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Field study of cadmium bioaccumulation in two residential limpet species, Scutellastra 1 

granularis and Siphonaria capensis, along the South African coastline 2 

 3 

Abstract 4 

The study investigates cadmium (Cd) bioaccumulation in two limpet species, Scutellastra 5 

granularis and Siphonaria capensis, along the South African coastline from three sites; Namaqua 6 

National Park (NNP), West Coast National Park (WCNP), and Garden Route National Park 7 

(GRNP). Significant spatial variations in Cd accumulation were observed, with the highest 8 

concentrations found in limpets from NNP (Scutellastra – 4.17 ± 1.99 µg g-1, Siphonaria – 2.92 ± 9 

1.45 µg g-1) despite having the lowest water Cd levels (0.13 ± 0.07 µg l-1). This suggests 10 

alternative Cd uptake pathways, such as dietary intake from contaminated algae or sediments. 11 

Additionally, larger limpets exhibited higher Cd concentrations, highlighting the importance of 12 

considering organism size in biomonitoring studies. The bioconcentration factor (BCF) analysis 13 

further indicated significant site-specific differences, with the highest BCF at NNP (Scutellastra – 14 

32.59 ± 15.62, Siphonaria – 22.81 ± 11.29). These findings highlight the relationship between 15 

environmental exposure and physiological traits in Cd bioaccumulation and the necessity for site-16 

specific assessments and using multiple bioindicator species in environmental monitoring. The 17 

study shows the importance of continued research into long-term and spatial variations in metal 18 

bioaccumulation in marine ecosystems. 19 

 20 

Significance: 21 

● Highlights Cd bioaccumulation in limpets indicating potential pollution pathways. 22 

● Demonstrates S. granularis and S. capensis as bioindicator Sp. for Cd monitoring. 23 

● Spatial significance stresses the importance of site-specific monitoring. 24 

● Organism size matters in pollution assessments. 25 

● There is no correlation between water and organism metal concentrations. 26 

 27 

Keywords: Bioconcentration factor, bioindicator, ICP-MS, intertidal, marine pollution 28 

 29 

Supplementary data inserted at the end of the document. 30 

 31 

 32 

Introduction 33 

Coastal regions across the world are subjected to significant metal pollution, resulting from 34 

agricultural and industrial activities.1 With over 70% of South Africa’s coastline inhabited, elevated 35 
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anthropogenic pressures on the nearshore marine environment are becoming more prevalent.2 36 

Metals naturally occur in the marine environment at low concentrations, however, due to 37 

increased anthropogenic pressures, coastal waters are becoming progressively vulnerable to a 38 

rise in metal pollution.3 Metals pose a considerable threat to marine ecosystems due organism 39 

toxicity at low concentrations, environmental persistence, bioaccumulation ability.4 40 

Bioaccumulation refers to the process of organismal toxicant uptake, such as chemicals or metals, 41 

through consumption of contaminated food or direct exposure, be it over a short (acute) or long 42 

(chronic) periods.4,5 The degree of metal bioaccumulation is influenced by factors such as the 43 

metal bioavailability, the route of uptake, and sequestration or depuration of the toxicant.6 The 44 

greatest threat associated with metal bioaccumulation within the tissues of organisms is 45 

biomagnification in the higher trophic levels.7,8 46 

 47 

Cadmium (Cd) primarily enters waterbodies through industrial sources, including zinc (Zn) 48 

smelting, electroplating, fossil fuel combustion, plastics, pesticides, and oil refining.9 Research on 49 

Cd has intensified globally due to its toxicity at low concentrations, and its ability to biomagnify 50 

through trophic levels, impacting humans.1,10-18 Cadmium accumulation occurs in organisms 51 

primarily via ingestion as the metal ions are poorly soluble in water, binding to suspended 52 

particulate matter (SPM) in the ocean, which is ingested and absorbed by filter feeding 53 

organisms.4 Local studies have demonstrated that gastropods, such as limpets, accumulate 54 

metals and can serve as potential bioindicator species.19,20 Despite the variety of bioindicator 55 

species used in South Africa, information on the responses of limpets to metals in the marine 56 

environment is limited.  57 

 58 

A commonly used approach for environmental biomonitoring is quantifying pollutant loads in 59 

organisms that bioaccumulate.21 Metal concentrations in tissues depends on the uptake, 60 

excretion, and metabolic capacity to either degrade and/or transform these toxic pollutants.21 The 61 

use of a single bioindicator species when determining metal pollution is not ideal because certain 62 

metals concentrations may differ from one species to another.22 Therefore, different species 63 

inhabiting different coastal zones need to be assessed. Recent studies include using the invasive 64 

Mediterranean mussel (Mytilus galloprovincialis) and endemic Brown mussel (Perna perna) along 65 

the southern and east coasts.3,23-25 Limpets were selected for this study due to their wide 66 

distribution, feeding behaviour, being reasonably sessile, and distinct ability to tolerate 67 

environmental challenges, making them a key study organism when looking at the effect of 68 

environmental changes on intertidal organisms.19,26 The limpets Scutellastra granularis (Linnaeus 69 
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1758), a prosobranch found high on the shore, and Siphonaria capensis (Quoy and Gaimard 70 

1833), a pulmonate gastropod found in pools and on emergent mid-shore rocks27,28, were selected 71 

to investigate the variation in Cd uptake and bioaccumulation across key sites along the South 72 

African coastline. These species of limpet were used to investigate Cd bioaccumulation due to 73 

their different phylogenies (i.e., pulmonate vs patellogastropod) and associated tidal heights along 74 

their sympatric distribution in South Africa. 75 

 76 

This study describes the spatial patterns of Cd concentrations in South African coastal waters 77 

using Scutellastra and Siphonaria as quantitative bioindicators. It includes investigating the effect 78 

of weight and size on Cd bioaccumulation. Spatial patterns for each species are used to compare 79 

Cd concentrations in water and tissue samples with inferred bioconcentration factors, discussing 80 

these in terms of background (environmental) concentrations and their sources.  81 

 82 

 83 

Materials and methods 84 

Site selection and animal collection 85 

The study took place at three marine protected areas along a gradient from the west to east along 86 

the South African coastline. The South African coastline is a dynamic environment surrounded by 87 

two major ocean currents bringing contrasting environmental conditions.29 The west coast is a 88 

cool temperate ecoregion influenced by the Benguela Current that transports cold nutrient-rich 89 

water, whereas the southern coast is classified as warm temperate and influenced by the warm 90 

water Agulhas Current.27-30 Sites selected included, two from the west coast; the Namaqua 91 

National Park (NNP – 30º51'31.8'' S, 17º34'31.1'' E) in the Northern Cape and the West Coast 92 

National Park (WCNP – 33º8'56.2'' S, 17º59'57.9'' E) in the Western Cape, and the Garden Route 93 

National Park (GRNP – 34º01'14.9" S, 23º52'26.7" E) in the Eastern Cape from the southern coast 94 

ecoregion of South Africa. Field fresh samples of similar size (total shell length) were collected 95 

from all three sites (Σn = 3 sites x 2 species x 10 individuals (replicates) = 60) in January 2020 96 

(Supplementary data, Table S3). The number of individuals was determined by both the 97 

[anonymised] animal ethics committee (number anonymised) and the SANParks permitting office 98 

(permit number anonymised). Organisms were collected during low tide (at first daylight). 99 

Organisms were carefully removed from the rock surface using either a spatula or by hand and 100 

only undamaged individuals. Individuals were classified as undamaged when there was no visible 101 

damage done to the shell or foot. Field fresh samples collected at each site were flash frozen in 102 

liquid nitrogen (-196ºC) and stored at -20ºC for baseline metal analysis. Water samples (Σn = 3 103 

sites x 3 water samples (replicates) at 50 ml each = 9) were collected from each site and stored 104 
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at -20ºC for background metal analysis. During collection of water samples, physico-chemical 105 

parameters were recorded, including: temperature (ºC), pH, salinity (PSU), electrical conductivity 106 

(mS cm-1), and total dissolved solids (ppt). 107 

 108 

Bioaccumulation analysis 109 

Sample preparation and digestion 110 
The water samples (50 ml), were  filtered using a Millipore sintered glass filtration system (Merck, 111 

South Africa), through a gridded cellulose nitrate membrane filter (type 114, 0.45 µm). Samples 112 

were acidified to 1% with Suprapur® nitric acid – 63.01 g mol-1 (HNO3) (Merck, South Africa). 113 

 114 

Whole organism tissue was used for metal accumulation analysis in accordance with the methods 115 

outlined by Boss and Fredeen31 and Gaines32, and adapted from Erasmus et al.29., Frozen 116 

samples were weighed (± 0.01 g) to obtain a wet weight, after which the samples were freeze-117 

dried (-50ºC at 0.61 mbar) for 48 hours using the Martin-Christ LDplus Freeze Dryer (Christ 118 

Freeze Dryers, Niedersachsen, Germany). The freeze-dried (whole organism) samples were 119 

weighed to obtain a final dry weight, in which the weight was normalised using the 120 

bioconcentration factor calculation, before being digested using the MARS 6 One Touch 121 

Technology Microwave (CEM, Charlotte, United States of America). Before digestion, the Teflon 122 

bombs used during processing were cleaned and dried in accordance with the cleaning method, 123 

using standard grade HNO3 (Merck, South Africa) and hydrogen peroxide (H2O2) (Merck, South 124 

Africa). Standard reference material (SRM, Mussel Tissue – 2976, 109% recovery), as well as the 125 

freeze-dried samples, were individually added to each Teflon bomb along with 5 ml Suprapur® 126 

65% HNO3 (Merck, South Africa. The digestion process took a total of 70 minutes and was held 127 

at 200ºC, starting with a 15-minute warm-up period, followed by a 35-minute holding period and 128 

finally a 20-minute cool-down period. After digestion, the samples were allowed to cool, before 129 

being placed in 15 ml Falcon tubes. Samples were gravimetrically diluted using double distilled 130 

water (18.2 Ω) to a total volume of 10 ml (Millipore, United States of America). 131 

 132 

ICP-MS Analysis 133 

Water (diluted by factor of 10) and tissue samples were analysed using a PerkinElmer NexION® 134 

300 series Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (PerkinElmer, Waltham, 135 

United States of America). The ICP-MS was calibrated using 0, 0.01, 0.1 and 1 ppb calibration 136 
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standards, made using the appropriate dilutions from a 100 ppm Cd stock solution. An internal 137 

standard (Iridium – 193) was added to each water and tissue sample before analysis for quality 138 

assurance, ensuring sufficient recovery and no drifting occurred during the analysis. Data were 139 

converted from counts per second (cps) to μg g-1 (tissue) and μg l-1 (water), standardising the 140 

sample mass using the following equations: 141 

 142 

𝐶𝑑 𝐼𝑆 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐶𝑑 111 (𝑐𝑝𝑠)

𝐼𝑟 193 (𝑐𝑝𝑠)
        Equation 1 143 

𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑐𝑝𝑠 →  𝜇𝑔 𝑙 −1) =  
(𝐶𝑑 𝐼𝑆 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 −𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)

(𝑆𝑙𝑜𝑝𝑒)
    Equation 2 144 

𝐵𝑙𝑎𝑛𝑘 & 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = ((𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 − 𝐵𝑙𝑎𝑛𝑘𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒) ∗ 10)  Equation 3 145 

𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝜇𝑔 𝑙 −1 →  𝜇𝑔 𝑔 −1)  =
(𝐵𝑙𝑎𝑛𝑘 & 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛∗0.01)

(𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡)
  Equation 4 146 

 147 

Bioconcentration factor (BCF) 148 

The bioconcentration factor (BCF) was determined according to the method of Abel.33 This 149 

method determined the ratio between the Cd concentration in organisms and water samples 150 

(COrganism dry weight/CWater), where the COrganism dry weight (μg g-1 dry weight) and CWater (μg l-1) are the 151 

fractions of the element within the organism and the environment (water). The median 152 

concentration values of the element present in each organism and the water were used to 153 

calculate the BCF. 154 

 155 

Statistical analysis 156 

Statistical analyses were conducted using RStudio (v. 4.0.3). All data met the assumptions of 157 

normality and homogeneity of variance, following Levene’s and Shapiro-Wilk tests respectively.34 158 

Following testing of assumptions, one-way Analysis of Variances (ANOVAs) were performed on 159 

cadmium concentrations in water samples (factors site, three levels and fixed, significance set at 160 

p <0.05), tissue samples (factors site, three levels and fixed, significance set at p <0.05), and 161 

bioconcentration factor (factors site, three levels and fixed, significance set at p <0.05) for each 162 

species respectively. Where there were significant factors, a pairwise comparison was performed 163 

using Tukey’s HSD.34 All statistical analyses were performed using the car and tidyverse 164 
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packages in RStudio.35,36 Barplots (±SEM) were created using the ggplot2 and plyr packages. in 165 

