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Despite a growing abalone Haliotis midae industry in South Africa, few studies have measured the 
effects of heavy metals on larval survival and growth in the face of recent increases in marine pollution. 
The aim of this study was to quantify the effect of copper on survival and zinc on development of H. 
midae larvae. Larvae 24 hours old were exposed to either copper (0–30 μg l–1) or zinc (0–200 μg l–1) for 
48 h before mortality or larval development respectively were quantified. Copper significantly reduced 
survival, with an LC50 of 5.58 μg l–1 (5.07–6.15, 95% CI). Although the concentrations of zinc used in the 

study did not have a significant effect on mortality, there was a significant effect on the incidence of 
abnormal larvae with an EC50 of 102.25 μg l–1  (96.68–105.94, 95% CI). At concentrations above the EC50, 

more than 50% of the larvae showed severe developmental abnormalities. Results suggest that copper 
poses the greatest risk to abalone larvae as the LC50 was similar to the target concentration for this 

metal for South African coastal waters. By contrast, zinc is potentially less problematic, with the EC50 

for larval development being four times the target concentration for this metal. 
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Introduction 

 

The common South African abalone Haliotis midae supports 
a local fishery and growing aquaculture industry (e.g. 
Gordon and Cook 2004). The growth of this industry was 
facilitated by, among other factors, favourable water quality 
(Troell et al. 2006). However, should the pollution of coastal 
areas around South Africa continue to increase at the 
current rate (Atkinson and Clark 2005), there is a risk that 
both natural and cultured stocks might be adversely affected 
(Chen and Liao 2004, Gorski and Nugegoda 2006a). 

Trace metal pollution in the marine environment may be 
derived from industrial effluent pipes, domestic sewage 
outfalls, dumpsites, urban runoff, mining operations, 
antifouling paints and wood preservatives (e.g. Hunt and 
Anderson 1989, Islam and Tanaka 2004, Gorski and 
Nugegoda 2006b). These metal pollutants may be in 
solution or bound in the sediment, and whereas the latter 
usually shows much higher contamination values (Fatoki and 
Mathabatha 2001), the metal may not always be biologically 
available to organisms (Baptista Neto et al. 2005). Pollution 

levels in African coastal waters are low compared to other 
industrial and developing countries; emissions  of  lead 
and cadmium from Asia being some five and seven times 
greater respectively than those from Africa (Griffiths et al. 
2004, Islam and Tanaka 2004). In South Africa, waste water 
discharge has, however, increased by 65% during the first 
half of the past decade (Atkinson and Clarke 2005), yet there 
are few recently published records of heavy metal pollution in 
local waters (e.g. Watling and Watling 1983a, 1983b, Fatoki 
and Mathabatha 2001, Shackleton et al. 2002, Mdzeke 
2004). These studies showed that heavy metal contamina- 
tion of water and sediment varies spatially and temporally. 
For example, Fatoki and Mathabatha (2001) found that in 
East London Harbour, dissolved and sediment-bound 
concentrations of copper ranged between 1.0 and 20.4 μg 
l–1 and 17.9 and 106 μg g–1 respectively, whereas those in 
Port Elizabeth Harbour ranged between 1.3 and 6.4 μg l–1 

and 22.7 and 68.5 μg g–1 respectively from April 1999 to 
March 2000. Dissolved and sediment-bound concentrations 
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of zinc ranged between 1.3 and 13.3 μg l–1 and 42.5 and 
246 μg g–1 respectfully in East London Harbour and 2.7 and 

9.4 μg l–1 and 41.7 and 132 μg g–1 in Port Elizabeth Harbour 
during the same study. However, dissolved copper and zinc 
concentrations as high as 370 and 430 μg l–1 respectively 
have been recorded between Knysna and Witsand and near 
Port Elizabeth (see Figure 1) (Watling and Watling 1983a, 
M Slabber and co-workers, Department of Biodiversity and 
Conservation, Cape Peninsula University of Technology, 
Cape Town, unpublished data). These concentrations 
exceed the target levels as prescribed by the Department of 
Water Affairs and Forestry (1995). 

