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ABSTRACT

A global decline in the lobster fishery has nedassil the growout of wild-caught post-
larvae (pueruli) on farms to meet the worlds lobstemand. A limited knowledge on
puerulus settlement in the West Coast rock lobglasus laland)i constitutes a major
barrier forJ. lalandii culture development in Southern Africa. As an esien of an

existing long-term puerulus monitoring program toé Ministry of Fisheries and Marine
Resources of Namibia, the present study monitoredrybus recruitment (supply),
puerulus condition and juvenile growth df lalandii and their relationship with
environmental variables on an oyster farm at LiddBay, Namibia. Implications for

lobster aquaculture and fisheries management acesied.

Oyster bags, crates and collectors were sampléyl dagekly and bimonthly, for pueruli
and juveniles, respectively, between August 2004 awmy 2003 to establish spatial-
temporal patterns in their distribution. Animals revdransported to the laboratory for
morphometric analyses where they were staged amulpse(Pt = transparent; Pp =
pigmented) and juvenile lobsters. The carapacethsn.1mm CL) and wet weights
(0.01gram) of animals were recorded. Carapace hefrgguencies were subjected to
Modal Progression analysis to identify early julemiohorts and calculate their growths.
The weight-length ratios calculated and percenfageontent were used as indices of
nutritional condition. Seasonal peaks in puerulg mvenile abundance were estimated

using Periodic Regression analysis. The relatigussbf puerulus and juvenile abundance



with respect to sea surface temperature (SST), sfreed-direction, moon phase, swell

and tidal range were established using time la¢yaisa(ADL).

Transparent pueruli were randomly distributed orstery bags and crates, and also
between collector sites, suggesting that they mavparticular settlement preference for
certain areas on these structures (p>0.05; n=F0mented puerulus (p<0.05; n=566)
and juveniles (p<0.05; n=3528) preferred structurabmplex structures that provided
better shelter such as crates, which were mordesbdl from sea swells, compared to
oyster bags. Among oyster rafts, pigmented puerahgsjuveniles preferred occupying
the sheltered and centred raft areas, which prdvimter protection from wave action,
compared to exposed raft areas, which were expose@ incoming swell. Puerulus and
juvenile lobster appeared to recolonise adjacegs laad crates, and possibly migrate to
the substrate and off the farm due to the disturbani the habitat during harvesting. The
booth crevice collector was more efficient in colleg puerulus possibly due to the high
structurally complex habitat and the better shehiey provided compared to the hogshair
collector. The occupation of structurally compleabhats by early benthic stages may be

related to morphological changes associated witiamerphosis.

Puerulus settlement peaked during early spring (&ts&eptember) and was related to
low sea surface temperatures (12.3°C), strong seintls, and moderate swells in the
week preceding settlement. These conditions areorsynous with the “spring

upwelling” season of the Luderitz upwelling celltime central Benguela current region.

Puerulus nutritional condition peaked during th&sipd possibly due to high levels of



planktonic food (due to high nutrients from upwadi) that was available to the late stage
phyllosoma larvae further offshore. A “good” puemiisettlement year during 2000 was
associated with lower than average SST (11.6°C) stnehg south winds and was
followed by “poor” puerulus settlement years dur2@01 and 2002 when higher than
average SST were experienced with below average spreds experienced during 2001
only. Puerulus o8. lalandii recruited in high numbers into Luderitz Bay durihg new
moon, full moon and last quarter moon phases byinmgakse of the increased tides

during these phases of the lunar cycle.

Peak juvenile abundance during early summer (NoeerDlecember) lagged by 8 weeks
was significantly correlated with peak puerulus radance. Puerulus size was similar
(8.5-9.7mm CL) over the study period. Juvenile c¢t#09.9-20.6mm CL in size
recruited in 2 distinct waves in August 2001-Juf®2 and July 2002-February 2003.
The 2001/2002 recruits had higher monthly growtbréments and better nutritional
condition compared to 2002/2003 recruits. Peakueagies of 2' moult juveniles (9.9-
10.8mm CL) occurred in September of both recruitnesents with nutritional condition
being poorest during the 2002/2003 event. The tmuidl condition of the settling

puerulus did not appear to be related to the suiesgagyrowth of juvenile lobster.

These preliminary results suggest that pueruliuie@nce a year mainly during late
winter/ early spring under conditions typical ofstal upwelling in the Benguela current
near LUderitz. It appears that puerulus settlemerdriven by favourable shoreward

currents, which help in transporting puerulus tirtisettlement grounds. Puerulus supply



is highly variable between years, which appearbeiaonsistent with a highly variable

Benguela environment.

The oyster farm supported a substantial standimgkstveraging 123 800 lobster per day
(range: 22 600-325 300 lobster per day) of whict6@6 were puerulus and 97 200 were
juveniles, that may have been harvested once offrgngiven day during the sample
period. Monthly harvesting of the total lobsternstimg stock during the one and a half
year sampling period was just over 2 million lolbsté505 700 pueruli and 1.85 million

juveniles) and would potentially have been suffitieseed for a 200 ton lobster
production in puerulus lobster growout facilities the light of high inter-annual

variation in puerulus settlement observed at Lidethe seed supply at the Lideritz
oyster farm is clearly limited and therefore ifpisident that other sites of high puerulus

settlement is established before large commercaédobster growout can commence.

The migration of lobster off the farm suggested thase lobsters potentially recruit to
the fishery and therefore harvesting the entireditay stock on the farm may have
adverse negative effects on the wild fishery. Aigyodecision will be required as to
whether more efficient harvesting of lobster frdme farm should be allowed. If puerulus
removal inJ. lalandii for aquaculture is allowed in the near futureshibuld be conducted
on an experimental scale or small commercial scaigl the potential effects on

recruitment into the fishery are clearer.
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Chapter 1 Introduction

CHAPTER 1: Introduction

Wild fisheries in Australia, New Zealand, South id&, Cuba, Brazil, Mexico and
America are the main producersRdnulirusandJasusrock lobster supplying almost all
of the 123 000 metric tons (mt) to the world's mdgibster markets in Japan, Taiwan,
Hong Kong and China (Jeffs and Hooker, 2000). Tiyeply from lobster fisheries has

however decreased over the past 50 years and nséeyiés are unstable.

Although the west coast lobstelasus lalandii fishery in South Africa and Namibia
supplies only 2.4% of the world's export marketisitan important component of the
commercial fisheries of these two countries earmipgroximately R227 million per year
(Anon, 2001; FAO, 2003). Catches of the South Alfnievest coast lobstelasus lalandii
declined from 13100 tons in the mid-1960's to 1& in 2001 (FAO, 2003) as a result
of over fishing and reduced growth rates (Cruywaded®99). In the face of declining
lobster catches, more effective management of dobfisheries (to increase natural
lobster biomass) (Caputt al, 1997) and the development of lobster aquaculture
(increasing lobster production) (Chittleboroughy48; Jeffs and Hooker, 2000) are seen

as possible methods of increasing the world's tolokter supply.

Aquaculture ofJasusspecies is however still dependent on the hamvkstild pueruli
and juveniles as it is not yet practical or coftfve to breed these lobsters in captivity.
In South Africa our limited knowledge of puerulustttement dynamics and sites is the
greatest barrier for both predictive fisheries nggamaent and aquaculture development.
This thesis contributed to a wider study to evaudwe potential for on-growing wild
lobster puerulus od. lalandii under intensive aquaculture conditions. The maim @f
this thesis was to gain an insight into pueruluguément and abundance in Luderitz
Bay, Namibia, with a view to determining whetherediable supply of early juvenile
lobster can be harvested for commercial aquaculluiideritz Bay was chosen as the
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study site as it is the only known location whesiegeé numbers od. lalandii pueruli

settle regularly.

In the following sections an overview of lobsteisoarce management, recruitment
dynamics and aquaculture is presented in ordeontegtualise the project and motivate

the research objectives.

Lobster resource management

The declining abundance of the lobster resourcéhdés major problem for fisheries
managers in the majority of lobster producing caast Conventional methods used in
the management of lobster fisheries avoid furttemlides in lobster biomass include the
regulation of the Total Allowable Catch (TAC), légaze limits, fishing gear and area
restrictions, and limited fishing seasons (Hilbard Walters, 1992). The fisheries for
lalandii in South Africa and Namibia are managed using mlioation of these
strategies (Grobler and Noli-Peard, 1997; Cockaoff Payne, 1999). The management
decisions made to reduce fishing pressure usuaNylve a large component of
uncertainty with little indication of how these rtatdions in lobster harvesting will affect
future catches. Australia, New Zealand and Tasmhaie developed a more effective
method of reducing further declines in the lobdisheries through predictive stock
management (Phillipst al, 1994; Phillipset al, 2003b; Melville-Smithet al, 2004).
This method incorporates juvenile and puerulusteEbsbundance into models that act as
an early warning of catch declines, and allowstierprediction of catch in the long term
(Caputiet al, 1995a; Addison, 1997; Capeti al, 1997; Gardenegt al, 2001; Melville-
Smithet al, 2004).
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It has been shown that for some fisheries thera ose relationship between the
recruitment of early life history stages and futteeruitment of legal sized lobsters into
the fishery (see review, Caputt al, 2003; Melville-Smithet al, 2004). Predictive
methods for the management of these fisheries hare based on understanding the
recruitment patterns of early stage lobsters, whaoh used as an early indicator of
recruitment into the fishery. Understanding the hiistory stages preceding the stage at
which lobster recruit into the fishery reduces tlnecertainty incorporated in catch
prediction models, especially modelling error doslbw growth of most lobster species.
This predictive method of fisheries management lve® monitoring the recruitment of
early life history stages of lobster. The recruitnand abundance of early stage lobster
are incorporated into stock assessment models,hwégcve as an early predictor of
“good” and “poor” years of lobster catches. Thug tWACs can be determined
accordingly to avoid further declines in the staeid ensure that the fishery is managed

effectively.

The harvesting of early stage lobster for aquacelaould have significant implications
for lobster populations and the management of idteefy. In order to predict the effect
that puerulus harvesting would have on the lobgwpulation, an understanding of
lobster population dynamics is required. An undarding of the recruitment patterns of
the early life history stages and their relatiorthe environment would enable fisheries
managers to make more accurate estimations ofet@ bf puerulus that could be
removed without compromising the future stabilifytive resource and the wild fishery
(see review, Caputet al, 2003). Fisheries managers could then allocate tdied
allowable puerulus catch based on low, medium agikl puerulus settlement seasons so
that owners of puerulus on-growing facilities coythn their production schedules
accordingly (Jeffs and Hooker, 2000). The effecpwérulus removal on the future catch
of the Western rock lobsteRanulirus cygnuswild fishery in Western Australia was
estimated to be slightly low (Phillipet al, 2003b). The removal of 20 million puerulus
(3.3%) during a year when puerulus settlement vidsrillion was calculated to result
in a 0.62% decrease in the future catcli?otygnusAs part of the fishery management
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strategy to ensure biological neutrality and touseduture catch of adult lobster, the
Ministry of Fisheries in New Zealand invented a gutrade-off system (Jeffs, 2003).
One metric tonne of the TAC of adult lobster iglgd off in exchanged for the harvesting
of 20 000 pueruli for the commercial grow out indabased aquaculture systems. These
improved risk management strategies will prove irtggat to the economic viability of
the lobster export market and puerulus-dependebstéo aquaculture by allowing
improved financial planning by lobster farmers, exsplly farmers of long lived lobster

species.

The Ministry of Fisheries and Marine Resources (MBMh Namibia launched a long-

term J. lalandii puerulus monitoring program in November 1999 afiggh numbers of

pueruli were observed settling on an oyster farfieva years earlier. The aim of the
monitoring program was to obtain a long-term data which could hopefully be used as
an indicator of future recruitment into the fisheHigh puerulus settlement at this site
presented the opportunity to investigate the hareéguerulus for aquaculture. The
Ministry was under pressure to provide estimatethefnumber of puerulus that can be
collected for aquaculture due to demands from itrgiu® develop commercial lobster
aguaculture. In addition the MFMR needed to conrside impact that puerulus removal
may have on the wild fishery before commercial-fiaugnrights can be issued which
requires long-term puerulus settlement data andraerstanding of the factors driving
settlement. The present study was therefore implezdeas an extension of the MFMR’s
long-term puerulus monitoring program for predigtifuture lobster recruitment and to

assess the Luderitz Bay’s potential supply of pliésuaquaculture.
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Larval, puerulus and juvenile monitoring and préde catch modelling

Monitoring early lobster life stages is difficultie to the long, complicated life cycles of
many lobster species (Booth and Kittaka, 1994).st@bmales and females of most
species of thdasus PalinurusandPanulirus genera migrate offshore to mate in waters
100m deep, where the females spawn their eggs wiaitdh into phyllosoma planktonic
larvae (Booth and Kittaka, 1994). The phyllosomevda are transported by offshore
currents into oceanic circulating systems up toOk&® offshore for periods of 6-24
months, which makes monitoring of their abundanaeblematic. After circulating in
offshore oceanic waters, larvae are transporteédegaontinental shelf break where they
metamorphose into the post larval phase called pherulus. The puerulus is a
transitional stage between the planktonic larval #re benthic juvenile stages. Pueruli
swim, with the help of cross shelf currents, to ithghore zone where they settle among
the benthos and later metamorphose into juveriiesling suitable habitat is important
for the survival of settling pueruli (Booth, 1978errnkind and Butler, 1986; Pollock,
1987; Phillips and Booth, 1994; Lipcius and Egglas000).

Various methods of monitoring the recruitment oflyedife history stages of spiny
lobster have been developed over the past 50 yBaxsth, 1979; Pearce and Phillips,
1994; Phillips and Booth, 1994). A series of plamktrawls were first used to collect
phyllosoma larvae and puerulus in deep waters (uUszd.967; Heydorn, 1969; Pollock,
1973; Booth, 1979, Jeffet al, 2001) as part of larval recruitment studies. Kiam
trawls are still used today to study patterns igllpsoma larval movement patterns in
offshore waters (Dennigt al, 2001; loue and Sekiguchi, 2001). The progressive
movement of puerulus inshore is also traced uslagkpon trawls (Yeunget al, 2001).
Plankton trawl data yield insights into pueruluscrugtment patterns but provide
incomplete information on puerulus settlement iastal waters. After observing large
numbers of puerulus lobster settling on lobstenifig gear (pot traps/ lines), harbour
walls, rock pools and under stones on beachesJa&sgs edwardsipreviously known as
Jasus novaehollandigeJ. lalandii, Panulirus homarus rubellysPanulirus ornatus

Panulirus polyphagus researchers started investigating puerulusesedtht patterns
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(Heydorn, 1969; Pollock, 1973; Booth, 1979; Phdlgnd Booth, 1994). It was however
difficult to quantify settlement on these variousbstrates. Puerulus collectors were
designed to serve as a more consistent method a$uriag settlement (see reviews,
Booth, 1979; Phillips and Booth, 1994). The desigrese based on the association each
species pueruli had with their preferred settlemsuibstrates and the habitat where
juveniles predominantly occur. Most collectors (tto@revice, witham, and hogshair
collectors) were moored in coastal waters less tttem deep since juveniles of most
species (e.gJ. edwardsii P. cygnus Australia and New Zealand®anulirus argus
Caribbean) inhabit shallow waters in this deptlgea(Phillips and Booth, 1994).

Sites with particularly high puerulus settlementrevedentified and used for long-term
monitoring ofJ. edwardsiiin New Zealand (Bootkt al, 2001a; Boottet al, 2001b) and
Tasmania (Gardneet al, 2001) andP. cygnusn Australia (Caputet al, 1997). Long-
term data sets were established and seasonal dyckesttlement were determined to
establish the time of year when settlement issgpétak. Establishing the main settlement
season enabled researchers to come up with indfgaserulus and juvenile abundance,
which are numerical values calculated from the agerabundance during the peak
abundance seasons. Later on, patterns of puergitiensent were correlated with
patterns in environmental parameters such as S¢ac8uremperature (SST), wind stress
and currents, to understand their relationship thod establish factors that most likely
explain patterns of puerulus settlement (Caputi Brmlvn, 1993; Caputet al, 1995a,
1995b, 2003). Puerulus settlement has also beerelamd with the abundance of
subsequent stages (juveniles, sub-adults) of fieeclycle and with commercial and
recreational landings. These relationships have Iseecessfully used to predict future
catches (Cruet al, 1995; Phillipset al, 1994; Guzman-Del Préet al, 1996; Addison,
1997; Caputiet al, 1997, Boothet al, 1999, 2001; Cruet al, 2001; Gardeneet al,
2001;Yeuncet al, 2001; Phillipset al, 2003a, b); Melville-Smitket al, 2004). Indices of
puerulus recruitment may also serve as an indicafodeclines in the biomass of
spawning populations (Hilborn and Walters, 199Jong-term settlement data set of at
least 5 to 7 years is however required to predittiré “good” and “poor” years of catch
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and declines in spawning biomass of commercialtébspecies (Booth and Kittaka,
1994; Phillipset al, 2000a, 2000b; Gardenet al, 2001). Juvenile recruitment indices
are used to predict catch 2-3 years prior to tbeurgnent of young adult lobster into the
fishery (Caputi and Brown, 1993; Capatial, 1995a, 1995b, 2003).

Restocking pueruli and juveniles caught in the vidltk to nursery areas is used as a
method of rebuilding/enhancing lobster stocks furcses such aBanulirus japonicusn
Japan (Nonakeet al, 2000) andJ. edwardsiiin New Zealand (lllingworth and
McDermott, 1997). Pueruli collected during settl@mgrograms are used for restocking
juvenile nursery areas that have particularly lowenile abundance. Atrtificial reefs and
structures such as wooden platforms called "cdsaasl “pesqueros”, and concrete
blocks (Cruz and Phillips, 2000) were deployed nihance puerulus settlement and
juvenile lobster abundance of the spiny lobsRamulirus argusin Cuba in areas where
natural habitat was destroyed (Crat al, 1995) and in the Caribbean to enhance
recruitment into the fishery (Butler and Herrnkid®97; Herrnkincet al, 1997; Butleret

al., 2001). In Japan artificial structures in the foahconcrete blocks were used to
enhance puerulus settlement and juvenile abundainPe japonicusto improve coastal
lobster fisheries (Nonaket al, 2000). In the above-mentioned cases lobster ptipok
were enhanced through increased juvenile surviualtd the structures providing cover
to small juveniles from most natural predatorsadidition, artificial structures are used to
estimate mortality during the juvenile stage (Egtie et al, 1997; Phillipset al,
2003a), which is incorporated into recruitment jr#de models to give more accurate

estimates of future recruitment into the fisheryuget al, 1995).
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In summary it appears that to increase lobsterymieh through more effective fishery
management a long-term predictive management gyraite required which should

include the following elements:

. A long-term puerulus settlement and juvenile abucdadata set of at

least 6-7 years
. Good long-term puerulus monitoring sites

. Consideration of a juvenile stock enhancement mogr

Conventional and long-term catch prediction managgnmethods are limited in
increasing lobster production in that they onlyph& avoid further declines and to
recover natural fish stocks after several yearg Bénefits of such operations are only
visible after a few years due to the long time tebdake to grow and the long-term
nature of the puerulus settlement data sets (5afsyeequired for predictive stock
assessment modelling. With the reduction of TACd ahorter fishing seasons
implemented in the face of drastic lobster catctlides, comes the liability or problem
of unemployment, low incomes, and an under supplythe lobster export market.
Alternative methods of boosting production suchagsaculture or stock enhancement

are therefore attracting increasing attention.
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Increased lobster production through on-growing amaaculture

Various laboratory and field studies have providdiktter understanding of puerulus and
juvenile recruitment and settlement, and stimulatedrest in the possibility of lobster
aguaculture (Butler and Herrnkind, 2000). The pliesrmonitoring studies that aimed at
collecting long-term puerulus settlement and jukeeabundance data used in predictive
fisheries management (Booth, 1979; Cetial, 1995; Phillipset al, 1994; Guzman-Del
Préoet al, 1996; Addison, 1997; Caput al, 1997, 2001; Cruet al, 2001; Gardenest

al., 2001; Yeuncet al, 2001; Phillipset al, 2003b; Melville-Smithet al, 2004), created
the advantage of providing pueruli that could béset for research on basic puerulus
and juvenile biology, ecology in the field and ladtory (Butler and Herrnkind, 2000).
As part of the field experiments researching jukehabitat requirements, mortality and
stock enhancement, pueruli were reared to juveniléise laboratory and then introduced
into habitat areas where juveniles occur natur@lyglestoret al, 1990; Balchen, 1993;
Cobbet al, 1998; MacDiarmid, 2000; Nonaled al, 2000; Beakt al, 2002). The natural
biomass of spiny lobstd?. arguswas enhanced and thus increased the productiam fro
wild fisheries. Laboratory studies investigatedgniNe lobster growth (Chittleborough,
1974a, 1974b; Crear, 2000), survival (Lellis andsall, 1990), feeding biology (Lellis,
1992) and the effect of environmental factors (tBbbrough, 1975) on the above
studied factors to understand the relationship amibrese factors. Information from
laboratory and field studies created a better wstdeding of puerulus and juvenile
recruitment and settlement, and stimulated intenestthe possibility of lobster

aquaculture.