RStudio.37,38 166 

 167 

Results 168 

Environmental water quality parameters 169 

Physico-chemical parameters; temperature (ºC), pH, salinity (PSU), electrical conductivity (mS 170 

cm-1), and total dissolved solids (ppt) measured in situ are represented in Table 1. The measured 171 

parameters across the three sites showed great variation, between sampling periods at each site 172 

(high SD values) as well as among the sites themselves. 173 

 174 
Table 1: Mean (±SD) water quality measures taken in situ at each sampling site (NNP – Namaqua 175 
National Park, WCNP – West Coast National Park, GRNP – Garden Route National Park) during 176 
each day of sampling (n=3). Common superscripts indicate statistically significant differences in 177 
water quality parameters across sites (p<0.05) 178 

 NNP WCNP GRNP 

Temperature (ºC) 16.18 ± 2.01ab 16.47 ± 0.06ac 19.40 ± 0.17bc 

pH 8.01 ± 0.10 7.06 ± 0.69 7.71 ± 0.31 

Salinity (PSU) 33.17 ± 1.17 38.33 ± 2.52 35.33 ± 3.21 

Electrical conductivity (mS cm-1) 60.77 ± 1.70 68.63 ± 4.53 66.50 ± 5.22 

Total dissolved solids (ppt) 37.68 ± 1.05 42.67 ± 2.74 38.73 ± 3.06 

 179 

Temperature showed significant variation across sites (F(2, 8) = 91.5, p = 3.2e-05). Water 180 

temperature at GRNP was significantly higher than both west coast sites (NNP and WCNP, Table 181 

1). Water temperature also varied significantly between the two west coast sites (NNP and 182 

WCNP), with significantly lower temperatures recorded at NNP. All other water quality parameters 183 

(pH, salinity, electrical conductivity, and total dissolved solids) showed statistically non-significant 184 

differences across the three sites (p>0.05, Table 1). 185 

 186 

Cadmium concentrations versus weight and size 187 

Cadmium concentrations in whole body tissues (without shell) were plotted against the wet weight 188 

(g) and size (mm) for both species of limpets, Scutellastra and Siphonaria; with results being 189 

illustrated in Figure 1A and B, respectively. Concentrations of Cd in whole body limpets showed 190 

no significant change with increasing weight of either species, F(3, 56) = 0.0482, p = 0.986 (Figure 191 

1A). With increasing weight, both Scutellastra and Siphonaria had non-significant changes in their 192 
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individual Cd concentrations, with R2 values of 0.001 and 0.002, respectively. In contrast, 193 

concentrations of Cd in whole body limpets showed a significant change with increasing size, F(3, 194 

56) = 5.347, p = 0.003 (Figure 1B). Siphonaria showed a greater increase in Cd concentrations 195 

with an increase in size (R2 = 0.26), whereas the larger Scutellastra showed a similar increase in 196 

Cd concentrations with an increase in size (R2 = 0.20). 197 

 198 

 199 

 200 
Figure 1: General linear model (GLM) showing the relationship between cadmium concentrations 201 

(μg g-1) and the weight (A) and size (B) of Scutellastra and Siphonaria 202 

 203 

Cadmium concentration in field-fresh water samples from the southern 204 

and west coasts 205 

Cadmium concentrations within water samples collected at each respective site during the 206 

sampling of Scutellastra and Siphonaria are represented in Figure 2. No statistically significant 207 

differences in cadmium concentrations were present in water samples between the three sites 208 

(Figure 2, Table 2). Water samples from the southern coast (GRNP) had the greatest Cd 209 

concentrations (0.24 μg l-1), whilst samples from the west coast at NNP had the lowest 210 

concentrations (0.13 μg l-1). 211 

 212 

Table 2: One-way ANOVA results comparing Cd levels in field-fresh water samples (n=3) from 213 

three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for untransformed 214 

Cd levels in field-fresh water samples (F(2, 6) = 3.221, p = 0.112) 215 

 Df Sum Sq Mean Sq F p 
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Sites 2 0.0219 0.0110 1.8370 0.2386 

Residuals 6 0.0358 0.0060   

Total 8 0.0578    

 216 

 217 

 218 
Figure 2: Mean (±SEM) levels of cadmium in water samples (n=3 per site) collected from 219 

Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route National 220 

Park (GRNP) 221 

 222 

 223 

Cadmium concentrations in field-fresh Scutellastra and Siphonaria 224 

from the southern and west coasts 225 

The measured concentrations of Cd in both Scutellastra and Siphonaria are presented in Table 3 226 

and Figure 3A. Spatial differences in Cd concentrations from whole body Scutellastra tissue 227 

showed significance, F(2, 29) = 11.978, p = 0.0002 (Table 3). At NNP, Scutellastra accumulated 228 

significantly higher concentrations of Cd than both remaining sites, WCNP and GRNP (Figure 3A. 229 

A similar trend was observed in Siphonaria, with spatial variances in Cd concentrations across all 230 

three sites, F(2, 29) = 9.522, p = 0.0007 (Table 3). Limpets collected from NNP having significantly 231 

higher Cd concentrations (p<0.01) to those collected and analysed from the WCNP (Figure 3A). 232 

Dissimilarly, along the southern coast at GRNP, Siphonaria had the highest Cd concentrations 233 

out of the three sites, being significantly higher than WCNP (p<0.001). 234 

 235 
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Table 3: One-way ANOVA results comparing Cd levels in field-fresh Scutellastra and Siphonaria 236 

(n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for 237 

untransformed Cd levels in field-fresh Scutellastra (F(2, 27) = 2.260, p = 0.124) and Siphonaria (F(2, 238 

27) = 1.961, p = 0.160) 239 

Scutellastra 

 Df Sum Sq Mean Sq F p 

Sites 2 46.355 23.178 11.978 0.0002 

Residuals 27 52.244 1.935   

Total 29 98.599    

Siphonaria 

 Df Sum Sq Mean Sq F p 

Sites 2 25.640 12.820 9.522 0.0007 

Residuals 27 36.353 1.346   

Total 29 61.993    

 240 

 241 

 242 
Figure 3: Mean (±SEM) levels of cadmium (A) in Scutellastra and Siphonaria (n=10) collected 243 

from Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route 244 

National Park (GRNP). Bioconcentration factor (B) variation in Scutellastra and Siphonaria (n=10) 245 

using cadmium concentrations in water and tissue samples collected from each site (NNP, 246 

WCNP, and GRNP) 247 
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 248 

 249 

Bioconcentration factor of cadmium in field-fresh Scutellastra and 250 

Siphonaria from the southern and west coasts 251 

The results obtained show the bioconcentration factor (BCF) of Cd in both Scutellastra and 252 

Siphonaria and are presented in Table 4 and Figure 3B. Spatial differences in the BCF of Cd in 253 

Scutellastra showed significance, F(2, 29) = 20.120, p<0.001. As seen in the Cd concentrations of 254 

Scutellastra, the BCF spatial variance showed the same pattern. Scutellastra from NNP showed 255 

the greatest BCF, differing significantly from both WCNP and GRNP (p<0.001, Figure 3B). No 256 

difference was observed between the BCF of Scutellastra at WCNP and GRNP (p>0.05). Unlike 257 

in the Cd concentrations observed in Siphonaria (Figure 3A), a dissimilar trend was observed in 258 

the BCF values across sites, although significantly different spatial differences were observed, 259 

F(2, 29) = 7.86, p = 0.002 (Figure 3B, Table 4). Siphonaria from NNP exhibited the greatest BCF, 260 

differing significantly with limpets sampled from WCNP (p<0.01, Figure 3B). No other significant 261 

spatial differences were observed in Siphonaria between NNP and GRNP, nor between NNP and 262 

GRNP (p>0.05, Figure 3B). 263 

 264 

 265 

Table 4: One-way ANOVA results comparing the Bioconcentration Factor (BCF) in field-fresh 266 

Scutellastra and Siphonaria (n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test 267 

indicated equal variances for untransformed BCF variations in field-fresh Scutellastra (F(2, 27) = 268 

3.259, p = 0.055) and Siphonaria (F(2, 27) = 2.508, p = 0.100) 269 

Scutellastra 

 Df Sum Sq Mean Sq F p 

Sites 2 3805.382 1902.691 20.120 4.472e-06 

Residuals 27 2553.365 94.569   

Total 29 6358.747    

Siphonaria 

 Df Sum Sq Mean Sq F p 

Sites 2 912.587 456.293 7.86 0.002 
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Residuals 27 1566.557 58.021   

Total 29 2479.144    

 270 

 271 

Discussion 272 

While metal contaminants occur naturally in the marine environment at low concentrations, 273 

anthropogenic influence on the marine environment has exacerbated the situation.39,40 The results 274 

from this study reveal significant bioaccumulation of cadmium (Cd) in two limpet species, 275 

Scutellastra granularis and Siphonaria capensis, collected from different coastal regions in South 276 

Africa. Comparing Cd concentrations in both limpet species to that found in water samples 277 

analysed indicates that Cd is strongly accumulated in both species from their respective 278 

surrounding environments. Potential sources of Cd in the marine environment come from the 279 

emissions of industrial combustion processes, metallurgic industries, road transport, and waste 280 

streams, all of which occur along the west and southern coasts of South Africa.20,29,41,42 Water 281 

samples analysed for Cd showed variation between the southern coast site (GRNP) and the two 282 

west coast sites (NNP and WCNP). Studies conducted by Reinecke et al.19,43 indicated Cd 283 

concentrations along the South African coastline varied considerably spatially and temporally. 284 

Degger et al.40, measured unexpectedly high metal concentrations (Cd and Zn) in brown mussels 285 

(Perna perna) along the southern coast at Tsitsikamma National Park (within GRNP) compared 286 

to localities with known anthropogenic activities and influence (such as WCNP). High 287 

concentrations of metals in the study by Degger et al.40 follow a similar pattern shown in data from 288 

the present study (both the water and organisms). This is indicative of long-term exposure, 289 

resulting from freshwater input through geogenic weathering and frequent upwelling that occur 290 

along South Africa’s southern coast.29 Siphonaria showed the greatest Cd accumulation at 291 

Namaqua National Park (NNP), with both species having the greatest metal uptake at this site 292 

despite lower Cd concentrations in the corresponding water samples. This suggests that these 293 

limpets are accumulating Cd from a different source, such as dietary intake from contaminated 294 

algae or sediments.4,20 Additionally, they possess physiological traits that enhance Cd retention, 295 

such as slower excretion rates or higher binding affinities in tissue proteins.21,44 This finding 296 

suggests similarity with previous studies, indicating bioaccumulation in marine organisms 297 

occuring through various pathways, including dietary intake and sediment interaction.4,29 298 

 299 
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The bioconcentration factor (BCF) indicated Cd had been accumulated in whole tissue samples 300 

of Scutellastra and Siphonaria in comparison to the concentration of Cd in the environment.33 301 

Whole tissue samples of both species varied significantly in their accumulation of Cd in relation 302 

to their sampling site. This however does not correlate with Cd concentrations from water 303 

sampled. Interestingly, despite higher water Cd levels at GRNP, the bioconcentration factor (BCF) 304 

was highest at NNP for Scutellastra, suggesting species-specific and site-specific 305 

bioaccumulation dynamics, seasonal and exposure level variation.45 High Cd concentrations at 306 

GRNP, as discussed previously, are a direct result of both the freshwater input from geogenic 307 

weathering in the region and from upwelling events that are known to occur along the southern 308 

coast of South Africa at GRNP.29,40 The significantly high BCFs at NNP are a direct result of the 309 

significantly high concentrations of Cd detected in whole tissue samples of Scutellastra and 310 

Siphonaria, despite the lower concentrations of Cd in the water. This result is indicative of either 311 

a short-term but high-dose exposure to Cd or a different means of uptake in both limpet species 312 

other than directly from the water column.40,46 Elevated metal and pollutant levels along the west 313 

coast, observed at NNP and WCNP, are a direct result of the mining and port activities, as well 314 

as the iron and crude oil facilities in the surrounding areas, which lead to elevated pollution of 315 

local coastal waters affecting the inhabitants of these waters.20,29,42 316 

 317 

The anatomy and physiology of the limpets is also known to play a primary role in the uptake and 318 

accumulation of metals. Differences in body sizes of individuals of the same species has been 319 

shown to result in varying metal tissue concentrations.22,29,47,48 The size of marine ectotherms is 320 

related to their metabolic activities in relation to their life history stage.8 Various metals such as 321 

copper (Cu), iron (Fe), and zinc (Zn) in moderate concentrations are essential in an organism’s 322 

growth and development, however non-essential metals such as Cd lead to reduced growth and 323 

development, even at low concentrations.8 Limpet size was positively correlated with tissue Cd 324 

concentration, indicating that larger individuals tend to accumulate more Cd, potentially due to 325 

prolonged exposure and greater overall uptake over time.8,48 This size-related bioaccumulation 326 

trend has been observed in other marine invertebrates and highlights the importance of 327 

considering organism size in biomonitoring studies.19,49 328 

 329 

The physiological and anatomical differences between Scutellastra and Siphonaria likely 330 

contribute to the observed differences in Cd bioaccumulation. Scutellastra, a prosobranch, and 331 

