












ABSTRACT 

A study was initiated by the Environmental Section of the De Beers Marine Namibia group as 

part of a pre-feasibility study for a new dredger (a Trailing Suction Hopper Dredger) to be 

employed for offshore diamond mining along the Namibian south coast. The aims of this study 

were to assess (a) the potential mining-induced impacts on oxygen and turbidity, and (b) the 

behavioural responses of the rock lobster Jasus lalandii, to decreased oxygen, elevated hydrogen 

sulphide and turbidity. For the latter objective, laboratory-based experiments were designed in 

which juvenile lobsters were exposed to various levels of hypoxia and increased hydrogen 

sulphide and suspended sediment levels to determine the impacts these stressors may have on 

the behavioural responses of lobsters. 

A literature review was conducted to determine the natural and mining-related variability of 

dissolved oxygen, temperature and turbidity within Chameis Bay, an area that is reserved for 

mining as well as being the focus of the pre-feasibility study for the suction-hopper dredger. 

Two information sources formed the basis of the review: the 2005-2006 Fisheries Independent 

Monitoring Surveys (FIMS) conducted by Pisces Environmental Services, and a turbidity and 

plume modeling study done by the Council for Industrial and Scientific Research (CSIR) in 

2005. Natural temperature and dissolved oxygen profiles decreased with increases in depth and 

ranged between mean values of 12.7 and 11.4°C for the surface and bottom temperatures, 

respectively, and means of 3.63 and 3.20 mg/f for the surface and bottom dissolved oxygen 

values. No overridingly significant correlations were found to exist between turbidity and 

temperature or turbidity and dissolved oxygen under the influence of dredge-mining. Dredge­

mining had the most significant influence on turbidity. On average dredging increased turbidity 

values by as much as 2.5-times natural turbidity values. 
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Laboratory-based experiments on the effects of oxygen depletion and hydrogen sulphide 

exposure were conducted on a short-term (hourly) basis. These experiments followed a design of 

step-wise increments of stressful conditions (i.e. decreases in dissolved oxygen for the hypoxia 

experiments and increases in hydrogen sulphide for the hydrogen sulphide experiments), during 

which time the behavioural responses of the lobsters were observed and recorded. After each 

incremental step the stressful conditions were maintained for 10 minutes before the next 

incremental step was induced. At each stress level, responses were solicited from all 

experimental lobsters by means of two types of fright stimuli. The lobsters were more tolerant to 

hypoxia than to hydrogen sulphide exposure. Hypoxia-exposed lobsters did not resort to the 

extremely energetic evasive tactics displayed by lobsters exposed to hydrogen sulphide and were 

capable of strong flight responses at very low concentrations «1 m(/t) of dissolved oxygen. 

Behavioural responses were recorded during the laboratory experiments and degree of tolerance 

quantified from these responses. Both male and female lobsters of 50-60 mm carapace length 

were used in the experiments. No obvious inter-gender differences in tolerance were evident 

from the results of the gas experiments. However, different types of responses were recorded as 

hydrogen sulphide levels rose namely: 'no movement' (0.7-1.2 mg H2S/i, when lobsters initially 

perceived the stressful conditions), 'prolonged movement' (1.3-2.5 mg H2S/i, which represented 

the levels at which lobsters actively tried to evade the stress induced), 'tail-flip' (3.9-5.6 mg 

H2S/(, which indicated critical levels of stress) and 'moribundity' (14.8-33.4 mg H2S/i, when 

the lobsters were severely incapacitated to the point that they were non-responsive and unlikely 

to have survived in the field). The sulphide-exposed lobsters exhibited complete recovery within 

14 hours of exposure to severely toxic concentrations of hydrogen sulphide. 
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Laboratory-based turbidity experiments served to determine if sediment suspension, as well as 

related attributes such as temperature, dissolved oxygen and pH, have any adverse effects on the 

behaviour and feeding responses of rock lobsters. Two sediment types (collected from within 

Chameis Bay) were experimented with. The one sediment type comprised mainly silt and mud 

particles (with a mean particle size of 1.95 Phi [255 Ilm]) while the second type constituted a 

more course sediment grade (with a mean particle size of 2.5 Phi [177 Ilm]). The first sediment 

type had a high suspension time (with fines being kept in suspension for up to six hours) while 

the second had a settling time of under 30 minutes. No differences in temperature, dissolved 

oxygen or pH were detected when turbidity was experimentally increased. Lobsters showed no 

adverse effects from the exposure to suspended sediment over either short-term or medium-term, 

the latter covering a 5-day time period during which sediments were continually kept in 

suspenSIOn. 
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CHAPTER 1: INTRODUCTION, GENERAL BACKGROUND AND OBJECTIVES 

Introduction 

The on-shore and off-shore diamond resource on the west coast of southern Africa is considered 

to be the largest secondary diamond deposit in the world (Corbett 1996, Moore & Moore 2004). 

Estimated at a total resource potential of between 1.5 and 2 billion carats (Levison et al. 1992, 

Moore & Moore 2004), to date only about 10% of this resource has been recovered (Levison et 

al. 1992, Spaggiari et al. 2006). The diamond mining industry in southern Namibia has been in 

existence since 1908 when the first diamonds were discovered at Uideritz, and has played a 

significant role in the socio-economic development of Namibia where it contributes 10% to the 

country's Gross Domestic Product and 30% of its total exports (Spaggiari et al. 2006). 

However, another resource that is important to both Namibia and South Africa is the rock lobster 

Jasus lalandii, which inhabits the nearshore sub-tidal to mid-water zones along the southern 

African west coast. These rock lobster populations support a 100-year old, multi-million dollar 

fishing industry that is crucial to the fishing sectors of both countries and forms a significant part 

of a globally relished food source (Newmann & Pollock 1971, Brandao et al. 2004). However, 

because of the inherent geographical overlap of the mining and fishing industries, concerns have 

been expressed about their co-existence - since the nature of the marine diamond mining 

industry is considered to be in direct conflict with that of the rock-lobster fishing industry. As a 

result, numerous studies have been undertaken by both sectors to examine the extent of the 

conflict and explore ways of achieving harmony. Such is the nature of this study. 

Initiated by De Beers Marine Namibia (DBMN) this study was proposed to examme the 

potential impacts diamond dredge-mining along the southern Namibian coast would have on 
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Chapter 1: Introduction, general background and objectives 

rock lobster populations at depths of 30-70 m. This study - together with others such as the 

Chameis Bay Dredge Trial study (Pulfrich et al. 2004, CSIR 2005), the 2004-2005 Specialist 

Studies (Cownie 2004, Probyn 2004, Pulfrich 2004, Steff ani & Pulfrich 2004, Pulfrich 2005), 

the Aerial Kelp Bed Survey (Pulfrich & Penney 2006) and the Fisheries Independent Monitoring 

Surveys (FIMS) (Pulfrich et al. 2006) - formed part of the Environmental Impact Assessment 

(EIA) for the Pre-feasibility phase of the Marine Dredging Project (MDP). The MOP, a project 

coordinated by DBMN in collaboration with the Namdeb Diamond Corporation (Pty) Ltd., was 

aimed at assessing the feasibility of employing Trailing Suction Hopper Dredgers to mine areas 

of Namdeb's Atlantic 1 Mining License Area (Pisces 2004, Pulfrich et al. 2004a). The MDP was 

designed to cover the whole process from the pre-feasibility phase (initiated in 2004) to the final 

commissioning of full-scale dredging operations in Atlantic 1 by 2008 - with the pre-feasibility 

and feasibility phases each having separate Scoping, EIA and Environmental Management Plan 

(EMP) components (Pulfrich et al. 2004a). 

The EIA for the pre-feasibility phase highlighted that the re-suspension of sediment, particularly 

sediment <63 11m (i.e. fines) by mining constitutes one of the major concerns of 

environmentalists. Various aspects of mining contribute to this re-suspension, including the 

mechanical disturbance of sediment by the dredging process, sediment release back into the sea 

during the dredging process (overspill), during stock-piling of sediment in land-based paddocks, 

and the eventual discharge of sediment from the land-based processing plants. This concern 

prompted the need for understanding the physico-chemical conditions associated with the 

suspension, displacement and deposition of sediments (addressed by the Chameis Bay Dredge 

Trial studies - CSIR 2004, 2005a & 2005b). An additional issue is the impacts these attributes 

may have on benthic habitats and associated biota in the proposed mining region (Pulfrich et al. 

2004a). 
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Chapter 1: Introduction, general background and objectives 

The selection of Jasus lalandii as an indicator species to monitor the impacts on benthic fauna 

gave rise to a number of studies - e.g. the 2005-2006 FIMS, the 2006 Kelp survey and this 

study. The FIMS was proposed as a response to the paucity of baseline infonnation regarding 

the population dynamics, recruitment areas and migrational patterns of J lalandii in Namibian 

waters (Pulfrich et at. 2006). 

Besides being a food source for many species, kelp beds also provide shelter for juvenile and 

adult rock lobsters (Pulfrich & Penney 2006), and also play an important role during the 

recruitment phase of pueruli (Carr 1994, Pulfrich & Penney 2006). Mayfield & Branch (2000) 

and Day & Branch (2002) found that sea urchins feed on pieces of kelp fronds that break off and 

fall to the seabed. Sea urchins, in tum, provide shelter for juvenile abalone and both these 

species are preyed upon by J lalandii (Mayfield & Branch 2000, Mayfield et al. 2001, Van Zyl 

et at. 2003). It is for these reasons that a kelp survey was conducted to obtain a general 

understanding of the abundance and distribution of kelp beds in the mining area, and to 

detennine from the literature how kelp is impacted by sedimentation (Pulfrich & Penney 2006). 

To add to the series of studies, the current study was proposed to gauge the responses of lobsters 

to stressful environmental conditions considered to be directly and indirectly influenced by the 

dredge-mining process including suspension of sediments and gaseous perturbations. 

Literature Review and Background Information 

Diamond mining 

Origins of Marine Diamonds 

All southern African diamonds, land-based and marine, have their origin roughly 150 km within 

the earth's crust where they were created under extremely high temperatures and immense 
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Chapter 1: Introduction, general background and objectives 

pressure (Moore & Moore 2004, Spaggiari et at. 2006). During the early Cretaceous period 

(approx. 120 million years ago) silica-poor magma under pressure escaped from the earth's core 

through weaknesses in the surrounding crust layer. As the magma flowed up towards the earth's 

surface it cooled down and solidified into lamprolite rock (commonly referred to as kimberlite). 

As a result, materials being transported by the magma (specifically temperature-resilient 

material like diamonds) were trapped in the solidifying rock (Moore & Moore 2004). The 

lamprolite rock formations generally resemble conical structures when solidified, and are thus 

generally referred to as kimberlite pipes (Moore & Moore 2004, Spaggiari et at. 2006). 

Of the different types of Cretaceous kimberlite rock present in the earth's crust, diamondiferous 

kimberlite is only found in Archean-aged Cratons ~ i.e. thick layers of continental crust that are 

estimated to have been formed more than 2.5 billion years ago (Rogers & Li 2002, Moore & 

Moore 2004, Spaggiari e{ al. 2006). In southern Africa diamondiferous kimberlite pipes are 

found on the Kaapvaal and Zimbabwe cratons as well as on the Limpopo mobile belt (Moore & 

Moore 2004). It is believed that for the past 90 million years (since the Late Cretaceous) the 

Orange-Vaal River drainage system has been fairly stable and thus closely resembles the 

present-day catchment system depicted in Figure 1.1 (Moore & Moore 2004). As a result an 

enormous amount of rain and wind-weathered rock material from the eastern and central regions 

of southern Africa has been transported to the west coast (Moore & Moore 2004). It is estimated 

that the upper 1.4 km of the diamondiferous kimberlite pipes in the Orange-Vaal catchment have 

been eroded and transported westward. Thus the kimberlite pipes near Kimberly, South Africa, 

are considered to be the main source of the estimated 2 billion carat resource found along the 

west coast (Moore & Moore 2004). 
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Chapter 1: Introduction, general background and objectives 

Rogers & Li (2002) and Spaggiari et al. (2006) described the process whereby submerged 

marine diamond fields came to be. Elaborate as the theory is in its entirety, it is based on the 

simple concept of a rising and falling sea level by a range of 700 m over the last 80 million years 

and is accepted as the only plausible explanation for the occurrence of diamondiferous terraces 

as deep as 200 meters below sea level (Matthews 2000). There are, however, two theories 

regarding the long-shore placement of marine diamonds (Moore & Moore 2004). The reason for 

this is that there are two distinct areas of diamond placement off the west coast: the first being 

the well-known Orange River mouth area and the second the Olifants River mouth placement 

area (Moore & Moore 2004). (Fig. 1.1) 

It is understood that after the west-coast deposits were created, the prevailing northward flowing 

Benguela Current displaced the diamonds from the two placement areas along the coast. For the 

Orange River deposits, this lead to the land-based and marine diamond placers found at regions 

as far north as Hottentot Bay, Namibia (Moore & Moore 2004). In the case of the Olifants River 

mouth deposit the diamonds are believed to have been spread out along the coastline to as far 

north as the Orange River mouth, thereby constituting one continuous diamond resource 

stretching from Cape Columbine, South Africa, all the way to Hottentot Bay, just north of 

Llideritz in Namibia (Matthews 2000, Moore & Moore 2004). (Fig. 1.2) 

Diamond Mining Industry 

Land-based diamond mining at Llideritz, Namibia, started in 1908 when the first diamond was 

discovered by a railway worker (Zacharias Lewala) who had previously worked in the diamond 

mines near Kimberly, South Africa, and thus was familiar with the appearance of rough 

diamonds (Spaggiari et al. 2006). In the same year the Sperrgebiet, a 26 000 km2 area between 

Llideritz and the Orange River, was proclaimed as a restricted area and since then has yielded 
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Chapter I: Introduction. g~n~ral background and obj",,"""','"' _______________ _ 

over 75 million cardts of diamonds (Spaggiari el af. 2(06). According to Spaggiari el uf. (2006) 

th~ SpeITgehj~t is the richest placer know to exist on earth. si[lce 95% of the diamond_, recovered 

are of gem quality. 
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diamond deposit sites ~Iong the west coast of southcrn Africa (modified from Moore & 
Moore: 2(04). 
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Chapter 1: Introduction, general background and objectives 

However, geological experts believe that the land-based terraces represent a small component of 

the actual resource and that the bulk of the west-coast diamond resource is located in the 

adjacent marine environment to depths potentially 300 m below the current sea level (Matthews 

2000). As a consequence, over the last 30-40 years there has been an increasing focus on the 

marine constituent of the west coast diamond resource (Rogers & Li 2002, Moore & Moore 

2004). Marine diamond mining along the Namibian coast started in the 1960s when Sam 

Collins, an entrepreneur from Texas, USA, utilized barges equipped with centrifugal and airlift 

pumps to recover diamonds in the shallow marine areas near the coast between the Orange River 

mouth and Hottentot Bay (Matthews 2000). In 1961 the then adjacent, land-based, diamond 

mining conglomerate, De Beers, bought Collins' company and in so doing started its marine 

branch of diamond mining along the southern African west coast (Matthews 2000). 

