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Abstract

Shallowwater hake Merluccius capensiss of primary ecological armtonomicmportance in the
BenguelaQurrent Ecosysem in South Africa and Namibia. The assessment and management is done
under a series of assumptions about key aspects of the hake biology and behaviour, such as migration,
population structure and growth. This information is imperative, if the resourtebe managed
optimally.

For the first timewe combinedata fromthe existingdemersal trawl survegeries tomap and plot the
distribution and migration oM. capensigor the entire Benguela large marine ecosystem. This reveal
unknown aspects of thdepth and alongshore migration patterns and how they differ between parts of
the Benguela regioriMigration description to be added here[hedouble-sidedreturn migration
demonstrated natal homingbut with unknown precisiorSpatial population struct@s (subpopulations

or stocks) may thus be persistent from generation to generation, or only be maintained during some
phases of the hake life tim@he stability over time as well as thevel of mixing between these

migration patterns and subpopulatismeeds to le further analyzed.

Ouranalyses were done with a ndvatent Cohort GeoPop modek geostatistical modelaggregated

log Gaussianox process model with correlations). This version tracks the cohorts in time and space.
The spatial populationtsictures and dynamics demonstrated herein, is a dimension of the hake
population ecology that is not currently accounted fostock assessment and management of one of
the two most economically valuable fish resource in the region.

KeywordsHake,northernBenguelasouthern BengueldJerluccius capensis, transboundary, migration,
geostatistics, LGC, growth, gear selectivity, South Africa, Namibia, demersahictellity
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Introduction

Shallowwater cape hakeMerluccius capensiss among the mosiominant demersal fish species in the
SouthEastAtlantic. The species &ologically important in the BengudgurrentLarge Marine
Ecosystenas an opportunistic predator (mainly fish, including hgBstha, 1980; Payne et al., 1987)
and as prey for the top predators such as fur seals, cephalopods, sea birds and many demersal and
pelagic fish specid®illar & Wilkinson, 1995M. capensigtogether with the sympatric deepwater hake
M.paradoxu$is also targeted by fisheries throughout its distributi@CC, 2012Annual hake landings

in Namibia, South Africa and Angola averaged@@®tonnes per year ind®0-2010, with over 70%

being SWC hak@®CC, 2012Hakes ar¢he economically most important fisstocksin both Namibia

and South Africa, worth about 5 % of the GDP in NanfibiMR & NPQ013)

M. capensisnhabitthe continental shelf andpper slope from around 1'6 in Angola to about 3 in
South AfricgPayne, 19895 pawning mainly takes place between 50 and 200 meter depth on the
continental shelf and shelf edge from South and West of Sofitba®to 20S in NamibigJansen & et al.,
in prep) The spatial populatiostructure(stock structureyemains uncertain and several hypotheses
have been proposed hearea around the lideritz upwelling cell an@range River Cone (LUCORC)
region (25-29"S)is believed to form a natural barrier between the northern Benguela and southern
Benguelge.g.Agenbag & Shannon, 1988; Duncombe,R865; Lett et al., 2007Therefore, for the
purposes of political simpligif the national bordebetween Namibia and South Afri@range River at
29’9 hastraditionallybeen regarded athe border dividing the specigsto two stocks Figurel) (Grant
et al. 1987, 1988; Burmeister 2005lowever, reent genetic analysis have questioned this perception
of the population structure and suggested tH8¥VC hakes panmictiqvon der Heyden et al., 20Q7)
Currently management follow the oldssumptionof two stocks, butthe possible need for
transboundary management of the Cape hake stocks has been under discussion in recent years.
Alongshore migration has been indicated kr capensisn Namibian watergWilhelm, et al,

Submitted) butis not known for South Atan waters. ® date no transboundary migratiostudies

hawe been conducted. Ofhoreontogenticmigration todeeper wateris documented(Botha, 180;
Burmeister, 2001; Gordoa & Duarte, 1991; Payne & Punt, 1$#&)sonal spawning migrations are
believed to occur, but the paths and timing are unkndB&C, 2012)

Nearly all studies of the biology and ecologybfcapensishavebeen on a local or national scale, even
though severatlecades of high qualityesearch survegata havebeen collected from demersal bottom
trawl surveys throughouts entire distribution area. Regional transboundary analyses on the combined
surveydata setqwhich only recently became availablgve not been performed because the data are
not directlycomparable The various surveys conducted by the three vessels have used different trawl
gearwith different catch efficiency. In the presestudy,we quantify thiseffect, so we can addregbe

spatial population dynamics with a stabé-the-art integratedgeostatisticapopulationmodel. We

develop a new version of thie D S 2 t 2 LJéwhioh2drSifiea novel geostatistical approach with a
simple population modelThe central aim of the study is to analyse the spatial population dynamics. We

3
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do this byestimatingtime series otohortspecific distributions and map them for examination of
putative migration patterns.

