOBUS model outputs and do not necessarily accurately represent in situ 

variability. This is probably a result of the limited amount of ill situ data available for the 

validation of such models. 
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The establishment of optimum environmental ranges are important in terms of fisheries 

management as such measures can be used to determine the spatial distribution of a species. 

This is because fish exposed to adverse conditions will move out of the unfavourable area if 

possible (Portner and Knust 2007). Additionally this movement is expected to take place 

before the negative impacts of exposure to such conditions affect the physiological 

functioning of tish (Portner and Knust 2007). The optimum ranges presented here are 

therefore not necessarily representative of the critical values for this species in the open 

ocean, but rather their optimal functioning limits, where growth and reproduction are 

maximised (Smith 1985, Wootton 1990, Helfman et al. 2009). Environmentally controlled 

laboratory experiments will need to be carried out in the future in order to accurately define 

the perceived tolerance ranges of A. corOllllS and to determine the relative critical 

environmental values. 

3.4.1. The potential spatial distribution of A. cOI'onus at different times of the 
year 

The seasonal variability of the defined optimum ranges of surface temperature, salinity and 

dissolved oxygen, highlighted potential areas within the study region which would be suited 

to west coast dusky kob individuals (Figure 3.6). The surface conditions were not within the 

range of any of the selected environmental parameters in the vicinity of Flamingo Lodge 

(~15. 70 S) during the summer and autumn months. The contrary was true for the Cape Frio 

study region (~18°C) where conditions were well suited to A. COl'OllliS during the summer and 

autumn months, but were deemed unsuitable during winter and the beginning of spring 

(Figure 3.6). The regional shift in the optimum environmental ranges suggests that west coast 

dusky kob would be situated south of Flamingo Lodge during summer and early autumn, and 

in the vicinity of the lodge in the winter and spring. These movements are similar to those 

described by the proposed seasonal migration of A. COl'Ol1l1S in the northem Benguela (Potts 

et al. 2010). As the seasonal distributional shifts described here only represent surface 

movements, the possibility of offshore movements during adverse nearshore conditions was 

explored. 
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3.4.2. Exploring subsurface variability 
Subsurface variability is especially important ll1 this study as the CPUE measure was 

recorded from beach based fishing activity, and fish that potentially moved into deeper waters 

during the study period would be out of range of the fishers. This highlights the fact that 

periods of decreased CPUE did not necessarily indicate a southerly migration of west coast 

dusky kob, but could have been a result of their movement into deeper waters further 

offshore. 

Summer and autumn subsurface conditions in the Flamingo Lodge study region did appear to 

be suited to the study species in tenns of WOA data, as conditions within the defined 

optimum ranges existed 30-40m below the surface (Figures 3.Sa,b). It should be noted that 

the limited number of sampling stations in the study region may mean that the data does not 

represent the true variability of the subsurface region at Flamingo Lodge. It is not certain that 

the study species would move offshore at the Flamingo Lodge study site during summer and 

autumn as Nye et al. (2009) stated that spatial distributional changes of fishes in response to 

environmental variability are strongly dependent on their biogeography. The fact that 

Argyrosolnlls corOl1US is an inshore species (Griffiths and Heemstra 1995) suggests it more 

than likely evolved in an inshore environment. Thus the possibility of offshore movement in 

response to adverse nearshore conditions is reduced. This is also suggested by the seasonal 

migration of the study species described by Potts et al. (2010). 111 situ temperature datasets at 

various depths in the water column would help to accurately determine whether or not, and 

the extent to which fish are able to move offshore when faced with adverse nearshore 

conditions. 

The prevailing summer and autumn conditions further south towards the Cape Frio upwelling 

cell (l7.5-IS.5°S, 1O-12.5°E) (Figure 3.1(C» however, appeared well suited for A. comllllS 

individuals (Figure 3.9a.b; 3.1 Oa,b). This indicated that the study species would be able to 

move into these areas when warm water dominated the inshore zone of the n0l1hern study 

area. This is possibly a more likely response than an offshore movement into deeper waters at 

-15.57S. This in agreement with the southerly migration of the study species described by 

Potts et al. (2010), based on the results of a tagging study and CPUE monitoring at the 

Cunene River mouth during the summer and autumn. These authors suggest a southerly 

migration takes place during late spring, which is when the 22°C surface isothern1 moves 

south of Flamingo Lodge (l5.57°S) (Figure 3.3a). The results of this study further 
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corroborate these findings and suggest that surface temperature variability is an adequate 

indicator of the spatial extent of the seasonal migration undertaken by the study species. 

The return migration (northwards) of this species described by Potts et al. (20 I 0) during 

winter, further supports these findings as west coast dusky kob follow the retreating ABFZ 

and associated warm, saline Angola current water towards the Flamingo Lodge region once 

again (Figures 3.3a). Temperatures well suited to the presence of west coast dusky kob, may 

extend further northwards than Flamingo Lodge especially in spring as upwelling at the Cape 

Frio upwelling cell strengthens (Monteiro et al. 2008). This would allow the study species to 

move into such regions. Indeed, several anglers have reported catches of A. corOl1lts in late 

August as far north as Cabo Ledo, Angola (9.4°S) (WM Potts pers. C0111111. 2011). 

A limitation of identifying suitable subsurface environs for west coast dusky kob usmg 

optimum ranges determined from surface (ROMS BIOBUS) or near-surface (in situ) data is 

that subsurface conditions change with depth. Although estimates of suitable subsurface 

regions for the study species are presented (Figures 3.7,3.8,3.9,3.10), in order to accurately 

determine offshore spatial variability of west coast dusky kob, monitoring programmes 

including the installation of in situ stations at various depths as well as boat based CPUE 

measures need to be established. 

The relationship between CPUE and the selected environmental variables is based on the 

assumption that CPUE accurately describes the seasonal changes in relative abundance of the 

study species in the vicinity of Flamingo Lodge, southern Angola. However, an important 

point to consider when utilising CPUE data as a population abundance estimate, is that it is a 

measure of the abundance of feeding fish in the region, and does not indicate the absolute 

presence or absence of individuals. This is not expected to have affected the use of CPUE as 

a relative abundance estimate in the study area, as during a small scale wamling event (water 

temperature ~2JOC, compared to seasonal mean of ~19°C (Figure 3.4)) in June 2010, diving 

observations confirnled the decrease in abundance of A. COl"OllliS in the region as suggested 

by lowered CPUE. 
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3.4.3. Determining a proxy for spatial distribution of A. coronus 
When identifying a proxy for the spatial distribution of a species it is essential that accurate 

and consistent data is available for the selected variable. Furthennore it is important that 

variability in the selected parameter describes the expected changes in spatial distribution of 

the study species. 

Portner and Knust (2007) indicated that physiological processes in fish were aerobically 

limited when individuals were exposed to warming water temperatures, as a result of 

decreased oxygen levels (as oxygen solubility decreases with increasing temperature). This 

was described as the first process causing fish to move into cooler waters, and highlights the 

appropriateness of temperature as well as dissolved oxygen data in estimating spatial 

distribution of fishes. Dissolved oxygen was not however, considered the best suited 

environmental parameter to describe the variability in spatial distribution of A. carallUS in 

southem Angola. This was due to the lack of accurate ill situ dissolved oxygen data in the 

study region. The ROMS BTOBUS outputs did not resolve the variability of dissolved oxygen 

in the nearshore zone at depth. The WOA dataset did however provide a better understanding 

of subsurface seasonal variability in dissolved oxygen. In situ monitoring stations will need to 

be established throughout the study region in order to detem1ine the accurate seasonal 

variability of dissolved oxygen. 

Surface salinity data (ROMS BIOBUS )(Figure 3.3b) showed similar regional variability to 

MODIS Terra SST estimates (Figure 3.3a) in the northem Benguela study region (Figure 

3.1 (A) ),and could prove to be a potential proxy for the spatial distribution of west coast 

dusky kob in the future. This is due to the launch (August 2011) of the first satellite bome 

surface salinity sensors on board Aquarius (Aquarius 2011). Aquarius uses microwave 

radiometers to detect changes in the thennal emissions of the ocean as a result of altered 

conductivity (Aquarius 2011). Fisheries managers could therefore use the two satellite 

data sets (MODIS SST and Aquarius sea surface salinity (SSS» concomitantly in the future to 

detennine the potential spatial distribution of A. caranus. 111 situ salinity monitoring 

programmes will need to be established rapidly in order to allow validation of newly 

available SSS data in the study region. 

During this study temperature was the one variable which was well represented in both the 

WOA and ROMS BIOBUS datasets. This combined with the excellent coverage of surface 
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variability through MODIS data as well as the existence of an ill situ temperature dataset 

meant that temperature was considered the best suited environmental variable to detennine 

spatial distribution of west coast dusky kob in southern Angola. This was further confinned 

as the variability in surface temperature data (Figure 3 .3a) described potential spatial 

distribution shifts which were similar to those associated with the seasonal migration 

described by Potts et al. (2010). 

3.4.4. Summary of the Seasonal spatial distribution of A. cOI·onus 

Based on the results of this study, west coast dusky kob individuals would be expected to 

occupy the following regions during the respective seasons (Figures 3.3, 3.7, 3.S, 3.9 ,3.10):-

Summer (DJF): Individuals would potentially be situated in the vicinity of the Cape 

Frio upwelling cell (l7.5-1S.5°S) where the inshore temperatures up to a depth of 

~30-100m were above 16°C, the dissolved oxygen and salinity values, where 

available were above 190mmo\.m-3 and ~35.4 40-60m below the surface respectively 

(Figure 3.10a,b). Temperatures within the optimum thern1al ranges of the study 

species were also present in ROMS BIOUBUS outputs at the Cape Frio study site 

(Figure 3.9a,b), where seasonal variability was considered relatively accurate 

(compared to that of the Flamingo Lodge study site (Figure 3.7). Suitable conditions 

did exist off the coast of the Flamingo Lodge study site during summer and autumn 

(Figure 3.Sa,b). Although the conditions at depth (40-l00m) in the Flamingo Lodge 

study region appear to be suited to the presence of A. corOllUS, being an inshore 

species is expected to follow the retreating cooler waters and is potentially located in 

shore in the vicinity of the Cape Frio upwelling cell (l7.5-1S.5°S). 