At present there are three main types of marine diamond-mining operations taking place along 

the southern African west coast. The first comprises inter-tidal and shallow subtidal diver­

facilitated mining operations in which divers use suction hoses to extract potentially diamond­

rich gravel from between rocky patches along the coast. This type of mining is implemented 

from the land-sea interface to a depth of 30 m, and sometimes involves the cutting of kelp to 

ease the movement of hoses and airlines, and overturning of boulders to gain access to the 

underlying sediment (Matthews 2000, Pulfrich et al. 2003a). In southern Namibia, coastal 

diamond mining is based on the principle of driving back the ocean by building extensive 

seawalls to reclaim submerged areas of the seabed for mining (Matthews 2000, Grundlingh et al. 

2006). A third form of mining comprises mid- and deep-water operations that utilize remotely 

controlled mining vehicles (crawlers) and vertical drills to remove sediment and semi­

consolidated material from the seabed (Matthews 2000). The gravels are then pumped into 

mined-out paddocks on land for processing and mining in-line with the conventional dry-mining 
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Chapter 1: Introduction, general background and objectives 

process (Pulfrich 2004). These operations nonnally occur at 30-80 m depths for the mid-water 

mining, and greater than 80 m depths for the deep-water activities. Increasing focus has been 

placed on this sector over the last three decades as land-based resources are near depletion and 

thus marine mining is undoubtedly the future of the diamond mining industry along the southern 

African west coast (Matthews 2000). 

De Beers Marine Namibia currently employs a fleet of five mining vessels (MVs) for its mid­

and deep-water mining operations along the Namibian south coast. Four of these vessels (the 

Debmar Atlantic, Debmar Pacific, Orand Banks and !Oariep) are equipped with Wirth drill 

technologies, while the MV Ya Toivo utilizes a remote-controlled swivel-head crawler to mine 

the 6 000 km2 Atlantic 1 Marine License Area on an exclusive mining contract to Namdeb 

Diamond Corporation (Pty) Ltd. (Pisces 2004, Probyn 2004). In certain areas of the Atlantic 1 

area the mining procedures entail mining through thick layers of overburden (i.e. layers of 

overlying sediment comprising fines <63 Ilm and sand of 63 Ilm to 2 mm) to gain access to the 

underlying gravels (>2 mm) where most of the diamonds are found (CSIR 2005, Pisces 2004, 

Pulfrich et al. 2004a, Steffani & Pulfrich 2004). Although capable of mining to depths as deep as 

150 m below mean sea level (MSL), the current DBMN drill and crawler technologies produce 

uneconomical yields when mining areas with overburden exceeding 5 m thickness (Pisces 2004). 

Thus, DBMN is considering the possibility of employing Trailing Suction Hopper Dredgers to 

mine these areas, as well as possibly mining areas in the biogenic mud-belt (found in the 70-120 

m depth region of Atlantic 1), where the mud layer covering potentially diamond-rich gravels 

has an average thickness of 15 m (Rogers 1977, Pulfrich et ai. 2004a). 

Trailing Suction Hopper Dredgers use one or two trailing suction dredges, deployed from the 

sides of the vessel, to dredge the seabed along the path of the vessel as it slowly steams over the 

16 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 1: Introduction, general background and objectives 

intended mining area. All dredged material is collected in the hopper of the mining vessel, where 

heavy materials (such as sand and gravel) settle in the hopper while the lighter materials in 

suspension flow back into the ocean through the hopper's overflow sluices. Once the hopper is 

full, the mining vessel deviates from its mine-path and steams inshore to connect to the 

sinkerline through which the contents of the hopper are pumped into mined-out paddocks on 

land where they are stockpiled. During subsequent dry-treatment procedures, unwanted fines are 

discharged back into the sea, creating turbid plumes of suspended sediment (Pulfrich 2004). The 

ecological impacts of this mining procedure encompass the complete destruction of benthic 

habitats (and associated epi- and infaunal communities) through the removal of the substrate as 

well as the re-suspension of sediment at the drag-head and at the sea surface (as a result of 

overspill). The re-suspended sediment adds to the turbidity of the water column and can 

potentially have secondary negative impacts on adjacent and remote benthic faunal communities 

as it eventually settles. 

These effects must, however, be considered in the context of background suspended sediment 

concentrations in the area. Storms, outflow from the Orange River and Berg winds all naturally 

contribute to turbidity. The levels of turbidity associated with these events are substantial, often 

exceeding those associated with dredge-mining (Zoutendyk 1995, Rogers & Li 2002). 

Since dredge-mining increases suspension of sediments in a variety of ways, one of the focuses 

of my study was to investigate the behavioural responses of juveniles of the rock lobster Jasus 

lalandii to turbidity. Juveniles were selected for two main reasons: (1) to assess the implications 

of mining-related impacts on recruitment areas (Pulfrich et al. 2004), and (2) juveniles are more 

sensitive to environmental perturbations than adults (G.M. Branch, UCT, pers. comm.). 
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Chapter 1: Introduction, general background and objectives 

Potential secondary effects of mining are a reduction of dissolved oxygen and an enhancement 

of hydrogen sulphide if mud belts laden with this gas are disturbed. Another aspect of my study 

was thus to examine the behavioural responses of rock lobsters to hypoxia and elevated 

hydrogen sulphide. 

Jasus lalandii 

Biology and life cycle of Jasus lalandii 

Due to its economic significance, Jasus lalandii has been extensively studied. It is endemic to 

the southern African west coast and is an opportunistic predator and scavenger, feeding on a 

range of benthic and non-benthic organisms such as mussels, abalone, urchins, whelks, 

barnacles, mysids and fish (Heydorn 1969, Branch et af. 1987, Barkai & Branch 1988a, Pollock 

et af. 1982, Mayfield et af. 1999, Mayfield et af. 2001, Van Z yl et af. 2003). Numerous studies 

have shown that prey size is dependent on lobster size and that lobsters can be selective, seeking 

out food that yield the highest return per energy investment (Heydorn 1969, Mayfield & Branch 

2000, Mayfield et af. 2001, Van Zyl et af. 2003). 

Jasus lalandii has an elaborate life cycle, with the most radical morphogenesis occurring during 

the planktonic larval stages. The mating season differs slightly between the northern and 

southern Benguela popUlations but coincides with the moulting of sexually mature females 

(Silberbauer 1971) at the beginning of April (mid Autumn) and continuing until the end of July 

(Heydorn 1969, Dubber et al. 2004). Delayed internal fertilization of the eggs occurs within 15 

days of copUlation (Silberbauer 1971). Fertilized eggs are released, attached to setae on the 

female's pleopods (Silberbauer 1971) and carried around for the duration of the three-month 

embryonic phase in Winter. The planktonic phase is initiated in Spring by the hatching and 

release of the first naupliosomal larvae into the water column. The larvae undergo a total of 14 

18 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 1: Introduction, general background and objectives 

phyllosomal stages (Lazarus 1966) before they finally moult into the first benthic stage, which is 

termed a puerulus and resembles the adult, but is colourless (Heydorn 1969). This stage lasts 

roughly 25 days after which the juvenile lobster undergoes ecdysis and sheds its first calcareous 

exoskeleton. Rate of growth of puerulus is influenced by temperature and food type (Dubber et 

af. 2004). The whole process from hatching to the first instar stage takes about nine months 

(Silberbauer 1971). 

Ecdysis takes on average 26-32 days, depending on the temperature (Heydorn 1969, Silberbauer 

1971, Hazell et af. 2002), and the lobsters are extremely vulnerable during this time. High 

mortalities occur as a result of predation, blood loss due to external damage and other unknown 

factors (Heydorn 1969, Lipschitz 1983, Hazell et al. 2001, 2002). No food is consumed during 

this period, as the mandibles of the lobsters are soft (Lipschitz 1983). Mature lobsters moult 

annually, with males moulting during late Winter to Spring (August to November), while the 

females moult from April to July (Heydorn 1969, Silberbauer 1971, Hazell et al. 2002). 

Juveniles moult roughly three times per year, and reach sexual maturity at carapace lengths of 60 

mm for the males and 68 mm for the females in the southern Benguela (Pollock 1973). 

Although lobsters reach sexual at relatively the same age, lobsters in the southern Benguela are 

much larger than northern Benguela lobsters at the onset of sexual maturity. This difference in 

size is considered to be a result of reduced growth rates (i.e. limited and sometimes negative 

moult increments) in the northern Benguela lobster populations that is believed to cover both the 

juvenile and adult phases (Cockcroft & Goosen 1995, Hazell et al. 2002). Size at sexual maturity 

is, however, not a fixed population attribute as it is dependent on a number of factors (such as 

temperature, dissolved oxygen levels and the nature and amount of food available during the 

time preceding the moulting phase), and also varies geographically and inter-annually 
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Chapter 1: Introduction, general background and objectives 

(Cockcroft & Goosen 1995, Dubber et al. 2004). To give an example, Grobler & Noli-Peard 

( 1 997) have shown that at Hottentot Point, an area which has been under continuous fishing 

pressure since the 1980s, females reach sexual maturity at carapace lengths (CL) of 51 mm, 

while those from Black Rock, roughly 15 km north of Hottentot Point, reach sexual maturity at 

55 mm. This is equivalent to a six- to eight-month time difference, given a standard moult 

increment of2.5 mm (Grobler & Ndjaula 2001) and three juvenile moults per year. 

Distribution and Migration 

Populations of J lalandii are found between Cape Cross on the west coast of Namibia (21 ° 43' 

S, 13° 58' E) and Port Elizabeth (33° 50' S, 25° 50' E) on the southeast coast of South Africa (Fig 

1.2). They generally inhabit rocky outcrops and have a depth range from just below the low­

water mark down to 135 meters (Heydorn 1969). 

Seasonal migratory patterns have been observed mainly for adult rock lobsters in both the 

northern and southern Benguela populations (Pollock et al. 1982, Tomalin 1993, Grobler & 

Noli-Peard 1997, Atkinson & Branch 2003). Inshore and offshore migrations coincide with 

particular life cycle stages, with the lobsters tending to migrate inshore at the start of the 

moulting and mating seasons (Pollock et at. 1982), but differ in extent depending on the 

concentration of dissolved oxygen levels (Tomalin 1993, Grobler & Noli-Peard 1997). 

Atkinson & Branch (2003) have considered whether J lalandii exhibits contranatent long-shore 

migration (against the current) as an instinctive measure to counter-displacement of larvae and 

maintain its geographical distribution - a trait exhibited by other palinurid species such as J 

edwardsii, J verreauxi and Palinurus gilchristi (Groeneveld & Branch 2002). Atkinson & 

Branch (2003) found no evidence of adult long-shore movements by J lalandii, although they 
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did note that their study WaS incomplete as the data used wcrc obtained mainly rrom adult males 

of carapace lengths greater than 70 mm - excluding adult fcmales andjuveniles. 
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In Namibia. lobsters are found in commercially exploitable densities between Meob Hay (24" J I' 

S, 14" 35' E) and Kerbe Huk (28" 13' S, 16" 28' E)just north of the Orange River mouth (Hailey 
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Chapter 1: Introduction, general background and objectives 

et aT. 1985, Grobler & Noli-Peard 1997). The history of the fishery has been reviewed in 

numerous studies since its inception in 1922 (Grobler 1994) and is known to have undergone a 

severe collapse during the 1960s - believed to have been brought on by a combination of 

stressful environmental conditions and excessive fishing pressure (Mathews & Smith 1978, 

Beyers & Wilke 1990, Tomalin 1993, Grobler 1994, Grobler & Noli-Peard 1997). However, 

after the collapse strict control - entailing annually reviewed Total Allowable Catch (TAC) 

quotas, minimum catch-size (65 mm CL) limitation, a male-only policy for commercial catches, 

and a closed fishing season (l May to 31 October) which envelopes the mating and moulting 

seasons (Tomalin 1993, Grobler & Noli-Peard 1997) - has ensured conservative harvesting of 

the resource, and signs of stock recovery, although subtle, are evident (Grobler 1994). 

As the lobsters are concentrated nearshore because of seasonal oxygen-poor water, the Namibian 

lobster fishing industry operates at much shallower depths than the South African fishing 

industry - i.e. from the inter-tidal zone to a depth of 30 m below MSL (Tomalin 1993, Grobler 

& Noli-Peard 1997). 

The Benguela Ecosystem 

The Benguela system dynamics 

As one of the four major upwelling systems in the world, the Benguela upwelling system is a 

highly dynamic (Fig. 1.3) and productive ecosystem (Cushing 1971, Jarre-Teichmann et. al. 

1998, Shillington 1998, Shannon et al. 1992, Shannon & O'Toole 1999, Shannon 2000). Due to 

the importance of its marine resources for Angola, Namibia and South Africa, the system has 

been extensively studied with the earliest records dating back to the 1830s (Hart & Currie 1960, 

Cushing 1971, Bailey et al. 1985, Jarre-Teichmann et. al. 1998). The Benguela system is made 
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up of a main offshore, equator-ward flowing cold current, roughly 200 km wide in the southern 

regions (Shannon 1985) and approximately 750 km wide in the northern regions (Wedepohl et 

al. 2000). The current is believed to originate in the South Atlantic and forms part of the global 

oceanic circulatory system known as the Great Oceanic Conveyor (Shillington 1998, Hardman­

Mountford et al. 2003). 

The offshore Ekman transport of coastal water, resulting from the combined effects of the 

prevailing southeast trade winds, shelf bathymetry and the earth's rotation, induces the 

upwelling (Fig. 1.3b) of cold water from areas well beyond the 200 m isobath (Hardman­

Mountford et al. 2003). These upwelling events result in nutrient pulses into the warmer, better­

illuminated coastal areas and sustain the high levels of productivity found in these regions 

(Cushing 1971, Boyer et al. 2000, Shannon 2000, Hardman-Mountford et al. 2003, Van der 

Lingen et al. 2006). Most of the upwelling occurs along the coast between 16°S and 34°S 

(Shannon 1985). However, the upwelling regime is not continuous or homogenous along the 

coast, but is defined by distinct zones (cells) with varying degrees of upwelling (Cushing 1971, 

Lutjeharms & Meeuwis 1987) - with the largest and most constant cell being near Liideritz, 

Namibia (Lutjeharms & Meeuwis 1987, Hardman-Mountford et al. 2003) (Fig. 1.2). 

Due to a number of inconsistencies in system dynamics within the Benguela system, the system 

has been subdivided into two oceanographic regions (Fig. 1.2), the northern and southern 

Benguela (Jarre-Teichmann et. al. 1998, Shannon 2000). The exact boundaries of these regions 

are not well defined, especially in the case of the southern limit of the southern Benguela. 