Materials and methods
Sciatific trawl survey data

M. capensisvere caught during demersal trawl surveys on the continental shelf and slope in the
BenguelaAgulhas ecosystem from 45 in the North, round Cape of Good Hope téRih the west (Fig.

1). The surveys are conducted eaear inJanuaryMay for routine biomass calculations by the Ministry

of Fisheries and Marine Resources (MFMR) in Namibia and the Department of Agriculture Forestry and
Fisheries (DAFF) in South Africa. No trawl samples were available from Angolan watersgukcies
identification problems betweeM. capensiandM. paradoxusandM. polli(Benguela hake, which is

largely caught in Angolalhree different trawl gear types were used, eachifiglat a different trawl

speed or with different size spread mpes Tablel). Total catch was weighed and sorted by species.
Large catches were subsampled. The weight of the hake catch (separated by species) was recorded and
total lengths of individual hake were measured in cm (roundedrgo Subsamples were subsequently
raised to the total catch

The standardized efficiency of the trawl was compromised by very strong winds in 2002 and 2011off the
South African west coagtVieland et al, in prep)These stations were therefore removed frohe
dataset.

Catch Per Unitffort (CPUE) of each length group in each haul was calculated as number per hour
trawled. This measure was used asehative index of hake density.

The survey dataset consisted of 7.3 million measiedapensisn 7,800 travl hauls from 1998 to

2012. 510 of the hauls were especially informative in relation to gear-g#koration, because they

were taken with different gears, less than 3 hours apart and at a maximum distance of 18 nautical miles
(nm). The samples were frothe entire region Figurel), and they were fairly equally distributed

among the yearsHigure2a). Most samples were taken in Janu&gbruary, while the South African

South coast was covered in Agviay Figure2b). Trawling was predominantly done during the day
(Figure2c). The Gisund trawl was used most frequerfdig(re2d).

The Latent Cohort GeoPop model

A geostatisticainodel @ggregatedog Gaussiaflox process model with correlations) wased to
describe the density index 8. capensigohorts through space and time, along environmental
gradients, observed using various gear types, as the hake recruited, grew dnd die

Related models have previously proved their value for (&otstensen et al., 2013; Lewy & Kristensen,

2009)and mackerel larva@lansen etal., 201202 6 SOGSNE GKA A yS¢g a[lGSyld [/ 2K2

4
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120 tracks the cohorts. This is not only biologically meaningful, it is also advantageous for the complex and
121 time consuming model fitting algorithm to reduce the number of parameters from 100 length classes to
122  eight year classeslo obtain growth rates independent of otolithssed age data, wiategrated a

123 lengthfrequency analysis (LFA) in the model complex. The LFA estimates the age distribution of a given
124  length class by following the cohgpeaks in the lengtifrequencies as they gro@&quation 2.

125 We modellel the density index (CPUE) for eiglye classes in the period 1998 to 2012. The cohorts

126  were followed in time steps aineyear and in a spatial resolution of 25x25 km. These 135,120 (8 age

127 classs x 15 gars x 1126 gridells) random variablesere assumed to follow a log Gaussian

128 distribution, and determine the mean of catim numberg, which are assumed to followRoisson

129 distribution, conditional on densities. This model structure is referred @lag-Gaussian Cox process

130 model, andhas beershownas a good representation of count data from catches that are correlated,

131 overdispersed and with many zesmalues(Kristensen et al., 2013)he Poisson distriliion allows for

132  zero catches, while the randomness of the density fields imply-dispersed catches (relative to

133 Poisson) and in particular many more zero catches than would be found in a pure Poisson model. Finally,
134 the catches inherit the correlatiostructure of the density field

135 A key feature of the model was the utilization of the information that resides in the patchy distribution

136  of fish. This behavioural element was modelled in three parts: First and second, patchiness in space and

137 intime on alarge scale (correlations between cells) and, third, the tendency of fish to aggregate with

138 fish in similar sizes on a local scale (within age groups, within trawBhautsy dzZ33 S04 STFFSOGé v ®

139 The spatial largscale correlation was assumed to decay with diseaand the stability over time of

140 these patterns was estimated as the correlation from year to year of the density in a given cell.