Autumn (MAM): West coast dusky kob are expected to remain in the Cape Frio 

upwelling cell vicinity during this period as the conditions remain similar to those of 

the summer months in both the Cape Frio upwelling cell and the Flamingo Lodge 

study regions. 

Winter (JJA): The conditions in the Flamingo Lodge study region are within the 

optimum environmental ranges described for the study species. Temperatures are 

between l6-22°C in the upper 50m of the water column (Figure 3.Sc), the water 

column is well aerated (>220mmo1.m-3
) and salinity is not lower than 35.4. 
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Individuals of the study species are expected to move into the Flamingo Lodge region 

during this time, as the water column at the Cape Frio upwelling cell was observed to 

have cooled to below 16°C as far as ~IOOkm offshore (Figure 3.l0c). ROMS 

BIOBUS outputs suggest temperatures within the optimum thermal range of the study 

species only exist> 160km offshore (Figure 3.9c). 

Spring (SON): The study species is expected to remain in the vicinity of the Flamingo 

Lodge study region during spring as the conditions at both study sites remain 

relatively similar to the winter conditions. 

The proposed movements (above) are consistent with the regional variability the surface 

conditions (Figure 3.3,3.6). 

3.4.5. Relative accuracy of the datasets 
The accuracy of the data sets used in this study detennines the accuracy of the predicted 

spatial distribution range of the study species. 

The satellite derived SST values are considered to be the most accurate of the four datasets 

used here. This is because these values have been corrected according to a validation study 

(Chapter 2). The same cannot be said of the ROMS BIOBUS model outputs. The model 

outputs are used to give a general understanding of the variability of salinity, dissolved 

oxygen and temperature during the different seasons and should be viewed with caution due 

to the paucity of validation data. The establishment of in situ monitoring projects in the study 

region are therefore critical. The ROMS BIOBUS data appeared to represent the seasonality 

of the Cape Frio region better than that of the Flamingo Lodge region (Figures 3.7, 3.9, 

Appendix I). 

The World Ocean Atlas (2009) dataset provides an accurate representation of sub surface 

profiles as it comprises observational data collected during scientific research cruises. 

Temperature values were especially well represented and were successfully used to detennine 

potential subsurface regions suitable for west coast dusky kobo Unfortunately salinity and 

dissolved oxygen data were not recorded as frequently as temperature measurements and did 

not provide good spatial coverage. Although poor data was removed for the analysis, a 

problem with using this dataset in the study region, as mentioned earlier, was the low number 
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of sampling stations available. This resulted in the possibility of a small number (-3) of 

research stations having an unrealistic influence on the seasonal averaging of the data. This 

problem was exacerbated by the large temporal gaps between data points which were in some 

locations as much as 42 years. This dataset was therefore also used for providing a general 

view of the variability in subsurface oceanographic conditions in the region and highlights 

the need for ill situ monitoring programmes to be established in the coastal zone of the 

northern Benguela as a matter of urgency. A way forward is presented in the final chapter. 

Long-tenn, accurate CPUE data sets from different locations along the coastline, collected 

concomitantly with environmental variability parameters would help to improve the accuracy 

of the optimum environmental ranges described in this study and could provide further 

insights into changing distributional patterns. 

3.4.6. Extreme events: 
It should be noted that all intrusions of warm Angola current water may not manifest 

themselves in the same manner as described by the monthly averaged climatologies and 

fisheries managers should use a combination of variables in order to establish a more accurate 

estimate of the spatial distribution of A. cor011I1S during anomalous events (such as Benguela 

Nifios). This is especially true for dissolved oxygen as Monteiro et at. (2008) describe the 

potential threat of LOW events that occur on the coastal shelf during warming periods. The 

spatial extent of which would not necessarily be visible through SST monitoring. 

3.4.7. Considering additional environmental variables 
The distribution of species is not solely related to temperature (Wootton 1990 Jensen et at. 

1993, Portner and Knust 2007, Nye et at. 2009), but to the dynamic processes which exist 

between temperature and other environmental variables. Although temperature does provide 

a good indication of the seasonal movement of the study species and is easily measured with 

existing datasets. it is important to consider as many potentially influential variables as 

possible when attempting to accurately determine species distribution in relation to 

environmental variability. The environmental variables selected for this study are 

traditionally (Wootton 1990, Jensen et at. 1993, Helfman et a1.2009) the most influential of 

fish physiological processes and were also selected because of their relative ease of 

measuring (low cost, low personnel requirements). However a vast number of other 
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environmental variables are available to be measured and could also indicate the spatial 

distribution of A. corOllllS. 

3.4.7.1. Hydrogen sulphide 
One such variable which is especially relevant to the northern Benguela region is Hydrogen 

sulphide, this gas escapes from the ocean sediments after excessive anaerobic oxidisation of 

sulphur by bacteria occurs. The gas forms a layer above the sediment and can subsequently 

erupt into the water column, and result in large scale fish kills and displacements (Jensen et 

al. 1993, Bruchert et aI.2009). These events originate in the northern Benguela and may 

spread southwards on the continental shelf (Monteiro et at. 2008). The finding of A. COrollltS 

individuals south of their expected distribution limit in the Berg and Olifants River estuaries 

in South Africa may be the result of such events (Lamberth et aI.2008). 

3.4.7.2. Chlorophyll 
The monitoring of chlorophyll is another variable that could be a potential spatial distribution 

indicator. Although the diet of the west coast dusky kob was dominated by pelagic fishes 

(specifically Sardinella aurita), it was found to be a generalist predator feeding on a range of 

prey types, including cephalopods (e.g. octopus, Octopus vulgaris and squid, Loligo vulgaris 

reynaudiii) and crustaceans (estuarine prawn Nematopalaemon spp. and swimming crab 

Callinetes spp.) in the inshore zone (Potts et at. 2010). Therefore, although a higher quantity 

of pelagic fishes are generally associated with increased productivity, alternative food 

sources, not detelmined by the spatial extent of chlorophylL could be found utilised during 

times of reduced productivity. 

Once the salinity, dissolved oxygen and temperature tolerance limits have been more 

narrowly defined it will be important to determine the optimum ranges or tolerance levels of 

secondary environmental variables such as Hydrogen sulphide gas and chlorophyll 

concentrations. As the ability to monitor a greater number of environmental variables in 

relation to the optimum environmental ranges of this species improves, the understanding and 

predictability of its spatial distribution will also improve. This is especially important in an 

ocean where inter annual variability is increasing (Parmesan and Yohe 2003, Shannon 2008, 

Monteiro et al. 2008). Monitoring programmes need to be initiated as a matter of urgency in 

order to gain a better understanding of the environmental variability of the study region and 

changes in the relative abundance of its inshore fishes. 
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Chapter 4 

Assessing the rate of warming, and predicting its impacts 

on the distribution of A rgyrosom us coronus in the 

northern Benguela 
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4.1. Introduction to Key Question 3: 

Global air and sea surface temperatures have risen by 0.56-0.92°e in the past 100 years 

(1906-2005), and these trends are expected to accelerate in the current century (Harley et af. 

2006, IPee 2007). By the end of the century temperatures may have increased by a further 

1.4 -5.8°e, and are currently increasing globally at an average rate of 0.13 °C.decade-1 (1656-

2005) (Ipee 2007, Burrows et af. 2011). Wanning is not occurring uniformly across the 

globe and some regions are experiencing temperature changes at faster rates than others 

(Burrows et af. 2011). The northern Benguela experienced a rise in surface temperature 

between 0.8-1 °e between 1982 and 2007, and large scale ecosystem changes appear to have 

taken place as a result (Hutchings et af. 2002, van der Lingen et af. 2006a, Shannon et af. 

2008, Hutchings et af. 2009). These changes and wanning trends are documented particularly 

in the offshore region of the northern Benguela while the ecosystem effects and rate of 

warn1ing in the nearshore and inshore zones are relatively understudied. 

Organisms are expected to respond to regional changes in temperature by changing their 

spatial distribution in order to maintain their thern1al niches (Loarie et af. 2009, Burrows et 

af. 2011). Shifts in spatial distribution (especially a shift in temperate species towards the 

poles) as a result of climate change are well documented (Pannesan and Yohe 2003, Portner 

and Knust 2007, Nye et af. 2009, Link et af. 2010, Potts and Gotz 2011) and are expected to 

increase in OCClmence if current global warn1ing trends continue (Ipee 2007, Hare et af. 

2010, Link et af. 2011). In order to effectively manage important inshore linefish species, 

such as the west coast dusky kob (Potts et af. 2010), it is essential to know the extent and 

possible direction of potential spatial shifts as well as the rate at which these may take place. 

A challenge in the n011hern Benguela, especially in the inshore zone, is separating the long 

tenn climate change trends from the strong decadal cycle in temperature trends as a result of 

the limited length of temperature datasets. 

4.1.1. Recent changes and the observed ecosystem response: 

4.1.1.1. Trends in the Benguela Current Large Marine Ecosystem (BCLME) 
The availability of satellite derived datasets (>20years) of sea surface temperature (SST) 

allow trends in the variability of water temperatures to be calculated. Using such datasets, a 

warn1ing trend (0.6-1 °e increase since 1982) (Monteiro et af. 2008, Shannon ef af. 2008) has 
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been identified in the northern Benguela, while a cooling trend (-0.5°C.decade- 1 from January 

to August (1982-2009)) (Rouault et af. 2010) appears to exist in the coastal regions of the 

southern Benguela (Shannon et af. 2008, Hutchings et af. 2009, Rouault et af. 20 I 0). 