Although many trace metals are essential elements and 
have essential roles in metabolism (e.g. Rainbow 2002), 
exposure to high levels of zinc and copper can have a 
negative effect on growth, survival, morphology, reproduc- 
tion and recruitment in a range of marine invertebrates, 
including abalone (e.g. Hunt and Anderson 1989, Tsai et al. 
2004, Gorski and Nugegoda 2006a, 2006b). In spite of the 
growing pollution in South African coastal waters and the 
danger it poses, studies on the effects of metal pollution on 
commercially exploited species, including abalone, remain 
sparse (Shackleton et al. 2002, Griffiths et al. 2004). 

Haliotis midae occurs from north of Saldanha Bay to just 
north of Durban (Figure 1; Branch et al. 2007). The most 
productive abalone fisheries and highest concentration of 
farms occur in the western range of their distribution, with 
a single farm in the Eastern Cape Province (Troell et al. 
2006). There is therefore the potential for abalone larvae 
to be exposed to periodic dangerous increases in pollution. 
The aim of this study was to measure the effects of copper 
and zinc on H. midae larval survival and development, at 
ecologically relevant concentrations. 

 
Material and methods 

 
Toxicity testing organism 

Haliotis midae larvae were provided by the hatchery at 
HIK Abalone Farm (Pty) Ltd, Hermanus (Figure 1) in the 
Western Cape Province, from February to September 2009. 
Adults were induced to spawn using hydrogen peroxide, 
according to the method of Morse et al. (1977). Larvae from 
each batch had mixed parentage; the eggs and sperm from 
two females and seven males were mixed and left overnight 

in hatch-out bins (1 m  1 m  20 cm) before they were 
transferred to holding tanks. The tanks were filled with a 
continuous inflow of filtered seawater (18 μm) with water 
temperature maintained at a constant 18 °C. Larvae 24-h 
old were removed from these hatch-out bins, and each 
assay was conducted with larvae from the same batch. 

 
Effect of copper on larval survival 

A stock solution of 200 μg l–1  of copper ions was prepared 
from CuSO4.5H20 (Sigma-Aldrich, UK). Heavy metal 
bioassays were adapted from Shackleton et al. (2002) and 
Gorski and Nugegoda (2006a). Larvae (10–13 individuals 
per well) were placed in 24-well cell culture plates with 2 ml 
of 0, 2.5, 5.0, 15.0 and 30.0 μg l–1 copper respectively. Six 
replicates were used for each treatment. Larval survival 
was recorded after 48 h with the aid of a Leica MZ7.5 
high-performance stereomicroscope. 

Effect of sublethal concentrations of zinc on larval 
development 

A stock solution of 400 μg l–1 zinc ions was prepared from 
ZnSO4.7H2O. Larvae (24-h old) were exposed to concen- 

trations of 0, 75, 100, 125, 150 and 200 μg I–1  zinc. Four 

replicates were used for each treatment. Between 40 and 
50 larvae were placed in 50 ml test tubes containing 20 ml 
of the different zinc solutions for 48 h. After 24 h all the 
samples were oxygenated for 3 min by pumping air via an 
auto-pipette tip attached to an aquarium pump. After 48 h the 
larvae were categorised into four classes according to Gorski 
and Nugegoda (2006a) and Courtois de Viçose et al. (2007). 
Class 1 (normal): distinct larval form, smooth calcified shell, 
intact visceral mass, operculum present, distinct foot and 
internal muscle attachment; Class 2 (moderately abnormal): 
reduced calcification leading to broken or indented shell, no 
internal muscle attachment to shell, operculum not visible; 
Class 3 (extremely abnormal): no distinct larval form, visceral 
mass not intact, shell separating from foot and vellum; 
Class 4: dead. Although not quantified, abnormal larvae 
appeared smaller and darker than normal larvae. At least 
half the characteristics in each category had to be present 
for a larva to be placed into a particular class. The effect of 
zinc was measured as the percentage of the different larval 
categories per concentration. 