Siphonaria, a pulmonate gastropod, exhibit distinct respiratory and excretory mechanisms that 332 

influence metal uptake and storage.44 Pulmonate gastropods, such as Siphonaria, exhibit higher 333 
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rates of metal accumulation due to their ability to absorb metals through their foot and mantle 334 

cavity, in addition to dietary intake.21,44 Comparative studies have shown that bioaccumulation 335 

patterns in marine organisms can vary widely based on local environmental conditions and the 336 

species involved. Research on the Brown mussel (Perna perna) has demonstrated significant 337 

spatial variation in metal concentrations along the South African coastline, similar to the patterns 338 

observed in this study.40 These findings underscore the importance of site-specific assessments 339 

and the use of multiple bioindicator species to accurately gauge environmental metal pollution 340 

levels.20,21 341 

 342 

 343 

Conclusion 344 

This study provides insight into the spatial patterns of Cd bioaccumulation in two limpet species, 345 

Scutellastra granularis and Siphonaria capensis, along the South African coastline. The findings 346 

from both limpet species showed significant spatial variation in Cd accumulation, with Scutellastra 347 

having the highest Cd levels at NNP despite lower Cd concentrations in corresponding water 348 

samples. This suggests alternative pathways for Cd uptake, such as dietary intake from 349 

contaminated algae or sediments. Additionally, larger individuals from both species exhibited 350 

higher Cd concentrations, emphasising the importance of considering organism size in 351 

biomonitoring studies. The bioconcentration factor (BCF) analysis further indicated that the BCF 352 

of Cd in Scutellastra and Siphonaria was highest at NNP, highlighting the complex interplay 353 

between environmental exposure and physiological traits in Cd bioaccumulation. These findings 354 

emphasise the need for site-specific assessments and the use of multiple bioindicator species to 355 

effectively assess environmental metal pollution levels in marine ecosystems. Future research 356 

should focus on the long-term monitoring of these species across a greater seasonal and spatial 357 

gradient, and the exploration of additional environmental factors influencing metal 358 

bioaccumulation. 359 

 360 
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Supplementary data 509 

 510 

Table S1: Physico-chemical variables: temperature, pH, salinity, electrical conductivity, and total 511 

dissolved solids measured in situ (n=3) at each site during sampling of field-fresh Scutellastra and 512 

Siphonaria. Sites include Namaqua National Park (NNP), West Coast National Park (WCNP), and 513 

the Garden Route National Park (GRNP) 514 

Site Temperature (ºC) pH 
Salinity 
(PSU) 

Electrical 

conductivity 

(mS cm-1) 

Total 
dissolved 

solids (ppt) 

NNP 

18.5 7.84 33 60.1 37.4 

17.7 8.06 31 57.6 35.7 

17.8 8.12 34 61.3 38 

WCNP 

16.4 6.28 36 63.6 39.7 

16.5 7.31 38 69.9 43.2 

16.5 7.58 41 72.4 45.1 

GRNP 

19.5 7.8 33 60.6 35.2 

19.5 7.96 39 68.4 40.4 

19.9 7.89 45 80.3 46.7 

 515 

 516 

Table S2: Cadmium (Cd) values in field-fresh water samples (n=3) collected from Namaqua 517 

National Park (NNP), West Coast National Park (WCNP), and the Garden Route National Park 518 

(GRNP). Levene’s test indicated equal variances for untransformed Cd levels in field-fresh water 519 

samples (F(2, 6) = 3.221, p = 0.112) 520 

 NNP WCNP GRNP 
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Cd Concentration in 
water samples (μg l-1) 

0.105 0.133 0.140 

0.207 0.156 0.120 

0.072 0.120 0.360 

 521 

 522 

  523 
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Table S3: Morphometric measurements of Scutellastra and Siphonaria collected from Namaqua 524 

National Park (NNP), West Coast National Park (WCNP), and the Garden Route National Park 525 

(GRNP). Measurements include weight (g) and size (mm) 526 

 NNP WCNP GRNP 

Species Size (mm) Weight (g) Size (mm) Weight (g) Size (mm) Weight (g) 

Scutellastra 

24.10 0.0957 22.00 0.201 25.5 0.104 

28.80 0.1 20.00 0.209 22.5 0.108 

24.70 0.101 26.00 0.202 24 0.102 

23.20 0.0908 19.00 0.203 21 0.0959 

25.50 0.103 23.00 0.203 22.5 0.107 

27.90 0.207 23.00 0.11 23 0.202 

23.60 0.205 25.00 0.107 23 0.2 

21.20 0.202 24.00 0.109 32 0.2 

26.00 0.208 28.00 0.0913 21.5 0.207 

23.90 0.201 8.50 0.106 21 0.203 

Siphonaria 

18.00 0.0954 15.70 0.20 19.5 0.0683 

19.10 0.0949 16.60 0.20 21 0.104 

18.50 0.104 18.00 0.20 19.5 0.0521 

16.20 0.106 17.00 0.20 21 0.107 

17.50 0.103 16.00 0.21 22 0.0995 

20.90 0.209 16.00 0.908 21.5 0.204 
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18.00 0.205 18.00 0.864 22.5 0.209 

15.10 0.204 17.50 0.1075 19.5 0.206 

15.50 0.203 20.00 0.0994 21 0.204 

17.70 0.209 17.00 0.0984 19 0.203 

 527 

 528 

  529 
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Table S4: Raw accumulation values of Cd measured in field-fresh Siphonaria capensis (n=10) 530 

collected from Namaqua National Park (NNP), West Coast National Park (WCNP), and the 531 

Garden Route National Park (GRNP). Levene’s test indicated equal variances for untransformed 532 

Cd levels in field-fresh Scutellastra (F(2, 27) = 2.260, p = 0.124) and Siphonaria (F(2, 27) = 1.961, p = 533 

0.160) 534 

 Cadmium (Cd) accumulation (μg g-1) 

Species NNP WCNP GRNP 

Scutellastra 

3.16514376 1.08869686 3.18878959 

8.78170934 0.83019095 1.26444493 

3.79152699 1.29859698 0.85820639 

2.07593463 1.35995523 1.58030948 

2.64683204 1.19451389 3.66738478 

4.18513177 2.03684873 0.76091392 

4.2363977 0.39318765 0.88856608 

6.27833467 1.18389903 4.17147066 

3.9026208 1.67768911 1.18919232 

2.64978426 1.61210104 1.69226698 

Siphonaria 

5.66927395 0.10923433 1.09878025 

1.28964454 1.4431792 2.68499889 

5.12052839 1.72352601 2.70568566 

2.58363282 1.48040272 3.76164186 

2.72354819 1.4751596 3.25858026 

2.97504533 1.62800252 2.69910768 
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3.19954686 1.06711348 3.8320237 

1.48778817 1.12698442 4.35968629 

2.09607349 2.12176087 5.76793155 

2.04874289 0.65328106 4.39765685 

 535 

 536 

  537 
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Table S5: Bioconcentration factor (BCF) values of Cd measured in field-fresh Scutellastra 538 

granularis and Siphonaria capensis (n=10) collected from Namaqua National Park (NNP), West 539 

Coast National Park (WCNP), and the Garden Route National Park (GRNP). Levene’s test 540 

indicated equal variances for untransformed BCF variations in field-fresh Scutellastra (F(2, 27) = 541 

3.259, p = 0.055) and Siphonaria (F(2, 27) = 2.508, p = 0.100) 542 

 Bioconcentration factor (BCF) 

Species NNP WCNP GRNP 

Scutellastra 

24.7276857 7.98555153 13.4737588 

68.6071042 6.08942019 5.34272507 

29.6213046 9.52516124 3.62622417 

16.2182393 9.97522174 6.67736402 

20.6783753 8.7617156 15.495992 

32.696342 14.9402107 3.21512922 

33.096857 2.88401702 3.75450454 

49.0494896 8.68385597 17.6259324 

30.489225 12.3057881 5.02475626 

20.7014395 11.824702 7.15042388 

Siphonaria 

44.2912027 0.80122983 4.64273347 

10.075348 10.5856665 11.3450657 

40.004128 12.6420001 11.4324746 

20.1846314 10.8586997 15.8942614 

21.2777202 10.8202416 13.768649 

23.2425417 11.9413388 11.4046803 
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24.9964599 7.8272382 16.1916494 

11.623345 8.26638936 18.4212097 

16.3755742 15.5630382 24.3715418 

16.0058039 4.79179263 18.5816487 

 543 
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Field study of cadmium bioaccumulation in two residential limpet species, Scutellastra 1 

granularis and Siphonaria capensis, along the South African coastline 2 

 3 

Abstract 4 

The study investigates cadmium (Cd) bioaccumulation in two limpet species, Scutellastra 5 

granularis and Siphonaria capensis, along the South African coastline from three sites; Namaqua 6 

National Park (NNP), West Coast National Park (WCNP), and Garden Route National Park 7 

(GRNP). Significant spatial variations in Cd accumulation were observed, with the highest 8 

concentrations found in limpets from NNP (Scutellastra – 4.17 ± 1.99 µg g-1, Siphonaria – 2.92 ± 9 

1.45 µg g-1) despite having the lowest water Cd levels (0.13 ± 0.07 µg l-1). This suggests 10 

alternative Cd uptake pathways, such as dietary intake from contaminated algae or sediments. 11 

Additionally, larger limpets exhibited higher Cd concentrations, highlighting the importance of 12 

considering organism size in biomonitoring studies. The bioconcentration factor (BCF) analysis 13 

further indicated significant site-specific differences, with the highest BCF at NNP (Scutellastra – 14 

32.59 ± 15.62, Siphonaria – 22.81 ± 11.29). These findings highlight the relationship between 15 

environmental exposure and physiological traits in Cd bioaccumulation and the necessity for site-16 

specific assessments and using multiple bioindicator species in environmental monitoring. The 17 

study shows the importance of continued research into long-term and spatial variations in metal 18 

bioaccumulation in marine ecosystems. 19 

 20 

Significance: 21 

● Highlights Cd bioaccumulation in limpets indicating potential pollution pathways. 22 

● Demonstrates S. granularis and S. capensis as bioindicator Sp. for Cd monitoring. 23 

● Spatial significance stresses the importance of site-specific monitoring. 24 

● Organism size matters in pollution assessments. 25 

● There is no correlation between water and organism metal concentrations. 26 

 27 

Keywords: Bioconcentration factor, bioindicator, ICP-MS, intertidal, marine pollution 28 

 29 

Supplementary data inserted at the end of the document. 30 

 31 

 32 

Introduction 33 

Coastal regions across the world are subjected to significant metal pollution, resulting from 34 

agricultural and industrial activities.1 With over 70% of South Africa’s coastline inhabited, elevated 35 
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anthropogenic pressures on the nearshore marine environment are becoming more prevalent.2 36 

Metals naturally occur in the marine environment at low concentrations, however, due to 37 

increased anthropogenic pressures, coastal waters are becoming progressively vulnerable to a 38 

rise in metal pollution.3 Metals pose a considerable threat to marine ecosystems due organism 39 

toxicity at low concentrations, environmental persistence, bioaccumulation ability.4 40 

Bioaccumulation refers to the process of organismal toxicant uptake, such as chemicals or metals, 41 

through consumption of contaminated food or direct exposure, be it over a short (acute) or long 42 

(chronic) periods.4,5 The degree of metal bioaccumulation is influenced by factors such as the 43 

metal bioavailability, the route of uptake, and sequestration or depuration of the toxicant.6 The 44 

greatest threat associated with metal bioaccumulation within the tissues of organisms is 45 

biomagnification in the higher trophic levels.7,8 46 

 47 

Cadmium (Cd) primarily enters waterbodies through industrial sources, including zinc (Zn) 48 

smelting, electroplating, fossil fuel combustion, plastics, pesticides, and oil refining.9 Research on 49 

Cd has intensified globally due to its toxicity at low concentrations, and its ability to biomagnify 50 

through trophic levels, impacting humans.1,10-18 Cadmium accumulation occurs in organisms 51 

primarily via ingestion as the metal ions are poorly soluble in water, binding to suspended 52 

particulate matter (SPM) in the ocean, which is ingested and absorbed by filter feeding 53 

organisms.4 Local studies have demonstrated that gastropods, such as limpets, accumulate 54 

metals and can serve as potential bioindicator species.19,20 Despite the variety of bioindicator 55 

species used in South Africa, information on the responses of limpets to metals in the marine 56 

environment is limited.  57 

 58 

A commonly used approach for environmental biomonitoring is quantifying pollutant loads in 59 

organisms that bioaccumulate.21 Metal concentrations in tissues depends on the uptake, 60 

excretion, and metabolic capacity to either degrade and/or transform these toxic pollutants.21 The 61 

use of a single bioindicator species when determining metal pollution is not ideal because certain 62 

metals concentrations may differ from one species to another.22 Therefore, different species 63 

inhabiting different coastal zones need to be assessed. Recent studies include using the invasive 64 