The present warming trends described in the northern Benguela are believed to be a result of 

intensifications and longer residence times of the seasonal intrusions of Angola current water 

into the region (Monteiro et af. 2008) (see Figure 1.1). In contrast, changes in the central and 

southern Benguela are likely to be driven by different mechanisms. Variability in the south is 

driven by the advection of Agulhas current water entering the Benguela system, and the 

central sector is governed by the prevailing wind strength and direction (Jury and Courtney 

1995). 

4.1.1.2. Regime shifts 
The changes in temperatures and oceanographic conditions associated with global change and 

increasing anthropogenic pressure (including fishing and mining) on the BCLME can result 

in ecosystem changes. These ecosystem changes, tern1ed regime shifts, result in a shift in the 

dominant species of the region. Regime shifts in the northern and southern Benguela have 

been identified and are expected to become more established if current trends continue 

(Lynam et af. 2006, Heileman and O'Toole 2000) (see Chapter 1). These changes have had 

significant socio-economic impacts on the region especially since the new dominant species 

were less valuable and because of the geographic mismatch between processing facilities and 

the maximum biomass yields (van der Lingen et af. 2006a, Heileman and O'Toole 2009, 

Hutchings et af. 2009). The inshore region may be experiencing similar changes, west coast 

rock lobster, in the central and southern Benguela have shifted their distribution, south and 

eastwards in the same direction as the offshore small pelagics (Hutchings et af. 2009) (see 

Chapter I). The variability of the inshore region of the northern Benguela, however, remains 

relatively poorly understood and these changes need to be investigated further. 

While distributional changes of marine resources described above could be driven solely by 

environmental variability, it is likely that other anthropogenic factors, such as 

overexploitation and pollution are believed to have amplified the effects of environmental 

change (Sherman 2003, Heileman and O'Toole 2009). Mining activities, in particular 

diamond, on the Namibian and South African coasts are believed to have played a role in the 

depletion of marine living resources, most notably west coast rock lobster, (Jasus lalandii) as 
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a result of habitat disturbance (Heileman and O'Toole 2009). Oil transportation, exploration 

and extraction are also a problem in the region as spills and pollution negatively affect marine 

resources. Recent climatic trends have already triggered significant changes in the spatial 

distributions of global biota. Since future climatic induced changes are expected to be of a 

much greater magnitude (IPCC 2007, Harley et at. 2006); it is critical to predict changes in 

the BCLME to sustainably manage the exploitation of its marine resources. 

4.1.2. Predicting changes to the system: 
Knowledge of historical climate change is necessary to predict and model future changes 

(Worm et al. 2010). The earth is currently in an early inter-glacial period, historically 

characterised by increasing global temperatures. In the Benguela region specifically, more 

developed interglacial periods have been characterised by a weakened temperature gradient 

between the poles and the equator which resulted in a weak Benguela current veering west in 

the Cape Basin, south of its modem position (Krammer et at. 2006) (see Chapter I). During 

this scenario, it is most likely that the central and northem Benguela would have been 

dominated by warm, tropical waters such as those associated with the Angola Current. The 

influence of anthropogenic greenhouse gas emissions however, may have altered the causal 

mechanisms of change that characterised the historical interglacial periods. Consequently the 

future changes in temperature could manifest themselves slightly differently (possible 

amplifying the historical trends), and ecosystem responses may be similar but not identical to 

the historical responses (Bakun 1990). 

Outcomes of global climate models (GCMs) predict trends in the warming of the global 

ocean to continue, and even increase in intensity in the future (TPCC 2007). The impact of 

fUl1her change is likely to manifest through changes in inter-annual variability as well as 

through mean climatic shifts (TPCC 2007). Recent (2006) observational data which has been 

compared to model outputs from the 2001 IPCC summary suggests that the global climate 

system may be responding faster than expected to increases in greenhouse gas emissions 

(Rahmstorf et al. 2007). This means that the rates of change predicted by the models may be 

conservative estimates and the Benguela system could in fact undergo changes at a faster 

rate. An analysis of the rate of change in the Benguela would enable resource managers to 

plan for such changes. 
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If wanning trends are to continue in the Benguela system a variety of oceanographic and 

ecosystem changes are likely to take place, however the decadal variability currently 

experienced in the region may have greater influence over shorter time periods, and the 

effects of this long tenn warn1ing will only become apparent in the future. Increased coastal 

upwelling in the central Benguela is expected as a result of an increase in alongshore 

windstress caused by the strengthening of the South Atlantic Anticyclone (SAA, high 

pressure cell) (Bakun 1990). 

A wanning trend in the northern Benguela of ~0.8°C (1982-1989) (Monteiro et al. 2008), and 

-0.3°C.decade- 1 (1982-2005) (Rouault 2007, Hutchings et at. 2009) suggests a longer 

residence time of seasonal intrusion of the southerly flowing Angola Current. Shannon et at. 

(2008) highlighted the expected increase in frequency and intensity of anomalous warn1ing 

events, such as Benguela Nifios in the northern Benguela, should the wanning trends 

continue. These changes have major implications for marine organisms in the region as 

changes in the seasonal cycle and rapid increases in average temperature will necessitate 

alterations to life history strategies in order to ensure continued optimal reproductive and 

growth functioning (Portner and Knust 2007, Burrows et at. 2011). With a global increase in 

temperature, species' spatial distributions are shifting towards the cooler poles (DEAT 2004, 

Harley et at. 2006, Portner and Knust 2007, Link et al. 2010. Potts and Gotz 2011). 

Current global climate model scenarios may suggest an increase of red tides on the west coast 

of South Africa (Pitcher and Calder 2000, DEA T 2004). These will continue to increase if the 

current rate of urban population expansion continues and an increasing amount of nutrients 

(untreated sewage. industrial effluent) are discharged into the sea. The decomposition of such 

events can result in anoxic conditions which effect fish respiration and spatial distribution 

(Pitcher and Calder 2000, Heileman and O'Toole 2009, Helfman et at. 2000). However, if 

upwelling winds continue to increase as the high pressure cell (atmospheric) shifts 

southwards, these effects may not become apparent as turbulence and disturbance of coastal 

water would increase, reducing the occurrence of hatmful algal blooms. 

The prediction of impacts caused by a changing environment is critical for the mitigation and 

adaptation required to reduce the vulnerability of inshore species. Examples of management 

interventions to reduce vulnerability include changing the positioning of marine protected 

areas or the timing of closed fishing seasons (Link et al. 2010). If management strategies are 
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able to adapt to ecosystem changes, the sustainable exploitation of resources may still be 

possible (Link ef at. 2010). 

4.1.3. Specific aims 
This chapter aims to answer Key Question 3 by quantifying the temperature related changes 

in the north em Benguela. These results will then be used to predict potential shifts in the 

spatial distribution of A rgyrosom liS corOl1l1s. 

4.2. Methods 

4.2.1. Temperature datasets 
Satellite derived values for sea surface temperatures (SST) were used to investigate regional 

warming trends. This is because of the large spatial coverage obtained by satellite swaths and 

the consistency of their data collection (see chapter 2 for details). Temperature estimates from 

two different datasets were investigated, namely the Pathfinder SST reanalysis dataset as well 

as moderate resolution imaging spectroradiometer (MODIS) data from the National 

Aeronautics and Space Administration's (NASA) Terra satellite. 

Pathfinder reanalysis SST data was selected because of its good temporal and relatively 

cloud-free coverage of 25 years (1985-2009). Monthly advanced very high resolution 

radiometer (A VHRR) data are reprocessed, as part of the Ocean Pathfinder SST project, a 

joint venture undertaken by NASA and the National Oceanic and Atmospheric 

Administration (NOAA) (Kilpatrick ef al. 2001). Monthly 4x4km resolution data from 

Pathfinder version 5, with a quality flag of greater or equal to 4 was downloaded 

(http://www.nodc.noaa.gov) to form the dataset used in this study (Kilpatrick et at. 2001). 

This dataset has a great advantage over the MODIS TelTa data in temlS of temporal coverage, 

but lacks the ability to accurately describe temperature variability in the inshore zone or areas 

with steep temperature gradients (such as the Angola-Benguela Frontal Zone). This is 

because it is a global dataset and regions of steep temperature gradients are considered to be 

erroneous data. 

The MODIS Terra data (2000-present), extracted for the study region (see Chapter 2) was 

selected as opposed to MODIS Aqua data (2002-present) as the Terra dataset has a greater 

temporal range. All MODIS Terra data used in this study was corrected according to the 
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~ca"lnal correction factors calculated in Chapter 2 Cfable 2.5). ~lonthly averaged data from 

the MODIS Terra 2x2km as well as 4x4km resolution datasets were used in this study as this 

Illnited the e ll'e<:h 01' a ,ca~ollal hia, cau~C(1 hy cloud eover in the extracted data . This also 

allowed a more mbu';l cmnpamon with the Pathlinder dataset a,; it to<> was comprised of 

mOllth ly averaged data. 

4.2.2. St udy reg inns 
Wanmng trend,; or a variety or ';Iudy area, were compared in order to identify regions with 

an accelerated rate 01' change. The lour area, ,elected l<>r inc1u~ion in this ,;rudy were the 

southern African reglOn (5·47°S alld 3-55'E); the Benguela current large marine ccosystem 

(I3CLME) relpoll (12-35°S and 3- 19'F); the Ango1a-Ben!,'Ilcla Frontal Zonc (ABFZ) (15-

19°5, IO-13'E) and the ill shore region 01 the norlhcrn Benguela hctween 12 and 26°S. 

inshore or the 200m i~obalh (Fi~re 4, I). ~10DIS Terra SST data (2x2Km resolution) was 

used to describe the ABE7 region, wh lle 4x4km MODIS Terra SST data was used in the 

BCLMF re,1,.~on a~ well a,; thc ill~hore region or the norlhern Benguela. Temperature 

variability in the general 'lHlthem Alrica region wa, de~cribed using AVHRR Pathfinder 

4x4km resolution data. 
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Figure 4.1 Study areas for sea surface temperature (SST) variability. a) (A)The Benguela 
Current Large Marine Ecosystem (BCLME) (12-35°S and 3-19°E) region, (B) the Angola
Benguela Frontal Zone (ABFZ) (15-19°S and to-13°E) and (C) the inshore «200m depth) 
region of the northern Benguela (12-26°S). b) The southern African region (5-47°S and -3-55°E), 
where the highlighted area represents the study area (A) of image a). 