However, numerous authors have designated the southern-most limit of the Liideritz upwelling 

cell as the boundary between the northern and southern regions because of the evident barrier 

brought on through the strong geophysical and biological features of this upwelling cell 
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(Shannon 1985, Hardman-Mountford et al. 2003). To the south, upwelling is spatially and 

temporally more variable, being pulsed and concentrated at the Cape (Fig. 1.2). 

Wind anomalies and upwelling 

The prevailing southeastern winds along the west coast of southern Africa are controlled by an 

anticlockwise (anti-cyclonic) South Atlantic high-pressure system, the seasonal low-pressure 

system that develops over the land, and eastward-moving cyclones, which cross the southern 

part of the subcontinent (Shannon & O'Toole 1999, Chang 2003). The South Atlantic high­

pressure system is part of a discontinuous belt of high pressure that encircles the southern 

hemisphere and prevails throughout the year. The pressure over the subcontinent alternates 

between a well-developed low-pressure system during Summer and a weak high-pressure system 

during Winter, which causes the seasonal variability in the atmospheric pressure and wind fields 

(Shannon & O'Toole 1999). In the Benguela ecosystem, wind plays a very important role in that 

it is the primary factor responsible for upwelling (Shannon & O'Toole 1999, Hardman­

Mountford et al. 2003, Monteiro et al. 2006). 

In the northern Benguela wind fields are most pronounced during Autumn and Spring (Shannon 

& O'Toole 1999), while in the southern Benguela increased wind activity is generally observed 

during late Spring to Summer (Andrews & Hutchings 1980, Roy et al. 2001, Hardman­

Mountford et al. 2003). Strong seasonal patterns in wind direction and intensity are 

characteristic of winds in the southern Benguela, whereas north of 31°S the wind displays 

weaker seasonal variation with a permanent along-shore wind being observed throughout the 

year (Chang 2003). Berg winds (strong easterly winds driven by a large high-pressure system 

over the interior of the subcontinent) occasionally occur during Spring and Autumn in the 

northern Benguela and persist on average four days (Chang 2003). During berg wind cycles, 
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upwtJling along the coast is greatly suppressed as the hot and dry wind blowing off the plateau 

flows over the heavier, cool coastal wind layer adjacent to the sea surface. This cool air layer 

prevents the berg winds from coming in contact with the water surface and exerting the sheer 

stress required for upwelling to occur (Berger & Wefer 2002, Chang 2003). 

Current dynamics 

The Benguela ecosystem is controlled by a fairly intricate current regime (Fig. 1.3 and 1.4). The 

main body of water making up the cold Benguela Current is found roughly 120 km offshore and 

is an enormous conical, trough-like body of water with a mean current velocity of 2 cmJs and 

water temperatures ranging from 7.4°C at the sea surface to 2.75°C at a depth of 2000 m 

(Shannon 1985, Wedepohl et al. 2000). The Benguela Current has a net north-western flow of 

water. However, Lass & Mohrholz (2005) and Boebel et al. (2003) found that there is a 

complex set of currents including a deep pole-ward counter current, coastal-trapped waves 

moving south, and eddies (Fig. 1.3). 

In the southern regions of the Benguela, large gyres of warm water (roughly 120 km in diameter) 

arising from the Agulhas Current along the southern coast of South Africa occasionally break 

free from the Agulhas circulation and drift over into the Benguela circulation (Fig. 1.3 A). Once 

in the Benguela circulation they are forced northwestward over the Walvis Ridge while 

gradually losing heat to the surrounding cold water until they eventually disintegrate (Boebel et 

al. 2003). These gyres travel at a rate of 3.8 cmJs across the Benguela Current (Boebel et al. 

2003). 
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Figure 1.3: Diagrammatic representation of the current regime in the Benguela Cold Current 
system. (A) shows an aerial depiction of the Benguela current system (Fennel 1999) and (B) 
a cross sectional profile of the conceptual circulation during an upwelling event (Berger & 
Wefer 2002). Encircled crosses in (B) represent equator-ward flowing currents and encircled 
dots the pole-ward counter current (Berger & Wefer 2002). 

Over the continental shelf the Benguela Current dynamics are also controlled by very complex 

current regimes, this being more significant for the southern regions of the Benguela (Fig. 1.4). 

However, at certain areas along the coast the alongshore flow becomes very dynamic with 

filaments of water flowing in the opposite direction in relation to the general current flow. In situ 

current measurements have shown that the surface current in the southern region of the Benguela 

travels at a mean speed of 17 cmls with a variance of between 11 and 23 cmls (Shannon 1985, 

Wedepohl et al. 2000). According to Wedepohl et al. (2000) the greatest surface velocities occur 

during Winter in the north and Summer in the south as induced by the seasonal wind fields. 

Current speed generally decreases with depth because of the increased frictional forces between 

adjacent water layers as well as between the substratum and the overlying water layer in the case 

of bottom currents (Fennel 1999). 
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Figure 1.4: The Flenguelu Current profile at 2rs showing current Sp';'l..:i (cmls) on a colour grid 
(Lass & Mohrholz 2005). Orientation: Korth is perpendicularly into the page and West to the 
left hand side, Negative velocities indicate counter-curren! velocities (Lass & Mohrholz 
2005). 

Intrusions of warm water into the llenguela at the Angola-llenguela Jiront further add to the 

highly vmiahlc nuture of the Benguela CUTTCn!. These intrusions arc known 10 occur annually 

and have been recorded as far south as Walvis Bay, nos (Boyd 19H7, John el af. 20M). These 

filaments of water arc restricted to the upper rcaches of the continenml shelf (above the 300 m 

isohath) and are characterized h)' elevated salinity (35.H-36,2%O ), tempcruture (20_24°C), 3/ld 

chlorophyll concentration (8-21 mg/m'l and reduced «2 mUt) dissolved oxygen profiles (Jolm 

<'I at. 2004, Monteiro eI ul. 2006. Van tJt,r Lingen eI ul. 20(6). 

Dft'dging und turbidity U\tri~llJes 

or the available literarnre on marine dredging activities the main focus ha~ bc<:n on prohlems 

associated with environmenml impact~ callsoo by the releuse of pollutants, particularly heavy 

metals. from harbour-dredged materiul that is discharged ut Il<'a (Morton 1977, Pearson & 
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Rosenberg 1978, Bonvicini Pagliai et al. 1985). With regards to environmental impacts related 

to commercial aggregate extraction, several papers have documented the initial massive 

destruction of benthos and the fact that recovery takes between one and seven years depending 

on the nature of the sediment - with the fauna of fine sediments recovering quickly and that of 

gravels very slowly (Newell et a1.1998, Ellis 1996, Kenny & Rees 1999, Boyd et al. 2005). 

From the fisheries perspective most studies focus on the dredge-harvesting of benthic organisms 

such as scallops, clams and benthic fish species, the destruction of the benthic habitat from 

trough-dredging and subsequent recovery of these benthic environments (Morton 1977, Conner 

& Simon 1979, Bonsdorff 1980, Poiner & Kennedy 1984). 

Over the past two decades there have been increasing concerns with regard to the sediment 

discharged from coastal diamond mining plants along the southern coast of Namibia. This has 

led to the initiation of numerous impact assessment studies in the area. These initiatives, 

amongst others, include a series of sediment-plume modeling projects contracted to the Council 

for Scientific and Industrial Research (CSIR) intended to shed light on the sediment-current 

dispersion characteristics along the coast. In their study of treatment plant discharges north of 

Chameis Bay, CSIR (2005) showed that currents are capable of displacing sediment, particularly 

fines <63 Ilm, over 3 km away from the point of discharge. In this study, only the near-shore 

areas, shallower than 30 m, were considered - areas that are generally characterized by strong 

wind-induced current profiles (Lass & Mohrholz 2005, CSIR 2004). Pulfrich et al. (2003b) also 

investigated the effects of the near-shore release of fines tailing from land based diamond mines 

on intertidal and subtidal benthic communities and found that the laws governing the impacts of 

sedimentation on the benthos are very complex. These authors found that, depending on the 

variable being assessed (i.e. specific species, community structure or diversity) the outcomes 

may be positive or negative, or there may be no effect at all on the benthic community. In the 
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case of rock lobsters, they found that sedimentation had no impacts on the species' density or 

size-structure in the areas studied (Pulfrich et al. 2003b). However, studies done at intermediate 

water level depth of 30-80 m showed that sediment distribution by currents is more extensive 

(Fig. 1.5) and occurs on a slightly longer time scale than that in the near-shore areas (Penney & 

Smith 2004). This is a result of the combined effects of dynamic current profiles (i.e. high 

variance with regards to speed and directional attributes) and water stratification (Lass & 

Mohrholz 2005). 

The main concerns regarding dredge-mining impacts are: (1) the destruction of the benthic 

habitat through dredging; (2) suspension of sediment caused by the dredge tool, overspill from 

the dredger (vessel) and discharge of 'fines' form land-based treatment plants; and (3) the 

eventual settlement of suspended material. With regard to the first concern very little can be 

done to mitigate negative impacts. However, possible mitigation measures include: (l) 

designation of marine protected areas in which mining is precluded; (2) assessment of benthic 

communities to identify areas that are particularly sensitive to dredging or sustain commercially 

important stocks that should be avoided, and (3) the temporary cessation of dredging if a 

predetermined level of damage is detected - e.g. a certain number of animals (e.g. 1 00 lobsters) 

are dredged up in a specified time period (Pulfrich 2004). 

The last two possibilities are somewhat controversial because of the implied trade-off between 

economic benefits and ecological impacts. However, studies have shown that benthic 

communities do recover after dredging has ceased and that in some cases the secondary 

succession in dredge areas give rise to communities that are more diverse than before (Conner & 

Simon 1979, Bonsdorff 1980, Poiner & Kennedy 1984, Steffani et al. 2003). This can serve as 

the basis for a solution unless, of course, the habitat is home to threatened or endangered species. 
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Ellis (1996) quanti lied the recovcry rate "f various b.,nthic habitats after dredging and round that 

recovery time 1AlIS dependent on the geomorphology of the benthos (I able I_I)_ 

Oistance A$'efn or the V"$$'" iml r:.=--=.=-., • • • • • 3ac~ground 

Figur~ 1.5: Acou~tic Doppler Current Profiler (ADCP) longitutlinal sectiOil along a tailings 
plume a~lern or <I m<lrine di<lmf>nd mining ,essel off southern Namibia. showing the depth 
and distan~e distribution of sediment p;!rt icles or v<lrious site Ibctions beh ind the ,"essel 
(Penney & Smith 200--l). Background readings refer to natural turbidity profiles resulting 
rromthe suspenSion orparticulute organic and inorganic materials. 

When considering the 2',j and 3" concerns regarding the imp<lcls of dredge-mining <tCtivities, 

sediment grade becomes an Important factor. Finc sediments. such us silt Hud clay «125 ~m), 

are easily ~uspcnded and remain in ~lL~pcnsion ror longer periods of time than larger-grade 

sediments, such a~ sand (63 j.lm·2 mm) und gn\vel (>2 mm); <IS a conseql1<:nce fine sediment can 

_._--
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be displaced greater distances by currents (Fig. 1.5). This infers that silt and clay, rather than 

sands and gravels, are the main contributors to turbidity in the water column near dredging sites. 

With regard to sediment settlement, two negative impacts are of concern: (1) scouring of sessile 

animals by coarse-grained sediment (a feature more prominent close to the coast and in areas 

with strong current regimes), and (2) siltation and smothering of benthic organisms by 

intermediate and fine grade sediment (Carter 1995). In addition, specific to the Benguela region, 

is the concern that if biogenic muds are agitated, as may happen during dredging in areas of 

muddy overburden, hydrogen sulphide will be released into the water column. This, in tum, can 

have catastrophic ecological impacts (Bailey et al. 1985). The significance of sediment laden 

with hydrogen sulphide will be discussed in the following section. 

Table 1.1: Recovery time of different benthic types after dredging (Ellis 1996). 

Sediment type Recovery time 

Fine-grained deposits [mud, silt and clay which contain some rocks 
1 year 

and boulders J. 
Medium-grained deposits [sand which can contain some silt, clay 

1-3 years 
and gravel]. 
Coarse-grained deposits [gravels which can contain some finer 

5 years 
fractions of sediment and some rocks and boulders J. 
Coarse-grained deposits [gravels with many rocks and boulders]. >5 years 

Dissolved oxygen and hydrogen sulphide 

Dissolved Oxygen 

In the coastal regions of the Benguela episodic and geographical variation in dissolved oxygen 

concentration is a natural feature of the system. A host of factors (ranging from remote wind 

forcing to localized upwelling) influence the dissolved oxygen profile over the Benguela 

continental shelf (Bailey et al. 1985, Monteiro et al. 2006, Van der Lingen et al. 2006). From a 
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geographical perspective there is a general decrease in dissolved oxygen concentration over the 

shelf region from north to south (Fig. 1.6). Whereas water from the southern Benguela is 

naturally 80-85% saturated with oxygen (4.8-5.2 mg 02/t), water from the northern Benguela is 

normally 63-80% saturated (3.8-4.8 mg 02/t) (Shannon & O'Toole 1999). This is believed to be 

due to higher levels of primary production in the northern Benguela than in the southern 

Benguela (Fig. 1.6). 
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Figure 1.6: Dissolved oxygen (mC/C) and primary productivity (mg Chlorophyll a/cm3
) along the 

coast over the Benguela shelf region (adapted from Dingle 1995). The thick line represents 
the dissolved oxygen profile and the thin line primary productivity. 

Bailey et al. (1985) investigated the processes thought to be responsible for the state of the 

dissolved oxygen at Luderitz and found that there are four modes of oxygen removal from the 

water. The first and most significant is respiration (3.04 x 103 mg/£). This was followed by the 

removal of oxygen by the sediment (1.92-2.70 x 103 mg/£), then the removal by decomposition, 

and fourthly, the loss of dissolved oxygen across the surface, i.e. at the interface of sea and 

atmosphere. In this study Bailey el al. (1985) made a clear distinction between oxygen used 

during normal respiratory processes and that used mainly by bacteria during decomposition of 

organic matter. Removal by sediment (known as the sediment oxygen demand) refers to the 
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consumption of oxygen by bacteria and other microscopic organisms associated with sediments 

of the seabed, during the breakdown of dead organic matter (Bailey et al. 1985, Vander Plas et 

al.2004). 

Events of extreme oxygen depletion generally coincide with periods of intensified coastal 

upwelling and usually occur downstream from the heart of upwelling cells (Fig. 1.2). Upwelling 

brings nutrients as well as dormant photosynthetic algae from the aphotic zones to the well-lit 

coastal waters. The increased temperature and lighting conditions in these shallow regions cause 

the microscopic algae to come out of their dormant cyst phase and start growing (Fernandez­

Tejedor et al. 2004). During the active phase algae grow rapidly and multiply at exponential 

rates resulting in extremely dense concentrations of microscopic organisms in the surface waters, 

sometimes to the point where they become visible and are referred to as algal blooms. These 

algal blooms exert exceptional demands on the surrounding resources and as a result the 

nutrients supplied by upwelling soon become depleted. When this happens, a large component of 

the algal community, the component that is not advected off-shore into cooler waters, exhausts 

internal stores of nutrients and expire as respiration exceeds photosynthetic rates (Fernandez­

Tejedor et al. 2004). 