141 Temporal correlation decayed exponentially with distance in time (years) and spatial correlation did
142  approximately the sameHowever, in order to avoid correlation over land (e.g. the Cape point), we
143 implemented the spatial correlation effect aszmussian Markov random field@o present the

144  parameter estimates of these correlations in a meaningful way, we expressed thecdigthiand de

145  correlation time T), as the distance in space and in time where the correlations tiewayed tce™

146  (explaining approx. 14% of the variance). Documentation of tbeselation structures were published
147 in Kristensen et al. (2013).

148

149 Theth NR NBf I A2y Ay GKS Y2RSf (KIG aK2dZ R NBFf SO
150 certain fish sizes tend to be oveepresented in trawl hauls compared to the size distribution in the

151 sampled population. This may be due to size structugmgtegations (schools) or because the local

152 habitat favours fish of a certain size e.g. through the available type of food. This local effect was

153 accounted for by estimating the agdass specific variation in the hat ﬁﬁ, ).

154 A simple population model related the cohort abundance index foora year to the nextby estimating
155 the mean recruitment N, ) andmean totalmortality (2). These processes were assumed to be
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156 independent of space and tim&hemean totalmortality was modelled as a constant corresponding to
157 the exponential decaynodel

158 N, = N,e?™,
159  where N, was the abundance after the mortal Z (year') in (ptime steps(in years)

160 We linked the observations by length to cohorts, by a size spectrum analysis. This part of the model
161 followed the cohort signals as abundance peaks that grew up through the size spectrum. Heitgjmpl
162 weassumed that the size distributidhe individual fish ira cohort is given by a Gaussian density with a
163 mean determined by a von Bertalanffy growth model:

164 L=L_ (1- e @%)y,

165 where L isthe meanlength in cmat age clasa (years) L., (cm)the meanlengthof infinitely old fish,
166 i.e.the asymptoticlength at whch growth is theoretically zer K (Yeat') isthe rate at which L
167 approache:L, , andt, (years)isthe x-axis inteception i.e. a theoretical age #&ngth0 cm.
168 The standard deviation ¢fie Gaussian distributed individual length®and themeanlengthat age

2
init *

169  was assumed to increase linearly withewith /0 . from the initialstandard deviatio /U

170 The first cohort peakvasassigned an age 6f5 yeas, becaus the main spwning season lasfrom

171 July to Septembefcentre assumed middle of Augustainge et al. 2007; Wilhelm et al., 201ansen &
172 etal., in prepjn the northern parts of the regiopwhichwere surveyed in January to Februgcgntre
173 assumed middle of Jaawy)(Jansen & et al., in preg)l. capensi®ff the South African south coast
174  spawnabout six monthsater (NovembegFebruary centre assumed middle of Janupfyansen & &al.,
175 in prep) where surveys take pladater in the year(ApritMay, centre assumed middle of April

176 Finally, the catclis affected by the catchability of the geand tis effect was implemented as
177 SR =o 1+ 3 SR b y1
G y

178 whereSHs the selection factor 2 is the efficiency factorSRis the selection range and L50 is the fish
179 length (cm) at half selection for three different gear tyfigs

180 The parameters in the model were estimated using the maximumHi@d principle based on the

181 Laplace approximation and thus the estimation follows the principles of Kristensen et al. (2013).

182 However the present model was more challenging due to fmamvexity issues of the aggregated

183 Gaussian Cox processd the meh largerarea andamount of data- see details irBupplementary

184 information1l. When possible, we followed the parameter notation of Kristensen et al. (2013). A more
185 concise documentation of the present model was furthermore giveSupplementary informatiog.
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186 The fitted model waginally used to calculate annual estimates of the relative index of hake density

187 (CPUE) for each cohort in each age dlass?.5) in each 25 x 25 km cell. These spatiotengbor

188 distribution patterns were also transformed into a more meaningful coastimented coordinate

189 system. This was done by projecting the estimated abundances in the Cartesian coordinate system onto
190 a curvilinear axis following the coastline from Porzd&eth on the Souti\frican south coast to the

191 NamibiaAngola border (Kunene River) in the Nof$lee Fig. 1)The shortest distance to any point on

192 the coastline, as defined in thefRckagex Y I LIR(BeiKerset al. 2093 was used. The same coastline

193 definition was used for all map§&igurel).