4.2.3. Analysis of warming trends in the northern Benguela 
Linear regressions were fitted to the annually averaged temperature data in order to detennine 

the extent of any warming trend present in the extracted data. Trends were assumed 

significant at the 95% level. Regionally averaged annual averages of SST were extracted 

from the different regions as necessary and were plotted in 2 dimensions in order to obtain a 

visual representation of the calculated trend. The linear trends exhibited by each pixel in each 

of the three domains were also represented in three dimensions. All computer analyses (and 

maps) were undertaken (created) using MA TLAB R2009a. 

To determine the relative rate of warn ling (°C.decade-1
) in the northern Benguela, the average 

global ocean warnling trend (0.07°C.decade-1 (I960-present» (Burrows et al. 2011) was 

subtracted from the regional data. To examine the relative rate of warming within the 

northern Benguela region, the global mean was subtracted from the average warming trend 

observed in each individual 4x4 km pixel. 

Warming in the inshore region between 12 and 26°S was detennined by examining the SST 

in the pixels between the coast and the 200m isobaths (Figure 4.2 (area C». The rate of 

inshore wmming in different areas on the northern Benguela coast were compared by 

subtracting the regionally averaged (inshore zone) warming signal of each pixel in the 

inshore region. To compare the wmming rates in different sections of this inshore zone the 

significance of the per pixel linear trends were calculated using Speannan' s rank correlation 

and the p values of the 90 and 95% significance levels were plotted. 

4.2.4. Determining the potential spatial distribution of A. COI'OIlUS 

The results of Chapter 3 showed that the northernmost spatial distribution of adult A. coronus 

individuals can be approximately detennined by the extent of the 22°C isotherm. Therefore, 

the northern extent of the spatial distribution of this species was mapped by tracking the 

annually averaged latitudinal extent of this isothernl, estimated from both MODIS Terra 
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4x4km resolution data (2000-2010) as well as the Pathfinder reanalysis data (1985-2009) in 

the ABFZ region (Figure 4.1 (B)) of the study area. The relative position of the Angola

Benguela Frontal Zone (ABFZ) was also assessed by plotting the annual position of the 200 e 
isothenn. This isotheml is thought to represent the approximate position of the front (Lass et 

al. 2000). 

4.3. Results 

4.3.1. Surface temperature trends exhibited by the different datasets 
A wamling trend was evident in the Northern Benguela (Figure 4.2a,b,c). Both the AVHRR 

(25 year study period) and the MODIS Terra (11 year study period) data (Figure 4.2,b) 

indicated that there has been extensive inshore and offshore wanning of the northern 

Benguela. In addition, the region associated with the seasonal migration of the ABFZ (12-

200 S) was wanning faster over the last decade (2000-20 I 0) than the rest of the northern 

Benguela (Figure 4.2a,b). The offshore zone of southern and central Benguela region was 

cooling, with the most marked cooling in the St Helena Bay area (~32-35°S) and the Luderitz 

upwelling cell (~26°S) (Figure 4.2b). In contrast, the inshore zone in the Luderitz upwelling 

region was wanning at a rate of ~O.5°C.decade-l. However, this trend was not evident in the 

longer tenn Pathfinder dataset (Figure 4.2a). 
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II annll~1 valllcs pu pixel, i , 
Afrkan Hgion (5"47'$ and -3-55'E) mca",red from the Path finder reanah'.i, dala (Yer,ion 5, 
Icv~1 4) betwcell 1'181 and 20OQ, hJ Lill.ar 'Hod "f monlh l) ~"cra~cd :\l od;. Tena 4x4km SST 
da'~ (20UU - 20(9) for the B" ngneia Cunont Larg~ ~ l ari ne F\,,,,),tem {IlCLMEJ regioo (12-
_'50 S and _'_19°1,), cJ Linur 'Hod of annll~1 SST wlll~' h-om ~Iodi, T~rra 2,2km rc<olntion 
(2U()() - 200'1) dail)' averaged daTa r"r The ABFZ re~i"o (l5-2U"$ ~nrl 10- 13°£). 
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The 1 inear trend evident the A ngola-Rengue1a frontal/one (A RF1) region (15-20"S and 1 0-

l3°E), di1t<:red between th~ two data8e1, . A ~l gnllicant (Spe~rman's runk correlation (p< 

OJ)], R - 0.(6) I'lamling trend (0 .. 15°Cdecade _I ) wn I()uml l18ing the Path fi]](ler duta (Figure 

4 .3a). while a warming trend n I" 0 55°(, decade _I (nol ,igni ficunt, Speannun' 8 rJn k correlJtion 

(p- O.ll, R- O.52» wa~ e~timated l1,ing the MODIS TerTU duw (Figl1re 4.3b). 

" -- p"o! n;'; dOl, 

m - i no" " onj 

1\ f<"-u YJ.: I 

" 
'" I \ 
" II W; 

---------~--

MOO'" ro", 
. "'.,,,~,. 

Fig"r~ ~3 Lj n~ar 'r~ .urfan' tempt'ratu C{' wurmio!! tn'od, for the An!!ula 8en~uda Fruntal 
Zooe (roordinat.'l f'tim31~d ~13 ~ ~ 4 kru r~,ulutio n ,,'illg~) l'alhfin,l~r r.~nal~~i' da l ~ and IJ) 
;\IOmS Terra d~I~. 
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The SST v.~rl1ll!lg 11\ \h~ ARF7 ",~r ,h,'la" 15 yea" "a, -().6"Ctlecadc·' greater lh~n lhe 

glooal ~\erJg~' (tl07· C detJlk' , (RufT" " s ,'I al l Ol l) (Figure 4Aa) \VI"I .. I~ lrend 

c.l icllla,ed o\er til<' Jr.sl ,lee".:!e (2000·2UW) \\;t:; O.6-0.R'C.li<:.::a'k ' rd all'<<' ,<I the ~I(~I 

average ( FIt/ we J ol e). 
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4.3.2. InH~ligaljon inl O r03s1 ~ 1 wa rminl: 
The co:. ,!)1 /Hile (" 200m) urlhe nonh<.'m Ikn glld ~ appe~r5 to be w~mlinl'- al a t::',,1cr rale 

Ihall the rC''oI (.f rile rCS ' l.ln III 1"'01 3r'\:as. I S . S· 1 7~S 311<1 [8.S-20oS (Figure 4.5). AhkoulI-h lhe..c 

trend_ wcre onl)' cakulalcd ,)\'CT an I I yC'a! f'Criod (2000-2ulO) many of lhe pIXelS ... id" ., 

these- 11'.'0 rell 'olls ond lcalc " gn i,ican,;" ,,(the ..... anlll ng tn-nd 31 the 90 alld 'IS· ~ levels (FI@ure 

4.7). All (')lCCplion 10 lho,> wanmng ,,·fllch has "ccurred in 11K' lIlaJon.), of the' co;I .. al ~o"C,' of 

rhe A\3FZ rcgil,lI' IS Ill<: area :lSSO>O;I31cd ""i1h The Cape Frio upwe lling cell - 17.5- IKSoS 

(F ' j;urc 4.S:.,b). 

'ill - " ~o"cl 
H.n~"d" fH -2<>"S) r.I"li .·~ 10 a ) 110 . ~lob aJ mun 31K1 II) the regional "'·.r .. ~t <lr the n".,I0, ,,, 
lI.n \:,u,b c03~ r.l 70"'. rrom ,\ IO[)IS T err" ·"4I<.n. rc,olllliun d,,' a (2000-20 I 0). 
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~lgur .. 4.' Th .. rda.h t "gAi,jnA<" k'· .... (iadir," ... ' U)' "11'10,, .."IUC'.'> 0.1 ~,ul O,O!') oI .h .. l iot~ • 
...... miol( 'n'Ads l'~I"' ril'lln'tl ill • ht ill ...... t r "1!iOl1 (<200"" of .ht on.,I .... n RClIl(o"'a l ~ I , 2/,0);) 

o.t •• ht la •• dK,lIt (1000.2010) fa lcola.ed " . inl! MODIS Tun SST d~. a, Itt d piHI. i"dil'" '' 
5 ignifoU"tt ~ ' .110' U~·I. I .. ,d, ..... i.t piul • • lir 941~. It, d and .11. linur . rf llih ~, f II,. blllt .t~i.'" 
. 11 ..... d nil . iatniliun. 'n',.d, 

4,] ,3, Effects or rt'j!ionnl ch a nl:~ on Ihl' spalbl distribution uf ArgyrlJ:nmlllS 

l 'lJrlJllIIS 

U~s~d oillhe I"'SII)(\11 (\flh ~ n ' (' lsclherm (F)gur~ 4.7) it apf"!ar, that a sOlIlhaly slufllll the 

diwibuti(\u of ' h ~ west ~''''"t du,ky kl1h waS likdy hetween 2002 ~J)d 2003 a~ well as 

~tw~en 2()()4 and 2007. /I ~ O . <,I · latllude shifl (- IOOkm) in the p,,,ihon of ,11" , ,,,\h~1111 

hcIWC~" l'mm _ J 5·1S, <,I "S wos noted du, ing these periods. H~'ld~, the<~ two w3m, events. a 
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geneml ,outhward shift of -{1,5° latitude (·-15_15.5°S) was ob,erved for the 22°C isotherm 

during the study period (2000-201 0), Simil~r displacements of the ABFZ (repre,enled hy the 

20"C isothemlj (bss £01 ai, 20(0) were observed. over the periods 2002-2003 ~nd 2004-2007, 

howe\·er the 20°C isotheml appears only to have undergone ~ _0,5" (16°S to 1(>,5°S) latitude 

shift over these periods, A gener~1 ,outhedy sluft of <0.5° I~titude is evident for this i,othenll 

(Fil,'IIrc 4,7), 

When examining the long-termll'cnd ill the position of both the 20 and 22c C isothemls in the 

AUFZ region (Figure 4,~) an average southerly shift of _0.9c latirude (- 100km) \Vas evident 

for both isotherms (20°C: 15,6-1 (1.5°5; noe I 5-15.9°5). The relative influence of w~1l11ing 

and cooling events could be seen in the northward and southward displacements of both 

i,othemls. The pathfinder data clearly ,hawed the severity of the 1995 Renguela 1\ 1110. ~~ the 

20"C and 22c C \Vel'e displ~ccd soutll\v~rds of 20cS (Figure 4,~j . 