 
Statistical analysis 

A Kruskal-Wallis analysis of variance was used to test the 
effect of increasing concentrations of zinc on the propor- 
tion of larvae in different classes of larval development. LC50 

and EC50 (the concentration that causes mortality or specific 
effects in 50% of test organisms in a specific time) were 
calculated using the Trimmed Spearman-Karber programme 
version 1.5, the recommended procedure for analysing 
data from acute and chronic toxicity testing with aquatic 
organisms (Environmental Protection Agency, US 1994). 

 
Results 

 
The mean mortality in control treatments was <20% for both 
copper and zinc assays. Copper had a significant effect on 
the survival of H. midae larvae at the concentrations tested, 
with a 48-h LC50 of 5.58 μg I–1 (Table 1). 

Zinc  significantly  affected  larval  development  in  a 

dose-dependent manner at the concentrations tested, 
with an EC50 value of 102.25 μg l–1 (Figure 2a, Table 1). 
Concentration had a significant effect on the proportion 
of larvae in all classes except Class 4 (Class 1: H5,24 = 
22.5451, p < 0.0005; Class 2: H5,24  = 15.7457, p < 0.01; 

Class 3: H5,24 = 21.972, p ≤ 0.0005; Class 4: H5,24 = 2.8096, 

p > 0.05). The proportion of Class 1 larvae decreased with 
increasing zinc concentration and none was present at 150 
μg l–1 and higher, whereas the proportion of Class 3 larvae 
increased consistently with higher concentrations. The 
proportion of Class 2 was highest at 100 μg l–1. After 48 h, 
75% or more of the larvae in the control and in a treatment 
of 75 μg l–1 could be classified as Class 1 (normally 
developed), whereas >50% of the larvae in treatments of 
125 μg l–1, 150 μg l–1 and 200 μg l–1 were classified as Class 
3 (extremely abnormal). Mortality (Class 4) in all concentra- 
tions was similar, with means ranging from 10.25% to 14.5% 
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Figure 1: Map of South Africa showing the distribution of H. midae with locations of published heavy metal concentrations (see Table 1) and 

locations and number of abalone farms on the South and South-West coasts 

 

 
Table 1: Summary of EC50  and LC50  test results of exposure of 24-h old Haliotis midae larvae to copper and zinc, calculated using the 
Trimmed Spearman-Karber test. The recorded and target concentrations of these metals in South Africa are given. CI = confidence interval 

 
 

Metal 
Trimmed 

(%) 

 
48-h LC50 (μg l–1) 

(95% CI) 

 
48-h EC50 (μg l–1) 

(95% CI) 

Range of recorded levels 

in South African 

seawatera
 

Water-quality guideline 

concentrations for 

South Africa 

(μg l–1) 

Copper 3.53 5.58 (5.07–6.15) 1.00–20.40c 

0–370d
 

0.12–4.65e
 

<0.1–11.3f  

Zinc 7.41 102.25 (96.68–105.94) 1.30–13.30c 

0–240d
 

1.90–48.05e
 

0.20–430f  

b 

(μg l–1) 

5 

 
 

 
25 

 

a Refer to Figure 1 for locations 
b Department of Water Affairs and Forestry (1995) 
c Fatoki and Mathabatha (2001), Port Elizabeth and East London harbours 
d M Slabber and co-workers, unpublished data, Witsand to Knysna 
e Mdzeke (2004), False Bay 
f Watling and Watling (1983a), Mossel Bay, Cape St Francis and Algoa Bay, with highest values found in Algoa Bay 