194

195 Results

196 The model was fitted to theatchdata and the parameter estimates are giverTable2. The fitted

197 model explained 67% of the variation in the datawéwer, it was not possible to estimate the

198 uncertainties of the parameters using the standard approach, because of an irregularity in the likelihood
199 surface[Disclaimer #3This is the challenge we are addressing at the moment. The estimation

200 problem mairy affects the gear selectivity. Thaistribution-maps are to a large extent OK, however,

201 the overall density estimates, especially Namibia vs. South Afrisauth coast are not scaled correctly

202 yet. We have therefore removed text and figures about the gesdfect and growth. The rest is given

203 for the user to understand the approach and get an understanding of the information that will be

204  provided in the final peer reviewed papgr

205 The resulting standard errors of the parameter are givenahble2.

206 Gear effect

207 X

208 Vital rates (Growth and Mortality)

209 X

210 Spatial patterns (distribution, migration and population structure)

211 The relative index of hake density (CPWES estimated by year and age class in each of thecgtid

212 throughout thestudy area. The hake densities were found to be spatially correlated with a spatial de
213 correlation distanceH]) of 268 km[spatial variance]The locahbundance varied substantially from haul
214  to haul, with a CV of 70% (nugget effedifie spatial patters of the cohortsvere found to befairly

215 stablewith a temporal decorrelationperiod (T) spanning 2.4 yeargVe illustrated the main trendm

216 agespecificdistributionsby mapping the averagspatial distributions of the severohorts that the

217 model coud follow from the ageof 0.5to 7.5years(Figure6-7). These average distributions were then
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218 used to infer putative migrations througheir life. We analysed the alongshaaed the offshore
219 (depth) migrationseparately.

220 For grutiny of alongshorenigrationpatterns, we projected the distributions onto a curvilinear axis
221 following the coastline from Port Elizabethtire south-east to the Namita-Angolaborder (Kunene

222  River)in the North. The resulting alongshore distributiomere then plotted by age for eacohort

223  (Figure8-9) and for the average of atbhorts Figurel0-11). The initial distribution of the O-$earold
224  recruits, revealedive areas with high densities, safated by approximately 200 km wide areas with
225  very low densitiesKigure6 and Figurel0). We named thesaurseryfecruitment areas for future

226 reference and defined them according to the local minimeat separated then(Table3). This initial
227  pattern was preserved well into the second year, after whidhcapensidbegan an alongshore

228  redistribution Figurel0-11). Substantial interannual variation imigration was observed by inspecting
229 the cohortspecific plotsKigure8-9). Some of the changes were so abrupt that they could only be
230 explained as sampling noise. However, some general trends were also apparent. They sto@hout e
231 more clearly on the plots of average distributions for all year classgar€10-11).

232  From the age of 2.5 yeaonwards the distribution was clearly different than the recruit distribution,
233  showing thatthe recruits from Walvis, Orange and Olifants had spread out. This developed into a broad
234  stationary patch in the Orange area, divided from a Northern migrating Wadi and a southern

235 migrating Agulhagatch. The Walvis and Agulhas patches migrated in opposite direaiway from the
236 centre. They reached their outermost positions at the age of 3.5, after which they slowly returned.
237 These alongshore migrations were mapped by adding the movements oéittee of gravity (CoG)

238 onto Figurell (grey dashed lines). The CoG of both the Walvis component and the combined Glifants
239  Agulhas component moved approximately 700 km alongshore in 5 years. The alongshore migrations
240 werecombined with migrations towards deeper wateFBgurel2). At the age of 5.5yvhere

241  approximately 58 % of thiel. capensigre mature(Singh et al., 201 1)he distribution reflected the

242  nursery areasThe depth distributions differed between the aretiss further North the deeper for all

243 agesFigurel?2). We could thus confirm the wethown offshore migration to deeper waters with age
244  (Figurell) and expand the understanding of the depth migratiorshpwing systematic spatial

245  differences.