Growing out wild-caught puerulus lobster to markétasize appears to be a potential
method of increasing lobster supply to the markbee high number of pueruli collected
almost annually from puerulus research collectibessand the successful growth and
survival laboratory studies led researchers tostigate the viability of rearing pueruli to
marketable size on a commercial scale (Chittlebginal®74b; 1975; Booth and Kittaka,
1994; Gardneret al, 2000). To datePanulirus homarusfrom India and Taiwan,

Panulirus orinatus, Panulirus polyphagyidia, Singapore) an&anulirus versicolor
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(India) are the only species farmed commerciallygbgwing out wild caught puerulus
and juvenile lobster to marketable size (Rahman&uidishnadhas, 1994; Wickens and
Lee, 2002). Taiwan was the first country to prodoommercial quantities of market size
lobster from wild-caught pueruli and juveniles.1987 there were about 20 lobster farms
in Taiwan producing 400 000 lobsters (Chen, 1998 largest farm had about 1.3 ha of
water and has the capacity to produce about 150n@}8etable lobsters a year (Chen,
1990). Taiwan's lobster production from the cultofewild caught juveniles did not
satisfy market demand and therefore there was a mmgmortation of market size lobsters
from different parts of the world. Tropical speciesorinatusandP. polyphagusvere
commercially produced in floating fish farm cagasSingapore. The production output
was around 24mt per year (Lovatelli, 1990). Thegomwing of puerulus and juveniles of
Homarus gammarysn Florida, USA andP. orinatusin India has proved successful in
supplying market sized and smaller sized lobstexxj@ort markets in Asia, Europe and
America. These species were cultured from pueridutie market size of 200g (Asian
market) in 2years and 300g in 3 years with someispeeaching these sizes in 1-2 years
(Booth and Kittaka, 2000). Market supply of lobsfeom puerulus culture is not
seasonal, but may supply lobster throughout ther,ydms providing a stable or
consistent supply of lobster to the export marketppliers of cultured lobster are not
limited by legal size limits imposed on wild lobstisheries, allowing them to supply
smaller sized lobster to export markets like the&aAsnarket where small lobsters are in
greater demand. The socio-economic benefits oftéobsulture operations have been
identified as a source of employment all year ro(meerulus harvesting, grow-out and

processing and packaging) providing a stable incmno®mmunities.

Chittleborough (1974a) was the first researcheringestigate rearing commercial
guantities of spiny lobstepueruli when he successfully grew out the westerk r
lobster,Panulirus longipes cygnu§rom puerulus to maturity in the laboratory. Ovee
following 30 years advances in techniques of grogwont pueruli and juveniles of spiny
lobstersPanulirus longipes cygnu&Chittleborough, 1974a, 1974b, 1973),edwardsii
(James, 1998; Jeffs and James, 2008%)us verreaux{Crearet al, 2000),P. argus

10
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(Lellis and Russell, 1990; Lozano-Alvares, 199B), polyphagus(Lee and Wickens,
1992), P. homarus P. versicolor and P. ornatus (Chen, 1990; Rahman and
Srikrishnadhas, 1994) were made through varioudiestu These other species were
cultured from wild-caught puerulus to maturity om experimental basis. However the
collection of commercial quantities of puerulus Ima$ been permitted due to concerns
about the effect of removing puerulus on futurecleas of the wild fisheries (e.f.
japonicus in Japan,J. verreauxiin Tasmania). Commercial rights to harvest small
guantities of pueruli of. edwardsiifor sea-cage farming (Booth, 1992) in New Zealand
were implemented in 1996 (Jeffs and Hooker, 200Mjich was recently extended to
larger enterprises collecting thousands of pueiaiishore-based culture (Booth and
Kittaka, 2000). This large-scale collection of pulas is exchanged for commercial quota
to ensure that the operation is biologically ndufarear, 2000; Bootlet al, 1999;
Phillips et al, 2003a). For some species (eRy. argusfrom South America and.
lalandii from South Africa and Namibia) lobster aquacultbesed on wild seed is not
yet possible since most of the main criteria regglifior feasible commercial grow out is

lacking. These criteria are summarised below:
- Working knowledge of puerulus recruitment patterns
« Collection Sites with high puerulus settlement
« Method of collecting pueruli
- Consistent seed supply
« Technology of feeding and grow-out systems

« Economic viability of commercial scale culture

The main obstacle for lobster culture using wildiglat puerulus and juvenile lobster is
the high interannual variability in puerulus setient, making puerulus supply
inconsistent (Booth and Kittaka, 2000; Jeffs andkés, 2000).
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Larval supply through hatchery rearing

Rearing lobster larvae in the hatchery was seeanaslternative source of pueruli for
commercial lobster grow-out but is still in the ermental phase due to a lack of
suitable commercial production techniques. Theesgsdesign for large-scale production
and feed formulation required for phyllosoma gsi#leds to be perfected for commercial
scale production of hatchery reared puerulus teaesed (see historical review, Kittaka,
2000). The reproductive biology of adult lobstemisll studied in all species of spiny
lobster. The successful mating, spawning and etthimay in captive breeding programs
and experiments of various species of spiny lobstekustralia, New Zealand, Japan,
USA, South Africa and India urged researchers amathagers to investigate advances
into larval rearing (Chittleborough, 1976; Tong939Kittaka, 1988, 2000; MacDiarmid
and Kittaka, 2000). The main challenges of lobkteral culture are the prolonged larval
cycle, unusual larval morphology, lack of infornaation larval diet and feeding habits,
and system design (Mikanat al, 1994). Japanese researchers were the firstato re
Palinurusfrom the egg to puerulus stage (see historicahsary, Kittaka, 2000). Species
that have been successfully cultured are the wampérate specieB. japonicus,
cultured at 25°C (304-391 days) cool water°@0species). lalandii (306 days);J.
novaehollandiag319 days);J. verreauxi(189-359 days);). edwardsii(212-319 days)
and Palinurus elephag64- 132days). Few cultured phyllosoma larvae ised/ to the
puerulus stage. Phyllosoma ©®henusgenus are easier to rear because the larval cycle
has four instars and one nisto stage and the ¢yclempleted in 40 days (Mikaret al,
1994). Among thePanulirus tropical and subtropical species the larval celtaf
Panulirus japonicugs the best studied. Phyllosoma culture trialf?ofaponicuswere
conducted over the past 50 years by prefecturaéffiss experimental stations along the
Pacific coast in Japan. In his pioneering studyndui986/87, Kittaka (1988) attempted
to rear other important genera such as Palinurdslasus for phyllosoma culture. Kittaka
selected species from these cool temperate generagaat culturing phyllosoma
through all stages. He introduc®&alinurus elephadrom Ireland and Francelasus
lalandii from South AfricaJasus edwardsiandJ. verreauxii(both) from New Zealand

and Australia for phyllosoma culture experimentsSanriku northern Japan, where the
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ambient water temperature was suitable for cooptrate speciedasus lalandiwas the
first palinurid species cultured through its entaeval development (from the egg stage
through to the puerulus stage) by Kittaka (1988)eA306 days the only remaining final
staged phyllosoma larva metamorphosed into a puerahd died after 31 days due to
system failure. The major factor that contributedhe majority of larvae dying before
the puerulus stage was high mortality during thmst fseven stages of the larval cycle.
Kittaka (1988) identified feeding and nutritionaquirements of phyllosoma larvae as
the factor limiting the success of larval rearirfgabster for 4 cool water species. High
mortality during the phyllosoma stage was proballye to bacterial infections.
Phyllosoma density and the amount and type of &&edhe most important factors in the
spread of pathogenic infections. Many advancegsearch on nutritional requirements,
feed formulation (Kittaka, 2000; Ritar, 2000), ditiee system (Mikami, 2000),
tank/system design (Kittaka, 2000; Matsuda, 20Qfhptoperiod and temperature
requirements (Bermudes, 2000; Ritar, 2000; TongMasls, 2000) have been made since
the pioneering study by Kittaka (1988). These resaudies on phyllosoma larval rearing
technology were aimed at developing systems, femab understanding phyllosoma
biology to increase survival and growth, and pdgs#horten the larval cycle under
intense culture conditions. Larvae were culturedt@100L conical bottom vessels in
upwelling seawater (Kittaka, 2000) with a flow-tbhgh system, water purified by
filtration and ultraviolet light (irradiation). O#én systems used re-circulation with algae
added. In Japan for example, micro-alt§mnochloropsisit a density of 1-2 x f&ells
per ml were used to control bacteria and maintaatewquality. Renewing water every
13-14 days resulted in the best phyllosoma sur\i8aiodaet al, 1997). At high larval
densities the long appendages of phyllosoma becemisgled with debris suspended
the water (cast shells, filamentous bacteria amfhegl and therefore high levels of
maintenance are needed. Japanese research effartsntolved lengthy larval phases
(>300 days) suggest that it is difficult to maintdiygienic culture conditions for long
periods of time in a commercial hatchery. For comuiaé scale rearing it is important to
have a large exchange of good quality water througthe culture period (Shioad al,
1997; Igarashi and Kittaka, 2000).
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The successful culture of palinurid species throdigéir entire larval development
depends on finding the correct food required by ghgllosoma phase larvae. Mikami
(2000) investigated the phyllosoma digestive sydiennderstand the food requirements
for larval grow out. Various diets were tested @Rit2000; Kittaka, 2000) and newly
hatched brine shrimfrtemia spand arrow or glass worrBagitta spvarious fish larvae,
and mussel flesh proved to be the best diets. Ad foombination of micro-alga
Nannochloropsis oculatand mussel gonad dytilus edulisworked best fod. lalandii
andP. japonicusphyllosoma larvae. The larvae &f edwardsiiandJ. verreauxiifrom
New Zealand were successfully reared on brine ghrfifong and Moss, 2000).
edwardsii and P. elephaslarvae were reared more successfully on fish k&rva
(Arctoscopus japonicliscompared toArtemia due to its higher level of fatty acids
(Kittaka and Abrunhosa, 1997). edwardsiilarvae is attracted to and prey on jelly fish
which are rich in HUFA's with a similar amino acamposition of lobster larvae
(Kittaka, 1997). A major concern is that the usemafssel Artemia and fish larvae as
feed for rearing the larvae of lobster will be wiffit on a large or commercial scale.
Despite the above-mentioned advances in larvalingaechnology, survival to the
puerulus stage is still not optimal for the sucagdsbster culture on a commercial scale
(Jeffs and Hooker, 2000; Kittaka and Booth, 2000)erefore, in the short to medium
term the most viable approach to develop aquaaulbiirany lobster species is the on-

growing of wild-caught puerulus and juveniles.
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Puerulus supply and prospectslasus lalandiculture in Southern Africa

On growing puerulus adasus lalandiiin South Africa and Namibia appears to be the
only economically feasible method at present todase production, particularly after the

initial failure to produce large or significant quiies of puerulus through larval rearing

(Kittaka, 1988).

However, knowledge af. lalandii puerulus recruitment and settlement patterns, [deita
collection sites; and collection methods on the Wesast of southern Africa, is very
limited. Puerulus recruitment id. lalandii on the South African southwest coast first
received attention when Pollock (1973) investigdtedgrowth rate of puerulus and post-
puerulus lobster. Records of blanket net catchemglthe years 1959 to 1967 revealed
that there was a seasonal pattern in the occur@ntdalandii pueruli in three areas off
the South African southwest coast, namely Table, Baydanha Bay and St. Helena Bay
(Pollock 1973). Additional plankton net hauls wemade off the breakwater at Cape
Town and Hout Bay during March and April 1970. Pgalerulus abundance occurred
during summer at Saldanha and St. Helena BaysuRseabundance peaked later during
autumn in the Table Bay area but still within thgp@ximated time of peak plankton
catches, which occur from December-April. Heydot®8G9) found pueruli in offshore
waters off the South African coast during a lobstgg survey. Periods of maximum
puerulus occurrence in Pollock (1973) agree wethwhe findings of Lazarus (1967)
who found phyllosoma larvae df lalandii off the southwest coast of South Africa a few
weeks prior to puerulus occurrence along the ctashe 1990's high numbers of pueruli
were observed at the water inlets of several mdamas situated on the Southwest Cape
coast of South Africa (Cockcroft, MCNbers. comm.2001).

15



Chapter 1 Introduction

In an attempt to boost aquaculture initiatives iouth Africa, in 1999 the Animal
Production Division of the Chief Directorate of Agrlture (DA) at Elsenburg initiated a
program to investigate the feasibility of farmirgdpsters by on-growing wild caught seed
from the puerulus stage. An initial workshop atdflsurg in December 1999 called
together various lobster experts and members afnaber of mariculture initiatives in
South Africa, in an attempt to draw up a plan ofiac A Rock Lobster Steering
Committee of South Africa chaired by the DepartmehiAgriculture and comprising
representatives from Marine and Coastal Managefh@M), industry and Universities
of Cape Town, Stellenbosch and Rhodes was formled.cobmmittee's role has been to
guide and promote research and development ofdollgtming in South Africa. The
current project formed one of two MSc research qutgj sponsored through this

initiative.

Over the following two years some abalone farmearsthe south-western Cape
mariculture operations were granted permits toectlpuerulus lobsters and experiment
with their husbandry and growth. However, inititeapts to collect pueruli, firstly from
mussel ropes in Saldanha Bay, South Africa and fteen man-made structures such as
harbour walls, were unsuccessful. In 2000, a MS®eareh study was initiated to
investigate puerulus settlement and collectiold.ofalandii at various locations around
the Cape Peninsula (A. HazelWC, pers. comm2001). Booth crevice collectors were
utilised but captured almost no pueruli. The onaryaguerulus settlement project from
2000 yielded insufficient data to perform statigtianalyses, but concluded that this type

of collector did not work for capturing lalandii pueruli in the locations selected.

An oyster farm at Luderitz Bay, Namibia emergedaapromising site for puerulus
collection, as good puerulus settlement was relyutdoserved on oyster crates and bags.
Exceptionally high puerulus settlement was obseriredSeptember 1999 (Grobler,
MFMR, pers. comm.2001). In October that year the MFMR launchedomagiterm

Y University of the Western Cape, South Africa
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program monitoring puerulus settlement on oystates weekly (Grobler and Ndjaula,
2001), with the aim of understanding the dynamigsugrulus recruitment in this species
and determining whether puerulus settlement orojts¢er farm could serve as indicator
for future recruitment into the Luderitz-based kaldishery. Grobler and Ndjaula (2001)
described the recruitment of newly settled puemnli early juveniles id. lalandii from
the initial data collected. In 2000 the MFMR’s layalata set was however limited in
that it was not a long enough data set to draw losiuns of the temporal patterns in
puerulus settlement and the site's ability to ptevpueruli for lobster culture. As part of
the rock lobster aquaculture initiative by the $o#éfrican Department of Agriculture in
the Western Cape Province, the present study wash&d in 2001 in collaboration with
MFMR as an extension of the long-term puerulus taomg program at Lideritz oyster
farm. In addition to oyster bags and crates onf#mm, the efficiency of booth and
hogshair collectors in collectingasus lalandiipueruli was tested at various locations in
the bay. Correlating puerulus settlement with emwinental factors such as sea surface
temperature, wind stress and lunar cycles would sagidificant value to understanding
the puerulus recruitment process at Luderitz Baypb{&r and Ndjaula (2001) described
the morphometric dimensions and size distributibpueeruli and juveniles ad. lalandii

at Luderitz Bay based on 3 months of data. The data insufficient to draw any
conclusions on the growth of pueruli and juvenileshe wild. The size of pueruli and
juveniles was therefore recorded during the presermty to estimate the growth rate of

early benthidl. lalandiilobster at Lideritz Bay.
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Aims and Objectives

The aims of this study were therefore to describerylus recruitment patterns and to
guantify puerulus settlement on the oyster farmiideritz Bay. The specific objectives

were to:

1. Describe the spatial-temporal distribution of pulesuon mariculture

structures and collectors.

2. Evaluate the efficiency of two types of collectéws collecting pueruli and
to reflect settlement patterns in the greater bag.a

3. Evaluate the nutritional status and growth pattemsuerulus and juvenile

lobster.

4. ldentify possible correlations between environmefaetors and puerulus

settlement on mariculture structures and at callesites.

5. Assess the study site’s potential to supply puenl juveniles for lobster

culture.

Puerulus settlement and puerulus and juvenile itecent patterns in relation to patterns
in environmental factors in the Benguela currenbsgstem and LUuderitz Bay are
discussed. The implications of puerulus and jueergcruitment patterns at Luderitz Bay
in terms of the site's potential to supply puerudmsl juveniles foid. lalandii lobster

culture are evaluated.
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CHAPTER 2: Materials and Methods

2.1 Study Area

The study was conducted at Lideritz Bay, a largeditaated at 26°36" S. 15° 08" E, on
the southern coast of Namibia (Map 1). The coastiminfluenced periodically by the

cold Benguela current and its associated oceanbigrégatures. Luderitz Bay has several
subsidiary bays (Radford Bay and Griffith Bay) afllow lagoon areas, namely, first-
and second lagoon (Penrith and Kensley 1970). RadBay is characterised as shallow,
sandy with a lagoon on its seaward boundary. Grasmtthe sea bottom consists mainly

of the gelatinous red alga@racilaria spp.
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Map 1 The location of the study area at Lideritz Baytlmsouth coast of Namibia. The
enlarged map shows the main bay at Luderitz with ghbsidiary bays (Griffith and
Radford Bays) and mariculture sites.
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2.1.1 Important oceanographic features associatddomastal upwelling at

Lideritz

The upwelling off Luderitz is more intense than axtlger area along the Namibian coast
(Bailey, 1979; Shannon, 1985; Hardman-Mountfetdal, 2003; Campillo-Cambell and
Gordoa, 2004). The features contributing to thisque upwelling environment at
Luderitz are the limited/ short coastal plain/ lscape, bathymetry (narrow continental
shelf 75km wide), hydrography (permanent high pressnticyclone offshore and low
over the subcontinent) and the oceanography (Béaguerent, anticyclonic eddy to the
north, intrusion of oceanic waters into the insh@gion, cold water filaments extending
up to 214km offshore). The high-pressure cell exgsbver the southeast Atlantic off
southern West Africa is responsible for strong Berdy winds caused by atmospheric
forcing along the stretch of coast. The coastainplandscape at Luderitz acts as a
thermal barrier preventing equator-ward-southerlynds from blowing over the
subcontinent thus increasing the intensity of thesetherly winds. These strong
southerly winds transport surface waters north alotg the coast. With equator-ward
flow of surface waters coming into contact with trerow continental shelf at Lderitz
the speed at which surface waters are transpoaetward, increases. Geostrophic flow
(Coriolis force) resulting from the earth’s rotatialiverts the flow of surface water
offshore through Ekman transport. Surface watensparted/displaced offshore is
replaced with deep bottom water that is welledaithe surface layers. The upwelling of
cold nutrient rich bottom water results in the fatran of circulation patterns over and
adjacent to the continental shelf (Shannon and Gl&,01998) creating a well mixed
water column with high oxygen concentration andhhigvel of nutrients over the
continental shelf. Despite the high level of nuitsein upwelled water, productivity at
Laderitz is low due to the permanent wind mixingtbé water column that displaces
phytoplankton cells out of the euphotic zone. Tldeward undercurrent distributes
nutrient rich water further south where the comiaé shelf is wider and wind mixing is
much less. This allows for the stratification ofethwvater column, which enables
phytoplankton to surface into the surface wateedayhere there is sufficient light for

photosynthesis. Chlorophyll levels are high oves #helf between Lideritz and the
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Orange River, which results in high abundance efgrey items of fish and crustacean
larvae over this shelf region. The width of thedkiitz upwelling cell at it's southern

boundary is constrained close to shore by thesidruof oceanic water thought to be an
anticyclonic meander (Campillo-Cambell and Gord6@4). This meander created the
diversion of the Benguela Ocean Current (BOC) slygbffshore and a resulting cross-

shelf current shoreward.
2.1.2 The Oyster farm

Within Radford bay is a commercial oyster farm gireyp\Crassostrea gigagGrobler and
Ndjaula, 2001) (Fig. 2.1). At the more exposed sifithe bay a set of 22 rafts are used to
suspend 409 polypropylene mesh bags in which teeemyare grown. On the landward
sheltered side of the bay, 17 long lines are useduspend 450 plastic crates within
which oysters are cultured. These crates (housspgt" oyster seed) and bags (housing
larger oysters) make up the production units of dlyster farm (Fig. 2.2) and are
harvested daily during which production units desmned with pressure powered hoses.
Oyster spat (seed) are grown in oyster crates lartjer sized oysters stocked in bags.
The oysters cultured on the rafts are submergeddapth of 2 metres from the surface,

while those on longlines are submerged at a wagethdof 1 metre.

which oysters are cultured. The oyster processivegl @and service jetty are visible on
shoreline (Photo: Q. Snethlage).
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Lobster sampling on oyster farm structures

On the oyster farm puerulus and juvenile abundave® monitored daily on the oyster
culture bags (Fig. 2.2a). Oyster bags were magmlykethylene with mesh size varying
between 9mm and 23mm (depending on the size ofemystand a length-width
dimension of 1m x 2m. Bags are vertically suspendetthe water from the oyster rafts
by two pieces of 5-mm polythene rope attached ¢octhrners of the bags. These culture
bags were stocked with an average of 114 to 14#esy/per bag, which were harvested
every 3 months (time taken for oysters to reachktedc market size). The diverse
community of seaweed, sponges and invertebratesf@¢hling) in combination with the
holes of bags provide a structurally complex halwtathe in- and outside of bags, which
is utilised by puerulus and juvenile lobsters. Bhbags were collected from a particular
raft daily, one from the exposed, middle and shetteside of the raft. Bags were sampled
by first enclosing them with a shade cloth net fagger than oyster bags) while still in
the water to prevent lobsters from escaping. Thenropes of the bags were detached
from the rafts from which they were suspended fremthat bags were transported to
shore for samples to be sorted and seaweed casterarid invertebrate abundance were
recorded. Onshore, lobsters collected from theeoylsags were transferred into fresh

seawater in 2-litre sample bottles for further gsialin the laboratory.