Figure 4.7 Location of the 2(1 and n"e sea mrfarc temp"r~tur" (SST) isotherms (b~t'Htn I~ 
and 2(1°S), r.lrllMed from monthl)' aHrag~d !AlkOl :\l odis T~Tn d~ra along a longitlld~ of 
11.5R°F: from 2000 until 20HI. 
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Fi)(ur~ 4.8 Lucatio" "rthe 20 and 22"(' ,e~ ,u.-rue I~mp~ra!ure (SST) i ' ''lh ~rm' fur the r~gion 
b~h,een 15 ~nd 20oS. ~long a latitude of l'.S8"S onr the period between 1985 and 2009. 
calcu lat ed usi"g Pathfi"de r (5) r e.nalysi , dat a. The n treme warmill)!; en'" usocia lC<! with th r 
1995 Benguela "'iill) j. v i.ibl e. 

4.4. Discussion 

4.4.1. Idr nlifil'ation ()fwarmin~ hotspots in till' northern Bcnguda 
GI()b~1 ~hange doe:; not m~mfesl itselfi" unii,)mlly ~~n)ss Ihe globe and dilTerenl region:; ~nd 

systems respond In ~ vanety of w~y:; Iu dnnale vari~bi Jity (IPee 2007, Loarie et (11. 2009. 

RU]TOw, d at. 2011). The northern Benguela wal; i(lund to be w~mli"g at ~n average rate or 

-O,6-0.8°C<leca<kl above the global meun in the utTsIK,re ~nd inshore regions (F'I,:ure 4.4h) 

Monteiro et al (2008). llsmg optunally interp'JI~te d >e~ - 'urf~ce temperature IOJ-SST) 

(Reynold, el (/1. 2002) from 1982-1999 repOl1ed similar rates of "'almmg m this region. In 

contrast to the nOl1hem Benguela. a weak ~o<)ling trend (--O.2°C.dec~de I below the global 

mean) was observed off~hore in the southern and central Benguela regions, and a slight 

warming trend (_0.3_0.6°Cdecade"ahove the global mean) wa~ ob~ef\'ed in the in,hore zone 

(Figure 4.4b). While the warming in the in,hore region of the ~outhel'll ~nd cemrai sectors is 

in contrast 10 Rouauh er "I. '8 (2010) findings. this may be be~ause the two studies had 
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different temporal ranges and used different datasets used to calculate the trends. Only 11 

years of data were used to calculate a trend in this study, while Rouault's dataset spanned 25 

years. Despite the shorter dataset, the selection of the most accurate satellite product for the 

inshore zone and the use of ill sitll validation (Chapter 2) suggests that this study provided a 

better estimate of inshore temperature variability (see Chapter 2), compared to the optimally 

interpolated sea-surface temperature (OI-SST) (Reynolds et al. 2002) used by Rouault et at. 

(2010). Results of this current study show that the surface waters of the southern Benguela 

inshore zone have warmed rapidly in the last decade. 

Not all regions in the Benguela region were warming at the same rate (Figures 4.2, 4.4). For 

example, the ABFZ is wanning at a much faster rate (> 1.5°Cdecade-J
) than the rest of the 

northern Benguela (0.6-0.8°Cdecade- J
) (Figures 4.2b,c; 4.4b,c). The fastest wanning trend in 

the inshore zone was observed between 15.5-17°S and 18.5-20oS (Figure 4.5). With rapid 

wanning (>0.8°Cdecade- J above the global ocean average (0.07°Cdecade- J 
) over the last 

decade (2000-2010), these areas could be identified as local warn1ing "hotspots". Hotspots of 

temperature warming are areas where the long tern1 warming trend is greater than the global 

mean, one such hotspot has been identified off the Tasmanian coast where warn1ing of 

O.23°Cdecade- J has been identified since the 1940s (Last et al. 2010).). Although the data 

does not extend as far back, according to this definition, this region can be categorised as an 

ocean warn1ing hotspot (Figure 4.2c). The development of local warming hotspots has 

significant impacts on the biology of the area as organisms become most stressed in these 

regions (Harley et at. 2006). Hotspots are therefore ecologically imp0l1ant as the changes 

happening in these areas could be used to predict likely changes in other areas where 

temperature warn1ing is slower. While the MODIS dataset was short tern1 (11 years), the 

similar trends (Figure 4.2) observed when using the 25 year long Pathfinder dataset suggest 

that the identified warming "hotspots" are not part of a decadal cycle, but are in fact long

term features. 

The influences of natural inter and intra annual variability in the study regIOns are not 

considered when using linear trends to identify trends in temperature variability. Bakun 

(1990) warns against solely relying on this approach, which is why the natural variability of 

this system was assessed by examining the annual latitudinal position of the 20 and 22°C 

isothenns. The position of these isotherms appeared to migrate southwards during the period 
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between 2002 and 2003 as well as 2004 and 2007 (reaching a maximum of ~16.4°S (20°C) 

and ~ 15.8°S (22°C)), while experiencing ~0.5° latitude over the study period (2000-2010) 

(Figure 4.7). The non- linear variability of the average position of the 20 and 22°C isothenns 

provided evidence of the variable nature of the warn1ing that occurs in the region. The 

southerly migration of these two isothern1s was further evident in the longer tenn (1985-

2009) Pathfinder dataset, where their average positions appear to have shifted southwards by 

-0.9° latitude (Figure 4.8). 

It is interesting to note that the two identified coastal wanning hotspots in the northern 

Benguela (15.5-17°S and 18.5-200 S) were separated by a region which has experienced 

minimal change over the last decade and even slight cooling in comparison to the average 

rate of change in this inshore region (Figure 4.5a,b). The position of this 'gap' is in the 

vicinity of the Cape Frio upwelling cell (~18°S) and the results of this study suggest that the 

upwelling cell is not warming at the same rate as the rest of the region. 

4.4.2. Limitations of the methods and datasets 
As the Pathfinder reanalysis data is a global product the quality flags assigned to the data are 

very sensitive to strong temperature gradients. This means that in frontal regions or areas of 

upwelling this satellite product does not provide the most accurate SST retrievals (Kilpatrick 

et al. 2001). This should be considered when regarding the results of this study. The long 

time span of the dataset (25 years) however, provides a useful method of confinning the 

trends observed during the shorter (11 years), but more accurate MODIS Terra dataset. 

The Pathfinder data used in this study had a quality flag level of 4. The selection of the 

quality level was a trade off between very accurate data but very few data points or a large 

dataset which contained erroneous data. Quality level 4 provides sufficiently accurate data for 

this study while still providing an abundance of data points. The differences between the 

results of this study, especially Figure 4.2a, and those of Rouault et al. (2010) could be the 

result of the use of different levels of quality flags. The quality flag level of Pathfinder data 

used in future studies is therefore an important point to consider, as conflicting results may be 

found depending on the flag level selected. It is recommended that future studies use data 

from more than one quality flag level in order to compare the different results. 

A limitation associated with the MODIS Terra dataset was the short time period covered by 

the data, as NASA's Terra satellite was only launched in 2000 (MODIS 2011). Therefore any 
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of the identified trends in temperature variability in the BCLME may be a result of decadal 

variability of the system, and not long tenll. However, the longer time period associated with 

the pathfinder dataset, means that where an identified trend is present in both datasets, it 

would be more likely to continue in the future. 

4.4.3. Potential causes of the warming trend in the northern Benguela 
Patterns of ecosystem change which have taken place in the BCLME historically, suggest that 

the system undergoes phases of relative warn1ing and cooling periods which are expected to 

alternate on a decadal basis (Hardman-Mountford et af. 2003, Heileman and O'Toole 2009, 

Hutchings ef al. 2009). The evidence presented in this study describes partial decadal cycles 

in the MODIS Terra data, as well as in the longer time series of the Pathfinder dataset, but no 

obvious decadal variability was identified. Longer tern1 datasets are required in order to 

accurately identify the dec ada I variability of SST in this region. The wanning ocean 

temperatures observed worldwide (Burrows ct af. 2011) supports this theory. To verify the 

wanning trend, further monitoring in the region is required. Decadal variability may still be 

evident in future changes in the rates of regional warn1ing and cooling, but the underlying rise 

in average annual temperatures, in the identified hotspot regions particularly, appears to be 

unquestionable. 