246  Our results also suggest an overall shift in distribution from North to South witlFag&el0) [Not

247  known before the gear selectivity issue has been solvetiie diminishing numbers trger fish in the
248 North was seen in the year classes from 12983, but not in 2002007 (Figure8, 10, 15).1t is likely

249 the consequence of either fishing mortality and/or migration variability due to environmental factors.

250 The distribution maps and plots show that the border between Namibia and South Africa, presently
251 used to separatdl. capensistocks,sin the middle of a high density area.

252  Abundance time series
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253 CPUE time series of the recruits were calculated for eaeh Figurelda). The overall annual

254  recruitment fluctuated in the period 1998005, increased in 2062008, and remained high and stable
255 upto 2012.The relative contributions from each of the five nursery areas to the totalicent varied

256 substantially from year to year through the entire time series. The average contribution iR20428

257  was 34 % from Walvis, 24 % from Orange, 12 % from Olifants, 23 % from Agulhas and 6 % from Port
258 Elizabeth The CPUE time series for the & 7.5 year oldM. capensisndicated that most of the larger

259  hakes were found in the Agulhasbpopulation but in recent years this has been supplemented by

260 increasing numbers of large hakes from the Waduispopulation(Figurel4c).

261 Discussion
262 The GeoPop Model and its fit to the observations

263 | The finding of a ridge in the likelihood surfdead to some concern whether the fitting procedure had
264  found the global optimum. The reliability of the estimates was therefore tebtesklectng & (i NXzS ¢
265 parameters for a virtual population example. The population was then sampled and the parameters
266 were estimated from the samples. This demonstrated that the original parameters could be re

267 estimated despite of the irregularity of the liketiod surface. This test was documented in

268  Supplementary informatiod.

269 Spatial patterns (distribution, migration and population structure)

270  For the first time, maps and plots of the distribution and migratioMotapensifias ben provided for
271 the entire Benguela large marine ecosystédur description of th@longshoramigrationin South

272  African waters is new to science. The migratdthe Walvis component is generally in agreement with
273  the resultspresentedin Wilhelm (submited), with a north-south migration similar to that presented
274  here However, we did not find any signs of an initial coastward migratidr®-15 cm fishThis

275  coastward migration could have been missed in@umualtime steps

276 In our treatment of the spial patterns, we presented annual snapshots of austral summer

277  distributions. Seasonal migration patterns were not included. Seelsonal movements have been
278 suggested as annually repeatehore and ofthe-bottom movement of hake for spawning in

279 Namiban waters(Gordoa et al., 2008s well as South African waters (Botha 1996, Millar, 2000)
280 direct indication of seasonal alongshore movement in concentrations. aipensihave been reported
281 for Namibian water¢Gordoa et al. 2006), this may be the case for in South African w&atemeyer,
282 2012)

283 The demonstrated doubisided return migration is a clear example of natal homing, but with unknown
284  precision. Natal homig is a key component for closing the life cycles of smaller populatids by

285 connecting the generations. This element may work towards population structuring in combination with
286 the known spatial differences in spawning tifd@&nsen & et al., in prepjref to previous papers that

287 show differences in spawning timéj is therefore reasonable to investigate the possible existence of

288 multiple subpopulations (stocks) bf. capensisvithin the region.Genetic studés can reveal such
9
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structures, if they are persistent from generation to generation with relatively low levels of strayieg.
stability over time as well as tHevel of mixing between these subpopulatiahsis needs to be further
analyzed and quantifiedHowever, spatial structures that are not persistent from generation to
generation will not be detected by genetic studies. Temporarysaulations that differ in vital rates
(growth and mortality) from other parts of the population may exist in cerlidénhistory phasesThis
should, ideally, be accounted for in stock assessments and management plans that aim at maximizing
the sustainable yield (MSY).

Thementioneddifferences in pawningperiods betweerNorth and South could be utilized in studies of
natal homing and mixing. In othepecies, such as herrirthe origin of each fish maye identified by
counting daly incrementson otolithsref. We suggest that straying (mixing) of hakes from different
spawning areas could be analyzed in the same way.