Mediterranean mussel (Mytilus galloprovincialis) and endemic Brown mussel (Perna perna) along 65 

the southern and east coasts.3,23-25 Limpets were selected for this study due to their wide 66 

distribution, feeding behaviour, being reasonably sessile, and distinct ability to tolerate 67 

environmental challenges, making them a key study organism when looking at the effect of 68 

environmental changes on intertidal organisms.19,26 The limpets Scutellastra granularis (Linnaeus 69 
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1758), a prosobranch found high on the shore, and Siphonaria capensis (Quoy and Gaimard 70 

1833), a pulmonate gastropod found in pools and on emergent mid-shore rocks27,28, were selected 71 

to investigate the variation in Cd uptake and bioaccumulation across key sites along the South 72 

African coastline. These species of limpet were used to investigate Cd bioaccumulation due to 73 

their different phylogenies (i.e., pulmonate vs patellogastropod) and associated tidal heights along 74 

their sympatric distribution in South Africa. 75 

 76 

This study describes the spatial patterns of Cd concentrations in South African coastal waters 77 

using Scutellastra and Siphonaria as quantitative bioindicators. It includes investigating the effect 78 

of weight and size on Cd bioaccumulation. Spatial patterns for each species are used to compare 79 

Cd concentrations in water and tissue samples with inferred bioconcentration factors, discussing 80 

these in terms of background (environmental) concentrations and their sources.  81 

 82 

 83 

Materials and methods 84 

Site selection and animal collection 85 

The study took place at three marine protected areas along a gradient from the west to east along 86 

the South African coastline. The South African coastline is a dynamic environment surrounded by 87 

two major ocean currents bringing contrasting environmental conditions.29 The west coast is a 88 

cool temperate ecoregion influenced by the Benguela Current that transports cold nutrient-rich 89 

water, whereas the southern coast is classified as warm temperate and influenced by the warm 90 

water Agulhas Current.27-30 Sites selected included, two from the west coast; the Namaqua 91 

National Park (NNP – 30º51'31.8'' S, 17º34'31.1'' E) in the Northern Cape and the West Coast 92 

National Park (WCNP – 33º8'56.2'' S, 17º59'57.9'' E) in the Western Cape, and the Garden Route 93 

National Park (GRNP – 34º01'14.9" S, 23º52'26.7" E) in the Eastern Cape from the southern coast 94 

ecoregion of South Africa. Field fresh samples of similar size (total shell length) were collected 95 

from all three sites (Σn = 3 sites x 2 species x 10 individuals (replicates) = 60) in January 2020 96 

(Supplementary data, Table S3). The number of individuals was determined by both the 97 

[anonymised] animal ethics committee (number anonymised) and the SANParks permitting office 98 

(permit number anonymised). Organisms were collected during low tide (at first daylight). 99 

Organisms were carefully removed from the rock surface using either a spatula or by hand and 100 

only undamaged individuals. Individuals were classified as undamaged when there was no visible 101 

damage done to the shell or foot. Field fresh samples collected at each site were flash frozen in 102 

liquid nitrogen (-196ºC) and stored at -20ºC for baseline metal analysis. Water samples (Σn = 3 103 

sites x 3 water samples (replicates) at 50 ml each = 9) were collected from each site and stored 104 
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at -20ºC for background metal analysis. During collection of water samples, physico-chemical 105 

parameters were recorded, including: temperature (ºC), pH, salinity (PSU), electrical conductivity 106 

(mS cm-1), and total dissolved solids (ppt). 107 

 108 

Bioaccumulation analysis 109 

Sample preparation and digestion 110 
The water samples (50 ml), were  filtered using a Millipore sintered glass filtration system (Merck, 111 

South Africa), through a gridded cellulose nitrate membrane filter (type 114, 0.45 µm). Samples 112 

were acidified to 1% with Suprapur® nitric acid – 63.01 g mol-1 (HNO3) (Merck, South Africa). 113 

 114 

Whole organism tissue was used for metal accumulation analysis in accordance with the methods 115 

outlined by Boss and Fredeen31 and Gaines32, and adapted from Erasmus et al.29., Frozen 116 

samples were weighed (± 0.01 g) to obtain a wet weight, after which the samples were freeze-117 

dried (-50ºC at 0.61 mbar) for 48 hours using the Martin-Christ LDplus Freeze Dryer (Christ 118 

Freeze Dryers, Niedersachsen, Germany). The freeze-dried (whole organism) samples were 119 

weighed to obtain a final dry weight, in which the weight was normalised using the 120 

bioconcentration factor calculation, before being digested using the MARS 6 One Touch 121 

Technology Microwave (CEM, Charlotte, United States of America). Before digestion, the Teflon 122 

bombs used during processing were cleaned and dried in accordance with the cleaning method, 123 

using standard grade HNO3 (Merck, South Africa) and hydrogen peroxide (H2O2) (Merck, South 124 

Africa). Standard reference material (SRM, Mussel Tissue – 2976, 109% recovery), as well as the 125 

freeze-dried samples, were individually added to each Teflon bomb along with 5 ml Suprapur® 126 

65% HNO3 (Merck, South Africa. The digestion process took a total of 70 minutes and was held 127 

at 200ºC, starting with a 15-minute warm-up period, followed by a 35-minute holding period and 128 

finally a 20-minute cool-down period. After digestion, the samples were allowed to cool, before 129 

being placed in 15 ml Falcon tubes. Samples were gravimetrically diluted using double distilled 130 

water (18.2 Ω) to a total volume of 10 ml (Millipore, United States of America). 131 

 132 

ICP-MS Analysis 133 

Water (diluted by factor of 10) and tissue samples were analysed using a PerkinElmer NexION® 134 

300 series Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (PerkinElmer, Waltham, 135 

United States of America). The ICP-MS was calibrated using 0, 0.01, 0.1 and 1 ppb calibration 136 
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standards, made using the appropriate dilutions from a 100 ppm Cd stock solution. An internal 137 

standard (Iridium – 193) was added to each water and tissue sample before analysis for quality 138 

assurance, ensuring sufficient recovery and no drifting occurred during the analysis. Data were 139 

converted from counts per second (cps) to μg g-1 (tissue) and μg l-1 (water), standardising the 140 

sample mass using the following equations: 141 

 142 

𝐶𝑑 𝐼𝑆 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =
𝐶𝑑 111 (𝑐𝑝𝑠)

𝐼𝑟 193 (𝑐𝑝𝑠)
        Equation 1 143 

𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑐𝑝𝑠 →  𝜇𝑔 𝑙 −1) =  
(𝐶𝑑 𝐼𝑆 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 −𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡)

(𝑆𝑙𝑜𝑝𝑒)
    Equation 2 144 

𝐵𝑙𝑎𝑛𝑘 & 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = ((𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 − 𝐵𝑙𝑎𝑛𝑘𝑒𝑑 𝐴𝑣𝑒𝑟𝑎𝑔𝑒) ∗ 10)  Equation 3 145 

𝑈𝑛𝑖𝑡 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝜇𝑔 𝑙 −1 →  𝜇𝑔 𝑔 −1)  =
(𝐵𝑙𝑎𝑛𝑘 & 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛∗0.01)

(𝑆𝑎𝑚𝑝𝑙𝑒 𝐷𝑟𝑦 𝑊𝑒𝑖𝑔ℎ𝑡)
  Equation 4 146 

 147 

Bioconcentration factor (BCF) 148 

The bioconcentration factor (BCF) was determined according to the method of Abel.33 This 149 

method determined the ratio between the Cd concentration in organisms and water samples 150 

(COrganism dry weight/CWater), where the COrganism dry weight (μg g-1 dry weight) and CWater (μg l-1) are the 151 

fractions of the element within the organism and the environment (water). The median 152 

concentration values of the element present in each organism and the water were used to 153 

calculate the BCF. 154 

 155 

Statistical analysis 156 

Statistical analyses were conducted using RStudio (v. 4.0.3). All data met the assumptions of 157 

normality and homogeneity of variance, following Levene’s and Shapiro-Wilk tests respectively.34 158 

Following testing of assumptions, one-way Analysis of Variances (ANOVAs) were performed on 159 

cadmium concentrations in water samples (factors site, three levels and fixed, significance set at 160 

p <0.05), tissue samples (factors site, three levels and fixed, significance set at p <0.05), and 161 

bioconcentration factor (factors site, three levels and fixed, significance set at p <0.05) for each 162 

species respectively. Where there were significant factors, a pairwise comparison was performed 163 

using Tukey’s HSD.34 All statistical analyses were performed using the car and tidyverse 164 
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packages in RStudio.35,36 Barplots (±SEM) were created using the ggplot2 and plyr packages. in 165 

RStudio.37,38 166 

 167 

Results 168 

Environmental water quality parameters 169 

Physico-chemical parameters; temperature (ºC), pH, salinity (PSU), electrical conductivity (mS 170 

cm-1), and total dissolved solids (ppt) measured in situ are represented in Table 1. The measured 171 

parameters across the three sites showed great variation, between sampling periods at each site 172 

(high SD values) as well as among the sites themselves. 173 

 174 
Table 1: Mean (±SD) water quality measures taken in situ at each sampling site (NNP – Namaqua 175 
National Park, WCNP – West Coast National Park, GRNP – Garden Route National Park) during 176 
each day of sampling (n=3). Common superscripts indicate statistically significant differences in 177 
water quality parameters across sites (p<0.05) 178 

 NNP WCNP GRNP 

Temperature (ºC) 16.18 ± 2.01ab 16.47 ± 0.06ac 19.40 ± 0.17bc 

pH 8.01 ± 0.10 7.06 ± 0.69 7.71 ± 0.31 

Salinity (PSU) 33.17 ± 1.17 38.33 ± 2.52 35.33 ± 3.21 

Electrical conductivity (mS cm-1) 60.77 ± 1.70 68.63 ± 4.53 66.50 ± 5.22 

Total dissolved solids (ppt) 37.68 ± 1.05 42.67 ± 2.74 38.73 ± 3.06 

 179 

Temperature showed significant variation across sites (F(2, 8) = 91.5, p = 3.2e-05). Water 180 

temperature at GRNP was significantly higher than both west coast sites (NNP and WCNP, Table 181 

1). Water temperature also varied significantly between the two west coast sites (NNP and 182 

WCNP), with significantly lower temperatures recorded at NNP. All other water quality parameters 183 

(pH, salinity, electrical conductivity, and total dissolved solids) showed statistically non-significant 184 

differences across the three sites (p>0.05, Table 1). 185 

 186 

Cadmium concentrations versus weight and size 187 

Cadmium concentrations in whole body tissues (without shell) were plotted against the wet weight 188 

(g) and size (mm) for both species of limpets, Scutellastra S. granularis and SiphonariaS. 189 

capensis; with results being illustrated in Figure 1A and B, respectively. Concentrations of Cd in 190 

whole body limpets showed no significant change with increasing weight of either species, F(3, 56) 191 

= 0.0482, p = 0.986 (Figure 1A). With increasing weight, both Scutellastra and Siphonaria had 192 
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measurements are not required. Recommend to 
remove. 