Decadal variability is thought to be the result of the influence of a number of different 

atmospheric forcing modes acting on the northern Benguela region. Hutchings et af. (2009) 

summarise four of the most important of these factors described by Colberg and Reason 

(2006) and Reason et af. (2006): 

Firstly the strength of trade winds in the equatorial Atlantic affects Benguela Nino 

events on a decadal scale; 

secondly migrations of the South Atlantic Anticyclone (high pressure) affect 

upwelling-favourable wind stress, the position of which appears to be linked to ENSO 

events; 

thirdly interdecadal variability displayed by a midlatidude mode acts on the northern 

Benguela and 

lastly the Southern Annular Mode in the southern Atlantic affects the paths of 

westerlies influencing the northern Benguela. 
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The northern Benguela is currently in a warming phase (since 1995) where cool events are 

less frequent and southerly displacements of the Angola-Benguela Front are more common 

(Rouault et at.2007, Hutchings et at. 2009). This has been attributed to the general decadal 

variability of the region influenced by the factors described above which have manifested in 

the weakening of southerly windstress at Luderitz during 1990-2006 (Hutchings et at. 2009). 

This wanning trend in SST vales in the northern Benguela appears to be the direct result of 

increased frequency and residence time of the seasonal southward migrations of the ABFZ. 

During periods of weakened upwelling in the northern Benguela as a result of weakened 

southerly wind stress, Angola current water is possibly able to intrude further southwards and 

remain in the region for longer than usual. Evidence of this provided in the increased 

southerly extension of the 20 and 22°C isotherms into the northern periphery of the region 

(Figures 4.7, 4.8). 

Global ocean-atmosphere system teleconnections across the Atlantic via Kelvin (ocean) and 

Rossby (atmospheric) waves associated with the modes mentioned previously have not been 

explored in this study. Increasing evidence and understanding of coupled ocean-atmosphere 

dynamics indicate that the influence of global atmospheric change on oceanographic systems 

(such as the BCLME) may increase in the future (lPCC 2007). Previous studies (Florenchie 

et at. 2003,2004, Reason et al. 2006, Colberg and Reason 2007, Rouault et al. 2007) outline 

the existing implications of the complex coupled ocean-atmosphere effects which can lead to 

Benguela Nino events. In an environment that is warming however, the effects of extreme 

events could be amplified as warm water intrusions may reach further south along the west 

African coast than was the case during previous events. Research on the dynamic interactions 

that cause these extreme events is ongoing, and continued monitoring of both the offshore 

and inshore regions will help to gain a better understanding of the modes of variability at play 

in the region. 

4.4.4. What are the effects of the regional warming? 
The increasing southerly extent of the average annual position of the 22°C isothenn is 

apparent (Figure 4.7). Based on the results of Chapter 3, it is likely that this will result in a 

shift in the spatial distribution of A. ('orOI1I1S. The likelihood of finding A. coronus in the 

vicinity of Flamingo Lodge will be drastically reduced once the annual average temperature 

increases above 22°C. In this case, a southerly displacement in the spatial distribution of this 

species is expected. 
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The disappearance of keystone species such as large predators can have major ecosystem 

effects. This could be exacerbated if similar range shifts were undertaken by other species in 

the region. Large ecosystem changes have been observed in the offshore region of the 

northern Benguela (van der Lingen et a1.2006a, Hutchings et al. 2009). With widespread 

inshore warnling in the northern Benguela, shifts in the distribution of other species are 

likely. Warnling trends have been shown to impact marine animals who respond by moving 

towards the poles. Organisms are thus likely to avoid unfavourable temperatures by shifting 

their distributions poleward (Pannesan 2006, Burrows et al. 2011). This trend may soon 

become apparent in the northern Benguela. 

While warnling is poised to alter the northerly distribution of A. COrOl1l1S, changing conditions 

were also observed in the southern part of their distribution. The Luderitz upwelling cell, 

already the world's most vigorous wind driven cell, is expected to intensify under the 

influence of strengthened southerly wind stress (Bakun 1990). A cooling trend was observed 

in the offshore zone (>200m depth) using both the 11 and 25 year data sets (Figure 4.2a,b), 

while a cooling trend was observed with the 25 year (Pathfinder) dataset in the inshore region 

(Figure 4.2a). However, the MODIS terra data showed warnling trend during the last decade 

(2000-2010) (Figure 4.2b).This may be a result of a short tenn warnling cycle (such as the 

previously explained decadal variability) masking a long tenn cooling trend in the region. 

However, if the Luderitz upwelling cell does intensify, the study species would effectively 

become restricted to a narrow coastal region as the watming waters in the north continue to 

intrude southward and the southern distribution barrier at Luderitz strengthens. Such range 

contractions are becoming common in wanning environments (Pannesan 2006). A southerly 

distributional shift (in the case of a weakening in intensity of the Luderitz upwelling cell) as 

well as a range contraction would have management implications for the west coast dusky 

kob, pat1icularly as the species may become targeted by the already well established northern 

Namibian recreational fishery. 

Besides the wanning trend observed in the BCLME region, the Pathfinder results showed that 

infrequent extreme events (Such as the 1995 Benguela Niiio, Figure 4.8) may open a gateway 

through the central Benguela which can be utilised by A. corol1US. These gateways may 

explain why vagrants of the study species have been identified as far south as the Berg and 

Olifants estuaries in South Africa (Lambe11h et al. 2008). Based on the results of this study, it 
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IS likely that these extreme southerly movements could only occur during large scale 

wanning events, such as Benguela Nii'ios. Lamberth et al (2008) attributed the presence of 

adult A. coronus in the Berg River to a Benguela Nii'ios event and added that the passage of 

these fish through the central Benguela is most likely when the extreme events are 

accompanied by toxic conditions associated with hydrogen sulphide eruptions. 

The warn1ing identified in the northern Benguela, has important implications for regional 

resource management. Existing management strategies would need to be adapted to changes 

in species spatial distributions if they are to protect marine resources (Nye et al. 2009, Link et 

al. 2010). A southerly distributional shift and range contraction (described above) would 

increase the vulnerability of the west coast dusky kob as it would be confined to a localised 

region in northern Namibia. This region is characterised by heavy recreational fishing 

pressure and this species may be rapidly overexploited without timely management 

intervention. This is especially true as the current management plans in place for the 

morphologically similar silver kob (A.inodorus) in northern Namibia are defined by this 

species' fast growth rate and small size at maturity and would not be suited to the slower 

growing and later maturing west coast dusky kobo Changes in the spatial distributions of 

marine resources need to be included in future management plans in order to promote 

sustainable fisheries (Link et at. 2010). Management interventions such as co management 

strategies, seasonally closed areas or the revision of the location of marine protected areas 

may help to conserve this species. 
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Chapter 5 

Conclusions and recommendations for future work 

126 



Univ
ers

ity
 of

 C
ap

e T
ow

n

5.1. Project findings: 

This study aimed to determine the extent of environmental change in the inshore zone of the 

ABFZ and to predict the impact of this change on the distribution of A. COrGl1llS. 

5.1.1. Key Question l:-What is the most suitable satellite product to study 
surface temperature variability in the inshore zone of the northern 
Benguela, and what is the error associated with this product in coastal 
waters? 

The Moderate Resolution Imaging Spectroradiometer (MODIS) sensors on board NASA's 

Terra and Aqua satellite were the most suitable tools for measuring SST variability in the 

inshore region of the northern Benguela. The applicability of the MODIS Terra dataset to 

biological spatial distribution studies was found to be greater than that of the MODIS Aqua 

data due to Terra's longer temporal range (2000-present). Seasonal correction factors for both 

of these products in each season, were determined through comparison with an in situ dataset 

(Table 2.5), thus accounting for the general overestimation of both the Aqua and Terra 

MODIS sensors of in situ temperature values. An average overestimation of 0.76 ± 1.06°C 

for the MODIS Terra data and 0.S5 ± 0.S5°C for the MODIS Aqua data was identified for the 

inshore region of the Angola-Benguela Frontal Zone (ABFZ). The correction factors 

calculated in Chapter 2 may be improved in future studies through the use of datasets which 

extend over longer time periods, allowing a greater number of match up days, as well as by 

calculating monthly cOlTection factors rather than seasonal ones. 

5.1.2. Key Question 2:- Is there a relationship between the catch rate of A. 

coronlls and environmental parameters? 
Surface temperature variability was relatively easy to measure in the region due to the spatial 

extent of MODIS Aqua and Terra data, and was thus considered a good indicator of the 

spatial extent of A. corOllUS in the northern Benguela (see Chapter 3). It was found that CPUE 

increased in waters cooler than 22°C and warmer than 16°C in the vicinity of Flamingo 

Lodge (l5.57°S, 12.02°E). Based on the assumed "avoidance temperatures" west coast dusky 

kob are predicted to occur south of Flamingo Lodge, near the Cape Frio upwelling cell 

(~IS0S, 11.S0E) during the summer and autumn months (DJF, MAM) and in the vicinity 

(l5.57°S, 12.02°E) of Flamingo Lodge during winter (J.JA) and spring (SON). 

This relationship will need to be explored further using a longer tern1 CPUE dataset, as the 

current dataset was limited to 4 years. Monitoring of other environmental variables will also 
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aid in understanding the relationships which exist between this species and its environment. 

In situ temperature, dissolved oxygen and salinity data are especially limited in the study 

region and monitoring programmes need to be initiated in order to monitor the physical 

changes in the coastal marine environment of the northern Benguela. 

Recent model outputs of dissolved oxygen as well as the Regional Ocean Model System 

(ROMS) simulation outputs could also be used to determine the spatial distribution of marine 

species. However, these outputs need to be regionally validated and corrected according to 

the identified errors, before accurate estimations of regional oceanographic conditions can be 

made. The use of validated model outputs would allow a more accurate representation of the 

effects of salinity and dissolved oxygen variability on the spatial distribution of A. corOl1US. 

However, such validation studies cannot take place without accurate ill situ datasets of the 

required variables, thus the establishment of inshore monitoring programmes is of utmost 

importance. 

5.1.3. Key Question 3:- How rapidly are environmental conditions changing and 
what are the implications of these changes on the distributional patterns of 
A. coronus in the northern Benguela? 