When algal cells die they are no longer able to maintain their position in the water column, 

achieved through the active motion of flagella, and sink to the ocean floor. This constitutes an 

input of nutrients to the benthos and as a result additional increases in microscopic organisms 

surviving on the catabolism of dead organic matter, which leads to substantial consumption of 

dissolved oxygen via respiration (Van der Lingen 2004). It is this consumption that largely 

dictates the hypoxic status of the shallow bottom waters. In addition to this, certain 

dinoflagellate species produce biotoxins as they grow and multiply, and are referred to as 
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harmful algal blooms. These toxic algal blooms result in substantial deaths of filter-feeding 

fauna, which in turn add to the benthic nutrient input, further escalating the overall reduction of 

dissolved oxygen - sometimes to the point of complete anoxia (Bailey et al. 1985, Shannon & 

O'Toole 1999, Femandez-Tejedor et al. 2004). 

Under normal algal-bloom conditions populations of lobsters become concentrated in shallow, 

well-aerated regions, as deeper waters become increasingly oxygen depleted. However, during 

harmful algal blooms anoxic conditions are more widespread over the coastal shelf region, 

forcing large numbers of lobster to concentrate in the only constantly aerated area of the coast -

the intertidal area. This often results in lobsters becoming stranded during low tide, and can lead 

to the loss of thousands of tons of an otherwise utilizable resource, equating to losses in excess 

of R 100 million (Newman & Pollock 1971, Cockcroft et al. 1999, Cockcroft 2001). The main 

causes of death for stranded lobsters are predation and exhaustion, linked to asphyxiation, and 

desiccation as well as crushing, trampling and removal by people (Bailey et al. 1985, Matthews 

& Pitcher 1996, Shannon & O'Toole 1999, Cockcroft 2001). 

Hydrogen Sulphide 

In aquatic environments the disappearance of oxygen is often followed by the formation of 

hydrogen sulphide (Theede et al. 1969, Shooter 1999). Under anoxic conditions certain 

anaerobic bacteria use sulphate as a base (Eq. 1) during respiration (Theede et al. 1969, Shooter 

1999, Cuomo et al. 2003). This releases sulphide anions into the water that subsequently react 

with free hydrogen cations (Eq. 2) to form gaseous hydrogen sulphide (Shooter 1999). In the 

ocean additional contributions to the dissolved sulphide in the system are made through the 

production of carbonyl sulphide (Elliot el al. 1987) and by phytoplankton (Shooter 1999). In 
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marine systems the most significant concentration of hydrogen sulphide is found in poorly 

aerated and soft sediment - i.e. slime, silt and mud (Cuomo et al. 2003). 

S042-(aqueous) ~ S2- (aqueous) + 202 (gaseous) ... Equation 1 

S2- (aqueous) + 2W (aqueous) ~ H2S (gaseous) ... Equation 2 

In the Benguela, hydrogen sulphide is mainly restricted to the northern regions, between the 

Orange River mouth and Cape Frio (Cushing 1971, Bailey et al. 1985, Lutjeharrns & Meeuwis 

1987, Garzoli & Gordon 1996, Boyer et al. 2000). Bailey et al. (1985) found water-soluble 

sulphide concentrations of 10-30 mg/£' in the sediment of certain areas of the northern Benguela. 

These regions of hydrogen sulphide laden sediment are limited to depths shallower than the 200-

m contour and are referred to as the diatomaceouslbiogenic mud-belt layer (Lutjeharrns & 

Meeuwis 1987, Emeis et al. 2004). 

Seasonally variable eruptions of hydrogen sulphide gas from the sediment are common along the 

Namibian coast and are believed to be part of the natural cycle of the Benguela (Emeis et al. 

2004, Weeks et al. 2004). Many views exist about why these eruptions occur, but the pervasive 

view is that gas build-up in the sediment exceeds the hydrostatic pressure exerted on the 

sediment by the water above it, resulting in hydrogen sulphide gas bubbling out of the sediment 

(Garzoli & Gordon 1996, Boyer et al. 2000, Emeis et al. 2004). Although being a natural feature 

of the Benguela, these gas eruptions have significant socio-economic effects on the fishing 

industries as they affect the densities of commercial marine species (Weeks et al. 2004). In 

addition to this, geographical regions on the shelf with the highest incidence of observed 
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eruptions coincide with nursery grounds of important pelagic and demersal fish species (Emeis 

et al. 2004). 

Hydrogen sulphide is very poisonous, having negative effects on a host of eukaryotic organisms 

(Theede et al. 1969, Hahlbeck et al. 2000, Laudien et al. 2002, Searcy & Peterson 2004). 

Experiments done on rats found that exposure to 1100 mg/m3 (hydrogen sulphide gas in air) 

resulted in death within 12 minutes of exposure (Beck et al. 1979) and that prolonged exposure 

(30 minutes a day for five days) to lower levels of hydrogen sulphide (28-280 mg/m3
) caused 

severe health conditions encompassing cardiovascular, neurological, metabolic, reproductive and 

developmental defects (Kosmider et al. 1967). Searcy & Peterson (2004) found that 

concentrations of > 10 IlMois (::::: 34.08 mg/m3 in air) are generally toxic to eukaryote cells. 

However, certain species are able to survive in areas with high levels of hydrogen sulphide and 

in some cases, as along the hydrothermal vents of the mid-Atlantic Ridge, even utilize hydrogen 

sulphide for survival (Theede et al. 1969, Hahlbeck et al. 2000, Briichert et al. 2003, Searcy & 

Peterson 2004). In the Benguela context discoveries during the late 1990s off the Namibian coast 

revealed the presence of macroscopic (sometimes 2 mm in diameter) sulphur oxidizing bacteria, 

Thiomargarita namibiensis, that are found throughout the biogenic mud-belt and are believed to 

play an important role in maintaining the precarious equilibrium through the detoxification of 

sulphide produced in the region (Briichert et al. 2003). 

Temperature and pH implications 

In aquatic environments, temperature plays an important role because the high heat capacitance 

of water presents problems with regard to thermal regulation. Being a homeotherm in an aquatic 

environment means having to prevent succumbing to the environment as a result of the 

physiological strain induced by the loss of heat to the surrounding water (Schmidt-Nielsen 
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1997). Smaller animals, like crustaceans and fish, have a larger surface-area-to-volume ratio 

than larger organisms, such as marine mammals and birds, and would thus run a greater risk of 

heat-loss to the environment if they were to maintain a temperature even slightly higher than that 

of the surrounding water (Schmidt-Nielsen 1997). By conforming to their surroundings they 

increase their chances of survival by decreasing the physico-chemical difference between them 

and the environment, and ultimately the strain exerted on them by the environment. However, 

the negative implication of this is that the temperature of the surrounding water normally 

dictates the rates of biological processes such as respiration and enzymatic reactions. At the 

cellular level, the temperature of the environment even dictates the permeability of diffusion 

membranes, such as those found in gills and around cells (Schmidt-Nielsen 1997). 

This last point is of particular importance as it signifies the absolute dependence of survival for 

poikilotherms on the temperature of their environment. Amongst other things, it dictates the 

rates at which organisms can escape (Schmidt-Nielsen 1997). The same applies to scenarios of 

poisoning. Theede et al. (1969) found that an indirect relationship exists between tolerance 

period and temperature, in that most animals survive for much longer periods of time at a given 

toxic level of hydrogen sulphide and oxygen deficiency if they are held at lower temperatures 

than at higher temperatures. Thus, temperature plays a very crucial role in aquatic environments. 

On the other hand, pH plays a somewhat minor role, especially in marine environments. Like 

salinity, pH is a conservative physical parameter and (under natural conditions) is extremely 

well buffered within the marine alkaline to neutral range of eight and seven (Schmidt-Nielsen 

1997, Shooter 1999). However, in the case of the Benguela ecosystem, hydrogen sulphide 

eruptions over the continental shelf can severely skew this natural range towards the acidic side 

of the scale. As hydrogen sulphide is liberated into the water column from the underlying 
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Chapter 1: Introduction, general background and objectives 

sediment the concentration of H2S molecules increases relative to the HS- and H+ ions in the 

water to the point where the potential difference between the two species forces the dissociation 

of H2S molecules into HS- and H+ ions (Eq. 3) to reduce the difference on opposite sides of the 

equilibrium - arrow/reaction (Theede et al. 1969, Shooter 1999). 

H2S (gaseous) ~ HS- (aqueous) + H+ (aqueous) ... Equation 3 

The liberation of protons (H+ ions) into the water reduces the localized pH of the water making it 

more acidic. This has profound implications for the toxicity of hydrogen sulphide due to the 

compounding effect of the increase in acidity together with an increase in the concentration of 

sulphide in the water. This has been substantiated in studies done by aquaculturists on the effects 

of hydrogen sulphide on various fish species that found that over a decrease of four pH levels the 

toxicity of hydrogen sulphide increased from 1% (at a pH of9) to 99% (at a pH of5) since pH is 

correlated to hydrogen sulphide in a negative exponential relationship 

(http:· \\\\\\.aquatexLcom/tahles/h2s.htm#toxic 2005). This implies that as the pH decreases the 

toxicity of hydrogen sulphide in the water increases exponentially. 

Project Objectives 

As part of the 2005 (Chameis Bay) pre-feasibility study by De Beers Marine Namibia for a new 

diamond dredge-mining proposal in the mid-water regions off the Namibian south coast, a 

complete impact assessment was conducted to assess and manage any potential negative effects 

that the proposed dredge-mining might have on the surrounding environment. The current study 

was proposed to gauge the possible impacts of any secondary effects dredge-mining might have 

on juvenile rock lobster populations in and around the area of the proposed dredging. The 
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Chapter 1: Introduction, general background and objectives 

experiments formulated were laboratory-based and were designed to assess the effects of (1) 

reduced oxygen levels, (2) elevated hydrogen sulphide, and (3) the effects of turbidity on the 

behavioural responses of juvenile lobsters. The main focus of this study was on the short-term 

impacts of changes in these variables associated with dredging. 

Environmental stresses such as these will influence the physiological functioning of organisms 

including processes such as photosynthesis and metabolic rate, and nervous and hormonal 

responses. In tum, these physiological reactions will lead to alterations in behaviour and, if they 

are severe enough, to incapacitation and even death (Evans 1999). I elected to monitor 

behavioral responses to hypoxia, hydrogen sulphide and turbidity rather than physiological 

responses because behavioural responses observed in the laboratory are more readily applied to 

and monitored under field conditions than are physiological responses. 

Against this backdrop, the project had the following objectives: 

1. To conduct a literature-based assessment of the natural variability in turbidity, dissolved 

oxygen and hydrogen sulphide conditions in the Benguela, and an analysis of how 

diamond-dredge mining in the mid- to deep-water regions could change these variables, 

with particular relevance to the proposed mining areas along the southern coast of 

Namibia. 

2. To conduct a laboratory experiment to establish the behavioural responses of juvenile rock 

lobsters to reduced levels of dissolved oxygen and elevated hydrogen sulphide. 

3. To undertake laboratory experiments to determine the behavioural responses of juvenile 

lobsters to turbidity, and whether turbidity is correlated with any other physical variables 

under laboratory conditions. 
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Chapter 1: Introduction, general background and objectives 

4. Using the information obtained from work done to fulfill the three preceding objectives of the 

study to develop rational measures for mining-related impact mitigation. 

The thesis is structured in the following manner. The present chapter introduces the thesis, 

reviews relevant published information and outlines the objectives. Chapter 2 reviews data from 

two studies done in the Chameis Bay area with regards to natural and mining-induced variability 

in water temperature, oxygen concentration and turbidity. Chapter 3 focuses on laboratory 

studies done on the effects of diminished oxygen and elevated hydrogen sulphide on the 

behaviour of juvenile rock lobsters. Chapter 4 covers a laboratory study on the effects of 

turbidity on rock lobster behaviour and the implications for diamond-mining. Chapter 5 

concludes the thesis with an overview of the project findings, outlines limitations in the present 

work, and discusses recommendations to De Beers Marine Namibia regarding mitigation of 

mining impacts and the potential for future research. 
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CHAPTER 2: NATURAL AND MINING-RELATED VARIABILITY IN eHAMEIS BAY 

Introduction 

Natural fluctuations in physical variables (spanning hourly to inter-annual timeframes) constitute 

a major part of the characteristics of marine ecosystems, and are an essential baseline against 

which the magnitude of anthropogenic influences can be gauged. In line with this, a review of 

the physico-chemical variability in and around the intended diamond mining areas of De Beers 

Marine Namibia (DBMN) was proposed. Acknowledging that it is important to distinguish 

between natural and anthropogenic effects, the separation of the two was beyond the scope of 

this thesis. However, existing literature was sourced and used to provide a general backdrop for 

the research incorporated in this study (Chapters 3 & 4), as well as serving to provide pointers 

for future research (Chapter 5). 

Two main sources of data were used to achieve the objectives of this study: (l) an unpublished 

report by CSIR on the physical effects of sediment-release from land-based paddocks and 

marine dredge-mining vessels, which focussed mainly on sediment disturbance caused by 

dredging and the dynamics of resultant plumes (CSIR 2004, 2005b & c), (2) a Fisheries 

Independent Monitoring Survey (FIMS) done by Pisces Environmental Services for the DBMN 

pre-dredging Environmental Impact Assessment of the Atlantic 1 and Chameis Bay areas 

(Pulfrich et af. 2006). The CSIR study was conducted from the region just north of South Rock 

(Fig. 2.1 and 2.2) down to Kerbe Huk (CSIR 2005b), while the FIMS data sourced from DBMN 

covered the region from Green Precipice (Fig. 2.1) to Mittag (Pulfrich et af. 2006) north of the 

Orange River mouth (Fig. 2.2). The FIMS was carried out with the main objective of evaluating 

rock lobster abundance, recruitment and distribution patterns within the Chameis Bay area as 

well as beyond the southern limit of the Chameis Bay mining area (Pulfrich et af. 2006). 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

Materials and Methods 

Data Attributes 

The two studies on which the majority of this review is based were done by two different 

institutions and thus the nature of the data differs somewhat. The FIMS were conducted on a 

seasonal basis (i.e. once every fourth month) over a period of 16 months, from January 2005 to 

April 2006 (Pulfrich et al. 2006). The coastline from Easter Point down to the Orange River 

mouth (Fig. 2.1) is divided into 16 commercial fishing zones based on the existing Namibian 

rock-lobster fishing industry (Grobler, MFMR, Namibia 1995, Pulfrich et al. 2006). For the 

2005-2006 FIMS only the region between Dreimaster Punt and the Orange River mouth (Zones 

14 and 15) was focussed on, with Zone 14 being divided into a further three sub-zones (14A, 

14B & 14C - Fig. 2.1). Initially the whole of Zone 14 (14A, 14B & 14C) was considered for the 

FIMS, but after the baseline survey in 2005 it was decided to exclude the northern-most region 

(Zone 14A) from the survey (since no lobsters were caught there) and to focus on the higher 

priority zones - i.e. Zones 14B and 15. Zone 14B had six transects, 14C four transects and Zone 

15 six transects. Each transect had four sampling stations (1-4) from nearshore to offshore, 

respectively (Fig. 2.2). 