Commented [A8]: Since you know the species names 
these have to be provided. Thus change all genus 
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non-significant changes in their individual Cd concentrations, with R2 values of 0.001 and 0.002, 193 

respectively. In contrast, concentrations of Cd in whole body limpets showed a significant change 194 

with increasing size, F(3, 56) = 5.347, p = 0.003 (Figure 1B). Siphonaria showed a greater increase 195 

in Cd concentrations with an increase in size (R2 = 0.26), whereas the larger Scutellastra showed 196 

a similar increase in Cd concentrations with an increase in size (R2 = 0.20). 197 

 198 

 199 

 200 
Figure 1: General linear model (GLM) showing the relationship between cadmium concentrations 201 

(μg g-1) and the weight (A) and size (B) of Scutellastra and Siphonaria 202 

 203 

Cadmium concentration in field-fresh water samples from the southern 204 

and west coasts 205 

Cadmium concentrations within water samples collected at each respective site during the 206 

sampling of Scutellastra and Siphonaria are represented in Figure 2. No statistically significant 207 

differences in cadmium concentrations were present in water samples between the three sites 208 

(Figure 2, Table 2). Water samples from the southern coast (GRNP) had the greatest Cd 209 

concentrations (0.24 μg l-1), whilst samples from the west coast at NNP had the lowest 210 

concentrations (0.13 μg l-1). 211 

 212 

Table 2: One-way ANOVA results comparing Cd levels in field-fresh water samples (n=3) from 213 

three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for untransformed 214 

Cd levels in field-fresh water samples (F(2, 6) = 3.221, p = 0.112) 215 

 Df Sum Sq Mean Sq F p 

Commented [A9]: The one-way ANOVA results (water, 
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Sites 2 0.0219 0.0110 1.8370 0.2386 

Residuals 6 0.0358 0.0060   

Total 8 0.0578    

 216 

 217 

 218 
Figure 2: Mean (±SEM) levels of cadmium in water samples (n=3 per site) collected from 219 

Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route National 220 

Park (GRNP) 221 

 222 

 223 

Cadmium concentrations in field-fresh Scutellastra and Siphonaria 224 

from the southern and west coasts 225 

The measured concentrations of Cd in both Scutellastra and Siphonaria are presented in Table 3 226 

and Figure 3A. Spatial differences in Cd concentrations from whole body Scutellastra tissue 227 

showed significance, F(2, 29) = 11.978, p = 0.0002 (Table 3). At NNP, Scutellastra accumulated 228 

significantly higher concentrations of Cd than both remaining sites, WCNP and GRNP (Figure 3A. 229 

A similar trend was observed in Siphonaria, with spatial variances in Cd concentrations across all 230 

three sites, F(2, 29) = 9.522, p = 0.0007 (Table 3). Limpets collected from NNP having significantly 231 

higher Cd concentrations (p<0.01) to those collected and analysed from the WCNP (Figure 3A). 232 

Dissimilarly, along the southern coast at GRNP, Siphonaria had the highest Cd concentrations 233 

out of the three sites, being significantly higher than WCNP (p<0.001). 234 

 235 
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Table 3: One-way ANOVA results comparing Cd levels in field-fresh Scutellastra and Siphonaria 236 

(n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for 237 

untransformed Cd levels in field-fresh Scutellastra (F(2, 27) = 2.260, p = 0.124) and Siphonaria (F(2, 238 

27) = 1.961, p = 0.160) 239 

Scutellastra 

 Df Sum Sq Mean Sq F p 

Sites 2 46.355 23.178 11.978 0.0002 

Residuals 27 52.244 1.935   

Total 29 98.599    

Siphonaria 

 Df Sum Sq Mean Sq F p 

Sites 2 25.640 12.820 9.522 0.0007 

Residuals 27 36.353 1.346   

Total 29 61.993    

 240 

 241 

 242 
Figure 3: Mean (±SEM) levels of cadmium (A) in Scutellastra and Siphonaria (n=10) collected 243 

from Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route 244 

National Park (GRNP). Bioconcentration factor (B) variation in Scutellastra and Siphonaria (n=10) 245 

using cadmium concentrations in water and tissue samples collected from each site (NNP, 246 

WCNP, and GRNP) 247 
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 248 

 249 

Bioconcentration factor of cadmium in field-fresh Scutellastra and 250 

Siphonaria from the southern and west coasts 251 

The results obtained show the bioconcentration factor (BCF) of Cd in both Scutellastra and 252 

Siphonaria and are presented in Table 4 and Figure 3B. Spatial differences in the BCF of Cd in 253 

Scutellastra showed significance, F(2, 29) = 20.120, p<0.001. As seen in the Cd concentrations of 254 

Scutellastra, the BCF spatial variance showed the same pattern. Scutellastra from NNP showed 255 

the greatest BCF, differing significantly from both WCNP and GRNP (p<0.001, Figure 3B). No 256 

difference was observed between the BCF of Scutellastra at WCNP and GRNP (p>0.05). Unlike 257 

in the Cd concentrations observed in Siphonaria (Figure 3A), a dissimilar trend was observed in 258 

the BCF values across sites, although significantly different spatial differences were observed, 259 

F(2, 29) = 7.86, p = 0.002 (Figure 3B, Table 4). Siphonaria from NNP exhibited the greatest BCF, 260 

differing significantly with limpets sampled from WCNP (p<0.01, Figure 3B). No other significant 261 

spatial differences were observed in Siphonaria between NNP and GRNP, nor between NNP and 262 

GRNP (p>0.05, Figure 3B). 263 

 264 

 265 

Table 4: One-way ANOVA results comparing the Bioconcentration Factor (BCF) in field-fresh 266 

Scutellastra and Siphonaria (n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test 267 

indicated equal variances for untransformed BCF variations in field-fresh Scutellastra (F(2, 27) = 268 

3.259, p = 0.055) and Siphonaria (F(2, 27) = 2.508, p = 0.100) 269 

Scutellastra 

 Df Sum Sq Mean Sq F p 

Sites 2 3805.382 1902.691 20.120 4.472e-06 

Residuals 27 2553.365 94.569   

Total 29 6358.747    

Siphonaria 

 Df Sum Sq Mean Sq F p 

Sites 2 912.587 456.293 7.86 0.002 
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Residuals 27 1566.557 58.021   

Total 29 2479.144    

 270 

 271 

Discussion 272 

While metal contaminants occur naturally in the marine environment at low concentrations, 273 

anthropogenic influence on the marine environment has exacerbated the situation.39,40 The results 274 

from this study reveal significant bioaccumulation of cadmium (Cd) in two limpet species, 275 

Scutellastra S. granularis and Siphonaria S. capensis, collected from different coastal regions in 276 

South Africa. Comparing Cd concentrations in both limpet species to that found in water samples 277 

analysed indicates that Cd is strongly accumulated in both species from their respective 278 

surrounding environments. Potential sources of Cd in the marine environment come from the 279 

emissions of industrial combustion processes, metallurgic industries, road transport, and waste 280 

streams, all of which occur along the west and southern coasts of South Africa.20,29,41,42 Water 281 

samples analysed for Cd showed variation between the southern coast site (GRNP) and the two 282 

west coast sites (NNP and WCNP). Studies conducted by Reinecke et al.19,43 indicated Cd 283 

concentrations along the South African coastline varied considerably spatially and temporally. 284 

Degger et al.40, measured unexpectedly high metal concentrations (Cd and Zn) in brown mussels 285 

(Perna P. perna) along the southern coast at Tsitsikamma National Park (within GRNP) compared 286 

to localities with known anthropogenic activities and influence (such as WCNP). High 287 

concentrations of metals in the study by Degger et al.40 follow a similar pattern shown in data from 288 

the present study (both the water and organisms). This is indicative of long-term exposure, 289 

resulting from freshwater input through geogenic weathering and frequent upwelling that occur 290 

along South Africa’s southern coast.29 Siphonaria showed the greatest Cd accumulation at 291 

Namaqua National Park (NNP), with both species having the greatest metal uptake at this site 292 

despite lower Cd concentrations in the corresponding water samples. This suggests that these 293 

limpets are accumulating Cd from a different source, such as dietary intake from contaminated 294 

algae or sediments.4,20 Additionally, they possess physiological traits that enhance Cd retention, 295 

such as slower excretion rates or higher binding affinities in tissue proteins.21,44 This finding 296 

suggests similarity with previous studies, indicating bioaccumulation in marine organisms 297 

occuring through various pathways, including dietary intake and sediment interaction.4,29 298 

 299 
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The bioconcentration factor (BCF) indicated Cd had been accumulated in whole tissue samples 300 

of Scutellastra and Siphonaria in comparison to the concentration of Cd in the environment.33 301 

Whole tissue samples of both species varied significantly in their accumulation of Cd in relation 302 

to their sampling site. This however does not correlate with Cd concentrations from water 303 

sampled. Interestingly, despite higher water Cd levels at GRNP, the bioconcentration factor (BCF) 304 

was highest at NNP for Scutellastra, suggesting species-specific and site-specific 305 

bioaccumulation dynamics, seasonal and exposure level variation.45 High Cd concentrations at 306 

GRNP, as discussed previously, are a direct result of both the freshwater input from geogenic 307 

weathering in the region and from upwelling events that are known to occur along the southern 308 

coast of South Africa at GRNP.29,40 The significantly high BCFs at NNP are a direct result of the 309 

significantly high concentrations of Cd detected in whole tissue samples of Scutellastra and 310 

Siphonaria, despite the lower concentrations of Cd in the water. This result is indicative of either 311 

a short-term but high-dose exposure to Cd or a different means of uptake in both limpet species 312 

other than directly from the water column.40,46 Elevated metal and pollutant levels along the west 313 

coast, observed at NNP and WCNP, are a direct result of the mining and port activities, as well 314 

as the iron and crude oil facilities in the surrounding areas, which lead to elevated pollution of 315 

local coastal waters affecting the inhabitants of these waters.20,29,42 316 

 317 

The anatomy and physiology of the limpets is also known to play a primary role in the uptake and 318 

accumulation of metals. Differences in body sizes of individuals of the same species has been 319 

shown to result in varying metal tissue concentrations.22,29,47,48 The size of marine ectotherms is 320 

related to their metabolic activities in relation to their life history stage.8 Various metals such as 321 

copper (Cu), iron (Fe), and zinc (Zn) in moderate concentrations are essential in an organism’s 322 

growth and development, however non-essential metals such as Cd lead to reduced growth and 323 

development, even at low concentrations.8 Limpet size was positively correlated with tissue Cd 324 

concentration, indicating that larger individuals tend to accumulate more Cd, potentially due to 325 

prolonged exposure and greater overall uptake over time.8,48 This size-related bioaccumulation 326 

trend has been observed in other marine invertebrates and highlights the importance of 327 

considering organism size in biomonitoring studies.19,49 328 

 329 

The physiological and anatomical differences between Scutellastra and Siphonaria likely 330 

contribute to the observed differences in Cd bioaccumulation. Scutellastra, a prosobranch, and 331 

Siphonaria, a pulmonate gastropod, exhibit distinct respiratory and excretory mechanisms that 332 

influence metal uptake and storage.44 Pulmonate gastropods, such as Siphonaria, exhibit higher 333 
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rates of metal accumulation due to their ability to absorb metals through their foot and mantle 334 

cavity, in addition to dietary intake.21,44 Comparative studies have shown that bioaccumulation 335 

patterns in marine organisms can vary widely based on local environmental conditions and the 336 

species involved. Research on the Brown mussel (Perna perna) has demonstrated significant 337 

spatial variation in metal concentrations along the South African coastline, similar to the patterns 338 

observed in this study.40 These findings underscore the importance of site-specific assessments 339 

and the use of multiple bioindicator species to accurately gauge environmental metal pollution 340 

levels.20,21 341 

 342 

 343 

Conclusion 344 

This study provides insight into the spatial patterns of Cd bioaccumulation in two limpet species, 345 

Scutellastra granularis and Siphonaria capensis, along the South African coastline. The findings 346 

from both limpet species showed significant spatial variation in Cd accumulation, with Scutellastra 347 

having the highest Cd levels at NNP despite lower Cd concentrations in corresponding water 348 

samples. This suggests alternative pathways for Cd uptake, such as dietary intake from 349 

contaminated algae or sediments. Additionally, larger individuals from both species exhibited 350 

higher Cd concentrations, emphasising the importance of considering organism size in 351 

biomonitoring studies. The bioconcentration factor (BCF) analysis further indicated that the BCF 352 

of Cd in Scutellastra and Siphonaria was highest at NNP, highlighting the complex interplay 353 

between environmental exposure and physiological traits in Cd bioaccumulation. These findings 354 

emphasise the need for site-specific assessments and the use of multiple bioindicator species to 355 

effectively assess environmental metal pollution levels in marine ecosystems. Future research 356 

should focus on the long-term monitoring of these species across a greater seasonal and spatial 357 

gradient, and the exploration of additional environmental factors influencing metal 358 

bioaccumulation. 359 

 360 

This work appears in whole or in part in a thesis/dissertation.  361 
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Supplementary data 509 

 510 

Table S1: Physico-chemical variables: temperature, pH, salinity, electrical conductivity, and total 511 

dissolved solids measured in situ (n=3) at each site during sampling of field-fresh Scutellastra and 512 

Siphonaria. Sites include Namaqua National Park (NNP), West Coast National Park (WCNP), and 513 

the Garden Route National Park (GRNP) 514 

Site Temperature (ºC) pH 
Salinity 
(PSU) 

Electrical 

conductivity 

(mS cm-1) 

Total 
dissolved 

solids (ppt) 

NNP 

18.5 7.84 33 60.1 37.4 

17.7 8.06 31 57.6 35.7 

17.8 8.12 34 61.3 38 

WCNP 

16.4 6.28 36 63.6 39.7 

16.5 7.31 38 69.9 43.2 

16.5 7.58 41 72.4 45.1 

GRNP 

19.5 7.8 33 60.6 35.2 

19.5 7.96 39 68.4 40.4 

19.9 7.89 45 80.3 46.7 

 515 

 516 

Table S2: Cadmium (Cd) values in field-fresh water samples (n=3) collected from Namaqua 517 

National Park (NNP), West Coast National Park (WCNP), and the Garden Route National Park 518 