As a continuation of the existing long-term morningrprogram of the MFMR, puerulus
and juvenile abundance was monitored weekly oresrdtiring which, three crates were
sampled weekly from the MFMR’s experimental oysteate line. Oyster crates are
constructed of a square wooden or polyethylene frigmes (50cm length x 100cm
width) covered with a 9mm mash size plastic shgefiig. 2.2b, top) which, houses
oyster spat. These crates are moored horizontallynabelow the water surface. Oyster
spat are translocated to bags three months afiial istocking, when they reach a
minimum size of 9-mm shell length. Crates werechita with pieces of fencing wire at
each corner onto long-lines floated with empty ftawater drums (Fig. 2.1). Puerulus
and juvenile lobster were mostly attached to thé&tobo surface of crates. During

sampling the fencing wires were carefully detacfrech the long-lines and crates were
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turned bottom-side-up and hauled on board the @atboard the boat lobsters were
transferred into seawater in 2-litre sample bottiesbe analysed in the laboratory.
Percentage seaweed cover, fish and invertebratedahoe (Fig. 2.2 bottom) were also

recorded.

Figure 2.2 (a) Oyster bags, housing cleaned and sorted systady to be returned to
wooden rafts in the water (Photo: P. Britz) anjl (fop) unconditioned oyster crate;
(bottom) oyster crate collected from the MFMR’s esmental line showing seaweed
growth, puerulus and juvenile lobster.
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2.1.3Collector site selection and mooring

Four collector sites were selected at First- ancb6e lagoon, Nest Hotel and Griffith
Bay within the lagoon (Fig. 2.3) and three satlpbints on the periphery of the oyster
rafts. A small number of collector sites were skdcsince this project was an
exploratory study to see how well booth and hogstaliectors would work at different
locations in Luderitz Lagoon. Due to logistical stnaints such as the close proximity of
sites, the labour intensity involved in samplindglextors (which required at least 2

divers) and sampling frequency, it was only possibluse one collector per site.

Sites were selected based on the degree of shettssibility, water depth and benthic
structure. The active swimming pueruli &dsus lalandiisettle inshore along the rocky
coast in kelp beds and amongst benthic organisets @sl sponges, mussels and various
red algae species (Pollock, 1987), therefore thbseacteristics of the benthic substrate
were considered in selecting the collector sitelse Denthic profile or structure of
Luderitz lagoon consists of a rocky shoreline veitime sandy areas. Griffith Bay was the
only deepwater site (5-9m) and had a benthic straatonsisting of rocky outcrops with
2 small reefs. The benthic community comprised gpen soft corals agcidians,
mussels, starfish, octopus and brown, red and ggeaweed (Kelp,rgcilaria and green
ulvaetc.). The sea floor of the shallow water site8ifl depth) at the Nest Hotef' and
2" lagoon consisted of sulphurous black mud combimigl sand. Pueruli and juveniles
of Jasus lalandiiappear to avoid the muddy bottom; therefore mitewhooth crevice
collectors, floated with buoys, (see Phillips armbih, 1994 for design) were selected for
this study. This prevented collectors from sinkiegthe muddy bottom and enhanced
seaweed and soft coral growth on the collectorse Bu the fact that puerulus and
juvenile J. lalandii occur among kelp it was presumed that kelp playeoimportant role

in the settlement of puerulus. It is suspected pl@rulus swimming inshore settle once
they come into contact with kelp. The hogshairexithr was therefore selected since it is
suspended in mid-water and consists of sheets dfi-fitmment fishing net, which
simulate the fronds of kelp. Hogshair collectorsevenerefore moored in mid-water at a
depth of 2m at shallow water sites and 3m at degfewsites.
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Figure 2.3 Diagram of Luderitz Bay showing subsidiary baysariculture farms
(squares) and collector sites (circles). The nusmfieR2 and 3 indicates the satellite sites
1 to 3 situated on the oyster farm.

Booth crevice and hogshair collector mooring designd sampling

Booth crevice puerulus collectors were moored tssalong the lagoon and off the
oyster rafts to evaluate their efficiency in catthpuerulus and juveniles. The collectors
in the lagoon were moored according to the mid-matteoring designs for Booth crevice
collectors (Fig. 2.4) and hogshair collectors (RAg) described in Phillips and Booth
(1994). The hogshair collector has been adaptedrirstudy to reduce construction costs
and to improve durability by replacing the air-ctiwhing filter material with sheets of
multi-filament anchovy net. The mooring design rerad almost identical to the original
design (Fig. 2.6) though, with additional ropesaelted on the right-hand side of the
collector frame which, were attached to a simil@kd concrete block used in mooring
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the Booth crevice collector. A marker buoy wasdteal to another rope moored at the
centre of the hogshair collector. Collectors weamgled every second week at new and
full moon phases. Lagoon collectors were sampledneans of SCUBA diving and

snorkelling depending on the water depth at thessi diver enclosed the collector in a
shade cloth net bag to prevent animals from esgafihen a marker buoy was attached
to the mooring block to fix the position of the leator. The collector was then detached
from the mooring block and hauled on-board the &t 2.5). On-board the percentage
seaweed, sponge and soft coral cover and variatsbvate and invertebrate abundance
were estimated and recorded. The collector waspperh using the blunt side of a

hacksaw blade and washed several times to retarydobster from the crevices of the

collector. Lobsters were put in one-litre samplélbs with seawater to be transported to
the laboratory for morphometric analyses. The ctilewas then returned to the site by

mooring it back onto the concrete block.

<+— Marker Buoy

Wood ply Booth
Crevice collectol

m 50 kg Concrete

Mooring Block

Figure 2.4Booth crevice collector mooring designed for catgtpueruli in the middle
of water column. The design is suitable for moommguneven or unstable bottom
surfaces, for example, muddy areas where the aligieel stand design would fail to
keep the collector suspended in water column.
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Figure 2.5Conditioned booth collector showing seaweed grogplonge, hard and soft
coral fouling.

Figure 2.6 Original design of the Hunt hogshair collector tfwiut additional mooring
rope and marker buoy adaptations) used for catclpgrulus ofP. argusin the
Caribbean (Figure from Phillips and Booth, 1994).
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Booth crevice and hogshair collectors were firsiorad for conditioning (Fig. 2.5 and
2.6) end of January 2002 and settlement was fiosewved in June 2002 after which
sampling commenced. The hogshair collector attdacte pueruli but only larger
juveniles of greater than 20mm in carapace lergffucturally the hogshair collector was
not suitable for the physical conditions at LuderBay with all collectors being
destroyed by moderate wave action within a perio2 months. The hogshair collectors
could not be repaired and was therefore replacéudnaw ones. The destruction and loss
of collectors after every 2 months rendered therase costly and unsuccessful and

therefore sampling was discontinued.

2.2 Environmental monitoring

Sea surface temperature (SST) was continuouslytorediwith temperature data loggers
on the oyster farm. Additional SST data was obthifrem the Namibian Ministry of
Fisheries and Marine Resources (MFMR) records afydaarbour temperatures
measured with a hand-held thermometer. Wind spedddaection data was obtained
from the Diaz point weather station at LuderitzeTdverage swell height (in meters) per
day was obtained from estimates taken three tingsyaat Ichaboe Island situated close
to shore just north of Luderitz. Tidal and lunaiormation was obtained from the South
African naval tide tables. Sea surface temperatuirej speed and direction, moon phase
and tidal range were correlated with average nuraber size of pueruli and juveniles

collected on the oyster farm and Booth collectors
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2.3 Morphometric Analyses

All samples were transported to the laboratory liveseawater for sorting into puerulus
and early juvenile stages, after which they werbjestied to morphometric analyses.
Both puerulus and juveniles resemble adult lobsietls differences in size, shape and
the presence of certain morphological charactefbe puerulus differs from juvenile
stage lobsters in that pueruli have feather-likacstires called “swimming hairs” on the
ventral side of the tail and they are dorso-velytriéttened with a smooth carapace. The
puerulus stages were separated according to tleiaton in colour ranging from
transparent (recently settled pueruli) to slightlgmented to fully pigmented (Fig. 2.7).
Fully pigmented pueruli are almost identical toguoiles but display a more flattened
shape and have a smooth carapace. In the laboraltoapimals were staged either as
transparent puerulus (Pt), pigmented puerulus §Pp)venile (Fig. 2.7). The body length
of each puerulus was measured as the carapacé Ig2igk recorded to the nearest 0.1
mm using callipers. The carapace length (CL) ofdddkters was measured dorsally from
the antennal platform to the posterior edge ofdakapace. Excess water was removed
from all animals by placing them on absorbent pdpe(period of time) before their wet
weights were recorded. The wet weight of animals vegorded to the nearest 0.01gram

using a Mettler balance.
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Figure 2.7 Different stages of post-larval lobsters collectesim Lideritz oyster farm
(Pt=transparent puerulus, Sp=slightly pigmentedyus, Fp=fully pigmented puerulus,
and J=juvenile) (Photos by J. Keulder).
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2.4 Cohort Analysis and Growth

2.4.1 Cohort Analysis Methods

Carapace length measurements of 4770 early jugeniddected from the oyster bags
between August 2001 and February 2003 revealeduhanile size ranged between 7.9
and 46.3mm CL. As a result 7.0mm CL was chosehaotver limit of the smallest size
class and 50mm CL as the upper limit of the largest class. The interval between size
classes was set at 0.4mm CL. The length frequempae®.4mm CL interval between
7.0mm CL (minimum size class) and 50mm CL (maxingipe class) was calculated for
each month. The length frequency distributions walated as histograms using the
Microsofts Excel 97 data analysis tool. Length frequencyrithgtion graphs were
visually inspected for clear groupings of animatatt possibly belong to the same
cohorts. The monthly length frequency data caledlain Excel was imported into
Fisheries Stock Assessment Tools Il version 1.6tGMndows (FISAT Il version 1.0.0)
as a grouped length frequency file under the Bblasteya’s Modal Progression Analysis
Package Http://www.fao.org/fi/statist/fisoft/fisat/index.m). With the aid of visually
inspected graphs, groups of animals that possiidlyrig to the same cohort were selected
for each month, respectively. The Bhattacharya amogplotted the expected distribution
that best describes the distribution of the setegreup (Bhattacharya, 1967). The mean
CL (Central tendency or average size of selectedr standard deviation (spread of
distribution), R-squared value (significance of retation between observed size
distribution and fitted expected distribution), Régdion size (P expected population in
distribution) and the Separation Index (S|, degreseparation between selected group
and other group distributions over lapping thatselected group) of the expected
distributions of each selected group were calcdlai®e output data from Bhattacharya’s
package were imported into the NORMSEP analysisubegdvhich generated better
estimates of the population parameters, (Mean eamjength (CL), standard deviation
(SD), proportion of population size (P), separatiogex (Sl), expected population size

(N)) using a maximum likelihood algorithm.
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The expected distributions for the selected grofgsseach month were plotted in
Microsofts Excel 97 using the Gaussian Normal Distributionction (Bhattacharya,
1967):

(Dy=a*exp{-[(xb)"2]/[2*c"2]}

Where: a = frequency at mean CL; b = mean CL; ¢ = std.dev.

However the frequency at the mean @Lwas not known and th@&was set as equal to
1 to obtain y, the total population size. Knowingetsample size n given by

Bhattacharya’s, the frequency at mean @) for the expected population size N was

calculated by solving fo, as follows:

(2)a=a,*N/n

The expected population size N was then calculfeatientified groups for each month
using a as the frequency at mean CL in equation (1). Thyeeted population sizes
calculated above were then plotted against therebddength frequencies (LF Obs) for
each month to give the cohort graphs. These graggresent the groups/ cohorts chosen
in FISAT’s Bhattacharya package. Additional groigentified through visual inspection
and those that were biologically expected, wereseho The mean carapace lengths of
some of the groups given by Bhattacharya’s didapgtear to be accurate according the
central tendency of the distributions. These mearapgace lengths were therefore
adjusted so that the expected distribution cunst bited the sample’s distribution. The
standard deviation of these groups however, waslt@ted. Based on information from
field and laboratory studies on the growthJoflalandii in the same size range, and the
shape of the distributions, groups that possiblgrgeto the same cohorts were visually
identified and followed through from month to monithe distribution curves of groups

that were designated to a particular cohort wedeedawvith the same alphabetical letter.
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Animals belonging to cohort A were presumed toheedldest and those belonging to Z,

the youngest.

2.4.2 Growth Modelling

The final mean CL estimates of groups belonginthéosame cohort were regressed over
time in months using the linking of means method~iSBAT Il. The linking of means
method calculated the growth increment for eachodofor each consecutive month.
Only cohorts whose growth increments were traceabde several months were used in
the final growth estimation. The growth incremefmsn CL per month) of such cohorts
were regressed against their mean carapace letogtjige the overall growth increment
of all early stage juvenile lobster less than 20 @inin size. The average monthly
growth increments for the five size classes (3 mize- interval) were also calculated for

juveniles less than 20 mm CL.
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2.5 Nutritional Condition Indices

2.5.1 Factor K as an indicator/ index of nutritiboandition

Weight and length data of individual pueruli andgniles were used to calculate the
nutritional condition factor K, which is a weightength ratio index represented in the
following equation:

K = weight (g) / carapace length (mm)

The K condition factor of pueruli and juveniles wasmpared between months and
between the peak puerulus and juvenile abundarasose of various years for similar
sized animals to indicate the months (seasons)yaads during which different sized
animals had the best nutritional condition, by nseafh Kruskal-Wallis ANOVA and

Kolmogorov-Smirnoff pair-wise tests.

2.5.2 Total crude fat: Internal energy reservearasndicator of nutritional

condition.

Percentage total fat of puerulus and juvenile lbstas used as a second index of
nutritional condition. Puerulus and juveniles (witle appendages removed) were frozen
at 5°C following morphometric analysis. Animals weredre-dried at a constant mass
and then ground to a fine powder. Percentage cfateontent for weekly-pooled
samples was determined gravimetrically using theCAEOR SOXTEC HT-6 fat
extraction method using diethyl ether and petrol@tiner solvents. Weekly and monthly
variation in lipid content was established by phgjt% fat per gram of dry weight over
time. Percentage fat was compared between monthseasons for similar sized animals
to indicate the season during which different sizadmals had the best nutritional
condition. The K and % crude fat indices were séadided by calculating their scores as
follows:

Score = (Observed value — sample average)/Samplarsdard deviation

The scores of K and % crude fat were compared lnsief a linear regression model to
establish the relationship between these indices.
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2.6 Data and Statistical Analysis

2.6.1 Abundance calculations

Puerulus settlement and juvenile abundance datectedl from crates for the MFMR’s

puerulus monitoring program (November 1999-July3)(0énd data collected from bags
(August 2001-February 2003) were averaged as tha&euof lobster per bag per day,
and the number of lobsters per crate per week. elfamindance indices were also

averaged per month.

2.6.2 Statistical analysis

Puerulus settlement and juvenile abundance datarded on oyster bags, crates and
collectors during the study were tested for nortyalising the Shapiro-Wilks test. The
Levene’s test of homogeneity of variance was usetkst for equal variance between
samples. The Shapiro-Wilks and Levene’s test rexetiat all abundance data was not
normally distributed and variances between sampkse unequal. Square roof)( box-
cox, log linear and lognormal transformations o€ tbata proved unsuccessful in

obtaining normality. Therefore non-parametric testse used for comparative analyses.

Spatial variation

Puerulus settlement and juvenile abundance on yetewfarm,Gracilaria farm and
collector sites, were compared statistically by nseaf a Kruskal-Wallis non-
parametric Analysis of Variance (ANOVA) in the $$#ita 6.1 package. Scheffe’s and
Tukey’'s HSD multiple range tests were conductedreeeal the components that

differed between areas throughout Lideritz Bay.

Puerulus and juvenile abundance was compared betergmwsed, centre and sheltered
areas on the oyster rafts using a Kruskal-WallisOAM\. Scheffe’s test was conducted

to reveal which stages differed between the raihsr

Puerulus and juvenile abundance were compared batagster rafts and crates using

Kruskal-Wallis ANOVA and Scheffe’s and Tukey's mple range tests were
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performed to reveal which stages’ abundance diffebetween crates and bags
(p<0.05). Similarly, puerulus and juvenile abundamn collector sites in the lagoon
was compared with that on satellite collectors ended from oyster rafts using
Kruskal-Wallis ANOVA. Scheffe’s multiple range testas performed to reveal sites
with significantly different puerulus and juvenadundance.

Temporal variation in abundance (Seasonality antktiag analysis)

Puerulus and juvenile abundance data from oystgs, b@yster crates and Booth crevice
collectors was analysed separately for temporaatran by means of periodic regression
analysis (circular statistics) and multiple rangalgsis. Separate analyses for transparent
and pigmented puerulus abundance on oyster bagsrates were carried out. Puerulus
abundance data from crevice collectors was howpweled for the two puerulus stages
due to the low number of observations. Seasonaknpat in puerulus and juvenile
abundance were compared between oyster bags, aradesollectors. Seasonal peaks in
puerulus and juvenile abundance were compared batyears using the Kruskul-Wallis
ANOVA and Tukey’s multiple range tests to estabbginificant differences.

Periodic Regression analysis

The cycle in puerulus settlement and juvenile alnod on oyster bags and crates was
tested for seasonality by means of a periodic esgjpa analysis. Periodic regression is

useful in:
® describing cyclical patterns in data;
(i) obtaining a robust mean value where variation d@icyvith limited observations;

(i)  modelling cyclic and linear (or categorical) paraeng together, where the linear

parameter is of principal interest but not obscungdhe cycles and

(iv)  de-trending or removing cyclic components from ditareveal anomalies or

values de-correlated from the underlying cycledi(R€00).
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Observed puerulus settlement and juvenile abunddatze was regressed against an x-
axis transformed into angular data with sine ansine functions based on the sample
dates (day of the year; DOY) to determine the smaspattern in puerulus recruitment
and juvenile abundance. For periodic cycle to bevglent in a data set, thé-Ralue
from the multiple regressions of abundance andtigeilar (sine and cosine) transformed
x-variable (time) need to be less than 0.25 atgaifstance level of p<0.05. Once a
significant R-value for periodic regression is prevalent, theiqusic component in

abundance can be calculated by:

Y =M + B;sin(R’'DOY) + B,cos(R'DOY)
Y =M + A cos(R'DOY -0)

Where M, B and B are coefficients obtained from the multiple regres above. The

peak time of recruitment and abundance were cakullay:

P =t+0

Where: 0 =arctan (B/ By) + QC

to = the nominal zero of the cycle

The seasonal cycle of the puerulus and juvenilenddnice was expressed by the

following polynomial and linear regression mode¢spectively:

Y =M + B;sin(R’X) + B,cos(R'X)
Where: y =abundance
B1 = multiple regression coefficient of sin(R’'DOY)
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B2 = multiple regression coefficient of cos(R’'DOY)
R’X = time (Day of the Year (DOY) for bag®d crates & Month
of the Year (MQY) for collectors) in Radians

M = Mesor (multiple regression coefficient of tinéercept)

Y =M+ A cos(R'X -0)
Where: M = the mesor
A = the amplitude
R’X = time (DOY or MQOY) in radians

0 =arctan (B/ B,) + QC

where QC = quadrant correction factor (See Bell@0

The seasonal cycle in puerulus and juvenile abwelaras removed by subtracting the
predicted periodic component from the observed dance to reveal the deviations from
the expected cycle, termed “anomalies” (residuadsabundance, thus giving the de-
trended abundance values. Similarly, environmeptameters (temperature, wind
speed and direction, moon phases and tidal rangsmke wested for seasonality.

Environmental parameters showing a seasonal pattere de-trended using the

procedure described above. The relationship betweewironmental factors and

abundance was established by correlating the emvieotal parameters with the de-
trended (anomalies) puerulus and juvenile abundaatges for the lobster stages that
showed seasonality, and with observed puerulus janenile abundance values for
lobster stages that showed no significant seasoyde. Non- seasonal (de-trended)
environmental parameters were correlated with abooel by using the observed
environmental parameter values. Multiple regressinalysis was used to establish the
relationship between transparent puerulus, pigndepteerulus and juvenile abundance.
Puerulus and juvenile abundance was also correlsitbdsea surface temperature, wind
speed, tidal range and swell height. Puerulusesettht and juvenile abundance were

compared between north and south wind directiorés mpon phases using Kruskal-
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Wallis ANOVA, and Tukey’s HSD multiple range tesesvealed factors that differed
significantly (p<0.05).