During the six quarterly surveys physical parameters as well as lobster catches were recorded at 

each sampling station. Physical parameters monitored included wind attributes, wave attributes, 

bathymetry, dissolved oxygen and water temperature (Pulfrich et al. 2006). However, the data 

sourced from DBMN for the purpose of this study included rock lobster catches, bycatches, 

wind attributes, swell height data, temperature and dissolved oxygen from zones 14B, 14C and 

15 (Fig. 2.1). For this review, only region 14B was focussed on, as it was the site of the mid­

water dredging trial and coincided with the CSIR plume profiling study. Gaps in the data 
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('haplcr2: Nalural and mining-related variability in Cham~i.~~~""y ___________ _ 

sourc~d lor /0!1C~ 14C and 15 covcring Ill<: Sepl~m~r 2005 and January 2006 FlMS madc il 

difficult to incorporak these Iwo zo~s in the revi~w. 

Far-Nol~h 

N 

t 
North 

Namibia 

Central SW BllioIor 

South 

Figure 2.1: Map showing lhe Namibian commercial rock lob~lCr li~hcrie s loning sy~tcm 
(adapted from P"lfiich et al. 2006). Data sourced cover onl~' wnes 14 and 15, and lhe dala 
used in the review covered only s<:etion 140. 

Th~ CSIR sludy was eonducto:d in t\\-o phases: an initial shon phase (eonducl.o!d over a period of 

~ight days). and a much longer study ~panning a ]ICriod of six weeks (CSIR 2oo5b). I'll<: soon-

phase study was conducted during the DBMN, Charneis Bay Dredge Trial. on drcdging panels 

one and three (Figs 2.2 and 2.3): "'~reas lhe Jonger-pbase ~lUdy WdS conducled allerwards ",ilh 
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Chapt~r 2: Natural and mining-rdated variability in Cham~is Ray 

the aim of validating mathematical simulations of turbidity plum~s cr~ated by a bydrodynamic 

mood (CSIR 2005b). For this re\'iew. only dala Ii-om th~ short-tenn dredging-trial study w~re 

examined. as the longer-teml data were limi1ed to wind. wave. current attributes and simulated 

turbidily profiles and were thus not ,uitable for the reviev.'. 

N 
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S~a1,,; l.;~OOO -'---1 
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,,"c:sm Study Area 

~ F'Th1S SW'Vc." Station. 

Figure 2.2: Location map of the sllIdy areas and dredge pands I and 3 of DBMl'< (Sources: 
CSIR 2005b & Pulfrich el al. 20(6). ~1aps w~r~ sllperimposeu to show tb~ o\'~rlap of [he 
two studies. Open cirdes represent [be FIMS sampling transects (T5-TlO) anti [he Shaded 
region the CSIR ~tooy area, The hlcre lines and lext (14A. 14fl & 14C) in dicat~ the F1MS 
grouping sy~k'1l1 - with th~ reu ront at Transect 5 (TS) indicating the station numb<:ring 
sY'lem. 

44 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 2: Natural and mining-related variability in Ch<lll1eis Bay 

The short-teTTTl CSIR data comprised dcpth-correlated data ii-om randomly selectcd control and 

mined area~ at \\hich In-.,IIU turhidit}. diss.ohed oxygen and temper<llure profiles Were takcn in 

and around thc two dredging panels (Fig. 2.3)_ fhta ",ere recorded at each of thc sampling or 

proliling points with a mliiti-paramcter sensor (Scabird SBE I </) by lowering the device into the 

watcrat aratc ofO.5m/slO the seafloor <lnd then nlising it ag<lin at the same rate (CSIR 2005e). 

, 
A 

S, ... , '"000 
ul" ~~" I\'''GS~. 

",,1, • ..--" "' .. I "".,1 'I 

EnI ..... An. IP .. ..t 31 

! , 

P"",,' l 

Figurc 2.3: Visualization of profiling positions in and around dredging pands 1 and J (modi lied 
from l'SIR 20ll5h). rhc positions of all the plume (denowd by "P") and control (denoled by 
"C") profiles llsed in the review <Ire JepJesented on the m<lp. 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

The Seabird SBE 19 recorded depth, conductivity, temperature, dissolved oxygen as well as 

turbidity, all of which were time-referenced and later presented graphically (as exemplified in 

Fig. 2.4). Turbidity was recorded with an optical backscatter sensor (aBS) calibrated in mg/( 

and was only sensitive to turbidity readings greater than 17.38 mg/( (CSIR 2005c). Thus straight 

lines falling on a value of 17.38 in the profiling graphs actually reflect turbidity readings of 

between 0 and 17.38 mg/L The aBS had a detection radius of about 20 cm around its sensor 

(CSIR 2005c). 

26 January 2005 Time 08:27:27 
'J -

E 
'~15 -
.c -n. 
Q) 

o 

2'J -

25 -

[I 

.~ 

~ 

€; 
" 

UPC3St 

I 

20 

I 

.:to 

--" 

~'~:.~ 1 00'.'0'11 cas. t 
, . 
-':, ,-
~;' 

.r 
<. 

-~'::'-'­
..:.~--:' ... -_-:I 

~~.! 
".~~' 

<-1 .• -'--" :? 
-,:~-~'-----.- -

I 

130 

7 

~.~~ --= -=-

I I I 

80 IDO 120 
Turbiclity (rng.:l) 

I 

1.:10 

Profile P47 

I I 

JeJ 20D 

Figure 2.4: Example of the data out-put from the Seabird SBE 19 (CSIR 2005b). 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

For the review, three profiles per day were selected from the CSIR (2005b & c) study to allow a 

balanced comparison between control and mined areas. The aim of these comparisons was to 

assess any differences in turbidity, temperature and dissolved oxygen before, during and after 

mining within the areas of significance. The positions of all the profiles (i.e. three from each of 

the eight days of the study) used in the review are illustrated in Fig. 2.3. Profiles were done on 

different days, hence the apparent clustering and/or overlapping of profile positions in Fig. 2.3 

should be viewed in conjunction with the dates on which sampling took place. 

To illustrate the mining effects, the profiles obtained frqm the CSIR (2005b & c) study were 

classified into three categories: (1) Control profiles, which constituted those taken before 

dredging or at sites beyond the visible extent of the turbidity plumes created by dredging (CSIR 

2005). Profiles sampled in dredging plumes were categorized as (2) Mined profiles while those 

sampled at the edges of visible dredging plumes or on the lee-current side of mining were 

categorized as (3) Impacted profiles. Dredging occurred intermittently during the 8-day study 

(CSIR 2005b), which made it possible to assess the three scenarios for each day of the study. 

Data Extraction, Manipulation and Presentation 

Fisheries Independent Monitoring Survey (FIMS) 

For the assessment of natural variability the majority of the data used in the review were 

obtained from the FIMS (Pulfrich et al. 2006). For the seasonal variability unprocessed FIMS 

data sourced from DBMN for Zone 14B were used to construct seasonal bottom-temperature and 

dissolved oxygen graphs. Data from all six transects in Zone 14B were used for the seasonal 

comparisons with transects being pooled for each depth. Latitudinal or alongshore differences 

(i.e. among transects) were assessed from vertical profile charts sourced from the Pulfrich et al. 

(2006) report. 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

CSIR Study 

The CSIR study was used mainly to illustrate the mining impacts on turbidity, temperature and 

dissolved oxygen within Chameis Bay. No raw data were available from the CSIR documents 

sourced from DBMN and thus methods had to be devised to extract information from already 

processed data in the documents. The profile graphs (e.g. Fig. 2.4) created from the data 

recorded by the Seabird SBE 19 for turbidity, temperature and dissolved oxygen were the most 

important data set for the purposes of this review. 

Data were extracted from these profiles and used to construct synthesised depth profiles for the 

three treatments (i.e. control, mined and impacted) for the three variables assessed (i.e. turbidity 

temperature and dissolved oxygen). For the synthesised depth profile graphs the upcast and 

downcast data per profile (Fig. 2.4) were averaged to obtain mean values for each depth level. 

For the comparative analysis three depth intervals were defined: Top (upper 40%), Middle (40-

80%) and Bottom (lower 20%), to standardise for depth differences between samples. 

All statistical analyses and graphical representations were carried out in Statistica 7. 

Nonparametric Friedman ANOV As were employed to assess inter-seasonal differences for both 

dissolved oxygen and temperature. For the turbidity, dissolved oxygen and temperature profiles, 

the three water-column depth strata (top, middle and bottom) and the treatment types (control, 

mined and impacted) were compared using 2-way ANOV As, followed by Tukey HSD post-hoc 

tests. 
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Ch<tpter 2: NalllTal and mining-related variability in Cham~is Flay 

Results 

'1atu[<l1 Variahility 

Variability in bottom dissolved oxygen over an iocrease in depth was greater during Autumn. 

Summer and Winter than in Sprillg (fig. 2.5). [)uring thc spring ~eaSon of 2005 the dissoh'cd 

oxygen concentrmion remained l->elow 2 mglf over the entire depth rangc, 
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oo'-~~~~~~~~~~~~~~~-" 
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Oepth (m) 

Figure 2.5: BOllom dissoivL..J oxygen, ariahility over depth in Chameis Bay - constructcd from 
w\\- <him sourced from DFIMN. All six \ran~eeb in Zone 14F1 were pooled across dcpths. l'Ile 
depth scale is non-linear hecuus<: it \\-as reli.lted 10 dist<IT\Ce oll~hore. which spannro 1-1 0 km. 

The inkr-se<t.~on<l1 difference in houom temperature between June 2005 and April 2006 across 

bottom depths of 16-72 m follov,'ed the n<ltur<ll L'YCle of<t p ~ak in April (Alltwnn) and dmppcd to 

a minimllIll in September (Spring) bll\ dillered lillic «O.5°C) across these depths (J-'ig 2.6). As 

expcL1ed. bottom dissolved oxygen and haltom lemper<ltllfC decreased with an increase in d~plh. 
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~ ' hapter 2: ~a!ural and mining-related variability in Chal1l~is Bay 

with this pattern being more: subtle in the cas~ of boll om t~mpt>ffililre (Fig. 2.6) than for honom 

dissolved oxygen O'ig. 2.5). 

"c--------------------------
.~ June 2005 

"-. September 2005 

.~ January 20C6 

~ "I c 

AJxi12C03 

'-, 
~ " 
0 

E 
0 
~ 

W 

i , 

s _ .. "- ... < 

163 t77 1B2 215 30.3 35.0 421 47.B 51 1 70.1 71.6 72.5 

[krtll (m) 

Figure 2.6: Bottom temperature variahilit), owr depth in Chameis Uay - constructed from raw 
data sourc~d from OKMN. All six transects in Zone 14K were poded across depths. 'Jbe 
depth scale is lIOn-linear because it was related to distance offshore. which spanned 1-\ 0 km. 

Similar to bottom t~mr<'nllur~ th~ low~st vall1~s l'or hOllom diss.olwd oxygen were recorded in 

Spring and the highest values during Autumn , The mean differences between the two seasonal 

extremes were 1.31 mglC foe the dissolved oxygen and 1.92°C for the temperature (I able 2.1: 

!'ig.2.7). 

J\on-parametrie Fri~dman ANOVAs showed thm both oxygen and temperature diflOw'TCd 

significantly among seasons (Table 2, 1). Post-hoc Tukey-type tests indicated that mcan bottom 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

temperatures in the Chameis Bay area were similar during Winter (June) and Summer (January) 

of the two consecutive years and both significantly different (p <0.0001) from the Spring 

(September) and Autumn (April) extremes - which were also significantly different from each 

other (p <0.001). The mean bottom dissolved oxygen readings were closely linked as the Winter, 

Summer and Autumn oxygen concentrations were statistically indistinguishable (p >0.05) with 

the only detectable difference being between Spring and Summer (p <0.0001). 
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Figure 2.7: Seasonal means for both bottom dissolved oxygen and temperature variables (data 
constitute unprocessed data sourced from DBMN). 

Table 2.1: Nonparametric Friedman ANOV A statistics for the seasonal bottom temperature and 
bottom dissolved oxygen variables within Chameis Bay (Pulfrich et al. 2006). [Chi Square 
stats for both variables· N = 24· DF = 3· p <0 0001] , , 

Mean Rank Standard Deviation Chi Square 

Bottom Oxygen [June 2005] 2.36 mg/f 2.520 0.69 
Bottom Oxygen [Sept. 2005] 1.47 mg/f 1.041 0.45 45.72 
Bottom Oxygen [Jan. 2006] 2.63 mg/!: 3.187 0.54 
Bottom Oxygen [April 2006] 2.78 mg/f 3.250 0.88 
Bottom Temperature [June 2005] 10.64 DC 2.500 0.35 
Bottom Temperature [Sept. 2005] 9.72 DC 1.000 0.15 

64.80 
Bottom Temperature [Jan. 2006] 10.58 DC 2.500 0.30 
Bottom Temperature [April 2006] 11.64 DC 4.000 0.29 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

FIMS data for January 2005 (Fig. 2.8) for zone 14B were sourced from the Pulfrich et al. (2006) 

report for comparison with the CSIR study, also done in January 2005. The most striking pattern 

was an increase in the surface (0-6 m) dissolved oxygen concentration the further one moved 

from the coastline. Nearshore stations had dissolved oxygen values of between 3.2 an 4.4 mtlf 

while offshore stations had values of between 4.6 and 7.4 mtlf (Fig. 2.8). 

In general, under natural conditions, the dissolved oxygen profiles near Chameis Bay showed a 

decrease in dissolved oxygen over an increase in depth. Dissolved oxygen values in the surface 

layers (0-2 m) varied between 7.4 and 304 mtlf, declining to between 4.2 and 1.6 mtlf near the 

seafloor. None of the profiles in zone 14B had bottom concentrations of below 1 mglf, although 

a review of the extended data set did reveal one reading <1 mtlf, in zone 15, in line with the 

anoxic event during the 4th FIMS (Pulfrich et al. 2006). On average, the difference in dissolved 

oxygen between the surface and bottom (70 m) water regions ranged between 2 and 5 mtlf (Fig. 

2.8) at the stations furthest offshore. 