(GRNP). Levene’s test indicated equal variances for untransformed Cd levels in field-fresh water 519 

samples (F(2, 6) = 3.221, p = 0.112) 520 

 NNP WCNP GRNP 
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Cd Concentration in 
water samples (μg l-1) 

0.105 0.133 0.140 

0.207 0.156 0.120 

0.072 0.120 0.360 

 521 

 522 

  523 
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Table S3: Morphometric measurements of Scutellastra and Siphonaria collected from Namaqua 524 

National Park (NNP), West Coast National Park (WCNP), and the Garden Route National Park 525 

(GRNP). Measurements include weight (g) and size (mm) 526 

 NNP WCNP GRNP 

Species Size (mm) Weight (g) Size (mm) Weight (g) Size (mm) Weight (g) 

Scutellastra 

24.10 0.0957 22.00 0.201 25.5 0.104 

28.80 0.1 20.00 0.209 22.5 0.108 

24.70 0.101 26.00 0.202 24 0.102 

23.20 0.0908 19.00 0.203 21 0.0959 

25.50 0.103 23.00 0.203 22.5 0.107 

27.90 0.207 23.00 0.11 23 0.202 

23.60 0.205 25.00 0.107 23 0.2 

21.20 0.202 24.00 0.109 32 0.2 

26.00 0.208 28.00 0.0913 21.5 0.207 

23.90 0.201 8.50 0.106 21 0.203 

Siphonaria 

18.00 0.0954 15.70 0.20 19.5 0.0683 

19.10 0.0949 16.60 0.20 21 0.104 

18.50 0.104 18.00 0.20 19.5 0.0521 

16.20 0.106 17.00 0.20 21 0.107 

17.50 0.103 16.00 0.21 22 0.0995 

20.90 0.209 16.00 0.908 21.5 0.204 



21 

18.00 0.205 18.00 0.864 22.5 0.209 

15.10 0.204 17.50 0.1075 19.5 0.206 

15.50 0.203 20.00 0.0994 21 0.204 

17.70 0.209 17.00 0.0984 19 0.203 

 527 

 528 

  529 
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Table S4: Raw accumulation values of Cd measured in field-fresh Siphonaria capensis (n=10) 530 

collected from Namaqua National Park (NNP), West Coast National Park (WCNP), and the 531 

Garden Route National Park (GRNP). Levene’s test indicated equal variances for untransformed 532 

Cd levels in field-fresh Scutellastra (F(2, 27) = 2.260, p = 0.124) and Siphonaria (F(2, 27) = 1.961, p = 533 

0.160) 534 

 Cadmium (Cd) accumulation (μg g-1) 

Species NNP WCNP GRNP 

Scutellastra 

3.16514376 1.08869686 3.18878959 

8.78170934 0.83019095 1.26444493 

3.79152699 1.29859698 0.85820639 

2.07593463 1.35995523 1.58030948 

2.64683204 1.19451389 3.66738478 

4.18513177 2.03684873 0.76091392 

4.2363977 0.39318765 0.88856608 

6.27833467 1.18389903 4.17147066 

3.9026208 1.67768911 1.18919232 

2.64978426 1.61210104 1.69226698 

Siphonaria 

5.66927395 0.10923433 1.09878025 

1.28964454 1.4431792 2.68499889 

5.12052839 1.72352601 2.70568566 

2.58363282 1.48040272 3.76164186 

2.72354819 1.4751596 3.25858026 

2.97504533 1.62800252 2.69910768 
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3.19954686 1.06711348 3.8320237 

1.48778817 1.12698442 4.35968629 

2.09607349 2.12176087 5.76793155 

2.04874289 0.65328106 4.39765685 

 535 

 536 

  537 
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Table S5: Bioconcentration factor (BCF) values of Cd measured in field-fresh Scutellastra 538 

granularis and Siphonaria capensis (n=10) collected from Namaqua National Park (NNP), West 539 

Coast National Park (WCNP), and the Garden Route National Park (GRNP). Levene’s test 540 

indicated equal variances for untransformed BCF variations in field-fresh Scutellastra (F(2, 27) = 541 

3.259, p = 0.055) and Siphonaria (F(2, 27) = 2.508, p = 0.100) 542 

 Bioconcentration factor (BCF) 

Species NNP WCNP GRNP 

Scutellastra 

24.7276857 7.98555153 13.4737588 

68.6071042 6.08942019 5.34272507 

29.6213046 9.52516124 3.62622417 

16.2182393 9.97522174 6.67736402 

20.6783753 8.7617156 15.495992 

32.696342 14.9402107 3.21512922 

33.096857 2.88401702 3.75450454 

49.0494896 8.68385597 17.6259324 

30.489225 12.3057881 5.02475626 

20.7014395 11.824702 7.15042388 

Siphonaria 

44.2912027 0.80122983 4.64273347 

10.075348 10.5856665 11.3450657 

40.004128 12.6420001 11.4324746 

20.1846314 10.8586997 15.8942614 

21.2777202 10.8202416 13.768649 

23.2425417 11.9413388 11.4046803 
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24.9964599 7.8272382 16.1916494 

11.623345 8.26638936 18.4212097 

16.3755742 15.5630382 24.3715418 

16.0058039 4.79179263 18.5816487 

 543 
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Field study of cadmium bioaccumulation in two resident limpet species, Scutellastra 1 

granularis and Siphonaria capensis, along the South African coastline 2 

 3 

Abstract 4 

The study investigates cadmium (Cd) bioaccumulation in two limpet species, Scutellastra 5 

granularis and Siphonaria capensis, along the South African coastline from three sites; : Namaqua 6 

National Park (NNP), West Coast National Park (WCNP), and Garden Route National Park 7 

(GRNP). Significant spatial variations in Cd accumulation were observed, with the highest 8 

concentrations found in limpets from NNP (S. granularis – 4.17 ± 1.99 µg g-1, S. capensis – 2.92 9 

± 1.45 µg g-1) despite having the lowest water Cd levels (0.13 ± 0.07 µg L-1). This suggests 10 

alternative Cd uptake pathways, such as dietary intake from contaminated algae or sediments. 11 

Additionally, larger limpets exhibited higher Cd concentrations, highlighting the importance of 12 

considering organism size in biomonitoring studies. The bioconcentration factor (BCF) analysis 13 

further indicated significant site-specific differences, with the highest BCF at NNP (S. granularis 14 

– 32.59 ± 15.62, S. capensis – 22.81 ± 11.29). These findings highlight the relationship between 15 

environmental exposure and physiological traits in Cd bioaccumulation and the necessity for site-16 

specific assessments and using multiple bioindicator species in environmental monitoring. The 17 

study shows the importance of continued research into long-term and spatial variations in metal 18 

bioaccumulation in marine ecosystems. 19 

 20 

Significance: 21 

● Highlights Cd bioaccumulation in limpets indicating potential pollution pathways. 22 

● Demonstrates S. granularis and S. capensis as bioindicators Sp. for Cd monitoring. 23 

● Spatial significance stresses the importance of site-specific monitoring. 24 

● Organism size matters in pollution assessments. 25 

● There is no correlation between water and organism the metal concentrations of 26 

organisms. 27 

 28 

Keywords: Bioconcentration factor, bioindicator, ICP-MS, intertidal, marine pollution 29 

 30 
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Coastal regions across the world are subjected to significant metal pollution, resulting from 35 

agricultural and industrial activities.1 With over 70% of South Africa’s coastline inhabited, elevated 36 

anthropogenic pressures on the nearshore marine environment are becoming more prevalent.2 37 

Metals naturally occur in the marine environment at low concentrations, ; however, due to 38 

increased anthropogenic pressures, coastal waters are becoming progressively vulnerable to a 39 

rise in metal pollution.3 Metals pose a considerable threat to marine ecosystems due to 40 

organismtheir toxicity at low concentrations, environmental persistence, and bioaccumulation 41 

ability.4 Bioaccumulation refers to the process of organismal toxicant uptake, such as chemicals 42 

or metals, through consumption of contaminated food or direct exposure, be it over a short (acute) 43 

or long (chronic) periods.4,5 The degree of metal bioaccumulation is influenced by factors such as 44 

the metal bioavailability, the route of uptake, and sequestration or depuration of the toxicant.6 The 45 

greatest threat associated with metal bioaccumulation within the tissues of organisms is 46 

biomagnification in the higher trophic levels.7,8 47 

 48 

Cadmium (Cd) primarily enters waterbodies through industrial sources, including zinc (Zn) 49 

smelting, electroplating, fossil fuel combustion, plastics, pesticides, and oil refining.9 Research on 50 

Cd has intensified globally due to its toxicity at low concentrations, and its ability to biomagnify 51 

through trophic levels, impacting humans.1,10-18 Cadmium accumulation occurs in organisms 52 

primarily via ingestion as the metal ions are poorly soluble in water, binding to suspended 53 

particulate matter (SPM) in the ocean, which is ingested and absorbed by filter filter-feeding 54 

organisms.4 Local studies have demonstrated that gastropods, such as limpets, accumulate 55 

metals and can serve as potential bioindicator species.19,20 Despite the variety of bioindicator 56 

species used in South Africa, information on the responses of limpets to metals in the marine 57 

environment is limited.  58 

 59 

A commonly used approach for environmental biomonitoring is quantifying pollutant loads in 60 

organisms that bioaccumulate.21 Metal concentrations in tissues depends on the uptake, 61 

excretion, and metabolic capacity to either degrade and/or transform these toxic pollutants.21 The 62 

use of a single bioindicator species when determining metal pollution is not ideal because 63 

certainspecific metal concentrations may differ from one species to another.22 Therefore, different 64 

species inhabiting different coastal zones need to be assessed. Recent studies include using the 65 

invasive Mediterranean mussel (Mytilus galloprovincialis) and endemic Brown mussel (Perna 66 

perna) along the southern and east coasts of South Africa.3,23-25 Limpets were selected for this 67 

study due to their wide distribution, feeding behaviour, being reasonably sessile, and distinct 68 
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ability to tolerate environmental challenges, making them a key study organism when looking at 69 

the effect of environmental changes on intertidal organisms.19,26 The limpets Scutellastra 70 

granularis (Linnaeus 1758), a prosobranch found high on the shore, and Siphonaria capensis 71 

(Quoy and Gaimard 1833), a pulmonate gastropod found in pools and on emergent mid-shore 72 

rocks27,28, were selected to investigate the variation in Cd uptake and bioaccumulation across key 73 

sites along the South African coastline. These species of limpet were used to investigate Cd 74 

bioaccumulation due to their different phylogenies (i.e., pulmonate vs patellogastropod) and 75 

associated tidal heights along their sympatric distribution in South Africa. 76 

 77 

This study describes the spatial patterns of Cd concentrations in South African coastal waters 78 

using S. granularis and S. capensis as quantitative bioindicators. It includes investigating the 79 

effect of weight and size on Cd bioaccumulation. Spatial patterns for each species are used to 80 

compare Cd concentrations in water and tissue samples with inferred bioconcentration factors, 81 

discussing these in terms of background (environmental) concentrations and their sources.  82 

 83 

Materials and methods 84 

Site selection and animal collection 85 

The study took place atin three marine protected areas, chosen in a west-east direction along the 86 

South African coastline. The South African coastline is a dynamic environment surrounded by two 87 

major ocean currents bringing contrasting environmental conditions.29 The west coast is a cool 88 

temperate ecoregion influenced by the Benguela Current that transports cold nutrient-rich water, 89 

whereas the southern coast is classified as warm temperate and influenced by the warm water 90 

Agulhas Current.27-30 Sites selected included, two from the west coast; the Namaqua National 91 

Park (NNP – 30º51'31.8'' S, 17º34'31.1'' E) in the Northern Cape and the West Coast National 92 

Park (WCNP – 33º8'56.2'' S, 17º59'57.9'' E) in the Western Cape, and the Garden Route National 93 

Park (GRNP – 34º01'14.9" S, 23º52'26.7" E) in the Eastern Cape from the southern coast 94 

ecoregion of South Africa (Figure 1). Field fresh samples of similar size (total shell length) were 95 

collected from all three sites (Σn = 3 sites x 2 species x 10 individuals (replicates) = 60) in January 96 

2020 (Supplementary data, Table S3). The number of individuals was determined by both the 97 

[anonymised] animal ethics committee (number anonymised) and the SANParks permitting office 98 

(permit number anonymised). Organisms were collected during low tide (at first daylight). 99 

Organisms were carefully removed from the rock surface using either a spatula or by hand, and 100 

only undamaged individuals were selected. Individuals were classified as undamaged when there 101 

was no visible damage done to the shell or foot. Field fresh samples collected at each site were 102 
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flash frozen in liquid nitrogen (-196ºC) and stored at -20ºC for baseline metal analysis. Water 103 

samples (Σn = 3 sites x 3 water samples (replicates) at 50 ml each = 9) were collected from each 104 

site (1 sample per day of sampling) and stored at -20ºC for background metal analysis. During 105 

collection of water samples, physico-chemical parameters were recorded using a Thermo 106 