No. of abalone farms 

12 
4 
1 
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Figure 2: The effect of zinc on H. midae development: (a) the percentage of 24-h-old larvae showing different mean levels of normal and 

abnormal development and mortality (error bars denote SD) after exposure to sublethal concentrations of zinc; (b) Class 1 (normal) — the 
calcified shell (CS) is smooth without any indents, the visceral mass (VM) is intact, the muscles (M) are attached to the inner surface of the 
shell, the operculum (O) and foot (F) are present and well developed; (c) Class 2 (moderately abnormal, after exposure to 125 μg l–1 zinc for 
48 h) — the shell is indented and is separating from the foot (arrows); (d) Class 3 (severely abnormal, after exposure to 200 μg l–1 zinc for 
48 h) — the visceral mass is no longer intact and the shell is broken and separating from the foot (arrow) which is not well developed 

 
(Figure 2). There were no Class 1 (normally developed) 
individuals in the 150 and 200 μg l–1 treatments and none in 
the control treatments could be classified as Class 3. 

 
Discussion 

 
The larvae under study were more sensitive to copper than 
to zinc. This was also demonstrated in embryonic H. rubra 
and larval and embryonic bivalves (Table 2; Martin et al. 
1981, His et al. 1999). These differences in toxicity between 

the two metals may be species-specific or due to differ- 
ences in experimental conditions, such as temperature and 
salinity (Nelson et al. 1988). Sensitivity of larvae to heavy 
metals generally decreases with increasing age at first 
exposure (Table 2; Calabrese et al. 1977). However, the 
high sensitivity of the 24-h-old larvae used here compared 
to the less sensitive H. rubra embryos (Table 2) seems 
counterintuitive. Such an inverse relationship between age 
and sensitivity to copper was demonstrated for the oyster 
Crassostrea virginica (Calabrese et al. 1977), whereas 
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Table 2: LC50 and EC50 established for a range of haliotids (including the current study) of different ages at first exposure to copper and zinc 

salts 

 
 

Copper Zinc 
 

Age at start of 
 
Age at start of 

Species LC50 

(μg l–1) 
exposure/ 

larval length 

EC50 

(μg l–1) 
exposure/ 

larval length 

Source 

Haliotis midae 

H. midae 
 

48-h LC50: 5.58 
 

24 h 
40-h EC50: ~13 

48-h EC50: 102.25 

Embryos+ 

24 h 

Shackleton et al. (2002) 
Current study 

H. discus hannai 48-h LC50: 40 Larvae (0.92– 

1.7 mm) 
  Liu et al. (1987) cited in 

Department of Water Affairs 

     and Forestry (1995) 

H. rufescens   48-h EC50*: 64–76 Embryos Hunt and Anderson (1989) 

H. rufescens   48-h EC50*: 37–40 Embryos Conroy et al. (1996) 

H. rufescens 96-h LC50: 65 Adults   Hahn (1989), in Department of 

     Water Affairs and Forestry (1995) 

H. rubra 48-h EC5: 7.1 Embryos 48-h EC50: 42.3 Embryos Gorski and Nugagoda (2006a) 

H. rubra 96-h LC50: 87 ~1.5 y 96-h LC50: 1 730 ~1.5 y Gorski and Nugagoda (2006b) 

H. diversicolor   24- to 96-h LC50: 4 cm long Liao and Lin (2001), Tsai et al. 

   1.8–1.2  (2004) 

H. cracherodii 96-h LC50: 50 Adults Hahn (1989), in Department of 

Water Affairs and Forestry (1995) 
 

+ Embryos were exposed to the metal within 1 h of fertilisation 

* The effect measured was normal shell development 

 
Beaumont et al. (1987) estimated that adult oysters Mytilus 
edulis were 7–10 times more sensitive to copper than their 
larvae. Beaumont et al. (1987) suggested that differences 
in adult and larval M. edulis tolerance to copper may be 
related to differences in metabolic pathways which may 
result in different rates of metal excretion. It is unknown if 
this trend would apply to larval and embryonic haliotids. 