Autodistributed lag analysis

Time lag analysis was performed in cases wheresth&s no significant correlation in
the abundance between the puerulus and juvenikdpistages, and lobster abundance
with environmental factors at the time of the studye relationships and time lags
between puerulus abundance, juvenile abundance emw@tonmental factors were
established using the AUTODISTRIBUTED LAG (ADL) RRESSION model in the
EVIEWS 3.1 econometric analysis program. In thialgsis all components were tested
for stationarity using the Augmented Dickey-Fulleast squares unit root test (Johnston
and DiNardo, 1997) at a significance level of p&0.0nly stationary components with a
Durbin-Watson statistic close to 2, which is thensignificant level of autocorrelation
(i.e. variation in the model that is explained bg uinknown or error term), were included
in the ADL analysis model. Similarly, environmenfattors (temperature, wind speed
and tidal range) were correlated with pueruluslesettnt and juvenile abundance to
establish their relationship and the time lags @ssed with these relationships. A
simultaneous ADL model was used to estimate thet mosurate combination of time
lags of all environmental factors affecting puesubettlement and juvenile abundance.
The periodic transformation of the x-axis was ined to account for any seasonal

effects in the independent and dependent variables.
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CHAPTER 3: Results

3.1 Temporal variation in puerulus and juvenile abundance

Puerulus and juvenile abundance data from oystgs, b@yster crates and Booth crevice
collectors was analysed for temporal variation gans of periodic regression analysis
(circular statistics) and multiple range analygike abundance of the transparent and
pigmented puerulus stages was analysed separatebys$ter bags and crates. However,
for the crevice collectors, data for the two puesustages was pooled due to the low
number of observations. Seasonal patterns in puerahd juvenile abundance were

compared between oyster bags, crates and colleatmigpresented below.

Periodic regression analysis showed that there avagasonal trend in puerulus and
juvenile lobster abundance. The seasonal cycléefpuerulus and juvenile abundance
was expressed by the following polynomial and Ineagression models 1 and 2

respectively:

1 Y =M + B;sin(R’X) + B,cos(R’X)
Where: Y = Puerulus abundance
B1 = Multiple regression coefficient of Sin(R’'DOY)
B2 = Multiple regression coefficient of Cos(R’'DOY)
R’X = Time (Day of the Year (DOY) for bags and tem &
Month of the Year (MOY) for collectors) in Radians

M= Mesor (multiple regression coefficient of tinéercept)

2 Y =M + A cos(R’X -0)

Where: Y = Juvenile abundance
M= The mesor
A = The amplitude
R’X = Time (DOY or MOY) in radians
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0 = Arctan (B/B) + QC

where QC = Quadrant ccirom factor (See Bell, 2000)

Periodic regression analysis revealed that pueratusidance recorded on oyster bags
and crates during the study period showed a saamifi seasonal pattern (p<0.10) with
peak settlement during August-September (Table. Jhg recruitment of transparent
pueruli started to increase from June with pealkeseént observed in late August on
oyster bags and early in September on crates 8Fig. Transparent puerulus abundance
at peak recruitment was estimated at 1.66 transpgpeerulus/bag/day and 2.23
transparent puerulus/crate/day on oyster bags aatks¢ respectively. The linear
relationship between transparent puerulus abundanceyster bags and crates and

angular transformed time was respectively descrasefbllow:

Ypt =0.873 + 0.916cos(R’'DOY — 3.898) on bags, and

Ypt =1.860 + 0.764cos(R’'DOY — 4.201) on crates,

where a decline in transparent puerulus recruitnoenbags and crates was observed
from October onwards with the lowest recruitmentwadng between December and

May.
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Table 3.1 Periodic Regressions showing time of peak abundanceuerulus (P)
transparent puerulus (Pt) and pigmented puerulpy §Bundance on oyster bags, crates
and collectors for the period November1999 to 20P3. {DOY = day of year (B
DOY= 1 January- 362DOY=31 December); R’= time transformation to rauiia

SAMPLE UNIT Stage Regression form Peak Time  *F *P *R
BAGS Transparen Y(Pt) = 0.873 -22¢€" DOY 23.53: [2.450E-06|0.10¢
puerulut 0.628sinR'DOY  -~26 Augus
0.667cosR'DO’
Pigmentec Y(Pp) = 3.149 221 DOY 38.89. [2.576E-090.161
puerulu: 2.203sinR'DOY  -~10 Augus
2.508cosR'DO’
CRATES Transparen Y(Pt) = 1.86H 0.017
puerulu: 0.666sinR'DO- 244" DOY 2.325¢ 10.12¢
0.374cosR'DO’  ~2 September
Pigmentec Y(Pp) = 6.917 0.027
puerulu: 2.674sinR'DOY 247" DOY 3.779. 10.05¢
1.288cosR'DO’  |~5 Septemb
COLLECTORS Puerulu Y(P) = 5.230
7.295iNR'MOY- [T MOY 5.90¢  0.17 0.49¢
4.50¢cosR'MOY |~ Augus

*F= F statistic; P= significance of F”Rcorrelation coefficient
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Avg # of Pt/ day

J FMAMJI J A S ONDJ

o Observed # Pt/crate x Observed # Pt/bag
- Seasonal Pt/crate” Seasonal Pt/bag

Figure 3.1 The predicted seasonal cycle in transparent pugKit) recruitment plotted
against observed transparent puerulus abundancyster bags and crates at Lideritz
oyster farm. Peak abundance occurred in the Augeptember period.

The approximated seasonal cycle of pigmented pueraibundance on oyster bags and
crates is presented in Fig. 3.2 with the statibtsegnificance of peaks highlighted in
Table 3.1. Pigmented puerulus abundance on oystgs bnd crates mirrored that of
transparent puerulus settlement with an observa@ase from June and peak abundance
from August to September. The estimated peak impimged puerulus abundance was
2.03-pigmented puerulus/bag/day and 6.72-pigmepteniulus/crate/day on oyster bags
and crates, respectively. The respective lineaaticglships of pigmented puerulus
abundance with angular transformed time was destials

YR, = 3.150 + 3.224cos(R'DOY - 3.821)1R 0.161) on bags, and

YP, = 6.917 + 2.968cos(R’'DOY - 4.263)R 0.027) on crates,
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where pigmented puerulus abundance on oyster badysrates started declining from
November with the lowest abundance observed frasnoéiDecember through May.

Avg # of Pp / day

J FMAMJI J A S ONDJ

o Observed # Pp/bag x Observed # Pp/crate
— Seasonal Pp/ bag Seasonal Pp/crate

Figure 3.2 The seasonal cycle in pigmented puerulus recruitrpéotted as observed
abundance on oyster bags and crates at Luderiteroferm from August 2001 to
February 2003. Peak abundance occurred in earlygtug

The approximated seasonal pattern in juvenile adoicel on oyster bags and crates is
presented in Fig. 3.3. Juvenile abundance on oystgs and crates started increasing
around August/September with peak abundance olasdrgen November to January.
The estimated peak in juvenile abundance was 2fi8&niles/bag/day around 17-
November on bags and 16.44 juveniles/crate/daynardid-December on oyster crates.
The linear relationship of juvenile abundance wahgular transformed time are

respectively described for bags and crates asaollo

Y(J) = 16.63 + 12.376*cos(R’'DOY - 5.505)*(R0.220) on bags, and

Y(J) = 20.013 + 7.794*cos(R'DOY - 5.907)*R0.060) on crates,
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where juvenile abundance on oyster bags and cdatemed from end of January with

the lowest abundance (0-5 juveniles/ bag or cratedpy) observed from March through

May-June.
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Figure 3.3 The periodic cycle in juvenile lobster abundanceoyster bags Lideritz
oyster farm from August 2001 to February 2003 andogster crates from November
1999 to July 2003 at Luderitz oyster farm. Peakndlamce on bags occurred around the
343rd DOY (day of the year) which corresponds t® date 10 December and that on
crates around the 320th DOY (day of the year) whidnresponds to the date 16

November.

Fewer data were available for puerulus and juveselitdement on the collectors, which
reduced the statistical power of the regressiofyaas. Puerulus settlement on collectors
showed a weak seasonal pattern (p=0.17) and wesfdhe regarded as non- seasonal for
the purpose of data analysis. As with the oyster &xad crate data, periodic regression
analysis approximated the peak in puerulus settiérme collectors to occur in August
with an observed average of 12 pueruli/collect@b(€ 3.1). There was no clear trend as
to when puerulus settlement on collectors stamedeasing (Fig. 3.4). However, high
numbers of pueruli recruited on collectors duringgAst 2002 (average=18.83/collector)
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and October-November 2002(15.05 pueruli/collectoith the highest numbers caught
during the second week of August (24.00 pueruligoddr) and the last week of October
(20.60 pueruli/collector)(Fig. 3.4).

Juvenile abundance on collectors revealed a wealsosal pattern with periodic
regressions significant at 92 % level of significar{Table 3.1). Juvenile lobsters began
to recruit onto collectors in July 2002 with theteragradually increasing during mid
August with increasingly high numbers recruitingOwetober and December when peak
juvenile abundance was recorded. Observed datgu¥enile abundance on collectors
showed a second smaller peak during April 2003 u&eniles/collector). Juveniles
recruited in lower numbers than pueruli at the emithr sites on average with a juvenile
recruitment lagging that of pueruli by two to thm@@nths. Periodic regression analysis
approximated peak juvenile abundance to occur dubecember, which reflected the
pattern observed in bags and crates. The averagaile abundance during the peak

period was 7.32 juveniles per collector.

25.00+

oPmJ

20.00+

15.00+

10.00+

Avg # per collector

5.00+

23-Jun-02
27-Jul-02
9-Aug-02
10-Aug-02
24-Aug-02
8-Sep-02
20-Oct-02
3-Nov-02
15-Dec-02
23-Dec-02
12-Jan-03
30-Jan-03
4-Feb-03
25-Feb-03
12-Apr-03

Figure 3.4 Average puerulus and juvenile recruitment on caotlecat Lideritz lagoon
from June 2002 to April 2003.
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Interannual variation in puerulus and juvenile aloiamce peaks

Peak puerulus abundance on crates during 2000 (Magy)significantly higher than that

observed in 2001 and 2002, with similar pueruludesaent peaks observed in 2001 and

2002. Puerulus abundance on bags during the pesklpa settlement months (August-
November) was significantly higher during 2002 camgal to 2001. Juvenile abundance
peaks on crates were significantly higher durin@2.éompared to 2000, 2001 and 2002

(Table 3.2). Juvenile abundance during peak mopthshags was not significantly

different between years.

Table 3.2 Interannual variation in peak abundance of pueriR)s and juvenile (J)
lobsters on bags and crates. Peak abundance peverds compared pairwise using
Tukey’s HSD test and only peaks, which differechdigantly, are listedP denotes the
level of significance of the difference in abundaretween yearly peaks. The average
(avg) number of each stage lobster (P and J) pgrobarate for each respective peak
month (or period) is indicated in brackets.

SAMPLE UNIT |Stage Group 1 > | Group 2 P

CRATES P May'00 (avg=55.5) Jul — Aug’'01 (avg= 3.3) <0.0C001
May’00 (avg=55.5) Aug — Sep’01 (avg=5.1) <0.001
May’00 (avg=55.5) Jul — Aug’02 (avg=5.5) <0.008
May’00 (avg=55.5) Sep — Oct’'02 (avg=13.8) <0}04

J Nov'99 (avg=60.0) Nov'00 (avg=18.5) 0.01

Nov'99 (avg=60.0) Dec’00 (avg=15.4) 0.03
Nov’'99 (avg=60.0) Nov'0l (avg =5.1) <0.001
Nov'99 (avg=60.0) Dec’01 (avg = 2.7) 0.03
Nov'99 (avg=60.0) Nov'02 (avg=15.1) 0.001
Dec’99 (avg=88.3) Nov’'00 (avg=18.5) <0.0Dp1
Dec’99 (avg=88.3) Dec’00 (avg=15.4) <0.001
Dec’99 (avg=88.3) Nov'0l (avg =5.1) <0.0Dp1
Dec’99 (avg=88.3) Dec’01 (avg = 2.7) <0.001
Dec’99 (avg=88.3) Nov'02 (avg=15.1) <0.0Dp1
Dec’99 (avg=88.3) Dec’'02 (avg=22.8) <0.001

BAGS P Aug - Nov'02 (avg=3.1) Aug - Nov'01 (avg=2.0) €Q.
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Time lags between puerulus and juvenile abundare&9

Peaks in puerulus settlement were related to sukse¢geaks in juvenile abundance on
bags, crates and collectors at time lags rangimm ft1 days up to 2 months (Table 3.3).
Auto distributed lag analysis revealed that transpiaand pigmented puerulus abundance
on bags and crates was significantly correlated theestudy period, indicating that there
were no time lags between the recruitment of the pwerulus stages (ADL; p<0.001).
Peaks in juvenile abundance correlated most sagmfly with peaks in transparent
puerulus abundance lagged by 11 days on bags atal Qipveeks (2 months) on crates
(ADL; p<0.05). Monthly puerulus settlement on collectors was megmnificantly
correlated with juvenile abundance time lagged bymé@nths (83%; p=0.17). The
variation in the duration of the puerulus stage rbayinfluenced by water temperature
with increased water temperatures shortening duragignificantly. Biologically it is
possible that puerulus lobster can metamorphose jateniles within 2 weeks,
depending on the water temperature where higheerw@mperatures increases the
metamorphose processes. A very low predicted Revimuthe 11-day time lag indicated
that this may not be realistic time lag betweernrplus settlement and juvenile peaks and
that it is more likely that the time lag is 2 mosiths indicated by the highly significant p-

statistics and high R-values.

Table 3.3 Distributed time lag analysis indicating signifitdime lag intervals between
peak puerulus (P), transparent puerulus (Pt), pigeaepuerulus (Pp) and juvenile (J)
abundance on oyster bags, crates and collectorefdRs to the multiple regression or
Pearson’s correlation coefficient,? Rnd P denotes the significance of the time lag
relationship between Pt, Pp and J.

Sample Unit Group 1 Group 2 Time lag R? P
BAGS Pt Pp 0 days 0.90 <0.0001
Pt J 11 days 0.05 <0.04
CRATES Pt Pp 0 days 0.65 <0.0001
Pt J 9 weeks 0.42 <0.0001
COLLECTORS | P J 8 weeks 0.95 <0.17
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3.2 Environmental correlations

In this section | attempted to determine whetherghwas a relationship between local
environmental factors for which data was availaid puerulus and juvenile abundance
on oyster bags, crates and crevice collectors.eflwronmental factors of interest were
Sea Surface Temperature (SST), the north-south) (BeSiponent of wind direction,
wind speed, the moon phases, tidal range and selatsight. Crate puerulus abundance
data was correlated with the above-mentioned enmiemtal parameters for the period
from November 1999 to July 2003, and bag puerutusidance data for the period from
August 2001 to February 2003. Collector abundarata @as correlated with the above-

mentioned environmental factors for the period fitume 2002 to April 2003.

Before correlation analysis was performed, contirsugariables such as abundance data,
SST, wind speed, swell height and tidal range veer@ysed for seasonality so that the
seasonal component of those variables with sigmfiseasonal cycles could be removed.
Environmental factors such as sea surface temperé®%5T), wind speed, swell height
and tidal range data were analysed for seasonadityg the periodic regression analysis
methods employed in analysing lobster abundancesé&asonality in Section 3.1.
Variables with the underlying seasonal cycle remdowere referred to as anomalies,
which are the significant deviations from the expdcvalue that is the anomaly for
which we seek a correlation with puerulus abundarine cases where no direct
correlation was evident between environmental factor environmental anomalies) and
puerulus and juvenile abundance (or their anomjadiethe time of the studyx(@), Auto
distributed time lag analysis (ADL) was used toretate environmental factors lagged in
time (.;) with puerulus and juvenile abundance. The sedispimd each environmental
factor and its relationship with puerulus and julerabundance is presented in the

separate subsections below.
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Sea surface temperature and lobster abundance

Sea surface temperature data recorded during tin@lsgoeriod for bags, crates and
collectors had a significant seasonal cycle (p<0.01 section 3.1 it was shown that
transparent and pigmented puerulus and juvenilagdnce on oyster bags was seasonal.
Therefore de-trended (with the seasonal componemioved) values of sea surface
temperature, sea surface temperature anomalies A(B®T) and transparent and
pigmented puerulus anomalies (PtAnom and PpAnomiewseed to establish the
correlation between sea surface temperature arstelobbundance. Observed values for
puerulus abundance (P) on collectors were coreklatdy SSTAnom.

Puerulus settlement on oyster bags, crates andctmils peaked less than 1 week after
low sea surface temperatures averaging around@2v@te experienced during the years
2000 through 2002 at Luderitz Bay (Table 3.4). Smarent and pigmented puerulus
settlement on oyster bags and crates was not atgdeivith sea surface temperature at
the time (time x) of collection of the pueruli (p88). Therefore transparent and
pigmented puerulus abundance was correlated withPAB&n temperature anomalies.
Time lag analysis (ADL) revealed that peak trangparrpuerulus settlement was
significantly correlated with low sea surface tenagperes averaging around 12.6°C
recorded 2 days prior to the time of sampling ofand crates (Table 3.4). Below
average sea surface temperature of 11.4°C waswvalos2rdays prior to peak transparent
puerulus settlement on crates during the year 20 pared to average sea temperatures
of 12.3°C and 13.5°C recorded 2 days prior to peaksparent puerulus settlement on
bags and crates during 2001 and 2002, respectfVelyle 3.5). Tukey’s multiple range
test revealed that peak transparent puerulus mettiewas significantly higher during
2000 compared to that observed during 2001 and.2G0gmented puerulus abundance
on bags and crates, respectively peaked 1 and glafter low sea surface temperatures
averaging around 12.4°C were recorded (p<0.05; eT&h#l). Average sea surface
temperatures recorded 1-4 days prior to peak imeiged puerulus settlement during the
year 2000, was very low averaging around 11.6°Qnpaoed to higher average
temperatures of 12.7°C and 12.5°C experienced gluha years 2001 and 2002 (Table

3.5). Tukey’s multiple range test revealed thatkpeigmented puerulus abundance was
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significantly higher during 2000, compared to pgaigmented puerulus abundance
observed during 2001 and 2002. Below average sgacsutemperatures (<12.0°C) one
to four days appeared to be related to highestuusesettlement peaks during 2000.

Spearman’s Rank correlation analysis revealed ohaerved puerulus abundance on
collectors was not correlated with SSTAnom. Howewbiserved puerulus settlement on
collectors at the time of the study was inversalyralated with observed sea surface
temperature (R=- 0.762; Table 3.4). Peak puemsgtitement on collectors was related to
low sea surface temperature with an average of°C2during the August 2002 and

October 2002 puerulus abundance peaks on collestoes sea surface temperatures of

12.3°C and 11.9°C were recorded, respectively.

Table 3.4 Relationship between sea surface temperature am®mmahd transparent
puerulus and pigmented puerulus abundance on oyates, crates and collectors. Sea
surface temperature anomalies were lagged in tsnedicated by x-i where x is the date
at which lobster abundance was sampled minus inthmeber of days by which SST
anomalies are lagging lobster abundance. Y= abuedavhere Pt and Pp denotes
observed transparent puerulus abundance and pigthepuerulus abundance,
respectively. De-seasonalised Pt abundance andwésce temperature are indicated
with PtAnom and SSTAnom, respectively.

Sample Unit Stage Regression form Time Lag *F *P *R

BAGS Transparent [Y(Pt) = -0.0687 — x-2 days 4.865| 0.029 0.044
puerulus 0.233*SSTANOrx.2)
Pigmented [Y(Pp) -0.8256 - x-1 days 6.635| 0.011 0.059
puerulus 0.588*SSTANOr(.1)

CRATES Transparent | Y(Pt) = -2.5183+ x-2days |2.488 | 0.06 |0.082
puerulus 0.144*SSTANOMNK-2)
Pi gmented [Y(Pp)= -10.7873— x-4 days | 4.870| 0.004 0.150
puerul us  0.528*SSTANOr x.4)

COLLECTORS | Stage Regression forn Time Lag | *F *P *R
Puerulus Y(Pt) = - 21614 x-Odays |3.805 |0.07 |-0.762

0.476*SSTx-0)

* F= F-statistic; P= probability or significance Bf R and R= correlation coefficients
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Table 3.5Predicted relationship of sea surface tempera&®d ) in degrees Celsius (°C)
with transparent puerulus and pigmented puerulus@mnce on oyster bags, crates and
crevice collectors. ¥« is the time (date) when lobster abundance (y) wagpged and t
lags is the number of days by which sea surfacepeeature is lagging lobster

abundance.
SST at Xy« - tlags
SAMPLE UNIT | Stage Time Lag [2000 | 2001 | 2002
BAGS Transparent | , - days [ 11.9°C [13.7°C
puerulus
Pigmented |, 4 days | 12.8°C  [13.8°C
puerulus
CRATES Transparent | , - days 11.6°C | 12.6°C | 13.3°C
puerulus
Pi gnent ed x-4 days 11.6°C |12.6°C [11.2°C
puer ul us
COLLECTORS | Puerulus x-0days [ - 11.9°C
Average  SST| Puerulus 0-4 days 11.6°C | 12.5°C [12.8°C
(°C) at average
time lag per
year
Average SST| Puerulus 30 days 12.3 12.1 12.3
during peak P
settlement
months

Effect of Wind stress on lobster abundance on pYastm

Wind speeds in the Luderitz area vary seasonallly wery strong periodic south-westerly
winds prevailing during summer months, and gengdaiht south winds during winter
(May-June). Moderate to strong uninterrupted sovtids are predominant during spring
from September-December. Wind speeds generallyeeikGen.set during spring months
(Grobler & Noli-Peard, 1997). Wind direction waspoeted as north and south
components during the study period since southeihds dominate the wind field by
more than 80% and is responsible for upwelling,clwhoccurs throughout the year at
Lideritz (Bailey 1979, Tomalin 1993). Puerulus atbaumce on oyster bags and crates were

compared during periods of north and south windgerius abundance on oyster bags,
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crates and collectors did not differ significantlyring north and south prevailing wind
conditions over the study period (Kruskal-Wallis @MA, p>0.05).