Conclusion

For the first time, we combined data from multiple demersal trawl surveys from the entire distribution
area to estimate gear selectivity, growth rates, mortality, spatial and temporal patterns of shallow water
hake(Merlucciusapensis Our analyses were done with a nevatent Cohort GeoPop modeh
geostatistical model (aggregated log Gaussian cox process model with correldtiuieshodel was

built with the aim of tracking the cohorts in time and space.

We followed the hake from 0.5 toYyears of age, from five distinct recruitment/nursery areas, through
the growth oriented juvenile phase, to the spawning areas. We provided maps and plots of the
distribution and migration oM. capensigor the entire Benguela large marine ecosystemsTavealed
unknown aspects of the depth and alongshore migration patterns and how they differ between parts of
the Benguela regioThe return migrations demonstrated natal homjdmt with unknown precision.

Spatial population structures may only be mainted during somghasesof the hake life time, with
sub-population separation in some ages and mixing in others. Howea&l homing is a key

component for closing the life cycles of smaller populatimits by connecting the generations. This
element may work towards population structuring in combination with the known spatial differences in
spawning time

The spatiapopulation structures andynamics demonstrated herein, is a dimension of the hake
population ecology that is not currently accounted fio stock assessment and management of one of
the two most economically valuable fish resource in the region.

10
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Figurel. Map of study area with sample locations (dots), isobaths and place names referred in the text.
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Figure2. Bottom trawl survey sampldtrawl hauls)from 19982012 in the studied aredNumber of
samples i a) year. bprdinalday. c) hour of the day. d) gear type.

Figure3. Estimated gear selectiviyf shallow watercapehake M. capensiprelative to the Gisund
trawl. The grey lines and areas denote 988ffidencemtervals.Shading of the confidence interval for

Afr(New) has been omitted for clarity.
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Figured. Growth rate okhallow water cape hak@. capensis The grey areas denote the 95%

confidence interval around the estate from the GeoPop model. Van Bertalanffy equations fitted to i)
South African age readings are shown for females (upper line) and males (lower line), and ii) Namibian
age reading are shown for old age readings (lower line) and new explorative age sc@ugipgr line).

Figure5. Total mortality oshallow water cape hak@1. capensis a) Abundance by age for each year
class (grey lines). Mean abundance by age (black circles). Mean abundance at the age of 0.5 years
decaying with the estimated Z of 1.58 per year (black bold line). b) Total mortality by age from the
present analysis (solid line) and the South African reference case stock assessment (dashed line).
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M. capensis
0.5 years 16 cm

M. capensis
1.5 years 27 cm

Distribution (%) Distribution (%)

M. capensis
2.5 years 36 cm

M. capensis
3.5years45cm

Distribution (%) Distribution (%)

348

349  Figure6. Distribution maps toshallow water cape hak@/. capensisby age. a) 0.5 years. b) 1.5 years. c)
350 2.5years. d) 3.5 yeafBug: lengths on maps indicate length at 1, 2, 3 and 4 years of age]
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351

352  Figure7. Distribution maps ofhallow water cape hak@/. capensisby age. a) 4.5 years. b) 5.5 years. c)
353 6.5years. d) 7.5 yearfBug: lengths on maps indicate length5a6, 7 and8 years of age]
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Figure8. Alongshore distributiom number of fishhy agefor cohorts19982003 d Shallow Water Cape
Hakes . capensis The spatial distribution hdseen projected onto a curvilinear axis following the
coastline from Port Elizabeth the south-east to the NamibisAngola borde(Kunene Riveiij the

North.
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Figure9. Alongshore distribution in number of fish by age for coh@184-2009 ofshallow water cape
hake(M. capensis The spatial distribution haseen projected onto a curvilinear axis following the
coastline from Port Elizabeth in the sotghst b the NamibiaAngola border (Kunene River) in the

North.
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FigurelO. Alongshore distribution by age Bf. capens. Average of all year classd$e spatial
distribution hasbeen projected onto a curvilinear axis following thestiine from Port Elizabeth in
south-east to the NamibisAngola border (Kunene River) in the North.
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368

369 Figurell. Alongshore distribution d¥1. capensi®y age and mean length. The CentfeGravity is

370 indicated by grey dashdihes for hakes north of 2150 km and south of 1550 kire spatial distribution
371 hasbeen projected onto a curvilinear axis following the coastline from Port Elizabeth in the sastth
372 to the NamibiaAngola border (Kunene River) in the North.
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