Scientific Eutech Elite PCTS multi-parameter meter, including: temperature (ºC), pH, and salinity 107 

(PSU). 108 

 109 

 110 

Figure 1: Map of sampling localities along the West and Southern coasts of South Africa. 111 
Localities include Namaqua National Park (NNP) and the West Coast National Park (WCNP) 112 
along the West coast, and the Garden Route National Park (GRNP) along the Southern coast. 113 

 114 
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Bioaccumulation analysis 115 

Sample preparation and digestion 116 
The water samples (50 ml) stored in 50ml Falcon Centrifuge Tubes, were  filtered using a Millipore 117 

sintered glass filtration system (Merck, South Africa), through a gridded cellulose nitrate 118 

membrane filter (type 114, 0.45 µm). Samples were acidified to 1% with Suprapur® nitric acid – 119 

63.01 g mol-1 (HNO3) (Merck, South Africa). 120 

 121 

Whole organism tissue was removed from the shell using a spatula before being used for metal 122 

accumulation analysis in accordance with the methods outlined by Boss and Fredeen31 and 123 

Gaines32, and adapted from Erasmus et al.29 Frozen samples were weighed (± 0.01 g) to obtain 124 

a wet weight, after which the samples were freeze-dried (-50ºC at 0.61 mbar) for 48 hours using 125 

the Martin-Christ LDplus Freeze Dryer (Christ Freeze Dryers, Niedersachsen, Germany). The 126 

freeze-dried (whole organism) samples were weighed to obtain a final dry weight, in which the 127 

weight was normalised using the bioconcentration factor calculation, before being digested using 128 

the MARS 6 One Touch Technology Microwave (CEM, Charlotte, United States of America). 129 

Before digestion, the Teflon bombs used during processing were cleaned and dried in accordance 130 

with the cleaning method, using standard grade HNO3 (Merck, South Africa) and hydrogen 131 

peroxide (H2O2) (Merck, South Africa). Standard reference material (SRM, Mussel Tissue – 2976, 132 

109% recovery), as well as the freeze-dried samples, were individually added to each Teflon 133 

bomb along with 5 ml Suprapur® 65% HNO3 (Merck, South Africa). After digestion, the samples 134 

were allowed to cool, before being placed in 15 ml Falcon tubes. Samples were gravimetrically 135 

diluted using double distilled water (18.2 Ω) to a total volume of 10 ml (Millipore, United States of 136 

America). 137 

 138 

ICP-MS Analysis 139 

Water (diluted by factor of 10) and tissue samples were analysed using a PerkinElmer NexION® 140 

300 series Inductively Coupled Plasma Mass Spectrometer (ICP-MS) (PerkinElmer, Waltham, 141 

United States of America). The ICP-MS was calibrated using 0, 0.01, 0.1 and 1 ppb calibration 142 

standards, made using the appropriate dilutions from a 100 ppm Cd stock solution (100 mg L-1). 143 

An internal standard (Iridium – 193) was added to each water and tissue sample (100ppm) before 144 

analysis for quality assurance, along with a Standard Reference Material (Mussel Tissue 2976), 145 

ensuring sufficient recovery and no drifting occurred during the analysis. 146 
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 147 

Bioconcentration factor (BCF) 148 

The bioconcentration factor (BCF) was determined according to the method of Abel.33 This 149 

method determined the ratio between the Cd concentration in organisms and water samples 150 

(COrganism dry weight/CWater), where the COrganism dry weight (μg g-1 dry weight) and CWater (μg L-1) are the 151 

fractions of the element within the organism and the environment (water). The median 152 

concentration values of the element present in each organism and the water were used to 153 

calculate the BCF. 154 

 155 

Statistical analysis 156 

Statistical analyses were conducted using RStudio (v. 4.0.3). All data met the assumptions of 157 

normality and homogeneity of variance, following Levene’s and Shapiro-Wilk tests, respectively.34 158 

Following testing of assumptions, one-way Analysis of Variances (ANOVAs) were performed on 159 

Cd concentrations in water samples (factors site, three levels and fixed, significance set at p 160 

<0.05), tissue samples (factors site, three levels and fixed, significance set at p <0.05), and 161 

bioconcentration factor (factors site, three levels and fixed, significance set at p <0.05) for each 162 

species respectively. Where there were significant factors, a pairwise comparison was performed 163 

using Tukey’s HSD.34 All statistical analyses were performed using the car and tidyverse 164 

packages in RStudio.35,36 Barplots (±SEM) were created using the ggplot2 and plyr packages in 165 

RStudio.37,38 166 

 167 

Results 168 

Environmental water quality parameters 169 

Physico-chemical parameters; temperature (ºC), pH, and salinity (PSU) measured in situ are 170 

represented in Table 1. The measured parameters across the three sites showed greasignificant 171 

variation, between sampling periods at each site (high SD values) as well as among the sites 172 

themselves. Temperature showed significant variation across sites (F(2, 8) = 91.5, p = 3.2e-05). 173 

Water temperature at GRNP was significantly higher than both west coast sites (NNP and WCNP, 174 

Table 1). Water temperature also varied significantconsiderably between the two west coast sites 175 

(NNP and WCNP), with significantly lower temperatures recorded at NNP. All other water quality 176 

parameters (pH and salinity) showed non-significant differences across the three sites (p>0.05, 177 

Table 1). 178 

 179 
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Table 1: Mean (±SD) water quality measures taken in situ at each sampling site (NNP – Namaqua 180 
National Park, WCNP – West Coast National Park, GRNP – Garden Route National Park) during 181 
each day of sampling (n=3). Common superscripts indicate statistically significant differences in 182 
water quality parameters across sites (p<0.05) 183 

 184 

Cadmium concentrations versus weight and size 185 

Cadmium concentrations in whole body tissues (without shell) were plotted against the wet weight 186 

(g) and size (mm) for both species of limpets, S. granularis and S. capensis; with results being 187 

illustrated in Figure 1A and B, respectively. Concentrations of Cd in whole body limpets showed 188 

no significant change with increasing weight of either species, F(3, 56) = 0.0482, p = 0.986 (Figure 189 

2A). With increasing weight, both S. granularis and S. capensis had non-significant changes in 190 

their individual Cd concentrations, with R2 values of 0.001 and 0.002, respectively. In contrast, 191 

concentrations of Cd in whole body limpets showed a significant change with increasing size, F(3, 192 

56) = 5.347, p = 0.003 (Figure 2B). S. capensis showed a greater increase in Cd concentrations 193 

with an increase in size (R2 = 0.26), whereas the larger S. granularis showed a similar increase 194 

in Cd concentrations with an increase in size (R2 = 0.20). 195 

 196 

 197 
Figure 2: General linear model (GLM) showing the relationship between cadmium concentrations 198 

(μg g-1) and the weight (A) and size (B) of S. granularis and S. capensis 199 

 200 

 NNP WCNP GRNP 

Temperature (ºC) 16.18 ± 2.01ab 16.47 ± 0.06ac 19.40 ± 0.17bc 

pH 8.01 ± 0.10 7.06 ± 0.69 7.71 ± 0.31 

Salinity (PSU) 33.17 ± 1.17 38.33 ± 2.52 35.33 ± 3.21 
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Cadmium concentration in field-fresh water samples from the southern 201 

and west coasts 202 

Cadmium concentrations within water samples collected at each respective site during the 203 

sampling of S. granularis and S. capensis are represented in Figure 3. NThere were no statistically 204 

significant differences in cadmium concentrations were present in water samples between the 205 

three sites (Figure 3, Table 2). Water samples from the southern coast (GRNP) had the greatest 206 

Cd concentrations (0.24 μg L-1), whilst samples from the west coast at NNP had the lowest 207 

concentrations (0.13 μg L-1). 208 

 209 

Table 2: One-way ANOVA results comparing Cd levels in field-fresh water samples (n=3) from 210 

three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for untransformed 211 

Cd levels in field-fresh water samples (F(2, 6) = 3.221, p = 0.112) 212 

 Df Sum Sq Mean Sq F p 

Sites 2 0.0219 0.0110 1.8370 0.2386 

Residuals 6 0.0358 0.0060   

Total 8 0.0578    

 213 

 214 
Figure 3: Mean (±SEM) levels of cadmium in water samples (n=3 per site) collected from 215 

Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route National 216 

Park (GRNP) 217 

 218 
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 219 

Cadmium concentrations in field-fresh S. granularis and S. capensis 220 

from the southern and west coasts 221 

The measured concentrations of Cd in both S. granularis and S. capensis are presented in Table 222 

3 and Figure 4A. Spatial differences in Cd concentrations from whole body S. granularis tissue 223 

showed significance, F(2, 29) = 11.978, p = 0.0002 (Table 3). At NNP, S. granularis  accumulated 224 

significantly higher concentrations of Cd than both remaining sites, WCNP and GRNP (Figure 4A. 225 

A similar trend was observed in S. capensis, with spatial variances in Cd concentrations across 226 

all three sites, F(2, 29) = 9.522, p = 0.0007 (Table 3). Limpets collected from NNP having 227 

significantly higher Cd concentrations (p<0.01) to those collected and analysed from the WCNP 228 

(Figure 4A). Dissimilarly, along the southern coast at GRNP, S. capensis had the highest Cd 229 

concentrations out of the three sites, being significantly higher than WCNP (p<0.001). 230 

 231 

Table 3: One-way ANOVA results comparing Cd levels in field-fresh S. granularis and S. capensis 232 

(n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test indicated equal variances for 233 

untransformed Cd levels in field-fresh S. granularis (F(2, 27) = 2.260, p = 0.124) and S. capensis 234 

(F(2, 27) = 1.961, p = 0.160) 235 

S. granularis 

 Df Sum Sq Mean Sq F p 

Sites 2 46.355 23.178 11.978 0.0002 

Residuals 27 52.244 1.935   

Total 29 98.599    

S. capensis 

 Df Sum Sq Mean Sq F p 

Sites 2 25.640 12.820 9.522 0.0007 

Residuals 27 36.353 1.346   

Total 29 61.993    

 236 
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 237 
Figure 4: Mean (±SEM) levels of cadmium (A) in S. granularis and S. capensis (n=10) collected 238 

from Namaqua National Park (NNP), West Coast National Park (WCNP), and Garden Route 239 

National Park (GRNP). Bioconcentration factor (B) variation in S. granularis and S. capensis 240 

(n=10) using cadmium concentrations in water and tissue samples collected from each site (NNP, 241 

WCNP, and GRNP) 242 

 243 

A Redundancy Analysis (RDA) triplot is shown in Figure 5. Individual S. granularis and S. 244 

capensis from each site are represented by ellipses (encompassing 95% of the sample 245 

area), with environmental variables depicted as arrows indicating direction and strength 246 

of influence. The RDA explains 62.58% of the total variation in Cd bioaccumulation 247 

attributable to environmental variables, with RDA 1 (x-axis) accounting for 37.20%, and 248 

RDA 2 (y-axis) for 25.38% of the variance in bioaccumulation. 249 

 250 

The plot indicates that temperature, pH, and limpet size (length) in GRNP are the 251 

strongest positive drivers of Cd bioaccumulation in both species along the southern coast. 252 

Both S. granularis and S. capensis from GRNP exhibit the largest ellipses, indicating 253 

greater individual variation in bioaccumulation levels. In contrast, individuals from WCNP 254 

show tighter ellipses, reflecting less variation in bioaccumulation. For these populations, 255 

weight and Cd concentration in water are the most influential positive drivers, suggesting 256 

a strong relationship between individual weight and Cd bioaccumulation. Finally, both 257 

species from NNP display the tightest ellipses, indicating minimal intra-site variation in 258 

bioaccumulation. Bioaccumulation is also positively influenced by pH and size (length) 259 

and negatively influenced by salinity and Cd levels in water. 260 

 261 
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 262 
Figure 5: Redundancy Analysis (RDA) triplot showing bioaccumulation of Cd in S. granularis and 263 

S. capensis and the effect that environmental variables (drivers) have. Sites and species are 264 

represented by ellipses, and drivers (environmental variables) by arrows. Ellipses for each group 265 

are set to 95% inclusion. The triplot explains 62.58% of the variation, with 37.20% on the x-axis 266 

(RDA 1) and 25.38% on the y-axis (RDA 2). 267 

 268 

Bioconcentration factor of cadmium in S. granularis and S. capensis 269 

from the southern and west coasts 270 

The results obtained show the bioconcentration factor (BCF) of Cd in both S. granularis and S. 271 

capensis and are presented in Table 4 and Figure 4B. Spatial differences in the BCF of Cd in S. 272 

granularis showed significance, F(2, 29) = 20.120, p<0.001. As seen in the Cd concentrations of S. 273 

granularis, the BCF spatial variance showed the same pattern. S. granularis from NNP showed 274 

the greatest BCF, differing significantly from both WCNP and GRNP (p<0.001, Figure 4B). No 275 

difference was observed between the BCF of S. granularis at WCNP and GRNP (p>0.05). Unlike 276 

in the Cd concentrations observed in S. capensis (Figure 4A), a dissimilar trend was observed in 277 

the BCF values across sites, although significantly different spatial differences were observed, 278 