Wind speed recorded during the time bags were sid a seasonal cycle at the 90%
level of significance. De-trended values of wineeg, which revealed wind anomalies
(windAnom), were therefore used in all correlatianalyses. Wind speeds observed
during the study period for the crates, from Novemth999 to July 2003, was not
seasonal (p>0.10). Observed values of all parametere therefore used in the
correlation analysis. During the period in whicle tbollectors were monitored wind
speed was not seasonal, and was not related talpserecruitment on collectors
(p>0.10). Multiple Regression analysis showed thatrelationship between wind speed
and transparent and pigmented puerulus abundanicagsnand crates was not significant
during the study period (p>0.05). Using Auto Distiied Lag (ADL) analysis wind speed
anomalies were lagged by various time intervalsotmiain the most significant
relationship with puerulus abundance observed durihe study period. These

relationships are described in Table 3.6.

High transparent puerulus settlement on oysteesrahd bags was related to moderate
south winds with an average speed of 7.6 ri.ebserved 4-10 days earlier (Table 3.6
and 3.7). The highest transparent puerulus abuedpeak was recorded in 2000 when
moderate to strong south winds with an averagedspe8.8 m.se¢ prevailed 4-10 days
earlier. A smaller peak in transparent puerulusleseent was observed during 2001
compared to peaks observed during 2000, and waemiaantly related to north winds
with low average speeds of 4.5 m:8ehat prevailed 4-10days prior to peak transparent
puerulus settlement. Wind speeds in 2000 (9.8 il,s®cand 2002 (9.6 m.s&cS) were
similar during peak transparent puerulus settlememt bags and crates, however
transparent puerulus recruitment during 2002 was kan half the strength of that
observed during 2000 and marginally higher thart tharing 2001. It appears that
moderate to strong south winds enhanced peak tesrsppuerulus recruitment during
the study.
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The relationship of wind speed with pigmented pliesudid not indicate a clear trend.
Pigmented puerulus abundance on crates and bagsdyé& days after low to moderate
south winds averaging around 8.5megere prevalent (Table 3.6 and 3.7). Below
average wind speeds of 4.7mSewas observed 4 days prior to the peak in pigmented
puerulus abundance observed in 2000. Pigmentedlpseabundance was highest during
May 2000, which was related to low southerly wirsleraging around 2.9m.skthat
prevailed 4 days earlier. Peak pigmented puerdbusi@ance during 2001 was less than
that during 2000 and was related to moderate sdutlveinds with an average of
8.8m.set, experienced 4-7 days earlier. Moderate to stremgtherly winds with an
average speed of 10.1 m.3exas prevalent 4-7 days prior a moderate peakgmented
puerulus abundance during 2002. It appears thahgr peaks in pigmented puerulus

abundance are experienced after south winds ofdawoderate speeds 4-7 days earlier.

Table 3.6 Relationship of wind speed with transparent angmented puerulus
abundance on oyster bags and crates. Wind speadades were lagged in time as
indicated by x-i where x is the date at which lebstbundance was sampled minus i, the
number of days by which wind speed anomalies aggihg lobster abundance. Y=
abundance where Pt and Pp denotes observed transgawerulus abundance and
pigmented puerulus abundance, respectively. Desralised Pt abundance and wind
speed are indicated with PtAnom and WindAnom, retbpaly.

SAMPLE | Stage Regression form Time Lag| *F *P *R
UNIT
Transparent  [Y(PtAnom) = 0.3315 - x-10days | 3637 | 0.06 | 0034
BAGS puerulus 0.068*WindAnon.10)
Pigmented |y(PpAnom= -0.905] x-7 days | 5 678 | 0.001 | 0.142
puerulus +0.221*WindAnomy.z)
CRATES | Transparent | Y(Pt) =1.8928 — X-4 days 2.383| 0.08| 0.111
puerulus 0.177*Windy.4
Pigmented Y(Pp)=4.1279- x-4 days 3.947| 0.012 0.170
puerulus

0.324*Windy.4)

* F= F-statistic; P= probability or significance I6f R°= correlation coefficients
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Table 3.7 Wind speed (m.s&€$ and direction recorded at the time lags predidted

transparent puerulus and pigmented puerulus aboedan oyster bags and crates by
Auto distributed lag analysis. % is the time (date) when lobster abundance (y) was
sampled t lags is the number of days by which veépeled is lagging lobster abundance.

N and S indicate north and south wind directiospestively.

Wind speed (m.set) at X+ — t lags
SAMPLE UNIT | Stage Time 2000 2001 2002
Lag
BAGS Transparent | 1 days [ 6.12 (S [12.83(S
puerulus
Pigmented | 5 days 11.45(S [12.98 (S
puerulus
CRATES Transparent | 4 days 9.79 (S) 2.81(N) | 6.29 (N)
puerulus
Pi gment ed 4 days 4.73 (S 6.06 (S [7.16 (S
puer ul us
Average wind | Puerulus 0-4 days 7.26 6.61 8.0
speed (m.sed) at
average time lag
per year
Average wind | Puerulus 30 days 6.32 4.80 5.4
speed during peal
P abundance
month

Effect of Moon Phase and tidal range on lobsterratance

No clear relationship between peak puerulus abweland moon phase was evident in

the data.

Puerulus recruitment on collectors dd differ significantly between the

different moon phases (Kruskal-Wallis ANOVA p>0.09)lowever, Kruskal-Wallis

ANOVA and Tukey’s HSD tests revealed that pigmergadrulus abundance on oyster

bags was higher during last quarter moon phasepa@u to first quarter moon phases

at a 93% level of significance (Table 3.8). Tramep& puerulus settlement on oyster

crates was higher during new moon than that dumfignoon at a significance level of
p=0.07 (Tukey's HSD; Table 3.8). Therefore duritg study period it appeared that
puerulus ofl. lalandiiat Luderitz recruited in large numbers during amgomphase.

55



Chapter 3 Results

Table 3.8 Tukey's HSD multiple range test highlighting th@an phases (FM= full
moon; LQ= last quarter; NM= new moon; FQ= first gag) during which transparent
puerulus settlement (Pt) on crates and pigmentedupis settlement (Pp) on oyster bags
differed significantly. Group 1 indicates moon péssluring which average (avg) lobster
abundance per unit was significantly higher per@anday and group 2 moon phases
during which average (avg) lobster abundance perwas significantly less per sample
day.

SAMPLE | Group 1 Group 2 Pt Pp
UNIT P DF P DF
BAGS FQ (avg=3.9 LQ (avg=2.1| - - 0.07 200

Pp/day) > Pp/day)
CRATES | NM (avg=1.9| FM (avg=1.6| 0.04 137 - -
Pt/day) > Pt/ day)

Puerulus settlement on bags, crates and collepesked with average increased tidal
ranges of 1.32m that were associated with new madhmoon and the last quarter
moon phases (following the full moon phase) (Téh@ and 3.10). Puerulus settlement
on collectors was highest but similar during newomand full moon phases when
average large tidal ranges of 1.43m was observadglthe study period (p<0.05; Table
3.9, Table 3.10). Puerulus settlement on bags eatéscwas not significantly correlated
with tidal range during the study period. Increaseshsparent puerulus settlement on
bags and crates was related to increased tidaésawgh an average of 1.02m observed
1-2 days earlier (p<0.05; Table 3.9). The extengdgak in transparent puerulus
abundance during 2000 was related to large tidabea averaging around 1.62m
observed 1-2days earlier during the new moon pfiaskle 3.10). Low tidal ranges of
0.91m and 0.84m were related to small peaks irsparent puerulus settlement observed
1-2days later in 2001 and 2002. The lunar calemdiicated that the lunar cycle was in
the first quarter moon phase 1 day before the pgakof transparent puerulus settlement
in August 2001 and in the full moon phase 1 daprptdo peak transparent puerulus
settlement during August 2002.

Auto distributed lag analysis revealed that thees wo significant relationship between

pigmented puerulus settlement on bags and tidgkraither over the sample period or at
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any realistic time lag (p>0.05; Table 3.9). Autstdbuted lag analysis predicted an
inverse relationship between high pigmented pusrahundance on crates and low tidal
range observed 2 days earlier. A large tidal ramgeaging around 1.08m was observed
2 days prior to peak pigmented puerulus abundasm®ded on crates during 2000, 2001
and 2002 (Table 3.10). An extensive peak in pige@muerulus abundance observed
during 2000 was related to an increased tidal rasfge22m observed during the new

moon phase 2 days earlier. A large tidal range.26rh during the full moon phase was
related to the small peak in pigmented puerulusxdance observed 2 days later during
2001. A low tidal range of 0.77m was observed duthre last quarter moon phase 2 days
prior to the peak in pigmented puerulus during 200Bich was higher than the 2001

peak. The relationship between peak pigmented pugealbundance and tidal range is not
clear. Nonetheless, it appears that pigmented pusgemecruit in large numbers with

increased tidal ranges during new moon and fullmplzases and during the initial days

of the last quarter moon immediately after the fadlon phase.

Table 3.9 Relationship between tidal range with transparemd pigmented puerulus
abundance on oyster bags and crates. Tidal raniggded in time as indicated by x-i
where x is the date at which lobster abundancesaagled minus i, the number of days
by which tidal range is lagging lobster abundan¢e. abundance where Pt and Pp
denotes observed transparent and pigmented puealdusdance respectively. De-
seasonalised Pt abundance is indicated with PtAnom.

SAMPLE UNIT| Stage | Regression form Timelad *F | *P R
Transparent |Y(PtAnom) =-0.9639 1 days 3.950 0.049 0.034
BAGS puerulus + 0.956*Tidgx-1)
Pigmented - - - - -
puerulus
Transparent | Y(Pt) = -1.3921 — 2 days 2.516/ 0.06| 0.082
CRATES puerulus 1.561*Tidexz)
Pigmented Y(Pp)= -4.2646 - 2 days 3.9700 0.011 0.124
puerulus 5.240*Tidey.»)
COLLECTORS| Puerulus Y(P) = 14.1011 | ® days 5.747 | 0.03 [ 0.253
0.554*Tidgy.g)

* F= F-statistic; P= probability or significance I6f R°= correlation coefficients

57



Chapter 3 Results

Table 3.10 Tidal range (in meters: m) and moon phases recoedethe time lags
predicted for tidal range with transparent and pmgted puerulus abundance on oyster
bags, crates and crevice collectors indicated b Alistributed lag analysis.yX is the
time (date) when lobster abundance (y) was sangtéeld lags is the number of days by
which the moon phase is lagging lobster abundaXbg.FQ, FM and LQ indicate new
moon, first quarter moon, full moon and last quameon phases, respectively.

SAMPLE UNIT Tidal range (m) at Xy~ — t lags
Stage Time Lag | 1999 | 2000 | 2001 | 2002/Average
Transparent |, 4 days [ - 0.78 (FQ [1.21 0.99
BAGS puerulus (FM)
Pigmented | _ - - - - -
puerulus
Transparent |, - days |- 1.62 (NM’ 1.03 (FQ | 0.46 1.15
CRATES puerulus (LQ)
Pigmented |, > days [ 1.22 (NM’ 1.26 (FM. 0.77 1.08
puerulus (LQ)
COLLECTORS | Puerulus x-0 days [ - - 1.43 1.43
(NM &
FM)

Effect of Sea Swell on lobster abundance

Sea swell height during the sampling period for blags and crates showed significant
seasonality, whereas swell height during the shaaenpling period for the collectors

was not seasonal.

Peak puerulus settlement on bags and crates watedeio moderate swells with an
average height of 2m observed 0-6 days earlienufugeabundance on oyster bags was
not significantly related to the swell conditionbserved at the time of collection
(Multiple Regression p>0.05), however auto distidoitime lag analysis (ADL) revealed
that transparent puerulus settlement on bags wsisiyedy related to swell conditions
observed 6 days earlier (p<0.05; Table 3.11). Rugrabundance on oyster crates was
significantly related to swell height anomalies idgr the study period. Puerulus
abundance on bags and crates peaked when modeedte@nditions with average swell

heights of 1.24m were prevalent 0-6 days earlieb(@ 3.11 & 3.12). Peak transparent
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puerulus abundance on crates coincided with moeleed swells (1.7 — 3.0m) observed
0-6 days earlier. High pigmented puerulus abundamcbags and crates was positively
related to moderate sea swell height lagged byd®Gasays at a 90% level of significance
(Table 3.11). Moderate swells of 2m and 2.3m (olestt0-6 days earlier) were related to
an exceptionally high peak and an intermediate pegdgmented puerulus abundance
observed during 2000 and 2002, respectively (Tald2). The lowest level of pigmented
puerulus recruitment observed in 2001 was relatedatge swell conditions of 3m
observed 6 days before the estimated peak in pitpadgruerulus settlement (Table 3.12).
Anomalies in puerulus abundance on collectors wetesignificantly correlated to swell
height during the study period or at any realisitice lag. Moderate swells averaging
around 1.24m were observed during the time of gmakulus settlement on collectors
(Table 3.12).

Table 3.11.The relationship of swell height with transparentl igmented puerulus
abundance on oyster bags and crates. Swell heidagged in time as indicated by X-i
where x is the date at which lobster abundancesaagpled minus i, the number of days
by which swell height is lagging lobster abundan€e. abundance where Pt and Pp
denotes observed transparent puerulus and pigmenezdlus abundance, respectively.
De-seasonalised Pt abundance and swell height ratieated with PtAnom and
SwellAnom, respectively.

SAMPLE | Stage Regression form Time *F *P *R 2
UNIT Lag

Transparent | Y(PtAnom) = -2.466-x-6 days | 4.679 0.032
BAGS puerulus 0.336*SwellAnon,.e)

Pigmented Y(PpAnom)=1.670+| x-6 days | 2.689 0.09

puerulus 0.718*SwellAnon.e)

Transparent | Y(Pt)=1.926+ x-0 days | 4.143 0.044
CRATES | puerulus 0.777*SwellAnomo)

Pigmented Y(Pp)=7.123+ x-0 days | 4.094 0.045 0.142

puerulus 2.355SwellAnomyy.g)

* F= F-statistic; P= probability or significance 6f R°= correlation coefficients
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Table 3.12Sea swell height (m) recorded at the time lagsipred between swell height
and transparent and pigmented puerulus abundanaysiar bags, crates and crevice
collectors indicated by Auto distributed lag anayXy is the time (date) when lobster
abundance (y) was sampled and t lags is the nuofogays by which swell height is
lagging lobster abundance.

Swell height (m) at X+ —t lags

SAMPLE UNIT | Stage Time 1999 2000 2001 2002  Average
Lag

BAGS Transparent | , ¢ days - - 4.0 1.7 2.9
puerulus
Pigmented x-6 days - - 3.0 2.3 2.7
puerulus

CRATES Transparent | , days - 2.0 1.7 1.7 1.8
puerulus
Pi gnent ed x-0 days - 2.0 1.7 1.7 1.8
puer ul us

COLLECTORS | Puerulus x-0 days - - - 1.2 1.24

Average swell| Puerulus 0-6 days - 2.0 2.4 15 2.0

height (m) at

average time lag

per year

60




Chapter 3 Results

3.3 Cohort Identification, growth and nutritional condition

Cohort analysis

Pueruli that recruited during August 2001-June 2@2rage CL = 9.2mm) were larger
but weighed less (average weight=0.25g) than thibae recruited during July 2002-
February 2003 (average CL = 8.9mm; average weigh®g) (Table 3.15; p<0.05).
Puerulus was not included in the cohort and graamialyses since they do not change in
terms of carapace length. Early juvenile recruittngecurred in distinct peaks, which
made it possible to identify distinct cohorts arsfireate their growth rate. Carapace
length frequency data for early juveniles collectetbags at the Lideritz Oyster farm
were subjected to Modal Progression cohort anatgsidentify groups of lobster of the
same age and to track their growth over the stueho@. Modal progression analysis
identified 15 cohorts (A-O) between August 2001 &mabruary 2003 (Fig. 3.5). Two
distinct major recruitment events were evident imhart analysis, during
August/September 2001 and July/August 2002, respdet(Fig. 3.5 & 3.6). Eight
cohorts (A-H) of early juveniles were identified rfahe August/September 2001
recruitment event with cohort A presumed as thestldecruits and H the youngest (Fig.
3.5). A group of older early juveniles (mean CL 59 mm) that was only observed in
the August 2001 sample (probably part of an earkeruitment event) was labelled as
cohort z. Cohort H was only observed during ApfiD2 at a mean carapace length of
10.8mm CL. The highest frequency of recruits (9@piles) from the August/September
2001 recruitment event was recorded during Septer2b@l. These were presumably
second moult stage (instar) juveniles with a meaamgace length of 10.4mm. All cohorts
from the August/September 2001 recruitment evemitwegtinct by June 2002 at mean
carapace lengths in the range of 25.2-30.6mm. Seveorts (I-O) were identified during
the July/ August 2002 recruitment event (Fig. 3'H)e first recruits (cohort J) of the
July/August 2002 recruitment event were a groupresumably T instar juveniles (8.2-
12 mm CL) with a mean carapace length of 9.9mm afetquency at mean CL of 15
juveniles. Cohort | recruited at a mean CL of 15@muring September 2002 and was
considered older than cohort J that recruited exarltach one of the cohorts K-O

recruited during consecutive months starting froept&mber 2002 (cohort K) up till
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January 2003 (Cohort O). The highest frequenci@s3(bJ/month) of presumably second
instar juveniles in the size range of 10.0-10.8 @imwere recorded during August 2002
(J; 55 J/month), September 2002 (K; 70 J/month}adwber 2002 (M; 80 J/month) and
January 2003 (N; 50 J/month), respectively. Theaiemg two cohorts (L and O) of
presumably second instar juveniles recruited dufagober 2002 and January 2003 at
mean carapace lengths of 10.0 mm and mean freqgen€il0, and 12 juveniles per
month, respectively. Cohorts I, J and K went extatcmean CL of 18.4-18.8mm during
October, November and December 2002, respectidaiynals of cohorts L, M, N and-O
were still present on the oyster farm during tmalfimonth of oyster bag sampling and
had mean carapace lengths of 19.5mm, 16.3mm, 14.&nth12.0mm. Cohort B and L
had slower growing individuals resulting in theitplg of these cohorts into secondary
cohorts,B’ and L’. The population parameters of these secondaryrtoleere not

included in the growth analysis.
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Figure 3.5 Length frequency distribution of early juvenilesllected from oyster bags
between August 2001 and February 2003. Groups wmhas belonging to the same
cohorts (selected in FISAT Bhattacharya’s Method® andicated with normal
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Figure 3.6 Mean carapace lengths of selected cohorts thatited between August
2001 and February 2003. Two distinct waves of ligoent events are indicated with a
red circle for 2001/2002 recruits and a blue cifde 2002/2003 recruits. A maximum

size limit of 20mm CL was selected since the majasf animals from both recruitment
groups fall in this size range.

The estimated population statistics of 13 of thecbborts identified were reliable for
calculating the monthly growth increments (in mm)@i early juveniles (<20mm CL)
using the Linking of Means Analysis (FISAT)(Tablel3). Cohorts B, C, E, F, G and H
recruited during the 2001/2002 recruitment everthwbohorts |, J, K, L, M, N and O
recruiting as part of the 2002/2003 recruitmenugr({Fig 3.6).

From cohort analysis it was evident that most ctshfirst recruited at a mean carapace
length of 10.0 to 12mm CL, cohort J was the onlgegtion with a mean size at first
recruitment of 9.9mm CL and a size range of 8.2412G1.. Therefor it was assumed that
the first moult occurred from puerulus (9.0mm Ch) 1! instar juvenile (9.9mm CL),
second moult was from first to second instar (II2@mm CL), third moult was from

second to third instar (12.1-15.0mm CL), fourth mhovas from third instar to fourth
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instar (15.1-18.0mm CL) and fifth moult was fronufth to fifth instar (18.1-20.0mm
CL). Inter-moult periods between the juvenile instappear to be one month in duration.
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Table 3.13Population statistics as estimated by NORMSEP, of thelieble cohorts identified for growth
increment analysis. The mean carapace length (mean CL) of each rabdeltngs to the designated
cohort is indicated for the months in which the mode gedurThe spread of each mode is indicated by the
standard deviation (SD), the degree of overlap indicatethdyseparation index (Sl) with Sl less than 2
designating a high degree of overlap between modes ofatiffephorts within the same month arfdiR

the correlation coefficient. The percentage that the number infaln belonging to a specific cohort
constitutes of monthly samples is indicated for each cotempectively.