Using the corrected satellite SST retrieval data (Chapter 2), wanning trends over the last 25 

and 11 years were explored in the northern Benguela. A linear trend of ~0.6°C.decade-1 was 

found to have occurred between 1985 and 2009 in the Angola-Benguela frontal zone in 

particular (see Chapter 4) and this trend was found to have increased to >0.8°C for the last 

decade. The majority of the northern Benguela region has experienced wanning at a much 

faster rate than the global mean (0.07°C.decade- l
) over the last decade. Furthermore, two 

inshore «200m depth) hotspots of localised warming were identified at 15.5-17°S and 18.5-

200 S where the linear trend of wanning over the last decade (2000-2010) was found to be 

significant at the 90-95% level (Figure 4.6). 

The warming trends observed over the last decade (2000-2010) are likely to be the caused by 

decadal variability in the region. However the existence of a significant linear warming trend 

over a 25 year period (Figure 4.3) indicated that the recent watming in the northern Benguela 

may be related to more than just dec ada I variability and may persist in future years. The 

localised wanning in the ABFZ region is thought to be caused by an increase in the residence 

time of the seasonal intrusions by Angola Current water into the region. This is brought about 
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by a decadal scale trend in weakened upwelling in the central Benguela (Hutchings et al. 

2009). These warn1ing trends (and their persistence) pose a threat to the temperate biota of 

the region and may result in a shift of organisms to cooler waters at higher latitudes, which 

has been observed in other temperate regions of the world (Parn1esan and Yohe 2003, 

Pannesan 2006, Burrows et af. 2011). This may very well be the case for the west coast 

dusky kob in the northern Benguela as the estimated upper optimum range of the species (the 

22°C isothern1) has migrated further south during the last decade (see Chapter 4, Figures 4.7, 

4.8). If current wanning trends continue, this species is expected to shift its spatial 

distribution into northern Namibia with the continued southerly migration of the 22°C 

isothenn. 

The southerly limit of a potential distributional shift of the study speCIes would be the 

dispersion barrier at Luderitz, as annually averaged temperatures in this upwelling region are 

below the expected minimal thern1al tolerance limit of A. corOIll/s. Inshore warn1ing 

experienced in the Luderitz region in the last decade, however, suggests that periods of 

weakened upwelling have existed. During these periods temperatures in the inshore zone of 

the Luderitz region may be greater than 16°C, potentially allowing west coast dusky kob 

individuals to pass through the identified dispersion barrier and into the southern Benguela. 

This could explain the findings of Lamberth et al. (2008) of extra-limital vagrants (Last et al. 

2010) of the study species in South African estuaries. As the general wanning phase of the 

inshore region of the central and southern Benguela may be related to decadal variability, and 

upwelling in the central Benguela could increase again in the near future, the southern limit 

of the potential displacement of A. coral/liS will have to be explored in tenns of future 

scenarios of wanning or cooling in the region. Upwelling cells are expected to strengthen in 

response to climate change (Bakun 1990) and if this is indeed the case in the long tenn, the 

study species may become trapped between its upper and lower optimum thennal range limits 

on the northern Namibian coast, and undergo an effective range contraction. The species 

would become increasingly vulnerable to capture as a result. 

Dissolved oxygen and salinity changes over similar periods in the northern Benguela may too 

have significant effects of the biota of the region however, a lack of ill situ data precluded 

detailed investigation. This fU11her highlights the need to establish monitoring programmes of 

physical environmental variables in the inshore regions of the northern Benguela as soon as 
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possible. Surface salinity estimates are now available VIa satellite sensors on board the 

Aquarius satellite launched in 2011. This data should be utilised in the study region, in the 

future to investigate seasonal salinity changes once the regional accuracy of the salinity data 

has been assessed. The investigation of surface salinity in conjunction with SST variability 

will help to provide a more accurate estimation of the surface signal of the seasonal intrusion 

by Angola Current water into the north em Benguela, which in tum would enable estimates of 

spatial distribution changes in temperate organisms to be explored. 

5.2. What are the ecosystem and socio-economic effects of changing 

distributional patterns of A. coronus in the northern Benguela? 

Shifts in the distributional ranges of marine organisms have been observed in response to 

extreme wamling events as well as general warming trends in temperate regions (Parmesan 

and Yohe 2003, Parmesan 2006, Portner and Knust 2007, Hutchings et af. 2009, Burrows et 

af. 2011). This has been especially apparent in pelagic species, or species with pelagic larval 

stages, and these species are expected to undergo further distributional variations in the future 

(Harley et af. 2006). The findings of this study suggest that a southerly distribution shift in A. 

coronlls may occur if water temperatures continue to rise in the ABFZ region. Furthermore, 

continued wamling of the nature identified in Chapter 3 may well result in an inshore regime 

shift similar to that which has OCCUlTed in offshore waters in recent years (van der Lingen et 

af. 2006a). 

If warming trends in the region continue at present rates, current management strategies for 

Argyrosolnlls COrollllS would need to be adapted to encompass the expected changes in the 

species distribution. The vulnerability of a species generally increases if it undergoes a range 

contraction (Parmesan 2006). This is particularly relevant in the case of the west coast dusky 

kob as a southerly range shift and range contraction would concentrate this species in central 

and north em Namibia. This region has very well established recreational fisheries (Kirchner 

1998). The Skeleton Coast National Park (17.5-21.1°S) in Namibia however, could provide 

some protection from fishing pressure unless the population shift extends further south of 

22°S. On a positive note, the large size attained by the west coast dusky kob (max 77kg, 

common to 50kg) (Griffiths and Heemstra 1995), when compared with the Namibian kob 

species, the silver kob (Argyrosol11us inodorlls) (max 36.5kg, common to 15kg) (Griffiths and 
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Heemstra 1995) will provide the recreational fishery with a major boost. The Namibian 

recreational fishery is extremely important for the economy of coastal communities (Stage 

and Kirchner 2005) thus it is critical that a new resource such as this is well managed to 

maXImIse its long-tenn benefit. The required management plan is complicated by the 

extremely similar morphological characteristics of the two kob species and the vastly 

different life histories. For example, A. corOllllS matures at approximately 90 cm (Potts et al. 

2010) compared with 40 cm (Griffiths and Heemstra 1995) for A. inodorus. Therefore, future 

management plans must recognise the potential of the A. corOllllS resource and will need to 

incorporate the seasonal trends in relative dominance of the two species. For example, the 

west coast dusky kob may be the dominant species during the summer and autumn months 

and fishery regulations should be designed towards this species during that time. This will 

ensure that this species is protected when it is dominant in the Namibian fishery. 

Unfortunately, Namibia's gain is southern Angola's loss and a southerly shift in the 

distribution of A. corOl1US will negatively impact the artisanal fishery for this species in 

southern Angola (Potts et al. 20 I 0). In addition, continued wanning in the region could lead 

to similar spatial distribution shifts of other important fishery species in the future. Coastal 

communities and local economies would then suffer from a decrease in abundance of 

economically important fisheries resources. It is recommended that experimental fishing for 

tropical species be initiated in this area, to ensure that communities can quickly respond to 

the arrival of new fisheries resources from the north. 

5.3. Project short comings 

The use of various datasets to describe regional variability in oceanographic conditions 

overcame the paucity of data in the northern Namibian and southem Angolan nearshore 

regions. However, the findings of this study would have been more accurate if extensive in 

situ biological and physiochemical datasets had been available. The scarcity of in situ 

data sets of physical environmental variables especially water temperature, dissolved oxygen 

and salinity in the ABFZ region was particularly evident. The lack of environmental 

variability data at different depths in the water column was too noted as a major research gap 

in the north em Benguela region (see Chapter 3). Long-tenn biological monitoring 

infonnation, including relative abundance estimates of fisheries species was also lacking, and 

the dataset used in this study was limited to a 4 year period from a single location. This 
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dataset is currently being temporally expanded, enabling future investigations into the 

response of A. corol1us to environmental change. Ideally CPUE as well as environmental 

variability data should be continuously collected from a variety of locations and throughout 

the water column. This would enable the monitoring of shifts in species distribution and 

abundance as well as the detennination of the magnitude of regional oceanographic changes. 

Estimates of spatial distribution would be further improved with the extension of existing 

conventional fish tagging studies in the region. Such studies, when involving numerous 

species, would improve our understanding of ecosystem response to environmental changes 

in the region. 

The inability of infrared satellite sensors to gather SST infom1ation in cloudy conditions 

limited the validity of the estimation of satellite error in measuring inshore and nearshore 

waters of the north em Benguela. Clouds reduced the number of match up days available for 

satellite and in situ data comparison. Cloudiness can also cause a seasonal bias of annually 

averaged temperatures as accurate SST retrievals were less frequent during spring, possibly 

as a result of the increased frequency of fog. Microwave imaging technology, which is not 

affected by atmospheric conditions, is fast improving and microwave SST retrievals closer to 

the coast may become available in the near future. If this is the case, this data could be 

successfully used to provide year-round estimations of SST variability in the inshore region 

of the north em Benguela. The microwave data would first need to be investigated for 

regional satellite errors following the process outlined in Chapter 2. A further problem 

associated with the use of satellite data is the short temporal scale of datasets which restricts 

the confidence of trend calculations. 

Programmes that monitor biological and physical characteristics of the water column are 

critical for our understanding of the inshore zone in this region. Although the majority of 

marine research has traditionally been located in the offshore zone of the n0l1hem Benguela, 

there is a growing need for inshore monitoring especially in the face of global change. This is 

primarily because of the great dependence of coastal communities on the inshore marine 

resources. Data from established inshore monitoring sites would help to improve the 

forecasting ability (through their input into forecasting models) of extreme events and 

provide infonnation on distribution and abundance shifts of marine resources. In tum this 
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would allow the development of et1icient management plans, enabling the sustainable 

exploitation of inshore marine resources. 

5.4. Recommendations for future work 

It is clear that a pennanent and et1icient coastal observation network needs to be established 

in the northern Benguela (Brundit et at. 2006). In order to identify the specific objectives of 

such a network it is important to assess what data is already available and which variables 

need to be focused on. 