Temperature, similarly, decreased with an increase in depth (Fig. 2.8). However, there was little 

variation in temperature below 30-40 m (see station 4 for each transect). Temperature profiles 

reached an asymptote of about 10AoC at a depth of 76 m, and ranged between 13.8 and 11.4°C 

near the surface. Another pattern evident from the profiles was an increase in surface water (0-2 

m) temperature southward along the coastline, in line with the general southerly increase in 

temperature within the Benguela system (Shillington 1998). The surface water temperatures 

followed the same pattern as the surface dissolved oxygen, increasing with distance offshore 

(Fig. 2.8). Nearshore stations had temperatures between 11.6 and 13.0°C while offshore stations 

spanned 12.8 to 14.2°C (Fig. 2.8). 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

Mining Related Variability 

Data on turbidity, temperature and dissolved oxygen were extracted from profiles in the CSIR 

(2005b) report and used to construct integrated depth-related profiles for each of the parameters 

assessed (Fig. 2.9). 

With the exception of the control profile measured on 28 January (Fig. 2.9), control sites had 

low values of turbidity relative to either impacted or mined profiles. Control profiles exhibited 

low levels of turbidity that were often below 17.38 mg/f, from the surface down to the bottom of 

the profile, where a spike was usually recorded, due to disturbance of the sediment by either the 

instrumentation rig as it hit the ocean floor, or by water movements close to the seafloor (CSIR 

2005e). Mined profiles, on the other hand, exhibited significantly higher readings either 

throughout the profile or, in most cases, from the mid-water depths down to the bottom, and had 

highly variable amounts of suspended material throughout the profile (e.g. mined profiles on 23, 

24,28,29 and 30 January). 

Dissolved oxygen and temperature profiles followed no easily distinguishable pattem(s). With 

the exception of the last three days (6, 7 & 8) of the CSIR study, temperature profiles for the 

control, mined and impacted sites were generally closely correlated throughout the depth ranges 

compared (Fig. 2.9). Day 7 exhibited the largest range in temperature difference between the 

surface and bottom depths where the control profile (C39) exhibited a decrease in temperature of 

roughly 6.5°C from the surface to a depth of 25 m. Dissolved oxygen results exhibited highly 

erratic profiles over depth with no obvious correlation between any of the three treatment sites 

(i.e. control, mined and impacted sites) for the duration of the CSIR study (Fig. 2.9). 
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l>ay 5 (21 January 2007) 
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Chapter 2: Natural and mining-related variability in Chameis Bay 

Figures 2.10, 2.11 and 2.12 show the data derived from the CSIR (2005c) study in Chameis Bay, 

categorised by depth strata, for the turbidity, dissolved oxygen and temperature profiles shown 

in Figure 2.9. 

In general, turbidity increased from the top to the bottom strata (Fig. 2.9). ANOVAs showed that 

both depth (p <0.0001 on all days) and treatment (p <0.05 on all days) and their interaction (p 

<0.009 on all days except day 4) had significant effects. Tukey post-hoc tests summarized in 

Fig. 2.10 revealed that control profiles had values that were significantly less than those in the 

mined profiles (p <0.05), particularly in the middle and bottom strata (Fig. 2.10). Impacted 

profiles were nearly always either statistically indistinguishable from the controls (p >0.05) or 

intermediate in value between the control and mined profiles: only in three out of the 24 cases 

tested was this not true. 

Dissolved oxygen declined with depth on four of the eight days (Fig. 2.11) which coincided with 

days on which there were strong temperature gradients (Fig. 2.l2). On the first four days control 

profiles generally had significantly higher oxygen concentrations than mined profiles, with 

impacted profiles being intermediate, but this pattern broke down on the last four days (see 

summary statistics in Fig. 2.11). Thus, although there was a strong suggestion that mining 

diminished oxygen levels, the evidence for this was confined to the first four days. There was a 

negative power relationship between oxygen and turbidity (y=4.844x·O.1274; r2=0.198; p<O.OOl). 

Temperature declined with depth on all days. The magnitude of the decline ranged from O.2°C on day 

five to 7°C on day seven (Figs 2.9 and 2.12). There were no compelling differences between the three 

treatments at any of the depths, with Tukey post-hoc tests showing either insignificant differences among 

treatments, or an absence of any pattern among treatments that were different (see statistics in Fig. 2.12). 
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Chapter 2: Natur:ll and mining-related variability in Chamcis llay 
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Chapter 2: '1atul1l1 and mining-related v~riabi l ity in Chameis B~y 

l)iscbssion 

l<atul1Il variability oUem~mtur~ ljlK!. dissoh'~d oxvg~n (FIMS Data) 

The luw hOUOffi temperatures prevalent during Seplemht:r 2005 (rigs 2.li and 2.7) suggeskd thaI 

a major upwelling event was rcsJXlnsihlc for the rnlOxic conditions obscrvcd during Spring 2005. 

Dissolved oxygen genemlly deaeased with an increase in depth (Figs 2.5 and 2.8), so upwelling 

of water from deplhs well b.:yond the photic zone (150 m) could have hmught anoxic or hypoxic 

water to the offshore (70-100 m), inshore (40-70 m) and even nearshore (15-40 m) regions ofttle 

cuast (Schmidt-Nielsen 1997, Chang 2003, Pullrkh I!I at. 2006). 

Low-oxygen events are a common leature orthe northo:m Rengut:la (Railey el a'- InS, Shrnlnon 

& O'Toole 1999, Ferrui.ndez-Te)edor el al. 20(4) and Can be spatially and temporally variahlc 

depending on the nature of the event, In the FIMS report (Pulfrich e/ al. 2(06) one such hypoxic 

event Was recorded. During this e\Cnt oxygen-poor condi tions (of >(),2 mg 021l) developed at 

an area just south of Kerbe lluk (Zone 15 in Fig, 2.1) at a Jepth of ruughly 50 m during March 

2005, and tht:n prupagaled northward over a pt:riod uf "",ven months to the southern extent of 

Charneis Ray (Scptemh<:r 2(05). The spatial contexts of the event covered an area from the 

shallow coastal zone 0Utw~Tds lo seahed depths of >70 m. Interestingly. unlike the "",ven-JIl()nth 

onset of the hypoxic event, the disappearance of hypoxic conJitions took placc ovcr a period of 

three months, so th~t the system had completely returned tu nurmal by the time the January 2006 

SlllVCy was conductoo (Pulfrieh el a!. 200!';). 

rhc ohserved trend that dissolved oxygen in surface W31er il1Crca.~ed as one moved further away 

from the coastline (Fig. 2.8) is expecled. This is bo:muse photosynthetic £"dtes are higher in 

calm~r water (away from tho: coaslline) than they are ill the turbid regions uf surface water 

nearer to the coa;1 - i.e. photosynthesis is limited as light is attcnuatcd hy thc turbid conditions 
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Chilpter 2: Katural and mining-rdatL'd vilriability in Chameis RIY 

nearshore (Sdunidt-Niclsen 19Q7). Thus. the high dissolved oxygen readings in the olTshorc 

sltrli.t~e waters may have be~>fj the resuH of greater primary producli vity there. 

Dredge-mining Ind\IC~. Vari'l.biljtv 

The highly variable nature of the dissolved oxygen pmliles from the mined areas, 11) eompanson 

with those from the F1MS (Fig. 2.8). suggests processes that may be linked to the discharge of 

sediment (ovCTspill) hac:k inlo lhe sea. as well as sediment suspension resulting from the 

dredging process_ Asses..~ed in COI"\jlIDction with the dissoh-cd oxygen data presented in Fig. 2.9 

this notion becomes more compelling. A plausihle explamtion for the trend ohserved in Fig. 2.9 

(i.e. thal the control proliles lend to have higher oxygen values than the mined profiles) lies in 

lhe narnrc of the mining operations. 

During the dredging process sediment is sucked up along with water - from the target mining 

area and, whi le the heavier sediment settles in th~ hopper. the ~x<:ess Willer mixed with fine 

sediment Oows back into the ocean as ovcrspill via the overflow sluices of the hopper. The wdkr 

being discharged at the sea surface as overspill has been extrac:ted li-t~n the hollom and is likely 

to have ch<.mically different and thermally cooicr properlies than the surface water. and thus 

inlluence the surface water. In the case oftbe mining panels at Chameis BiIY. the bottom depths 

were not suhstantial, so this etkct would have heen less than if mining had taken place at deeper 

regi(\ns of the ocean. 

There was no evidence that mining dL"~reased the temperature of the surface layers by importing 

cool oollom wateL Oxygen was dcplelL'd in the surface waters in 68% of the mincd profiles. and 

oxygen levels were negatively correlated wilh turbidity, whi<:h was increased in all dcplh strata 

by mining. Ihis negative correlation may have had three possihle ~auscs_ Firstly. there arc 
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Chapter 2: Natural and mining-related variability in Chameis llay 

natural declines in oxygen and increases in turbidity with depth. The correlation may in part 

simply be due to their joint correlations with depth. Secondly, the introduction of sediment in the 

surfac~s waters could have constituted a nutrient (or an additional microbial) input. which in turn 

might have increased respiration rates. thus depleting the dis~olvcd oXIgen in the surface waters. 

Thirdly, turbidity could have reduced light penetration, possibly limiting photosynthesis while 

r~spira!ion rates r~main constant. ullimatdy leading to an imbalance in th~ lavour orr~spiration. 

Ho .... 'Cver. the prollability of reduced oxygen levels having been brought On as a ,"",sull or tho: 

St:cond and third caul><'s is very low. sinc~ readings for mined profile sites wcre taken during the 

dredging procC1.s (CSIR 20(}5b), which is too brieffo.- such dra.~tic hi"logieally·induc~.J ehange~ 

10 take place. 

Moving on to the turhidity profiles, it is clear that these profiles yielded the mOSI dramatic 

evidence of mining impacts. Consid~ring tho: C<lntrol, mined am] impackd prallks. it is cvitknt 

that natura..l turbidity profiles within the area.~ assessed varied from <17 to 100 mg/!: throughout 

the depth promes. and that in the llppermoSt stratum turbidity only exceeded 40 mg/t 13% of the 

time. During dredge-mining periods this frequency incrca.<;ct.ito 38% 
• which is an almost 3-lold 

increasc. For the mid·water depth there was a 6.8·fold increase in the frequency of values 

exceeding 40 mglt during mining. rhls cut-off point (40 mg/f), although having nO significance 

to critical or lethal tolerance levds. is a good indicator since it is twice the natural turbidity level 

recorded for the Charncis Bay area (Pullrich el al 20(6). 

In the bottom-most strata of the water column, the impuds of mining on turbidity were 

indistinguishahle because even in control proliles tht:r~ w~r~ abrupt increases in turbidity 

caused either by th~ natural suspension of sediment or the disturbance of the seabed sediment by 

the ~quipment rig. 

63 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 2: Natural and mining-related variability in Chamcis Bay 

Dredge-mining dearl~' increases tumidily - elevating il tu as high a~ 20() mg/I_ Howe\'er, this 

needs to flo;, Pl.lt into ~ootexL Sediment dio.charged by the Orange River, stonns and sand blo\\-ll 

by Berg winds nalurally increase tumidity - with values ur up 10 7400 mglf ha\'ing ken 

recorded (Zoutendyk 1995). Moreovcr, benthic species that live in the Benguela arc likely to be 

tolcrant of turbidity because it is a regular featore urthe system_ Nevertheless. particular stages 

of 1ikcydes may b.;, vl.llnerabk to turbidity. as Herrkind el at. (1988) demonstrlited for the 

scnlemem of p"",ruli of the spiny lobster Panu/iris argus. 

Conclosions 

The (SIR und rIMS data reviewed dearly indicate that dredge-mining activities inducC(i 

substantial turbidity in tk waler column, especially in Ik mid-water to surface layers. It is 

arguable thai imer-rcJated processes betwcen turbidity and utller physical factors such as 

dissolved oxygen do exist. although the natl.ln. of tbest' relationships still need 10 b.;, ddined_ It is 

against Ihis background of ioformation that the: potential impacts of dredge-mining on rock 

lobsters need to b.;, assessed. 

In the jil]Jowing chapters these issues arc evalualed with the aid of laboratory experiments on the 

tolerance and fCactions of juvenile ro::k lobsters to variations in hydrogen sulphide. dissolved 

oxygen and turhidity. 11 remains unknol'm whether dredge-mining influences hydrogen sulphide 

sin<:e 00 in-silu mea.~uremcnts of this variabk were obtained during dredging trials_ However. 

tbe ranges or dissolved uxygen and turbidity likely to be associated with mining and natural 

'<:ontrul' conditiuns do provide a yardstick lor evaluating their clTccts on rock lobsters. 
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CHAPTER 3: EFFECTS OF DISSOLVED GASES ON JUVENILE ROCK LOBSTERS 

Introduction 

The first and, probably most, significant concern related to the proposed diamond dredge-mining 

activity along the southern coast of Namibia relates to the indirect effect of dredging on 

dissolved gases in the dredged and nearby areas. Two gases are of particular importance: 

dissolved oxygen and hydrogen sulphide. Scenarios as to how dredging may affect gas profiles 

are discussed in the following two sections. 

Dissolved Oxygen Scenarios ' , I' 

':"~'i~( 1\J 
Diamond dredge-mining in coastal waters off the west coast of southern Africa may ~WlitectIy 

+h, "\l\~ 
perturb dissolved oxygen levels through the suspension of sediment during the dredg~ lhaing 

processes. One reason for this is that elevated sediment suspension from the dredging process 

will attenuate light and in tum limit photosynthesis (Carter 1995). In addition, the suspension of 

organically rich sediment could constitute a nutrient input into the water column and boost 

microbial respiration rates and, in so doing, reduce dissolved oxygen concentrations in the water 

column (Van der Lingen et al. 2006). 

If these conditions (i.e. low light and high nutrient levels) persist for even relatively short 

periods of time (e.g. 24 to 48 hours) respiration rates will quickly surpass photosynthetic rates 

(Schmidt-Nielsen 1997). This may ultimately result in the demise of large populations of 

primary producers, since the available oxygen is consumed at a rate faster than it is being 

generated within the ecosystem. The death of these photosynthetic organisms will add to the 

nutrient supply to the benthos, which will further boost respiration rates as decomposition of the 

dead organisms ensues (Bailey et al. 1985). The combined effect of elevated respiration, 
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Chapter 3: Effects of dissolved gases on juvenile rock lobsters 

compounded by slow current regimes, will lead to the rapid reduction of dissolved oxygen near 

the seabed, resulting in severely hypoxic to completely anoxic conditions in relatively short 

periods of time (Bailey et al. 1985, Schmidt-Nielsen 1997). 

Hydrogen Sulphide Scenarios 

In the northern Benguela hydrogen sulphide is associated with the mud-beds found on the 

continental shelf along the coast (Bailey et al. 1985, Lutjeharms & Meeuwis 1987, Emeis et al. 

2004). According to Emeis et al. (2004) hydrogen sulphide is a permanent feature of the 

northern Benguela, being evident throughout the year, and thus constitutes an important part of 

the natural state of the ecosystem. The sediment in the region is at times so saturated with 

hydrogen sulphide that the release of gas from the sediment ensues naturally (Emeis et al. 2004, 

Weeks et al. 2004). This implies that any form of sediment agitation, as in the case of dredging, 

may liberate hydrogen sulphide gas into the surrounding water - with potential negative impacts 

on the faunal communities in the region, as well as implications for the natural balance of gas 

release in the system (Garzoli & Gordon 1996, Boyer et al. 2000). 