Cohort Month Mean % of Sample SD SI R
CL(mm) Population
Aug-01 10.3 39 0.57 n.a.* 0.604
B Sep-01 12.5 20 1.03 3.10 0.169
Oct-01 15.3 17 1.42 3.22 0.175
Nov-01 19.3 22 1.03 4.20 0.589
Sep-01 10.4 45 0.52 n.a.* 0.816
C Oct-01 11.9 23 0.71 2.66 0.995
Nov-01 15.8 24 0.61 3.75 0.666
Dec-01 18.5 19 0.84 4.90 0.343
Jan-02 20.5 19 1.44 1.66 0.817
Jan-02 10.2 6 0.54 n.a.* 0.998
F Feb-02 12.6 11 1.5 n.a.* 0.064
Mar-02 14.8 16 0.73 3.44 0.713
Apr-02 19.5 26 1.2 3.71 0.071
G Mar-02 12.1 16 0.83 n.a.* 0.180
Apr-02 15.2 7 1.07 4.58 0.125
H Apr-02 10.8 6 0.59 n.a.* 0.271
| Sep-02 15.4 11 1.21 3.04 0.502
Oct-02 18.7 9 0.73 6.16 0.457
Jul-02 9.9 73 0.95 n.a.* 0.301
J Aug-02 10.2 59 0.53 n.a.* 0.650
Sep-02 12.7 20 0.59 4.35 0.722
Oct-02 14.9 11 0.5 4.69 0.509
Nov-02 18.3 7 1.27 3.58 0.326
Sep-02 10.3 63 0.51 n.a.* 0.840
K Oct-02 12.5 33 0.55 3.31 0.568
Nov-02 14.9 7 0.64 4.29 0.700
Dec-02 18.3 14 0.84 6.48 0.584
L Oct-02 10.5 27 0.61 n.a.* 0.499
Nov-02 12.5 10 0.48 4.02 0.896
Nov-02 10.4 69 0.55 n.a.* 0.853
M Dec-02 12.3 26 1.03 2.75 0.984
Jan-03 14.1 20 0.71 3.07 0.956
Feb-03 16.3 20 1.12 2.24 0.056
N Dec-02 10.4 23 0.34 n.a.* 0.971
Jan-03 12.1 27 0.62 3.39 0.260
Feb-03 14.6 16 0.58 2.62 0.962
(@] Jan-03 10.2 9 0.46 n.a.* 0.583
Feb-03 12.0 14 1.24 n.a.* 0.046
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Growth

Mean carapace lengths of the identified cohortgladal progression analysis were used
in the Linking of means analysis (also known aeRein’s growth method) to calculate
the growth increments (carapace length increméot®ach individual cohort per month.
The monthly mean growth increments of cohorts tespectively recruited in 2001/2002
and 2002/2003 (Fig. 3.6), were plotted against th@iresponding mean carapace lengths
(per cohort) to give the relationship for animatsaier than 20mm CL of the 2001/2002
and 2002/2003 settlement groups (Fig. 3.7). Theimax size of 20mm CL was chosen
as the cut-off size as most animals in both recrent groups were less than 20mm CL.
Growth increments of early juveniles of the 200D20recruitment group generally
increased as juveniles attain a larger size whemasan growth increments of the
2002/2003 juvenile recruits only increases with mearapace length up to a size of
15.0mm CL and remained constant for juveniles frlBnlmm CL to 20mm CL. The
growth increment was significantly higher for ealjlyveniles that recruited during
2001/2002 with a mean growth increment of 2.9mmp@t. month compared to a 2.3mm
CL mean growth increment of early juveniles thatruged during 2002/2003. The mean
growth increment per 2-3-mm-CL size interval cléskbowed this general increasing
trend, however the monthly growth increment for fie12mm CL size class juveniles
(39 instar) was identical for cohorts that recruiteatidg 2001/2002 and 2002/2003
(Table 3.14). The mean monthly growth incremerthef18.1 — 20.0mm CL size class of
juveniles that recruited during 2002/2003 was gre#ttan that of juvenile cohorts that
recruited during 2001/2002.
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Figure 3.7 Post-settlement growth increment of early juvelalester calculated from the
monthly mean carapace lengths of selected cohbds tecruited during the two
recruitment events (2001/2002 and 2002/2003) onLiinderitz oyster farm between
August 2001 and February 2003.

Table 3.14 Mean monthly carapace length (growth) incremeritsetected cohorts of
early juveniles (<20mm CL) that recruited duringd2(2002 and 2002/2003 at Luderitz
Oyster farm.

2001/2002 cohorts

2002/2003 cohorts

Size class Mean % CL SD n Mean % CL SD n
(mm CL) increment  increase increment increase
(mm CL) (mm)

<10.0 - - - 213 0.3 3 - 312
10.0-12.0 2.8 7 0.42 432 2.0 7 0.29 818
12.1-15.0 3.2 16 0.69 409 2.4 16 0.53 54C
15.1-18.0 3.6 20 0.74 337 2.8 16 0.73 261
18.1-20.0 2.3 19 0.40 233 2.8 16 - 94
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Nutritional condition of puerulus and juvenile Iabs

The nutritional condition of puerulus and juveriddster was evaluated by means of two
nutritional condition indices, weight-length rafi€) and percentage (%) crude fat. It was
also evaluated whether the condition factor K wasgarable to the % crude fat index,
so that K may be used as a measure of nutritiooatliton in instances where only
length and weight data is available and where dsincannot be sacrificed. The
nutritional condition factors, K and % crude fat mieruli collected from oyster bags,
crates and booth crevice collectors (combined) ndu2002 were compared between
sample dates to establish the time of peak nutati@ondition (Fig. 3.8). Transparent
and pigmented pueruli of weekly-pooled samples wemabined due to most samples
containing either too few transparent pueruli ognpénted pueruli. Based on the
percentage crude fat index, nutritional conditidrpoerulus peaked during August 2002
and October 2002 (Fig. 3.8). The weight-length indbowed that nutritional condition
peaked during August 2002. Linear regression aimlysvealed that there was a
significant correlation between percentage crudeafal weight-length ratio &R0.652;
p<0.001; Fig. 3.8).
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Figure 3.8 Nutritional condition indices, K (g/mm) and % ceuéat (per g dry wt) of
puerulus lobster recruits from selected sampleteceld between August 2002 and
January 2003.
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Similarly, nutritional condition factors, K and %ucle fat of juveniles collected from
oyster bags, crates and booth crevice collectors\@gll2002 were compared between
months (Fig. 3.9). Based on the percentage crudmdex the nutritional condition of
juvenile lobster peaked during August, November2@@d January 2003 (Fig. 3.9).
Weight-length ratio indicated that nutritional carmeh of juveniles was also highest
during the same months (except for August 2002yelkas during October 2002. There
was however, no significant correlation/relatiopsbéetween the percentage crude fat and

weight-length ratio indices for juveniles (R= 0.28#0.05).
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Figure 3.9 Nutritional condition of juvenile lobster based e percentage crude fat and
weight-length ratio (K) indices from selected saesptollected between August 2002
and January 2003.
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The significant correlation between the % fat andcéhdition indices for puerulus
indicated that the K condition index was suitaldedstablishing trends in the nutritional
condition of puerulus lobster. Therefore the K dtod index was calculated and
compared for puerulus that settled during the 282 and 2002/2003 recruitment
events. Pueruli that recruited during the 2002/2@@3uitment event were in a better
nutritional condition than puerulus that recruitkging the 2001/2002-recruitment event
(P<0.0001; Table 3.15). Despite being larger in teahsarapace length puerulus of the
2001/2002-recruitment weighed less than puerulad tecruited during 2002/2003.
Puerulus carapace length was neither correlatéttetautritional condition K (R=0.001)

or to the weight (R=0.111) of puerulus recruits of 2001/2002 (Appentljx Although
carapace length was not significantly correlatethwiutritional condition (R =0.260),
carapace length was correlated with weigHt=(R619) for puerulus that recruited during
2002/2003. Nutritional condition was strongly @&ated with weight for puerulus of
both the 2001/2002 @R0.902) and the 2002/2003%.864) recruitment events.

Table 3.15. Comparison of morphometric dimensions and nutrédlocondition of
puerulus (P) and juvenile (J) recruits between2®@1/2002 and 2002/2003 recruitment
events. The average values of weight, carapacdhlearyd nutritional condition K are
indicated with the standard deviation indicatedhwvat + sign followed by the valu®
indicates the statistical significance (p<0.05)tlué difference in a factor between the
2001/2002 and 2002/2003 recruitment events. Thal twamber (sample size n) of
pueruli and juveniles collected are indicated facterecruitment event.

Stage Factor | 2001/2002 | 2002/2003| P

Weight (g 0.25 £ 0.07 0.29 £0.05| <0.001

P Carapace length(mi 9.2+0.72 8.9+0.58 <0.041
K (g/mm) 0.027 £ 0.007 0.033 £ 0.004| <0.001
n 422 703 <0.001
Weight (g 1.35+1.02 0.92 £0.70| <0.001

J Carapace length(mi 13.6 £3.26 12.3+2.64| <0.001
K (g/mm) 0.09 £ 0.05 0.07 £0.03| <0.001
n 1623 2027 <0.001

74



Chapter 3 Results

Juveniles that recruited during 2001/2002 were ihigher nutritional condition than
juvenile recruits of 2002/2003 and this was alstected in the significantly larger
carapace length and higher weight of the 2001/2002niles (Table 3.15). Juvenile
carapace length and weight were significantly dateel with each other and with the

nutritional condition K, as reflected by thé-Ralues of above 0.89 (Appendix 1).

The nutritional condition of early juveniles (acsothe range of size classes) showed a
significant relationship with the monthly growthchements for juveniles that recruited
during 2001/2002 and 2002/2003. The relationship mast evident for juvenile recruits
of 2002/2003 (R= 0.62;P<0.01) compared to the marginally significant Ccrement-

K condition relationship of juvenile recruits of @D'2002 (R = 0.56; P=0.05). The
nutritional condition of specific size classes (@8 CL class intervals) of juveniles less
than 20mm CL that were used in the growth increnaavatlysis are presented in Table
3.16. Juveniles less than 12mm CL in size were sinalar nutritional state during
2001/2002 and 2002/2003. Juveniles in the 12.1mmoC20mm CL size classes during
2001/2002 were in a better nutritional state com@p&002/2003.
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Table 3.16.Comparison of the mean nutritional condition oefi2-3 mm CL-size-interval size classes of selectdubrts of early
juveniles (<20mm CL) that recruited during 2001/208nd 2002/2003 at Lideritz Oyster farm. The aweraglues of weight,
carapace length and nutritional condition K andrtsiandard deviations (indicated with a + sigindaled by the value), are indicated.
Significant differences (& <0.05) in a factor between the 2001/2002 and ZWWA recruitment events are indicated withThe
total number (sample size n) of pueruli and juvendollected is indicated for each recruitment even

2001/2002 cohorts 2002/2003 cohorts

Size class Mean Mean Wt(g) Mean K (g/mm) n Mean CL(mm) Mean Wt(g) Mean K (g/mm) n
(mm CL) CL(mm)

<10.0 9.5+0.36 0.37+£0.06 0.04 +0.005 213 9.5+0.37 0.38 £0.05 0.04 £0.005 312
10.0-12.0 10.8+0.65® 0.55+0.19 0.05*0.015 432 10.7+0.63 @ 0.52+0.12 0.05+0.01 818
12.1-15.0 13.4+0.94® 1.07+0.32 ® 0.08+£0.020 409 13.3+0.88 @ 0.99+0.24 @ 0.07+0.01 540

151-18.0 16.4+0.86® 1.99+0.46 ® 0.12 +0.022 337 16.3+0.85 @ 1.88+0.35 @ 0.11+0.02 261

18.1-20.0 19.0+0.58® 3.26+0.44 ® 0.17+0.020 233 189+0.56 @ 3.07+0.50 @ 0.16 +0.02 94
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3.4 Spatial variation in puerulus and juvenile abumance

Puerulus and juvenile abundance was compared betredeareas, bags and crates on
the oyster farm and between collector sites ingteater bay area. The abundance of
transparent, pigmented puerulus and juvenile lobsts compared between bags that
were hung from three oyster raft areas, exposeuyamk and sheltered. Exposed rafts
were rafts exposed to wave and swell action. Cdntedts refer to rafts that were

surrounded by other raft entirely. Sheltered rafese rafts protected from wave and

swell action.

Kruskal-Wallis ANOVA and Scheffe’s multiple rangests revealed that transparent
puerulus settlement was not significantly differdmgétween exposed, centred and
sheltered raft areas (Table 3.17). Pigmented pugiand juvenile abundance on exposed

rafts was significantly less than that on centned sheltered rafts.

Table 3.17 Statistical differences in transparent puerulugmgnted puerulus and
juvenile abundance between exposed centred anteidteraft areas, as determined by
Kruskal-Wallis ANOVA and Scheffe’s multiple rangests. Average numbers are
reported with variance calculated as + the standaxdation from the sample mean. P<
0.05 indicate significant differences and p>0.0didates no significant differences in the
mean abundance of Pt, Pp and J between raft &aagle size is denoted by n.

Average numbers per raft area per sample de
Stage Exposed Centre Shelterec P- value
Pt 0.093+ 0.522 | 0.335+0.893 0.345+0.989 >0.0%
(n=18) ~ (n=65) - (n=67)
Pp 0.309+1.605 | 1.407+3.017 1.195+2.519 <0.01
(n=60) < (n=273)~ (n=232)
J 4.358+6.439 7.176x7.465 6.711+7.170 <0.01
(n=841) « (n=1385)~ (n=1302)
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Spatial variation in lobster abundance betweeng#éifiags) and longlines (crates).

Puerulus and juvenile abundance was compared betaraées and bags for significant
differences at p<0.05 using Kruskal-Wallis ANOVAdaBcheffe’s multiple range tests.
The results of these comparisons are presentedableT3.18. Settlement rates of
transparent pueruli on crates and bags were sirf#laneffe’s test; p>0.05). Pigmented
puerulus abundance was significantly higher onesrabmpared to abundance on bags.

Similarly, juvenile abundance on crates was sigaiftly higher than that on bags.

Table 3.18 Statistical differences in transparent puerulugmgnted puerulus and
juvenile abundance on oyster crates and bags asmeed by Kruskal-Wallis ANOVA
and Scheffe’s multiple range tests. Average numbaes reported with variance

calculated as * the standard deviation from thepdamean.

Average numbers per bag or crate per mont

Stage Bags Crates P- value

Pt 0.67+0.67 1.40+2.54 >0.05
(n=150) ~ (n=493)

Pp 1.12 +1.87 6.07 + 9.36 <0.05
(n=565) < (N=996)

J 6.45 +5.88 12.15 * 13.57 <0.05
(n=3528) < (n=1961)

Spatial variation in puerulus and juvenile recruént on collectors

The hogshair collector attracted no pueruli buydatger juveniles of greater than 20mm
in carapace length. Structurally the hogshair ctdlewas not suitable for the physical
conditions at Luderitz Bay with all collectors bgidestroyed by moderate wave action
within a period of 2 months. The hogshair collestaould not be repaired and was
therefore replaced with new ones. The destructiwh lass of collectors after every 2
months rendered the exercise costly and unsucteasfli therefore sampling was
discontinued.

78



Chapter 3 Results

Puerulus recruitment on booth collectors was higaethe Satellite 2 and Satellite 3 sites
followed by recruitment at Lagoon 2 and Satellitsites (Fig. 3.10). Recruitment at the
Griffith Bay and Nest Hotel sites was less withcbatates of 5.00 and 4.00 lobsters per
collector per sample day, respectively. The Lagbaite was sampled only once and had
the lowest catch rate of 0.50 pueruli per collecfmvenile abundance was greatest on
collectors at the Satellite 2 (16.00/collector),tede 3(11.86/collector), Lagoon 2
(6.50/collector) and Griffith Bay sites (5.00/caller). Collectors at the Satellite 1, Nest
and Lagoon 1 sites had lower catch rates of 3.8®), &nd 1.00 lobsters per collector per

sample day, respectively.
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Figure 3.10 Puerulus and juvenile recruitment at the selecteeator sites within
Luderitz Bay between June 2002 and April 2003.
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Table 3.19Two-tailed multiple comparisons (p- and z valuessts revealing collector

sites with significantly different lobster abundan&Group 1 indicates collector sites with
significantly higher puerulus settlement, and Grdumollector sites with significant

lower puerulus settlement. P-values less than @n@dicate a significant difference

between group 1 and group 2.

Group 1 Group 2 P Z-value
Griffith Bay Lagoon : 0.00: 3.817
Satellite : Lagoon : 0.00¢4 3.74¢
Satellite : Lagoon : 0.04: 3.08¢
Satellite < Lagoon : <0.000: 5.48
Satellite < Nest 0.047 3.00¢

Puerulus settlement was significantly higher atexbbr sites closest to areas with a high
presence of juveniles such as the satellite siteth® oyster farm and at Griffith Bay near
rocky outcrops close to the entrance of the bagt, @dhe occupied by mid-stage juveniles
(personal observatignp<0.05; Table 3.19). Puerulus settlement attgoon 1 site was
significantly less compared to all other sites, eptcthe Nest site. The recruitment of
puerulus at the Satellite 3-collector site was ificgmtly higher than that at the Nest
collector site. The Griffith Bay was one of theesitwith the highest puerulus recruitment.
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Summary

The main findings from results section may be sunsed as follows:

1. Late winter (August) to spring (September-Novembegs been identified as the
season for peak puerulus settlement at Lideritz Bag high puerulus settlement
that occurred during early winter in May 2000 waseaception. The period for peak
juvenile abundance was approximated to occur dulatg spring (November) to
early summer (December). Juvenile peaks lagged-8yw@eks were significantly

correlated with puerulus peaks.

2. Interannual variation in puerulus and juvenile abtance on crates was evident with
the years 1999 and 2000 showing significantly highevenile and puerulus
abundance peaks, respectively. The peak in puerabundance was significantly
higher during 2000 compared to 2001 and 2002. Ogs kthe transparent and
pigmented puerulus abundance peaks of 2001 werefisamtly higher than that
during 2002. The secondary pigmented puerulus mhakg October-November
2002 was significantly higher than the October-Noler abundance and the August
peak of 2001. There was no significant variationjukenile abundance on bags
between 2001 and 2002 peaks.

3. Peak puerulus settlement appears to be driven ey fadtlowing prevailing
environmental factors lagged by up to 1 week:
- Low SST
- Moderate to strong southerly winds
- Moderate swells
- Large tidal ranges associated with new moon, fa@bmand last quarter moon

phases

Interannual variation in time lagged environmerfaitors associated with peak
puerulus abundance was evident with the above-oredi environmental conditions

most pronounced during the year 2000. All environtakefactors during the 2001

81



Chapter 3 Results

peak puerulus settlement season varied significdram that during 2000. Lower
tidal ranges during the first quarter moon and abaverage SST were the only
factors contributing to the variation in environrmencondition between 2002 and
2000.

4. Two distinct waves of early {2 to 3% moult) juvenile cohorts were observed
recruiting during 2001/2002 and 2002/2003, respelti Juvenile cohorts of the
2001/2002-recruitment group grew at a faster ragn tthe 2002/2003-recruitment

group.

5. The % fat and K nutritional condition indices iodied that puerulus nutritional
condition was highest during the peak settlemeas@e in spring (August-October).
Puerulus nutritional condition was higher durin@2@003 compared to 2001/2002.
Juvenile nutritional condition was highest durihg peak juvenile abundance season
and the 2001/2002 recruits were in a higher natréil condition compared to
2002/2003 recruits.

6. Puerulus and juvenile abundance varied on a migatiad scale on the oyster rafts
with pigmented puerulus and juveniles occupying enmotected areas (centred and
sheltered areas) on rafts. Pigmented pueruluswvahijes showed higher abundance
on oyster crates compared to bags (Table 3.18hspeaent puerulus settlement was

uniform over oyster rafts areas and on crates agd.b

7. Puerulus settlement was significantly higher atexbbr sites closest to areas with a
high presence of juveniles such as the satelliés gin the oyster farm and at Griffith
Bay near rocky outcrops close to the entrance efotly, that are occupied by mid-

stage juvenilespersonal observatign
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CHAPTER 4: General Discussion

4.1 Seasonal and annual puerulus recruitment patteis and the

environment

The results show that puerulus settlemendasus lalandiion the oyster farm and the
lagoon at Luderitz Bay peaked annually during the lwinter - early spring period
(August to September). Settlement events were hemeet confined to this period. A
major peak in puerulus settlement occurred in MA9Q2 prior to the predicted peak in
August 2000, and in 2002, a secondary pueruludesetht peak was observed in
October-November, following the puerulus settlempetik observed during August
2002.

The time of annual peak puerulus settlement eveaoiscided at all monitoring sites
throughout the bay indicating that ontogeneticJdgaal and oceanographic processes,
as opposed to local bay scale processes, were dtendning factors of puerulus

recruitment inJ. lalandii at Lideritz Bay.