The target concentration of copper for coastal waters in 
South Africa is 5 μg l–1 (Department of Water Affairs and 
Forestry 1995). Copper concentrations in coastal water on 
the south coast of South Africa is usually well below this 
level, but in some instances it exceeds it considerably (Table 
1). The target concentration is only marginally lower than 
the 48-h LC50 for 24-h-old larvae, suggesting that survival of 

H. midae larvae could be compromised even when exposed 

to ‘acceptable’ target concentrations. Similar concerns that 
acceptable water quality in Australian waters could compro- 
mise the survival of H. rubra larvae were expressed by 
Gorski and Nugegoda (2006a). 

Exposure to zinc concentrations of 100–200 μg l–1 signifi- 
cantly inhibited larval development. With an EC50 of 102.25 

μg l–1, the 24-h-old larvae used in our study were signifi- 

cantly less sensitive to zinc than the embryos of H. midae 
studied by Shackleton et al. (2002). Our visual estimate of 
a 40-h EC50 value of 13 μg l–1 from Figure 2 of that study 
is considerably lower than those determined for similar- 
aged embryos of other haliotids (Table 2). This suggests an 
extreme early sensitivity to zinc in H. midae, followed by a 
sharp decrease in sensitivity in the first 24 h. 

Gorski and Nugegoda (2006a) demonstrated different 
levels of larval deformation depending on metal concentra- 
tion, but these differences were not quantified. It is shown 
here that zinc concentration had a significant effect on the 
level of larval deformation, while having no effect on mortality. 
At a treatment of 100 μg l–1, moderately and severely 
abnormal larvae occurred in approximately equal proportions, 

but at higher concentrations  most larvae were severely 
deformed. Exposure to zinc causes shell deformation and 
inhibits or delays metamorphosis, sometimes in larvae that 
did not have obvious shell deformation (Hunt and Anderson 
1989, Conroy et al. 1996, Gorski and Nugegoda 2006a). The 
consequences of delays in metamorphosis may be significant 

— it could prolong the pelagic life of the larvae and result 
in an increase in mortality by predation, disease and disper- 
sion, ultimately reducing recruitment (Hunt and Anderson 
1989). Also, the high incidence of severely abnormal larvae 
at treatments of 125 μg l–1 and higher suggests little chance 
of recovery by larvae after a short, initial exposure to elevated 
zinc concentrations (Conroy et al. 1996). 

The 48-h EC50 of 103.48 μg l–1 for zinc exceeds the local 
target concentration by more than 75 μg l–1  (Department 

of Water Affairs and Forestry 1995, Table 1). Thus, the 
development of abalone larvae will probably be unaffected 
under target conditions. In contrast, Gorski and Nugegoda 
(2006a) found that in Australia, development of H. rubra 
larvae would be impaired under target concentrations 
recommended for that country. Although H. midae larvae 
are unlikely to be affected in areas where zinc concentra- 
tions conform to local target concentrations, concentrations 
in coastal waters often exceed both the target and the EC50 

determined here. Thus, abalone larvae could be affected 
negatively by zinc contamination in some areas around our 
coast. 

Concentrations of heavy metals dissolved in seawater are 
usually low compared to those associated with sediments 
where they accumulate (e.g. Watling and Watling 1983b, 
Fatoki and Mathabatha 2001, Mdzeke  2004).  Some  of 
this metal is also available to planktonic organisms such 
as molluscan larvae, leading to increased  abnormali- 
ties, accumulation of metal and lysosomal destabilisation 
(Ringwood et al. 2002, Geffard et al. 2003, Raposo et al. 
2009). Thus, the bioavailability of metals within sediments 
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may contribute to the toxicity of the dissolved metals such 
that toxic effects can occur even when dissolved metal 
levels are low. 

Hunt and Anderson (1989) and Gorski and Nugegoda 
(2006a) speculated that declines in abalone recruitment, 
abundance and growth rates in regions close to highly 
industrialised metropolitan areas may be related to effluent 
effects. In South Africa, the reduction in abalone popula- 
tions close to populated areas has usually been attributed 
to human exploitation (Proudfoot et al. 2006). Our findings 
show tantalising evidence that this decline in populations 
may also be exacerbated by increased pollution along our 
coast. 
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