Motivation for and relevance ofthe study 

Severe seasonal and sporadic reductions in dissolved oxygen concentrations (and production of 

hydrogen sulphide) over the continental shelf have marked influences on the distribution, and 

sometimes overall biomass, of marine species ranging from pelagic to benthic habitats (Bailey et 

al. 1985, Cockcroft 2001, Van der Lingen et al. 2006). This, in tum, has direct negative 

implications for fisheries that rely heavily on certain species such as the rock lobster species, 

Jasus lalandii, which is an important marine resource for both Namibia and South Africa 

(Grobler & Noli-Peard 1997, Cockcroft 2001, Van der Lingen et al. 2006). With the overlap of 

marine diamond-mining operations and the natural distribution of J lalandii along the Namibian 
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south coast this study was proposed to examine possible impacts of gaseous perturbations on the 

behaviour of juvenile rock lobsters. 

Although physiological responses (such as heart rate, metabolic rate and hormonal adjustments) 

could have been assessed, I elected to monitor behavioural responses because they can easily be 

observed in the field whereas physiological responses are difficult to monitor under field 

conditions. In line with this motivation, behavioural responses of juvenile rock lobsters to 

reduced dissolved oxygen (hypoxia) and elevated hydrogen sulphide levels were assessed under 

laboratory conditions. Behavioural responses that were monitored included general movement, 

escape responses and incapacitation. The study was designed to test the null hypothesis of no 

difference in behaviour of juvenile rock lobsters in responses to induced hypoxia and increased 

hydrogen sulphide between sexes or between sites. The study was also aimed at documenting the 

behavioural progression of juvenile lobsters to incremental levels of hydrogen sulphide. 

Materials and Methods 

Comparative studies between localities and sexes 

The experimental component of the study was conducted at the Marine and Coastal Management 

Research Aquarium located in Cape Town, South Africa. The experimental phase encompassed 

a period of roughly 16 months and was entirely laboratory based. Lobsters were collected from 

both Luderitz and Cape Town to establish if responses were consistent between regions, and 

both males and females were used to test for any sexual differences. 

Lobster acquisition from Luderitz, Namibia 

One hundred and fifty juvenile lobsters (75 males and 75 females) of carapace lengths between 

50 and 60 mm were transported from Luderitz to Cape Town via road. The lobsters were caught 
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by way of overnight baited traps deployed from the MF. V Snowgoose, a 20-m rock-lobster 

fishing vessel. Lobsters were kept alive onboard in 100-[ bins filled with seawater that was 

frequently replenished during the two-day catching period. Once on land, the lobsters were 

immediately transferred to a walk-in chiller at the Ministry of Fisheries and Marine Resources 

(MFMR) in Uideritz where they were kept at -5°C for 20 minutes while being packaged for 

transportation. 

The lobsters were packaged in groups of 15 placed on top of slightly wet wood-wool inside 20-[ 

polystyrene containers with two frozen gel packs (Fig. 3.1 A). The wood-wool kept the air inside 

the container moist and maintained the position of the lobsters within the container during 

transportation. The gel packs maintained a cool air temperature inside the container. After the 

lobsters had been arranged in the container another layer of wood-wool was placed over them 

and the containers closed with polystyrene lids (Fig. 3.1 B & C). The containers were then 

transported by road to Cape Town. During the 16-hour journey, additional seawater was 

intermittently sprinkled over the top layer of wood-wool to maintain the moist conditions inside 

the containers. 

At the Marine and Coastal Management Research Aquarium in Sea Point, South Africa, the 

lobsters were immediately transferred to holding tanks. All 150 lobsters survived the 

transportation and appeared to exhibit normal behaviour within 15 to 20 minutes of being 

transferred to the holding tanks. Similar numbers of rock lobster were collected at Cape Town 

and stored in identical holding tanks for a comparable period of time. Experiments were carried 

out nine days after the LUderitz lobsters were acquired, thus allowing them to acclimate to the 

laboratory conditions. 
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Figure ll: The packaging sequence fo r transport of Lilderitz lobsters, (A) Lobsters paekell in 
wood-wool; Bille plaslic hottlcs arc lh~ gel pa~ks us~d to hcp air kmperaturc in,ide the 
polyst)'ro;;no;; containo;;rs low_ (8) Lohsters ~overed with wood-wooL (e) Cookr boxcs scaled 
(D) Polystyrene containo;;rs in the walk-in chilkr at MFMR. Uideritz. togdher with one oi' 
the IOO-{ equipment hins (red) uscd to keep the lob~ters aii\-e onhoard the fishing vesst'!, 

Experimo;;nt~ l Sdup 

ro manipulatc gas levels. the Cochran & l3ahcock (1974) Sdllp. as modified hy l3eyers & Wilke 

( 1990). wa~ employed to regulate dissolved gaso;;s ant! lemper~Il1T" ~ondition~ in small aquaria 

wi th a d05<'d water circlilatiOil (5<'e &yers & Wilke 1 'i9O), For ~11 the gas experiments. aqllari~ 

mad~ from S-mm thick glass equipp<-'Xl wilh glass lids WNC uscd, Silo. aquaria were employed. 

cad with a volum~ of271 (3lJ x 30 x 30 ~m), 'md were wparated into lwo sCdions hy 6-mm 
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PVC ~iK:ds ""ilh 15-mm diameler rn'lcs drilled in them (Fig. 3.2). The ;.cparalors served 10 

prevent interaclions betwcen Ildjaccnt lohstcrs during experiments while llOt hampering the flow 

ur waler through each ayuarium. All aqwria were equiprt'd ""ilh pillstic vahes to regulate Ih~ 

now ofwmer(Fig.:U A}. 

Figure 3.2: (Jas experimental setup during the inilial stage~ UI constru<:tioo. Th~ six short-ternl 
aqwria are visihk on the right hand side while the Ilquaria used ill the turbidity experiments 
de~crihed in Chapter 4 al<' in the c~ntf<'. The four Perspex glls-regulation cylinders arc 
mount~d on the willI. All the short-ternl tanks already have dle regulation valves attached 
and the first two srn'rt-lCml tanks arc eonneeled w the nilrog~n-stocking c~'linder on th~ 

right. The short-term tanks already have single gre) PVC s~parawr~ installed. 

Four I'er:spex gas-stocking cylinders were mounted to toc wall of the laboraton wlth aluminium . . 

brackets and self-tapping screws (Fig. 3.2). '1''''0 01 the rour stocking C~'lind~n:; weI<' llsed to 

regulate nitrogen supply. and one each Ihr th~ supply olhydmg"'" sli lphide and oxygen. All four 

stocking eyl ill<.k·r:s ""e,," IItled wi th IO-cm thick non-toxic rubber bungs on both ends - with each 
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bung h'l\'ing Ihr"" hole~: two 15-mm hole~ on lhe outer sides for water flow and one central 5-

mm hole for gas input (in the case of the bottom ruhber hungs) or pressure release (in the case of 

1he top rubber bungs). The lour stocking cylinders were lhen ~"OIlnecled to Ihe relevant ga~ 

cylinders wilh Ihe aid of S-mm di3lt1eter rubber lubing. Each ~lrlCking cylinder """liS equipped 

wilh a regulator valve at the top of the cylinder to control the inflow ofwatcr from the reservoirs 

and the waler level inside the cylinder. Regulation of waler level had ~ignilicant implication~ fi)r 

the enieieney of ga.' stocking. 

Figure 3.3: Two componenh of Ihe ga~ experimental selup. (A) Short-term tanks ""ith one inlet 
~nd two plastic rcgulmion valves, and the single grey PVC separator held in place hy two 
brn"n plaslie spacers on opposite ends of Ihe separator. (13) Two of the four stocking 
cylinders. the nitrogen cylinder OIl the right and Ihe oxygen cylinder on the left together ""ith 
the wooden <lir stones and outlets, which h<!d three connections per OlIllel. 

Foch of the stocking cylinders h<ld a ""ooden airSlone al the bottom of the cylinder which "as 

crucial for the efleclive stocking of the relevant gases. Wooden airstone~ (Fig. 3.3 13) were found 

to be mOS1 efkctive in creating the snl<\llest bubble~ thus increa~ing the ditlUsion of gas in W<tler 

- a factor related to the high surface-arca-to-volume ratio of the hubhles cre<lted. This was very 

imponant in thm it minimized the amount of gas used during gas-stocking phases. 
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Each stocking cylinder had three connections to each outlet at the bottom so as to supply one 

sets of three aquaria per outlet (Fig. 3.3 B), and a single inlet at the top of the cylinder to 

complete the circuit. The circulation of oxygen and hydrogen sulphide was kept separate to limit 

oxidation of the hydrogen sulphide. Two 100-{ fiberglass reservoirs, with removable 

polystyrene lids, were used to keep the two gas-stocked water-types separate (see Fig. 3.4). Two 

submersible, centrifugal water pumps were used to circulate the water through the setup and a 

Hailea flow-through water chiller held the water temperature at about 17°C. The gas 

experimentation tanks each had a single inlet and outlet (Fig. 3.3 A). However, each inlet had 

two source inlets from the relevant gas-stocking cylinders - depending on the type of experiment 

(i.e. sulphide or oxygen experiments) the tank was intended to be used for (Fig. 3.3 A, Fig. 3.4). 

Depending on the treatment, the two source inlets were regulated to create the required 

conditions inside the aquarium (Fig. 3.3 A). In the case of the hydrogen sulphide experiments 

each aquarium had a source inlet from the hydrogen sulphide stocking cylinder as well as a 

source inlet from the nitrogen-stocking cylinder. In the case of the oxygen experiments, each 

aquarium had a source inlet from the oxygen stocking cylinder and one from the nitrogen­

stocking cylinder. Nitrogen was used to displace oxygen, inducing varying levels of hypoxia in 

the treated water. By regulating the rates of flow from the two sources, the concentration of 

hydrogen sulphide or oxygen could be controlled inside the aquaria. 

Water was treated or stocked by initially filling the appropriate stocking cylinders with normal 

seawater to a level roughly 10 cm below the top rubber bungs and then bubbling the relevant 

gases through the water from pressurized gas cylinders. The water level inside the stocking 

cylinders was monitored and regulated, since this had direct implications on the pressure at 

which the gases could be bubbled through the water column and the efficacy of gas-stocking. 
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Figure 3.4: [)iagrammalie representation of the concept ami design of the ~etup employed roc the 
labor~tory g~' experimenh. The waler chiller and mhbcr hungs at the top of each stocking 
cylinder have been omined from the di~b'nlm. 

for the hytlrogen sulpbiJe experimrnt' a 9X% grade, liquefied. hydrogen sulphitle gas was used 

wh ile technical oxygen v.'as used for all the oxygen experimenls. All experiment' were initiated 

in the following manner: (l) filling the reservoirs vo.';th normal seawater; (2) filling the stocking 

cylinders wi!b scaWJter fTom the reservoir~; (3) mnning the cirelilation lor a few minutes to 

establ ish baselioc conditions in the experimentation aqwria; (4) 'iocking the water 1ll the 

stocking cylinders with the relevant gases; ami (5) ,electing and allocating lobsters to the 

expcrimemation aquaria. The next step (6) constituted the actual experimentation pha"" a, 

des~rihed in Ihe [ollowing ,eetioo. 

7J 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 3: Effects of dissolved gases on juvenile rock lobsters 

Experimental Phases 

Short-term experiments comparing moribundity 

For the 'short-term' experiments comparing moribundity of lobsters from Luderitz and Cape 

Town, both hydrogen sulphide and oxygen deficiency were examined over a timescale of 60 

minutes. Hydrogen sulphide and oxygen experiments were conducted separately on consecutive 

days, as it was impractical to run these tests simultaneously. 

For the hydrogen sulphide moribundity experiments, male and female lobsters (all in the inter­

moult phase) from both Luderitz and Cape Town were selected and allocated in series of pair­

wise combinations to each of the three hydrogen sulphide experimentation tanks. Lobsters were 

then left to adjust to the experimentally controlled temperature of 17°C for 15 minutes before the 

experimental phase commenced. After the IS-minute acclimation period the hydrogen sulphide 

valve was opened for roughly seven seconds to allow hydrogen sulphide-saturated water to flow 

into the test tank and induce the first experimental stress level. Incremental stress levels (i.e. 

concentrations of hydrogen sulphide) were then induced at IO-minute time-intervals until the 

experiments were concluded. Pilchard heads were added to the test tanks after the first stress 

level was induced and any feeding behaviour was recorded throughout the experiment. 

At each stress level, a fright stimulus was induced with the aid of a plastic probe and the 

responses of the lobsters recorded. The fright stimulus entailed lightly brushing the fleshy 

underside of the lobster's telson against the side of the aquarium wall with the probe. This 

always induced a tail-flip flight response from the lobsters, which was considered as a positive 

escape reaction to the stimulus. Lobsters were declared moribund when no flight response was 

elicited. 'Moribundity' was defined as the condition in which lobsters were no longer capable of 

responding to the fright stimuli. Although still alive (and capable of recovering if the stress was 
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removed in time), lobsters that are moribund are incapable of moving away from stress and thus 

prone to death through continued exposure to the stressful conditions. All lobsters were used 

only once during the hydrogen sulphide experiments. Control animals constituted those held in 

tanks that were not exposed to hydrogen sulphide. 

The hypoxia experiments were conducted in a similar manner as the hydrogen sulphide 

experiments except for minor differences in methodology. Water from the oxygen-stocked 

cylinder was mixed with that from the nitrogen-stocking cylinder to achieve reduced 

concentrations (levels) of dissolved oxygen, with the 10-minute irregular reduction in dissolve 

oxygen being monitored with an oxygen probe. Whenever the oxygen experiments were 

conducted on a day following the hydrogen sulphide experiments, an initial purging procedure 

was required to clean the plastic tubes of all hydrogen sulphide that might have been left over 

from the previous day's experiments. Purging was achieved by filling the oxygen reservoir with 

fresh seawater and maintaining the circulation (while adding fresh water to the reservoir) until 

no traces of hydrogen sulphide could be detected - assessed on the basis of pH readings, colour 

and smell of the circulating water. The other difference was that the fright stimulus used in the 

hydrogen sulphide experiments proved ineffective as a means of monitoring responses to oxygen 

depletion because even when dissolved oxygen levels fell below minimum values that the sensor 

could detect, the lobsters still gave positive flight responses. Hence, a more subtle method had to 

be devised to monitor responses. 