Reproductive and ontogenetic cycles

The time of peak puerulus settlement during Aud@egttember, observed during the
present study was probably determined by the tipawning one year earlier and the
duration of the larval cycle. Females of the Naanihl. lalandii population are in berry
from June to October every year. Spawning is Uguabserved from August to
November, however 60% of females spawn betweene8dyar to November (Ndjaula,
MFMR, pers. comm 2002). Although the time and magnitude of spagnn J. lalandii

off the coast at Luderitz during the study perio@é aot known, it is possible that
variations in the timing of the spawning cycle omar earlier may have resulted in the
observed variations in puerulus settlement evemgsrved during the study. Variations in
the time of spawning time od. lalandii are known to occur, for example, smaller

sexually mature females spawn later in the yeazdtuss, 1967; Heydorn, 1969).
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Variations in the duration of the larval phasel ofalandiimay also be responsible for the
variation in the peak time of puerulus settlemergesved during the study. The duration
of the larval phase ai. lalandii may be extended in the absence of sufficient food
unfavourable environmental conditions responsible the transporting larvae back to
their home population (Pollock, 1989, 1990).

The completion of the life cycle af. lalandii, particularly the stages between egg and
puerulus lobster are dependent on the physicalbépidgical conditions of the open
ocean (Lazarus, 1967; Pollock, 1986; Pollock andsea 1991). Pollock and Goosen
(1991) proposed the path of larval circulationhia Southeast Atlantic Ocean (Fig. 4.1).
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Figure 4.1 Proposed routes that larvae &f lalandii pursue during their oceanic
circulation in the South Atlantic Ocean (Figurenfr&ollock and Goosen, 1991).
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Larvae hatch at the shelf break mainly in Septen@Belock 1986) and upon hatching
newly hatched larvae are transported offshore kyBanguela Oceanic Current (BOC)
into the South Atlantic Subtropical Gyre (Fig. 4.The 13 stage developmental larval
cycle is completed within 12 months during whichvése are circulating in the oceanic
waters of the South Atlantic Subtropical Gyre. Baiing a complete cycle of circulating
in the South Atlantic Gyre larvae are transportgdiagdorwards by the surface BOC
current and eastwards by diversions of the BOCdadncentrated at the continental
shelf break along the west coast of southern AffRaute B). At the continental shelf
break final stage phyllosoma larvae metamorphost® ipuerulus post-larvae.
Metamorphoses between larval stages and to thé foarulus stage occur once
sufficient internal energy reserve levels are preg®&icWilliam and Phillips, 1997).
Metamorphosis to puerulus may be delayed untiinternal energy threshold is reached,
thus resulting in a slightly extended larval cyaled a shift in the time of peak puerulus
recruitment on the coast (Lemmens, 1994). The adwimming puerulus is capable of
directional swimming which enables it to cross tdmatinental shelf, with the help of
wind induced surface currents, to return to it'snieopopulation where it settles inshore
among seaweed, rock crevices and holes in the-tidedrregion (Pollock, 1987). The
puerulus stage is suspected to last 2-3 weeks (lez®l994), with post settlement
duration of 2 weeks observed fdr lalandii (Ndjaula, MFMR, pers. comm 2002),
depending on the amount of stored energy, watempeaesture and when suitable
settlement habitat is found before it moults intppngenile (Phillips and Booth, 1994). It
is therefore a plausible hypothesis that the Septenpeak puerulus in settlement at
Luderitz Bay occurred approximately about 12 moraiftsr eggs hatched into larvae.
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Oceanographic processes and puerulus recruitment

Using the larval circulation theory proposed byl&ek and Goosen (1991) | attempt to
explain how various physical and biological factarsthe offshore, inshore and near-
shore regions may have contributed to the temgeessonal and interannual) variations
in puerulus settlement observed at Luderitz Baynduthe present study. The offshore
region refers to the open ocean environment innwdieyond the continental shelf-break
(depth >200m), the inshore region includes the afeaater over the continental shelf
deeper than 30m, and the nearshore region refesstiers shallower than 30 metres in
depth.

Offshore

On an oceanic scale there was a paucity of infaomabn the variability of
environmental conditions affectingl. lalandii larval development and survival.
Specifically, there is a lack of direct evidencdigating how larval hatching one year
earlier was may have been enhanced or reducedvipemental conditions. Neither is
there any information on variations in the physimahditions and food availability in the
South Atlantic gyre offshore, which may have inflaed the moulting of larvae and the
duration of the various larval stages. The offshoceanic environment of the South
Atlantic gyral system is more stable in comparigonthe coastal upwelling region
inshore of the continental shelf break (Shannor85)19This led Pollock and Goosen
(1991) to postulate that predation levels énlalandii larvae are at a minimum in
offshore waters, and highest closer inshore attdmtinental shelf. Therefore, despite the
lack of environmental data for the offshore regiwayiations in larval survival and
puerulus recruitment are more likely to be expldinegy variations of environmental

factors in the inshore and nearshore regions.
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Continental shelf (Inshore) region

Peak puerulus settlement during early spring (fatgust to early-September) at Luderitz
Bay was correlated to low SST, moderate to strangherly winds, and moderate swell
conditions observed one week earlier. These ressiliggest that these coastal
environmental conditions probably promoted lategstgphyllosoma larval feeding,

metamorphosis and the subsequent inshore moverhenteoulus across the continental
shelf. Late stage phyllosoma larvae are usuallydoat the shelf break (Lazarus, 1967;
Pollock, 1986; Pollock and Goosen, 1991) where miceeonditions are more variable
and influenced by the highly variable coastal hgdaphic features responsible for
upwelling (Shannon, 1985). Environmental conditiangerienced one week prior to
peak puerulus settlement observed during the studgre synonymous with

environmental conditions characteristic of the rpriupwelling season at Luderitz.

Tomalin (1993) distinguished three upwelling seasthiat occur at Luderitz as follow:

1. Autumn/Winter (May- August): Calm conditions areperenced in autumn-winter
when wind speeds are lower. Water is warmer argklawells of long wavelength

OocCcur.

2. Spring (September-December): Upwelling can pergstup to two weeks with
uninterrupted winds at a daily average of more thamisec in spring. Due to these

strong winds water is well mixed and very cold amalls are of moderate intensity.

3. Summer (January-April): Upwelling lasts for a fewayd with very strong
southwesterly winds, particularly in summer. Duritigese months, water can be

highly stratified and is warmer with low swells ocgng.

Environmental conditions at Lideritz Bay are clhtgdased by intense coastal upwelling
due to the Benguela current’s principle upwellirdl being situated near Luderitz. This
upwelling is driven by strong southwesterly wintiattare predominant throughout the
year (Grobler and Noli-Peard, 1997). A slight maximin upwelling is reached during

spring (August-September) and a slight minimummyautumn (Hardman-Mountfort
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al., 2003). During spring strong uninterrupted southeinds are responsible for intense
upwelling of cold bottom water rich in nutrientshds lower than average SST were
observed during spring in the present study. Theege upwelling process with the
associated oceanographic features are describ€tiapter 2.1 to provide a context for
explaining the transport and survival of lobstevde and how these factors are related to

puerulus recruitment at Luderitz Bay.

The oceanography in the Benguela region may expglantransport and survival of
phyllosoma larvae and puerulus and subsequent lpgarcruitment patterns at Lideritz
Bay observed during the present study. The fasthsftowing Benguela current is
thought to transport phyllosoma larvae of thdalandii population along the Namibian
shelf break of the southern African West Coastrafteey have completed their
circulation in the South Atlantic Gyral system (IBBok and Goosen, 1991). The shore-
ward diversion of the coastal component of the B&Wlith of Lideritz appears to
concentrate phyllosoma larvae at the highly pragachelf break between Lideritz and
the Orange River during late winter (Shelteinal, 1985). Upwelling during winter at
Lideritz is less intense, however sufficient cotidions of nutrients required for
primary productivity are present further south (8@ and O'Toole, 1998; Campillo-
Cambell and Gordoa, 2004). Calmer conditions durimgter reduce the advection of
phytoplankton offshore. Wind mixing during wintetillsmaintains phytoplankton at
greater depths so that it is transported southiafekitz by the poleward undercurrent.
Over the continental shelf in the south betweenelkiil and Orange River the water
column is highly stratified which enables phytodenm cells to surface to waters in the
euphotic zone where sufficient light is availalde photosynthesis. Over this shelf region
there is a highly abundant source of plankton ftlmdughout the year with slightly
higher concentrations towards late-winter when $asgje phyllosoma arrive at this shelf
region. High concentrations of planktonic food lz¢ shelf region between Lideritz and
Orange River were probably available to late statgdlosoma larvae during late winter
during the present study, which enhanced metamsrphand survival to the puerulus
stage. The eastward inshore diversion of the BA¥D (@esent throughout the year) may

have also acted as a cross shelf current transgdtie newly metamorphosed puerulus
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to the nearshore region at Luderitz Bay. Althoughporting evidence is lacking, there is
a possibility that puerulus may have undergondcadmnigration to a greater depth (100-
160m) where they could have made use of the stmogement of bottom waters to
shallow waters to move into the nearshore zoneruRuge of Palinurus cygnusoff
Australia migrated vertically to depths rangingvieetn 40m and 340m (Phillips and
Pearce, 1997).

Nearshore to intertidal Region

Peak puerulus settlement was related to increadaldhnieight during the new moon, full

moon and last quarter moon phases. In the nearsimoréntertidal zone increased tidal
currents associated with new moon, last quarternmew full moon appeared to have
transported puerulus into the bay area, where slettyed on the crevice collectors and
the oyster farm structures. The magnitude and npettef tidal currents at the entrance
and within the bay is not known. Future researcltament patterns at the bay entrance
and in the bay may be able to clarify the role ttretse circulation patterns play in

puerulus recruitment into Llderitz Bay.

Interannual variation in puerulus settlement, puasucondition, upwelling

and food availability

Our results indicated that 2000 was a “good” yearguerulus settlement at Luderitz
compared to 2001 and 2002. The 2002 puerulus seftiepeak was relatively stronger
than 2001.

Reproductive output data df lalandii females in the Lideritz area was not available for
the years 1999 and 2000, so that no inference dmilchade about it's relationship with
subsequent puerulus settlement at Luderitz Bayndutie present study. Ndjaula (2004)
found that the fecundity of females was similaridgr2001 and 2002 and higher
compared 1995 and 1996. Temporal variation in fagdilability and environmental
factors were postulated as the most likely causeswability in reproductive output.

The strong puerulus recruitment observed in 2000camparison to 2001 and 2002,
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appears to be linked to environmental conditiondd€ SST and stronger south winds
were prevalent during 2000 compared to winds antl &%erienced during 2001 and
2002, suggesting that upwelling was strong duri@@®2 Using satellite imagery of SST
and chlorophyll concentration, Campillo-Cambell afbrdoa (2004) noted slight

interannual variability in the strength of upwefjinn the coastal zone closer inshore
between 1997 and 2001 off Namibia, with low SST high chlorophyll levels recorded

during 2000. Thus abundant food in the coastakrgads a result of strong upwelling
may have contributed to the “good” recruitment aepulus into Lideritz Bay in 2000.

Information on the nutritional condition of puerslthat recruited at Luderitz during 2000
was unfortunately not available, making it impoksibo use lobster condition as an

indicator of recent food availability to late stdgevae and puerulus.

The puerulus settlement peak was less pronouncedgd2001 compared to 2000 and
2002 and was associated with weaker upwelling ¢mm$i. Compared to 2000 and
2002, the southerly winds were least intense amdwhrmest SST was experienced
during the month of peak puerulus settlement inl12@@dicating that weak spring
upwelling occurred during 2001. From satellite imadata of SST and chlorophyll
concentrations, higher SST and lower chlorophylele were observed off the Namibian
coast during the peak upwelling season (AugustSemtember) indicated that upwelling
was weaker during 2001 (Campillo-Cambell and Gord2@04). Low chlorophyll
concentrations south of the Lideritz upwelling aklfing 2001 suggested that nutrient
concentrations were low as a result of weak upngltiuring this year, which possibly
led to lower abundance of plankton food sourcedlame to phyllosoma larvae. Pueruli
were in a significantly poorer nutritional stateridg 2001 than puerulus that settled
during 2002 suggesting that there may have beawarlabundance of plankton food
available to late stage phyllosoma in the coastdkrg in 2001. This may have resulted
in fewer late stage larvae reaching the internaérgn threshold required for
metamorphosing to the puerulus stage during 208d.,ia fewer puerulus reaching the

settlement grounds at Luderitz.
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The stronger peak in puerulus settlement and higherulus nutritional condition during
2002 appears to be associated to stronger upwetlimglitions off Luderitz in 2002
compared to 2001. Upwelling favourable environraeoonditions such as low SST and
strong southerly winds were more intense during22@@mpared to 2001 thus indicating
that upwelling during 2002 was more pronounced.e ©auld hypothesise that higher
puerulus condition during 2002 may have been agtmtiwith higher plankton food
abundance available to late stage larvae in coas#ders. However, chlorophyll
concentrations off Namibia during 2002 were notilatze, so no inference about coastal
food productivity in relation to the higher nutoitial condition of puerulus that settled at
the sites monitored at Luderitz during the preséndy could be made.

4.2 Factors affecting juvenile abundance and growth

Nutrition

The condition of puerulus af. lalandii observed in my study did not increase with an
increase in carapace length (See Appendix 1). Ahopueruli of the 2001/2002
settlement were larger in terms of carapace lenipgty weighed less and were in a
poorer nutritional state than pueruli that setiiediing the 2002/2003-settlement period.
Therefore pueruli of. lalandii with larger carapace lengths were not necessdrditer”
conditioned, contrary to the positive relationsthpt Jeffset al. (2001) found between
carapace length and condition (energy reservespueftuli of J. edwardsiiof New
Zealand. The condition factor K of pueruli during02/2002 was highly correlated with
weight (R=0.90). Puerulus condition increased at a rate@d Per gram of weight, 0.02
units higher than that of pueruli settling durirge t2002/2003 period. Transparent and
pigmented pueruli had to be combined in the % mal l& analysis due to the low number
of pueruli in some samples. Separating transpaedtpigmented pueruli in the % fat
content and K factor analysis would have providedranreliable measures of the
condition of pueruli upon their arrival at the &attent grounds. Analysing the
transparent and pigmented pueruli separately walslol have provided an estimate of the
energy (% fat) expenditure between the transpaaewt pigmented puerulus stages.

Future research on determining the condition ofrylus lobster should study the
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puerulus stages separately to understand the enemgyirements of puerulus at

settlement.

In contrast to the observed puerulus conditioneite lobsters that were present on the
oyster farm during 2001/2002 were in a better tiatral condition than juvenile recruits
of 2002/2003. From our results there appears tmdeelationship between puerulus
condition and subsequent juvenile growth rate. Regpe higher nutritional condition of
puerulus of the 2002/2003 recruitment, subsequérgnjle growth during this period
was lower compared to that of juveniles during 200Q2, implying that the relatively
high puerulus condition recorded in 2002/2003 dat enhance subsequent juvenile
growth rates. Therefore other factors such as tiwal favailable to early juveniles

governed juvenile growth at Lideritz Bay during 2(D03.

The monthly growth increments of early juvenilesreased with size and nutritional
condition at Luderitz during our study. The nutnital condition of juveniles was
significantly correlated with growth during both @02002 and 2002/2003 suggesting
that the growth rate and nutritional condition w¥gniles may have been determined by
the nutritional value of the food items juvenileensumed. The smaller growth
increments and lower nutritional condition obsenfed juveniles of 2002/2003 were
particularly evident for juveniles in the size das between 12.1 and 20mm CL
compared to the growth increments of similar siedeniles of 2001/2002. The
nutritional condition was however similar for juvies less than 12mm CL in size for
both the 2001/2002 and 2002/2003-recruitment perisdggesting that they may have

been still dependent on energy reserves built igréenetamorphosis.
Juveniles of less than 11.0mm CL*%@“ instar) in size collected at Liideritz oyster farm
during 1999 showed slightly larger increments (Invr@L per month) (Grobler and

Ndjaula, 2001) than similar sized juveniles thatruéed during our study (1.3mm CL).

The growth rate of juvenile lobsters smaller th@mg in carapace length in Luderitz
Bay during the present study was relatively higl87&hm CL per month) compared to
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the juvenile growth rate measured at shallow re#fs tideritz (1.08mm CL per month)
during 1993/1994 (Grobler and Noli-Peard, 1997)isTimplies that the bay at Luderitz
may possibly be a more productive habitat thannigenursery areas outside the bay.
The growth rates measured for early juveniles (<20@L) in Table Bay in 1971-72
(2.65mm CL per moult) and 1996-97 (2.02mm CL penit)oduring the studies by
Pollock (1973) and Haze#t al. (2002), were closer to those recorded in the ptese
study.! The average SST at Liideritz Bay during our studs wonsiderably colder
(13.3°C) than that recorded in Table Bay (16°C)ruthe study of Hazelt al. (2001),
suggesting that the high growth rates at Luderiég Bvere due to food availability.
Although no measurements of food availability wemade, the shallow waters at the
head of Lideritz lagoon are clearly highly prodeetand with abundant zooplankton

usually visible in the water column.

Validity of nutritional condition indices

A modest but significant correlation between thecpptage fat and weight-length (K)
indices of nutritional condition proved both metea be efficient in determining the
condition of puerulus lobster collected at Ludedtring 2002. Although the percentage
fat and K indices were not significantly correlafed juveniles that recruited at Lideritz
during 2002, both indices reflected the same tifm@eak juvenile condition. The K index
was less variable than the % fat index for puerahu juveniles. The time series of the %
fat data is limited as samples for this analysisewanly collected from mid-2002 to the
beginning of 2003. The weight-length data was awd& from August 2001 to April
2003.

The carapace length of pueruli remains constamugirout the puerulus stage during
which there are no changes in the morphometric olsio@ but only a change in

pigmentation and weight. This was reflected in plo®r relationship between carapace
length and condition (K) of puerulus collected frdmgs during the present study.
Weight-to length ratio (K) as a measure of conditi@s been criticised though for not

1 Our study did not directly investigate the effect of setasartemperature on juvenile growth and
moulting, therefore we were not able to establish an mtarkt growth increment-SST relationship as was
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taking the error in the shell length of crustaceists account (Robertsoet al, 2000).
Grobler and Ndjaula (2001) cautioned that the dseeight could be biased due to the
internal retention of water, especially in pueriispiny lobsterJ. lalandii. Similarly
Robertsoret al. (2000) suggested that the true measure of bodghveras masked by
the internal retention of water during the moultimgpd secondary lecithotrophic
consumption of energy stored internally during firevious feeding stages of early
benthicP. argus The modest 65% correlation between the K andt%dadition indices
for pueruli in the present study may be explaingdhe biased K condition index due to

internal water retention.

The % fat and K condition indices were not sigmrifidy correlated for juvenile lobster
(29%), but reflected the same time for peak nomai condition, and showed similar
variation. The error in carapace dimension mentoaleove may be responsible for the
low correlation between the K and % fat indicesofritional condition of juveniles in

the present study.

Cockecroft (1997) found the percentage lipid contdrthe hepatopancreas to be a reliable
predictive indicator of growth in adult male lalandii lobster but this probably would
not be a practical or cost effective method fordpm#ng the growth increment of
puerulus and post-pueruli df lalandii for commercial culture or for re-stocking and
enhancement programs due to the small size of thmads (and the size of the

hepatopancreas).

The % fat index of nutritional condition appearsas reliable as the K condition index
for detecting the reduction in internal reservesrfithe late stage larvae to puerulus and
puerulus to juvenile stage. For rapid, quantitasimd practical measurements of puerulus
and juvenile nutritional condition (required for sseculture purposes), the K condition
factor is recommended, whereas the % fat conditidex, (though more costly) is more
appropriate for qualitative measures of early lebsbndition, usually required for

ecological studies.

done by Hazelét al. (2001) for juveniles in the wild at Table Bay, Southigdr
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The condition of pueruli is pre-determined durirfte tmoult from the final stage
phyllosoma to puerulus depending on the food abkland time spend feeding to
accumulate the minimum level of internal fat ressr{Jeffet al, 1999; Robertson et al.,
1999; Jeffset al, 2001). These internal energy reserves are usegwonming to
settlement grounds, metamorphosis to the puertidgesand to ensure survival to and
growth of the juvenile stage (Phillips and McWitha 1986). The weight-length
condition index, K indicated that peak puerulus dibon coincided with the peak
puerulus settlement events during August 2001 tordgey 2003. The peak in % fat of
puerulus also peaked during the months of peakupugersettiement in 2002. It is a
plausible hypothesis that food consumed by thedttge larvae around the time of peak
recruitment may possibly have been of high nutmdio value resulting in higher
percentage of energy stored internally (% fat) sunosequent high puerulus survival until
settlement. In addition, it may be possible thabrejer than average surface currents
moving shoreward or Ekman transport (in combinatisith vertical migration of
puerulus) during the peak recruitment season mag hasisted in transporting puerulus
so that less internal energy reserves were utifisegwimming (Phillips and McWilliam,
1986).