Remote sensing capabilities to monitor physical and to a lesser extent, biological variables 

have improved tremendously in recent years (Glenn et at. 2000). However, the inability of 

these sensors to monitor chemical and further biological variability and the fact that they can 

only measure the upper layers of the water column highlights the need for continued in situ 

monitoring (Glenn et at. 2000). This is especially true in data poor areas where validation 

studies of remotely sensed variables are limited. 

Presently in situ monitoring in the form of one moored array of instruments exists and is 

currently collecting inforn1ation on oceanographic and atmospheric data from the surface to 

the ocean floor in the tropical south east Atlantic (Figure 5.1). This fonns part of the 

Prediction and Research Moored Array in the Tropical Atlantic (PIRA T A) programme which 

involves the pennanent installation of an Autonomous Temperature Line Acquisition System 

(A TLAS) buoys in the topical Atlantic. PIRA T A provides important infOlmation on 

oceanographic conditions and wind forcing in the region. The infonnation received from the 

new (2006) ATLAS buoy, Kizomba, can be used to infer conditions in the inshore zone, and 

its value in monitoring and gaining an understanding of the development of extreme events is 

unquestionable (PIRA T A 2011, Rouault et al. 2009). However, it cannot directly describe the 

oceanographic state of the inshore zone and monitoring systems should be established further 

inshore for this purpose. In this regard, a recent proposal to design and implement an Argo 

float system for shelf seas has been submitted for governmental funding. Argo floats are 

lagrangian measuring devices which move through the water column sampling at 

predetennined intervals. Such instruments would provide invaluable infonnation on the 

dynamics and physical oceanographic environment of the coastal zone. 
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Another monitoring pro)!rammc m the carly phases of desIgn ilnd impkmentiltl on is one 

whieh involves the dcployment of glidcrs in inshore regions of southern Afncan waters, 

Th~s~ mstrum~nts illiow continuous moni toring along specified ocpth contours, South Africa 

hJS very reccntly heen Jppointcd a centre of excel lence for mminc glider instJ1.ll11cnts. 

Figure S. I The position of the ',LTAS buoy. oftbe I'IRA 'L\ programme. Thl- ye llow tri~n g lf 

indicate, the Kizomb~ ,\TLAS buo~', the sout h u~t ~x ( ~" ~io,, of lh ~ I'roj f cT. " lack box indicates 
Ihf (urr~"1 ~I u dy rfgio" (adapTed from PI RATA 2UII). 

Tcchnology in thc form of instruments. sensors and svstcms from winch to mlmilor tbe 

insbore zonC ahound (ilenn el {II. 20(0). However, the lack of funding. institutional "upport 

Jnd competent personnel restrict the establ ishment of ctTectivc monitoring programmes, 

cspcciilily in developing count ries (such as Angola) wherc research funds are especIally 

limited (Bnmdit el {II. 20(6). Internationally there arc a number of progwmmes w ll h opceilie 

mandates to monitor the coastal zone, In the Benguela specifically there ar~ two bodies" bieb 

are responsihle lilr coastal monitOl'ing, the Benguela Current CommisslOn (DCC) fonn~r1 y 

the Renguelil Current Large Marinc Eeosystcm (BCLME) and the Global Ocean Ob,;erving 

Sy,tem lilT AtnCJ t(,OOS-Alrieal. 

5.4.1. Benguela CUfrent Large .:\1arine Ecosystem (HCLME), a pa~t programme 
Thc Benguela Large Marinc b:osystem project (DCL/l.l~) was aimed at moni toring and 

observing environmental and biological cbange ill tbe crO% boundary (political) Rengucla 

system, Tbe project. fund~d hy Glohal Environmenlal Focil ity (GEF), and the Benguela 

l!nv1Tonm~m Fish~Tle, Jnl~raction and Trainmg programmc (BENEFIT) (a subsidiary 
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programme) supported by Germany and Norway, were extremely successful in identifying 

trends and monitoring oceanographic and biological variability within the BCLME (Hempel 

et al. 2008). The BCLME project ended in 2007 and research and management of the 

Benguela system is being continued by the Benguela Current Commission (BCC) (supported 

by the three national governments of Angola, Namibia and South Africa) (lyambo 2008, 

Duda 2008). The focus of the BCLME and BENEFIT programmes was on commercially 

exploited stocks that were shared between the three participatory countries (Hampton 2008) 

and oceanographic variability related to abundance and distribution changes in these 

resources. The monitoring of the inshore region of the northern Benguela was therefore not a 

research priority. The significant warming which has been identified in the last decade 

especially, but in the last 25 years too, indicates the need to establish coastal monitoring in 

this region as a matter of urgency. The establishment of such a monitoring initiative is in line 

with the aims of the BCC as it would assist in gaining an understanding of the variability of 

coastal oceanographic conditions and the effects these have on economically important trans

boundary coastal resources. 

5.4.2. Global Ocean Observing System (GOOS) 
The Global Ocean Observing System (GOOS) funded and supported by the United Nations 

Environmental Programme (UNEP), the World Meteorological Organisation (WMO), the 

International Council for Science (lCSU) and the Intergovernmental Oceanographic 

Commission (lOC), is a permanent integrated global system of oceanographic observations 

and data products (GOOS 2011). GOOS forn1s the oceanographic component of the Global 

Earth Observing System of Systems (GEOSS), along with the Global Climate Observing 

System (GCOS) and the Global Terrestrial Observing System (GTOS) (Christian 2003). The 

specific aims of the GOOS programme are to describe and forecast the state of the ocean and 

its marine living resources as well as to improve the management of marine and coastal 

ecosystems and resources (GOOS 2011). A sub group of GOOS. the Coastal Global Ocean 

Observing System (CGOOS) exists with the aim of improving the ability to detect and predict 

the effects of climate and anthropogenic changes on coastal ecosystems (Malone and Cole 

2000, IGOS report 2006). Improving coastal monitoring and management capacities therefore 

fonn a major pat1 of the aims of the GOOS and CGOOS programmes, which is evident in 

their support of the African branch of the project. 
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GOOS-Africa, established in 1998, and its regional component, the Regional Ocean 

Observing and Forecasting Systems for Africa (ROOFS-Africa) bodies, supported by the 

CGOOS and the Integrated Global Observation Strategy (lGOS) programmes, are concerned 

with the monitoring and management of local coastal ecosystems (Ahanhanzo 2006). It 

seems, however, that the establishment of regional monitoring in the inshore zone of the 

northern Benguela has yet to take place. Even in the more studied inshore region of the 

southern Benguela authors have noted the scarcity of moored monitoring arrays which are 

dedicated to monitor environmental change, especially dissolved oxygen (van der Lingen et 

at. 2006b). 

The ROOFS-Africa programme together with the BCC would be ideal frameworks in which 

to establish a permanent programme of coastal monitoring in the northern Benguela, which 

could focus on investigating change in identified hotspots of coastal warming. In fulfilment 

of the GOOS mandate to monitor ecosystem change (Christian 2003, Ahanhanzo 2006), it 

would be extremely beneficial to extend the mooring sites which exist in the southern 

Benguela into areas identified as warn1ing hotspots, where environmental change is taking 

place at significant rates (Chapter 4). 

As the ROOFS-Africa infrastructure needs to be locally funded, low cost instrumentation is 

essential for the success of such programmes (Ahanhanzo 2006). This is especially true in 

Angola, where one of the identified warming hotspots is positioned (lS.S-17°S, inshore of 

200m depth) as this country is the one member state of the BCLME that is most in need of 

development both in telms of equipment and personnel (Brundit et al. 2006). Before the 

installation of any monitoring instrumentation, a monitoring programme should be properly 

laid out. This should include the allocation of funding as well as support, in the fonn of 

technical information and personnel for the duration of the programme. It is also important to 

ensure the capabilities of the selected instrumentation are fully understood and meet the 

needs of the study. The potential for bio fouling and vandalism should too be taken into 

account and measures to mitigate the effects of both should be implemented (Glenn et 

at.2000). 

Based on the results of this study, the initial installation of temperature loggers at strategic 

positions along the coast, followed by the addition of dissolved oxygen and salinity sensors to 

the same mooring would be advised. The installation of temperature loggers at strategic 
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locations along the coast, corresponding with sites of ongoing CPUE monitoring would 

benefit studies such as this one immensely. Temperature loggers can be placed in the water 

column on a permanent basis and remotely relay data to a laboratory computer. The loggers 

can be set to specific satellite overpass times to encourage a direct comparison between 

locally observed sea surface temperatures and those derived from satellite sensors. This 

would improve the correction factors calculated here (see Chapter 2) and thus enable a more 

accurate understanding of surface temperature variability in the region. Temperature loggers 

also allow for the monitoring of temperature change with depth, and could shed light on the 

characteristics of warn1ing events which are too thought to increase if the identified warming 

of the northern Benguela continues. Inforn1ation collected using this equipment would 

significantly contribute to our understanding of the ecology of the northern Benguela. 

Without this, resource managers in the northern Benguela will not be able to plan for future 

scenarios of marine resource abundance and spatial distribution. This could lead to 

unsustainable exploitation of these resources and significant socioeconomic problems in the 

regIOn. 

137 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 6 

Appendix 

138 



Univ
ers

ity
 of

 C
ap

e T
ow

n

139 



Univ
ers

ity
 of

 C
ap

e T
ow

n

6.1. Seasonal variability in oceanographic conditions described by ROMS 
BlOB US outputs 

ROMS BIOBUS seasonally averaged outputs from the Flamingo Lodge (Figure 6.1) and 

Cape Frio (Figure 6.2) study sites. Although the ranges of salinity and dissolved oxygen are 

not within the identified optimum ranges for A. carolllls, a degree of seasonal variability is 

evident at both sites. 
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