Lobsters were observed to adopt a 'bracing' reaction (in preparation to flight) when a hand was 

waved above the test tank. This bracing action included moving the antenna toward the waving 

hand and holding them firm in the direction of the hand, raising the torso off the bottom of the 

tank, and temporary cessation of scaphognathite (bailer) movements pumping water over the 
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gills (McMahon & Wilkens 1975). Although subtle, these responses were observed every time 

the hand-waving stimulus was employed, and since the intensity of these responses diminished 

with increasing hypoxia, they were considered an effective response cue. Lobsters were 

considered 'non-responsive' when none of the responses described above was induced by the 

hand-waving stimulus. It should be noted that the 'non-responsive' state referred to here is not 

the same as moribundity, as the 'non-responsive' state is reached before the severely 

incapacitating state induced by the exposure to high levels of hydrogen sulphide. 

Short-term behavioural experiments 

Short-tenn behavioural experiments were conducted along the same lines as the short-tenn 

moribundity experiments with the exception that (1) males and females were pooled because no 

significant difference were evident between the sexes during the short-tenn moribundity 

experiments, (2) only hydrogen sulphide was used in the experiment, and (3) behaviour was 

monitored in addition to moribundity. No behavioural experiments were conducted for the short­

tenn hypoxia experiments because the subtle responses from lobsters during the hypoxia 

experiments made it difficult to distinguish different levels of behaviour as hypoxia intensified. 

For the short-tenn hydrogen sulphide behavioral experiments varIOUS types of behavioural 

responses were defined to monitor the reactions of the lobsters to increased hydrogen sulphide. 

These response were, in sequential order, related to an increase in hydrogen sulphide 

concentration: (1) No movement [defined as the cessation of locomotory activity following an 

active period]; (2) Prolonged movement [defined as excessive and/or locomotory activity for 

lengthy time periods following a non-active period]; (3) Tail flip [defined as the active backward 

swimming of lobsters by rapid and rhythmic contraction of the abdomen under the thorax of the 

lobster]; and (4) Moribundity [defined as the absence of flight responses nonnally exhibited by 
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the lobster after fright stimulation as describe previously]. After each stress level was induced, 

the behaviour of the lobsters was observed and recorded. After the experiments were concluded 

all the lobsters were removed from the test tanks, placed in small perforated containers equipped 

with lids and returned to well-aerated holding tanks to observe recovery time. 

Experimental measurements 

A WTW Multi 350i multi-parameter sensor was used to assay seawater pH, temperature, salinity 

and dissolved oxygen. No affordable and effective real-time measuring device for hydrogen 

sulphide was available. The only method by which hydrogen sulphide could be determined was 

by means of titrations. However, this method was impractical given the time limitations of the 

experimental design and thus an alternative method of sulphide measurement had to be found. 

However, in a study done by Vismann (1996), pH was correlated to total sulphide using a copper 

electrode for measuring sulphide concentrations. On the basis of this concept, pH was used as a 

proxy for hydrogen sulphide measurements in the current study. The WTW multi-parameter 

sensor was used to measure pH during the hydrogen sulphide experiments and the concentration 

of the total dissolved sulphides later calculated from the pH. 

The correlation sourced from Vismann (1996) was verified and an independent correlation 

constructed to ensure the integrity of the measurements made in the laboratory. For this a 

sodium thiosulphate titration method for sulphide determination was sourced from Dr. D. 

Schiedek in Warnemuende, Germany, and used to develop the pH-total sulphide correlation 

(Fig. 3.5). The thiosulphate titration method works on the principle of reacting excess iodate and 

potassium iodide with hydrogen sulphide to form iodine and ions of the hydrogen sulphide 

compound. Diluted sulphuric acid is added to the solution to ensure that the necessary reactions 
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have taken place. A standard starch solution is added to serve as an indicator. The solution is 

subsequently titrated with sodium thiosulphate until a brownish-yellow to milky-white colour 

change is observed. The volume of sodium thiosulphate used in the titration is then used to 

calculate the actual quantity of sulphide that was present in the water. 
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Figure 3.5: The correlation between pH and total sulphide (with data points included) derived 
from the sodium thiosulphate method. Titrations were carried out at a water temperature of 
17°C. Total sulphide was measured in l..Imols sulphide/( seawater. 

During the independent correlation construction phase, levels of hydrogen sulphide were stepped 

up at 10-minute intervals by opening the regulation valves to the test tanks and the pH was 

monitored using the WTW multi-parameter sensor. Fixed volumes (30 mt:) of water were then 

tapped off from the test tanks into Erlenmeyer flasks with glass stoppers, at each of the stress 

levels, and placed in a dark cupboard until the titrations were done. Three titrations were done 

on each sample and the means employed in the regression against pH. A pipetting factor of one 

78 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 3: Effects of dissolved gases on juvenile rock lobsters 

was used in the hydrogen sulphide calculations since a 0.02 Nonnal solution of sodium 

thiosulphate was used in the titration. 

Data analyses 

Microsoft Excel (2002) and Statistica 7 (2004) software packages were used to construct graphs 

and carry out statistical analyses on the data. The assumptions for the statistical procedures 

employed were assessed with Levene's test for homogeneity, nonnal probability plots, together 

with Shapiro-Wilk tests and histograms. All the data (hydrogen sulphide, dissolved oxygen and 

behavioural response data) were found to be heteroscedastic and therefore required 

transfonnation to comply with the parametric ANOV A assumptions of nonnal distribution and 

variance equality. 

The short-tenn hydrogen sulphide data were Log (Y + 1) transfonned and then analyzed in 

Statistica 7. Post-hoc (Tukey's honestly significant difference, HSD) assessments were carried 

out to further explore the results obtained from the parametric ANOV A tests. Non-parametric 

analyses were carried out on the short-tenn hypoxia survival data and the short-tenn behavioural 

responses data, since transfonnation did not remove heteroscedasticity from the two data sets. 

Independent (Kruskal & Wallis) ANOVA was done on the dissolved oxygen data, while 

dependent (Friedman) ANOVA was done on the behavioural data. 
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Results 

Short-term moribundity experiments 

Groups were compared with other groups on the basis of likeness, i.e. same sex comparisons 

between sites and different sex comparisons within sites. Of all the comparisons made for the 

hydrogen sulphide experiments, only one yielded a statistically significant difference (Figure 3.6 

and Table 3.1). This was the hydrogen sulphide comparison between the Cape Town and 

Llideritz females, with the latter having a significantly lower tolerance to hydrogen sulphide than 

the Cape Town females. 

Males H2S Tolerance [Log (Y + I) Transformed]: F( 1,48) = 0.0167. P = 0.8976 

1.34 
Females H2S Tolerance [Log (Y + I) Transformed]: F( 1,48) = 11.0575. P = 0.0017 
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Figure 3.6: Hydrogen sulphide levels at which lobsters became moribund. Lobsters of each sex 
from Llideritz, Namibia, and Cape Town, South Africa, are compared with each other. 

With regards to the oxygen data, there were no significant differences in the hypoxia levels that 

induced 'non-responsiveness' between sites within sexes, or between sexes within sites (Figure 

3.7, Table 3.2). The largest difference in the data was 0.011 mg O2/( in the comparison between 
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the Liideritz females versus Liideritz males, and the smallest difference 0.004 mg 021t in the 

comparison of Cape Town females versus Liideritz females comparison. The narrow distribution 

ofthe data means between 0.55 and 0.57 mg 02/t seawater is evident in Figure 3.7. 

Table 3.1: Post-hoc (Tukey's HSD) test results of the site and gender-specific comparisons for 
H2S tolerance. Values in brackets are mean hydrogen sulphide concentrations at which 
moribundity occurred. Site abbreviations: LDZ = Liideritz and CPT = Cape Town. [Between 
Group Mean Squares = 0.0309, Df = 96, N = 25, Alpha = 0.05; Y = Log (Y + 1) 
Transformed]. Significant p-values are presented in bold font. 

Site [Sex] (Mean) LDZ [M] (1.1922) LDZ [F) (1.1393) CPT [M] (1.1991) CPT [F) (1.2920) 

LDZ [M] (1.1922) --- 0.7214 0.9991 0.1927 

LDZ [F) (1.1393) 0.7214 --- 0.6270 0.0146 

CPT [M] (1.1991) 0.9991 0.6270 --- 0.2485 

CPT [F) (1.2920) 0.1927 0.0146 0.2486 ---

Hypoxia Tolerance: Kruskal & Wallis - H (Of= 3, N = 100) = 1.0642, P = 0.7857 
0.61 

0.60 

~ .... 
Q) - 0.59 c<:l 
~ 
c<:l 
Q) 

(/) 

0.58 
----01) 

E 
'--' 

~ 0.57 
01) 
;;.... 
x 
~ 0.56 

Q) 
;> 

o 
~ 0.55 
o 

0.54 

Mean I Mean±0.95*SE 

0.53L-----~--------------~--------------~------------~------~ 

Liideritz Males Liideritz Females Cape Town Males Cape Town Females 

Figure 3.7: Comparisons of the level of oxygen at which 'non-responsiveness' became apparent 
in the male and female lobsters from Liideritz and Cape Town. 
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Table 3.2: Non-parametric (multiple comparisons) test results of the site and gender-specific 
comparisons for hypoxia tolerance. Abbreviations: LDZ = Liideritz and CPT = Cape Town. 
[Df= 3, N = 100, Alpha = 0.05]. 

Site [Sex] (Rank) LDZ [M] (52.78) LDZ [F] (53.64) CPT [M] (49.52) CPT [F] (46.06) 

LDZ [M] (52.78) --- 0.1048 0.3973 0.8189 

LDZ [F] (53.64) 0.1048 --- 0.5021 0.9237 

CPT [M] (49.52) 0.3973 0.5021 --- 0.4216 

CPT [F] (46.06) 0.8189 0.9237 0.4216 ---

Short-term behavioural experiments 

Figure 3.8 shows the typical rate of increase in hydrogen sulphide concentration during the 

short-term behavioural experiment, which ran for one hour (Fig. 3.8). As time on the x-axis was 

linked to the different levels of hydrogen sulphide, there were six 'stress levels' at which the 

responses of the lobsters could be recorded. The behavioural responses of lobsters were analyzed 

in terms of the lowest hydrogen sulphide concentrations at which the respective behavioural 

responses were first observed, and comparisons made between Liideritz and Cape Town 

lobsters. 

As hydrogen sulphide levels increased, the lobsters first ceased movement ('no movement'). 

This was then followed by an agitated and continuous movement ('prolonged movement'), an 

energetic escape response ('tail-flip') and finally incapacitation (,moribundity') (Fig. 3.9). 

Statistical analysis of the between-site comparisons revealed that there were significant 

differences between lobsters from the two different locations for the 'no movement', 'tail-flip' 

and 'moribund' responses (Table 3.3), with the Liideritz lobsters generally showing negative 

impacts at lower concentrations of hydrogen sulphide than the Cape Town lobsters (Fig. 3.9). 
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Figure 3.8: Graphic representation of the hydrogen sulphide concentration increases during the 
short-term behavioural experiments. 

Lobsters generally exhibited continuous walking responses during the second and third stress 

levels, and showed rapid incapacitation after the third behavioural (tail-flip) response, which was 

usually observed during the fourth stress level. The short periods of tail-flip responses were 

always followed by periods of total inactivity that lasted until the experiments were ended. 

However, fright stimuli during this incapacitation period did yield flight responses up until the 

level where the lobsters were declared moribund. In some experimental runs, moribundity was 

observed only 30 minutes into the experiment, but it was generally observed 50 to 60 minutes 

into the experiment. 

83 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Chapter 3: Effects of dissolved gases on juvenile rock lobsters 

35 
Luderitz: I-Way ANOYA: F(3,20) = 11.0821, P = 0.0002 24.20 
Cape Town: I-Way ANOYA: F(3,20) = 25.9652, p < 0.0001 

30 

'"""' 
D Luderitz .... 

!l) ..... 
oj 25 .. Cape Town ~ 
oj 
!l) 

r/) 

---- Whisker: Mean±0.95*SE 
on 20 E 12.18 
'-' 
t: 
0 
..... 11.38 
oj 15 .... ..... 
t: 
!l) 
U 
t: 
0 
U 10 
r/) 

N 

J:: 2.57 0.72 

5 

No Movement Prolonged Movement Tail Flip Moribund 

Behavioural Response 

Figure 3.9: Comparative results for the short-term behavioural experiments. Clear bars represent 
Cape Town lobsters and shaded bars represent the Ltideritz lobsters. Means (mg/f) for the 
site-specific behavioural responses are shown above the each bars. 

Table 3.3: Non-parametric, between-site (Wilcoxon'S Matched Pairs tests) comparisons of the 
levels of hydrogen sulphide at which different behavioural responses were initiated. 
Significant statistics are shown in bold font. Abbreviations: NM = No movement, PM = 
Prolonged movement, TF = Tail-flip and M = Moribundity. [Alpha = 0.05] 

Site [Behav. Resp.] vs. Site [Behav. Resp.] N T Z P 

Ltideritz [NM] vs. Cape Town [NM] 6 l.00 1.992 0.0464 

Ltideritz [PM] vs. Cape Town [PM] 6 9.00 0.314 0.7532 

Ltideritz [TF] vs. Cape Town [TF] 6 0.00 2.201 0.0277 

Ltideritz [M] vs. Cape Town [M] 6 0.00 2.201 0.0277 

After moribundity was declared lobsters were exposed to the existing hydrogen sulphide stress 

for 10 minutes and then individually placed in well oxygenated water. A 100% recovery was 

observed for these lobsters within a 14-hour period. 
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Discussion 

Limitations 

The Cochran & Babcock (1974) setup used for the experiment presented numerous 

complications. Although it provided a means of regulating gas experimentally in a closed 

system, the setup was cumbersome. The most important difficulty pertained to the pressurized 

gas system used to stock water with the required gases. This system was manually controlled 

and required constant adjustments of the rates of flow of gases to achieve a desired 

concentration. For example, with the hypoxia experiments, nitrogen gas was used to strip the 

oxygen from the water in the stocking cylinders. This meant that a particular pressure from the 

source gas cylinder needed to be maintained to bubble the gas through the water in the stocking 

cylinder at a constant rate. As a result the outflow from the gas cylinder needed to be continually 

monitored and regulated. This has obvious limitations for long-term experiments since the 

pressure from the gas cylinder can drop in less than fifteen minutes depending on the rate of gas 

flow. Even during the short-term experiments, the pressure regulation proved demanding. 

Improvement or automation of this process will be necessary for long-term use of the setup. 

Short-term gaseous experiments 

The object of comparing lobster populations from different areas was to determine whether 

lobsters from LUderitz and Cape Town react similarly to increases in hydrogen sulphide or 

depletion of dissolved oxygen. The study was designed to be of relevance to the northern 

Benguela where marine diamond mining takes place, and it was thus of interest to know whether 

lobsters from the southern Benguela would respond similarly to those in the northern Benguela. 

From the hydrogen sulphide and dissolved oxygen experiments, no significant differences 

emerged between the sexes at either location. Comparisons of the two different sites yielded 

85 

Univ
ers

ity
 of

 C
ap

e T
ow

n
























































































