Nutritional condition reflects the amount of eneigpred internally that is required for
normal physiological functioning, growth and sumldivof animals to the next life cycle
stage (Robertson, 2000). The percentage fat conditdex was useful for comparing the
nutritional condition ofl. lalandii pueruli and the subsequent juvenile stage to t#tec
amount of internal energy reserves used duringribelting process. Our results indicate
that internal energy reserves of pueruli upon esgitint were 2% higher than that of the
subsequent juvenile stages. Many of the juvenilesduin the nutritional condition
analysis in the present study, wef8 @nd 3 moults during which they start feeding on
food items at the nursery grounds. It is possibit energy from food consumed by
juveniles are directly utilised in the normal pholegical functioning during the juvenile
stages and that little energy is stored interndlyobler and Ndjaula (2001) suggested
that the growth of %L instar juveniles was very low due to the energyumements of
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producing a new shell and morphometric change. &uent ¥ and 3 moult staged
juveniles also exhibit very low growth incrementsless than 17% of carapace length.
Second moult stage juveniles (<10mm CL) had lowrimal energy reserves compared to
puerulus and showed very small growth incrementggessting that internal lipids were
primarily used for morphometric changes rather tfmangrowth. In addition, the higher
lipid content of pueruli in the present study cob&ldue to phyllosoma feeding on food

with higher lipid content compared to food avai&abd juveniles at the nursery grounds.

4.3 Spatial variation in puerulus settlement and juenile abundance: habitat

requirements

Variation between oyster farm structures

Transparent puerulus showed no preference foirgptth exposed, sheltered or centre
areas of oyster rafts on the Luderitz oyster fahuerulus and early juvenile lobster
(<30mm CL) are asocial solitary animals (eRy. argus (Butler, 2000),J. edwardsii
(MacDiarmid, 2000) andP. japonicus(Yoshimura, 2000)) that do not aggregate in
groups. This asocial behaviour of early benthistebprobably also occurs dn lalandii
(Hazellet al, 2001) and possibly played a role in the randostribution of transparent
puerulus across the oyster farm at Luderitz duoog study. Transparent puerulus are
still in the swimming phase at the time they redioh oyster farm, and would move

through the farm until they find suitable substig@n which to settle.

Variation between collector sites

Puerulus settlement rates were higher at the @rifiay and satellite collector sites,
which were structurally more complex habitats tithe Lagoon 2 and Nest Hotel
collector sites, and thus provided relatively mehelter for young lobsters. The benthic
biota at Griffith Bay is characteristic of rocky totops in Lideritz Bay comprising of
seaweeds, soft corals and mussels similar to thabyster farm structures. The Nest
Hotel, first and second lagoon collector sites wateated in the vicinity of the lagoon
channel where the benthic structure is charactetisemuddy and sandy bottoms with

little or no seaweed and algal cover. Structurtdily habitat at these sites provided little
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shelter from predators and incoming swell, thus inakthem unsuitable puerulus

recruitment sites.

Physical conditions at the Nest Hotel and secomgbda collector sites were more
challenging for puerulus due to the high degreexafosure to swell conditions, which
may have deterred puerulus from becoming residethissite. The first lagoon site was
situated just inside Radford Bay, which providethtiee protection from wave action.
Sampling frequency at this site was very low aretdfore settlement rates could not be
compared with settlement rates at other sites gatfdy and muddy benthic substrate.
The Griffith and Radford subsidiary bays are moheltered from wave action and
incoming swell, possibly resulting in the highecmg@tment of puerulus at the Griffith

Bay and satellite collector sites.

A high abundance af. lalandii juveniles was observed on the rocky crevices asteo
farming structures close to the Griffith Bay anck thatellite collectors, respectively
during the present study. However juvenile abundamt the collectors themselves was
very low compared to puerulus abundance, and tenjilar abundance in the surrounding
natural habitat fersonal observation and oyster farm structures. Most juveniles
collected from the Griffith Bay and satellite callers were in the first and second moult
stages suggesting that the juveniles migrated ¢osiirrounding crevices soon after
moulting to the second juvenile stage. The abucelar juveniles in the natural habitat
at Griffith bay was not quantified and collectotalat this site is limited. High puerulus
settlement rates have been observed at sites ugth javenile abundance for some
palinurid species (Phillips and Booth, 1994). Rede@nJ. lalandii juvenile abundance
in natural habitats needs to be initiated and rekean puerulus settlement on collectors
at Luderitz Bay needs to be extended over a lopgeiod to establish whether high
abundance of conspecifics in the surrounding nhti@bitat enhances puerulus

settlement at a collector site.

The circulation patterns of minor currents, andsthibe transporting mechanism &f
lalandii puerulus into Luderitz Bay is not known. Therefdres not possible to speculate
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on the relationship between the position GriffithyBand satellite sites in relation to
incoming currents into the bay and high pueruludesgent at these sites. It is important
to establish whether collector sites positionedsel®o circulated currents in the bay
experience higher puerulus settlement than sitetheu away in future since such
knowledge will be valuable for selecting puerulwlexction sites for the harvesting of

animals for lobster aquaculture.

Collector efficiency

Booth crevice collectors proved to be efficientciollecting puerulus ofl. lalandii at
Lideritz Bay during the present study suggestirag this type of collector provided an
adequate habitat for puerulus. The booth collsctuccessfully detected the seasonal
pattern in peak puerulus and juvenile abundancetandorrelation of peak puerulus and
juvenile abundance with all environmental factoescept for wind speed. Average
puerulus catch rates id. lalandii (18-20 puerulus per collector) during the peak
settlement season in the present study were sitoileatch rates fod. edwardsii(15-20
puerulus per collector) at Bicheno, Tasmania dupegk settlement season (used as
commercial puerulus harvesting site) using boothvice collectors (Phillipset al,
2003a). Unlike puerulus monitoring sites fdr edwardsii of Tasmania, the sites
monitored during our study had low numbers of aibles, which were monitored over a
short period of time (11 months) as this was anlagory study. Our results thus
suggest that the booth crevice collector is sugtdbt long-term monitoring of puerulus
settlement sites at Luderitz. Due to the shortneatd the puerulus settlement data set for
booth collectors the patterns in puerulus settléraed relationships with environmental
factors need to be confirmed by deploying moreexttirs and monitoring them over a

longer period.

The Hogshair collector attracted no pueruli butyoldrger juveniles of greater than
20mm carapace length. The composition of colonisirganisms was not as diverse as
that on oyster farm structures and booth collectotsch may have rendered the habitat
provided by the Hogshair collector unsuitable faeqlus ofd. lalandii. Structurally the
Hogshair collector was not suitable for the phylsaznditions at Luderitz Bay with all
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collectors being destroyed by moderate wave actithin a period of 2 months. The
Hogshair collector frame that supported the shekfshing net was made of polythene
piping, which collapsed during exposure to the ptatsconditions within Lideritz Bay.
The frame structure was probably not strong endogbupport the net sheets, which
became heavy with seaweed and invertebrates cwigntbe collector. The broken
Hogshair collectors could not be repaired and weeeefore replaced with new ones. The
destruction and loss of collectors after every 2the rendered the exercise costly and
unsuccessful and therefore sampling was discordinlibe collector design may be
improved by using a lighter material as the shegedind a stronger type of piping such as
copper piping for the supporting frame. This howeweay increase the cost of
constructing the collector but is worth investiggti The Hogshair collector at the
Lagoon 2 site remained for the longest period (Gtms) but only collected juveniles.
Perhaps with stronger collectors moored at therdtites, these collectors may have had
enough time to condition properly with colonisingganisms and provided adequate
shelter for puerulus.
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4.4 Implications for lobster fisheries management rad aquaculture

development

Implications for Namibian lobster fisheries managen

In many countries puerulus settlement data is fmedstimating future recruitment into
the fishery and ultimately the lobster catch. Ustherding the relationships between the
different life history stages and the environmentnportant in predicting future stock
biomass and catch of benthic invertebrates likeysjabsters (Capugt al, 1995b, 1997,
Cruzet al, 2001; Gardneet al, 2001).

We hypothesised that high puerulus recruitment @eascident with a high abundance of
nutritionally fit late stage larvae one week earlet the shelf-beak and weather
conditions, which promoted the transport of puemdihore. Peak puerulus settlement
during spring (August-September)Jnlalandii at Luderitz Bay during the present study
was related to strong upwelling and high produttiwwhich may have facilitated high

food availability to the feeding late stage larvaehe environmental conditions

experienced during the strong upwelling seasomsugust-September at Luderitz during
the study were characterised by low SST, stronghsoly winds and moderate sea swell
conditions. Wind stress and SST are the most impbrof the three environmental

factors associated with upwelling. A good year oemlus settlement in 2000 was
associated with very strong upwelling conditionghwiower than average SST and
stronger than average southerly winds. The intgrdithese environmental factors was

less pronounced during “poor years” of pueruluiesaent in 2001 and 2002.

Tomalin (1993) suggested that the Lideritz lobptgulation size, and ultimately catch,
was regulated by the strength of puerulus recruitmeather than density dependent
factors during the sub-legal lobster stages. Thygothesis was based on his benthic
ecology study where density dependent effects, agdibod availability in the nearshore
region, were not related to juvenile lobster deesjtand showed no temporal variability,
whereas juvenile density did. He attempted to lihle lobster fishery CPUE to
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environmental factors but found no significant etation between CPUE and prevailing
environmental factors during spring at 0-, 1-, @hgear lags. There was however
marginal evidence that high wind stress and high serface temperature recorded
inshore during summer 6 years earlier was invensagted to CPUE recorded for the

lalandii fishery at Luderitz.

During our study peak puerulus settlement mainiguo@d during spring months which
was correlated with both low SST and strong solitheind recorded within one week
earlier - in seeming contradiction to Tomalin’s dhe that strong wind may reduce
puerulus settlement. During our study the loweserplus settlement rates were
experienced during summer when wind stress and B&3 highest. Peak puerulus
settlement in the present study is in synchrony wite months during which eggs hatch
into larvae one year earlier, assuming a one-\a@a&al cycle. The negative relationship
observed between puerulus settlement with stromgl wliuring summer may simply be
because pueruli do not occur in high numbers dwsimgmer since it is not the season for
peak puerulus settlement. There is no data availablpuerulus settlement to provide an
explanation for Tomalin’'s (1993) correlation, andgther research will be required to
determine what role summer winds play in juvenitdéster survival and subsequent

recruitment into the fishery.

Establishing a relationship between the pueruluiesgent data obtained during the
present study and CPUE will only be possible intheothree to four years from now
when the lobster begin to recruit into the fishdrlge inter-annual variability in puerulus
settlement observed during the present study whegeod puerulus settlement year in
2000 was followed by poor years in 2001 and 200¢ beareflected in CPUE 6 years on
during the 2006 and 2007 fishing seasons. Baseduoriimited data set, it can be
hypothesised that the recruitment of legal sizetets into the fishery in 2006/2007 will
be relatively high and that this will be followeds hwo relatively poor years of
recruitment. However, a longer puerulus settlenard juvenile abundance data set,
including their relationship with environmental faxs will be required to construct a
proper catch prediction model for thelalandiifishery.
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The results of the spatial variation in pueruluglement in the present study highlighted
the importance of structurally complex habitat, #dmel shelter it provides to post-settled
J. lalandii. The post-settlement stagesJotalandii (animals < 50mm CL in size) and the
processes that regulate the abundance of postesdttbster is poorly understood Jn
lalandii of Namibia. Post-settlement processes may distiuptrelationship between
puerulus supply and adult population. Butler andrrilend (2000) suggested that
juvenile abundance indices are more useful forksymediction in cases where post-
settlement processes disrupt the puerulus supplif-gubpulation size relationship.
However, our results yielded a significant relasioip between the abundance of
puerulus and juvenile lobster stages at time ldgsne to eight weeks, which suggests
that the puerulus grew into juveniles, which reradirmn the vicinity of the oyster farm.
For the purposes of predictive fisheries manageritewbuld however be prudent to
monitor both puerulus settlement and juvenile alamed ofJ. lalandii in Namibia.
Understanding the post-settlement processes wil sthed some light on the habitat and
feeding requirements, predation and thus mortalftgarly stage lobster which are all
important for designing restocking and enhancemesgrams (Cruzt al, 1995; Butler
and Herrnkind, 1997; Herrnkinet al, 1997; Nonakat al, 2000; Butleret al, 2001). In
addition, juvenile abundance indices may providmediate future catch predictions in a
shorter time period than puerulus settlement ired{€aputi and Brown, 1993; Capeti
al., 1995a, 1995h, 2003) especially in cases wherg-term puerulus data sets are not

available (e.g. South African and Namibiaralandii populations).

Implications of lobster harvest for aquaculture gadenile recruitment

The average daily standing stock of puerulus awdrjile lobsters on the oyster farm was
estimated for the period between November 1999 Jamygl 2003 (Fig. 4.2). From the
oyster production records it was calculated thaawerage of 14700 oyster bags and 450
crates were submerged from November 1999 to Jubg.2Bstimates of the puerulus and
juvenile standing stocks on bags and crates wesedoan the daily puerulus and juvenile
recruitment per bag and crate, averaged for eactthmextrapolated for the total number
of oyster bags and crates. Lobster abundance datags was only available from

August 2001 to February. Therefore the total labatindance (standing stock per day)
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on bags and crates are only presented for thi®ghefihe total lobster standing stock
from bags and crates combined for August 2001-Fer2003 averaged 123 877
lobsters per day and ranged between 22 667 an@B2%obsters per day. The puerulus
and juvenile standing stock on crates was highashgl 1999-2000, and relatively lower
during 2001 and 2002, but increased again in 26@8 @.2). For the combined bag and
crate data, the highest puerulus and juvenile stgnstock was observed during the
months of 2002 compared to relatively lower numbecerded in 2001 and 2003.
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The results of the study provide some insights ihi® potential effects of harvesting
puerulus from the oyster farm on the recruitmeniobster into thel. lalandii fishery at
Laderitz Bay. Initially, fisheries managers assurtiedt the oyster farm at Luderitz acted
as a sink, where all puerulus and juvenile recraitghe farm structures were killed as a
result of the monthly oyster sorting procedure. dtebs in the oyster bags and crates do
not survive the pressure hose cleaning process.eienyit is clear from my data that
there must have been a fairly rapid recolonisatibthe cleaned bags that were replaced
into the water, as newly settled puerulus and jieeobsters of up 38mm CL were
usually present in the bags and crates. Basedeoestimated growth rates of the juvenile
lobsters, | calculate that the larger juveniles nmas’e been present on farm structures for
up to six to eight months. If the cleaning prockified all the lobsters in the bags and
crates, and there was no recolonisation of juvenitme would only expect to find
recently settled puerulus and newly metamorphosednjles up to one month post-

settlement in the bags and crates.

The data clearly show that on average there wastautial standing stock of puerulus
and juveniles (123 877 lobster per day) presenterfarm throughout the year ranging
between 22 667 and 325 312 puerulus and juvendesiagy depending on the time of
year (Fig 4.2). | observed that when oyster baglscaates were removed from the water
for cleaning, there were many juvenile and puerddissters clinging to the outside,
which escaped into the water column. Since it ésicthat not all puerulus and juveniles
perished during the oyster cleaning process, tlséeoyarm at Luderitz may be acting as
a nursery area and, contrary to the initial vieat tithe farm was a mortality sink, it may
be enhancing local lobster stocks. Juveniles beqaogressively less abundant as they
approached 38mm CL, suggesting that they eitheratdd to areas which may be
associated with their habitat requirements durimg stage of their life cycle, or died.
Further work will be required to estimate the eraigm rate of lobsters off the farm and

whether these lobsters enhance recruitment intbshery.
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Based on the assumption that lobsters migrateheffarm to potentially recruit into the
fishery, it is important to evaluate the implicatsoof harvesting the puerulus and juvenile
standing stock more efficiently (than during oygtarvesting) for aquaculture growout.
The farm supported an estimated average lobstedista stock of 123 877 lobster
(puerulus and juvenile), ranging from 22 667 to &2 lobsters depending on season,
that could be instantaneously harvested from thi#reewyster farm for aquaculture
growout. The potential average number of pueruhas tould have been harvested per
day was estimated to be 26 615 puerulus (range88 72 968 puerulus per day).
Instantaneous harvesting of the farm on a day duitie peak puerulus season would
potentially yield 66% more puerulus (44 210 puesyltnan the daily average puerulus
standing stock (26 615) estimated from all monilie potential number of juveniles that
could have been harvested on one day during thle jpganile abundance season (129
090 juveniles per day) was estimated to be 33% ithane the daily average numbers that
for the entire observation period (97 262 juvenges day).

From my data it was clear new puerulus continusditled on the farm and that juvenile
lobsters rapidly re-colonised the cleaned bagsefbee year-round serial harvesting of
the farm would potentially yield a bigger harvestlabsters for aquaculture grow-out.
Assuming that bags and crates are recolonisedet@vierage levels recorded within a
month, and lobster harvesting is undertaken montig cumulative potential harvest
can be calculated. Over my sampling period frongust 2001 to February 2003,
monthly harvest of lobsters from all bags and arateuld have potentially yielded 2 035
388 lobsters (505 677 pueruli and 1.85 million jones).

Esterhuizen (2004) estimated that 500 000 puereliraquired for one commercidl
lalandii lobster farm to be economically viable by prodgct0 tons of marketable size
lobster within 5 years, assuming an 80% survivéd.rélonthly harvesting of puerulus
over the one-and-a-half year observation periodiateritz oyster farm could therefore
have supplied sufficient seed for a 200t lobstemdpction in puerulus ongrowing
facilities. Taking the yearly variation in puerulgsttlement into account, the potential

puerulus seed supply at Luderitz oyster farm fagdascale commercial puerulus
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growout, is clearly limited. Other sites of highgoulus settlement therefore need to be
identified before a commercially viable lobster aquiture “industry” can be developed

and sustained in Namibia.

Harvesting the entire potential puerulus and jueestanding stock at Luderitz oyster
farm for aquaculture purposes means that thesenfmteecruits are no longer available
to the fishery. A policy decision will be required to whether more efficient harvesting
of lobster from the farm should be allowed. Thesefffof puerulus removal on the future
catch of theP. cygnuswild fishery in Western Australia was estimatedh® slight
(Phillips et al, 2003b). They calculated that the removal of 2Dioni puerulus (3.3% of
the puerulus population), during a year when pusrgkttiement was 600 million, would
result in a 0.62% decrease in the future catchP.otygnus They surmised that the
mortality of settling puerulus and juveniles is thignd that this mortality has a stronger
effect on the adult population size. From this eplmt appears that the harvesting
puerulus and early juveniles would increase tatlhter production since it is known that
survival rates of 70-93% have been achieved in gubwsystems, compared to a
maximum of 6 % survival in the wild (Creat al, 1998; for review see Booth and
Kitakka, 2000).

Under the fisheries law of New Zealand puerulusvésting is permitted as part of a
guota trade off management strategy where a pegerf thel. edwardsiiadult fishery

guota is traded off for puerulus harvesting qudetfé and Hooker, 2000). Generally 20
000 puerulus may be harvested in exchange for oneot fishable lobster biomass.
Puerulus harvesting estimates in the above examy#es all based on maintaining the
biological neutrality of the lobster population, ia refers to the proportion of catch
(TAC) forgone to compensate for the effect thatrplus harvesting for aquaculture has
on the reproductive capacity of the breeding stdtie Biological neutrality strategy of
sustainable puerulus harvesting considers the digghhistory stage indices (and their
relationship with the environment), stock-recruitmeelationships, and their effect on
the fishery. Australia and New Zealand have cadlddbng-term data sets of 20 to 30
years on the factors used in estimating the swatnlevel of puerulus harvesting for
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small-scale commercial growout. Addison (1997) hgitted possible factors that may
bias the relationship between the factors usedtimating sustainable puerulus harvest
and the implications for the fishery (e.g. biasradance indices, artificial catch ceilings
associated with bias quotas). A straight forwardhmé of ensuring biological neutrality
in puerulus harvesting operations for aquacultbreugh releasing a similar or higher
number of juveniles than the number of pueruli thatld have survived, one year after
culture back into the wild to compensate for themilus removed (Gardenet al,
2000). These well-research®d cygnus(Australia) and). edwardsii(New Zealand and
Tasmania) fisheries may provide a template fomtlamagement of th& lalandii fishery

in the presence of puerulus removal for aquacultoréhe distant future. At present
knowledge on the relationship between puerulusjanehnile abundance, environmental
factors, spawning stock and recruitment is insidfit to estimate the effect of puerulus

removal for aquaculture on tlelalandii fishery.
If puerulus removal ild. lalandii for aquaculture is allowed in the near futureshbuld

be conducted on an experimental scale or small aial scale until the potential

effects on recruitment into the fishery are clearer
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Appendix 1

APPENDIX 1

The relationship between the morphometric dimerssioveight (wt in g) and carapace
length (CL in mm) and their relationship with thetnitional condition index, K of
puerulus and juvenile lobsters that recruited durthe 2001/2002 and 2002/2003
recruitment events. The non-linear and linear rI&gjo® equations (according to the best
fit) are presented with the’Reorrelation statistic indicating the significanoé these

models.
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Appendix 1

Wt vs CL of Juveniles of 2001/2002 recruitment

Wt vs CL of Juveniles of 2002/2003 recruitment
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