F(2, 29) = 7.86, p = 0.002 (Figure 4B, Table 4). S. capensis from NNP exhibited the greatest BCF, 279 

differing significantly with limpets sampled from WCNP (p<0.01, Figure 4B). No other significant 280 
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spatial differences were observed in S. capensis between NNP and GRNP, nor between NNP 281 

and GRNP (p>0.05, Figure 4B). 282 

 283 

Table 4: One-way ANOVA results comparing the Bioconcentration Factor (BCF) in field-fresh S. 284 

granularis and S. capensis (n=10) from three sites (NNP, WCNP, and GRNP). Levene’s test 285 

indicated equal variances for untransformed BCF variations in field-fresh S. granularis (F(2, 27) = 286 

3.259, p = 0.055) and S. capensis (F(2, 27) = 2.508, p = 0.100) 287 

S. granularis 

 Df Sum Sq Mean Sq F p 

Sites 2 3805.382 1902.691 20.120 4.472e-06 

Residuals 27 2553.365 94.569   

Total 29 6358.747    

S. capensis 

 Df Sum Sq Mean Sq F p 

Sites 2 912.587 456.293 7.86 0.002 

Residuals 27 1566.557 58.021   

Total 29 2479.144    

 288 

Discussion 289 

While metal contaminants occur naturally in the marine environment at low concentrations, 290 

anthropogenic influence on the marine environment has exacerbated the situation.39,40 The results 291 

from this study reveal significant bioaccumulation of Cd in two limpet species, S. granularis and 292 

S. capensis, collected from different coastal regions in South Africa. Comparing Cd 293 

concentrations in both limpet species to that found in water samples analysed indicates that Cd 294 

is strongly accumulated in both species from their respective surrounding environments, as 295 

indicated from the BCF results. Cadmium is known as a toxic metal, even at low concentrations, 296 

and as such is considered non-essential for biological function. Metalloproteins such as 297 

Metallothionein (MT) are produced and upregulated in limpets as a response to cadmium-induced 298 

oxidative stress, serving as a protective mechanism against metal toxicity.11,13,43 Potential sources 299 

of Cd in the marine environment come from the emissions of industrial combustion processes, 300 
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metallurgic industries, road transport, and waste streams, all of which occur along the west and 301 

southern coasts of South Africa.20,29,41,42 Water samples analysed for Cd showed variation 302 

between the southern coast site (GRNP) and the two west coast sites (NNP and WCNP). Studies 303 

conducted by Reinecke et al.19,43 indicated Cd concentrations along the South African coastline 304 

varied considerably spatially and temporally. Degger et al.40, measured unexpectedly high metal 305 

concentrations (Cd and Zn) in brown mussels (P.  perna) along the southern coast at Tsitsikamma 306 

National Park (within GRNP) compared to localities with known anthropogenic activities and 307 

influence (such as WCNP). High concentrations of metals in the study by Degger et al.40 follow a 308 

similar pattern shown in data from the present study (both the water and organisms). This is 309 

indicative ofndicates long-term exposure, resulting from freshwater input through geogenic 310 

weathering and frequent upwelling that occur along South Africa’s southern coast.29 S. capensis 311 

showed the greatest Cd accumulation at Namaqua National Park (NNP), with both species having 312 

the greatest metal uptake at this site despite lower Cd concentrations in the corresponding water 313 

samples. Additionally, these limpets possess physiological traits that enhance Cd retention, such 314 

as slower excretion rates or higher binding affinities in tissue proteins.21,44 This finding suggests 315 

similarity with previous studies, indicating bioaccumulation in marine organisms occurring through 316 

various pathways, including dietary intake and sediment interaction.4,29 317 

 318 

The bioconcentration factor (BCF) indicated Cd had been accumulated in whole tissue samples 319 

of S. granularis and S. capensis in comparison to the concentration of Cd in the environment.33 320 

Whole tissue samples of both species varied significantly in their accumulation of Cd in relation 321 

to their sampling site. This however does not correlate with Cd concentrations from water 322 

sampled. Interestingly, despite higher water Cd levels at GRNP, the bioconcentration factor (BCF) 323 

was highest at NNP for S. granularis, suggesting species-specific and site-specific 324 

bioaccumulation dynamics, seasonal and exposure level variation.45 High Cd concentrations at 325 

GRNP, as discussed previously, are a direct result of both the freshwater input from geogenic 326 

weathering in the region and from upwelling events that are known to occur along the southern 327 

coast of South Africa at GRNP.29,40 The significantly high BCFs at NNP are a direct result of the 328 

significantly high concentrations of Cd detected in whole tissue samples of S. granularis and S. 329 

capensis, despite the lower concentrations of Cd in the water. This result is indicative of either a 330 

short-term but high-dose exposure to Cd or a different means of uptake in both limpet species 331 

other than directly from the water column.40,46 Elevated metal levels along the west coast, 332 

observed at NNP and WCNP, are a direct result of the mining and port activities, as well as the 333 
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iron and crude oil facilities in the surrounding areas, which lead to elevated pollution of local 334 

coastal waters affecting the inhabitants of these waters.20,29,42 335 

 336 

The anatomy and physiology of the limpets is also known to play a primary role in the uptake and 337 

accumulation of metals. Differences in body sizes of individuals of the same species has been 338 

shown to result in varying metal tissue concentrations.22,29,47,48 The size of marine ectotherms is 339 

related to their metabolic activities in relation to their life history stage.8 Various metals such as 340 

copper, iron, and zinc in moderate concentrations are essential in an organism’s growth and 341 

development, however non-essential metals such as Cd lead to reduced growth and 342 

development, even at low concentrations.8 Limpet size was positively correlated with tissue Cd 343 

concentration, indicating that larger individuals tend to accumulate more Cd, potentially due to 344 

prolonged exposure and greater overall uptake over time.8,48 This size-related bioaccumulation 345 

trend has been observed in other marine invertebrates and highlights the importance of 346 

considering organism size in biomonitoring studies.19,49 347 

 348 

The physiological and anatomical differences between S. granularis and S. capensis likely 349 

contribute to the observed differences in Cd bioaccumulation. S. granularis, a prosobranch, and 350 

S. capensis, a pulmonate gastropod, exhibit distinct respiratory and excretory mechanisms that 351 

influence metal uptake and storage.44 Pulmonate gastropods, such as S. capensis, exhibit higher 352 

rates of metal accumulation due to their ability to absorb metals through their foot and mantle 353 

cavity, in addition to dietary intake.21,44 Comparative studies have shown that bioaccumulation 354 

patterns in marine organisms can vary widely based on local environmental conditions and the 355 

species involved. Research on the Brown mussel (P. perna) has demonstrated significant spatial 356 

variation in metal concentrations along the South African coastline, similar to the patterns 357 

observed in this study.40 These findings underscore the importance of site-specific assessments 358 

and the use of multiple bioindicator species to accurately gauge environmental metal pollution 359 

levels.20,21 360 

 361 

Conclusion 362 

This study provides insight into the spatial patterns of Cd bioaccumulation in two limpet species, 363 

Scutellastra granularis and Siphonaria capensis, along the South African coastline. The findings 364 

from both limpet species showed significant spatial variation in Cd accumulation, with S. 365 

granularis having the highest Cd levels at NNP despite lower Cd concentrations in corresponding 366 

water samples. This suggests alternative pathways for Cd uptake, such as dietary intake from 367 
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contaminated algae or sediments. Additionally, larger individuals from both species exhibited 368 

higher Cd concentrations, likely due to greater exposure duration, emphasising the importance of 369 

considering organism size in biomonitoring studies. The bioconcentration factor (BCF) analysis 370 

further indicated that the BCF of Cd in S. granularis and S. capensis was highest at NNP, 371 

highlighting the complex interplay between environmental exposure and physiological traits in Cd 372 

bioaccumulation. These findings emphasise the need for site-specific assessments and the use 373 

of multiple bioindicator species to effectively assess environmental metal pollution levels in marine 374 

ecosystems. Future research should focus on the long-term monitoring of these species across 375 

a greater seasonal and spatial gradient, and the exploration of additional environmental factors 376 

influencing metal bioaccumulation. 377 

 378 

This work appears in whole or in part in a thesis/dissertation. 379 

 380 
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Supplementary data 528 

 529 

Table S1: Physico-chemical variables: temperature, pH, salinity, electrical conductivity, and total 530 

dissolved solids measured in situ (n=3) at each site during sampling of field-fresh S. granularis 531 

and S. capensis. Sites include Namaqua National Park (NNP), West Coast National Park 532 

(WCNP), and the Garden Route National Park (GRNP) 533 

Site Temperature (ºC) pH 
Salinity 
(PSU) 

Electrical 

conductivity 

(mS cm-1) 

Total 
dissolved 

solids (ppt) 

NNP 

18.5 7.84 33 60.1 37.4 

17.7 8.06 31 57.6 35.7 

17.8 8.12 34 61.3 38 

WCNP 

16.4 6.28 36 63.6 39.7 

16.5 7.31 38 69.9 43.2 

16.5 7.58 41 72.4 45.1 

GRNP 

19.5 7.8 33 60.6 35.2 

19.5 7.96 39 68.4 40.4 

19.9 7.89 45 80.3 46.7 

 534 

  535 
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Table S2: Cadmium (Cd) values in field-fresh water samples (n=3) collected from Namaqua 536 

National Park (NNP), West Coast National Park (WCNP), and the Garden Route National Park 537 

(GRNP). Levene’s test indicated equal variances for untransformed Cd levels in field-fresh water 538 

samples (F(2, 6) = 3.221, p = 0.112) 539 

 NNP WCNP GRNP 

Cd Concentration in 
water samples (μg l-1) 

0.105 0.133 0.140 

0.207 0.156 0.120 

0.072 0.120 0.360 

  540 
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Table S3: Morphometric measurements of S. granularis (Scutellastra) and S. capensis 541 

(Siphonaria) collected from Namaqua National Park (NNP), West Coast National Park (WCNP), 542 

and the Garden Route National Park (GRNP). Measurements include weight (g) and size (mm) 543 

 NNP WCNP GRNP 

Species Size (mm) Weight (g) Size (mm) Weight (g) Size (mm) Weight (g) 

Scutellastra 

24.10 0.0957 22.00 0.201 25.5 0.104 

28.80 0.1 20.00 0.209 22.5 0.108 

24.70 0.101 26.00 0.202 24 0.102 

23.20 0.0908 19.00 0.203 21 0.0959 

25.50 0.103 23.00 0.203 22.5 0.107 

27.90 0.207 23.00 0.11 23 0.202 

23.60 0.205 25.00 0.107 23 0.2 

21.20 0.202 24.00 0.109 32 0.2 

26.00 0.208 28.00 0.0913 21.5 0.207 

23.90 0.201 8.50 0.106 21 0.203 

Siphonaria 

18.00 0.0954 15.70 0.20 19.5 0.0683 

19.10 0.0949 16.60 0.20 21 0.104 

18.50 0.104 18.00 0.20 19.5 0.0521 

16.20 0.106 17.00 0.20 21 0.107 

17.50 0.103 16.00 0.21 22 0.0995 

20.90 0.209 16.00 0.908 21.5 0.204 



22 

18.00 0.205 18.00 0.864 22.5 0.209 

15.10 0.204 17.50 0.1075 19.5 0.206 

15.50 0.203 20.00 0.0994 21 0.204 

17.70 0.209 17.00 0.0984 19 0.203 

 544 

  545 
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Table S4: Raw accumulation values of Cd measured in field-fresh S. capensis ( Siphonaria) 546 

(n=10) collected from Namaqua National Park (NNP), West Coast National Park (WCNP), and 547 

the Garden Route National Park (GRNP). Levene’s test indicated equal variances for 548 

untransformed Cd levels in field-fresh S. capensis (Scutellastra) (F(2, 27) = 2.260, p = 0.124) and 549 

S. granularis (F(2, 27) = 1.961, p = 0.160) 550 

 Cadmium (Cd) accumulation (μg g-1) 

Species NNP WCNP GRNP 

Scutellastra 

3.16514376 1.08869686 3.18878959 

8.78170934 0.83019095 1.26444493 

3.79152699 1.29859698 0.85820639 

2.07593463 1.35995523 1.58030948 

2.64683204 1.19451389 3.66738478 

4.18513177 2.03684873 0.76091392 

4.2363977 0.39318765 0.88856608 

6.27833467 1.18389903 4.17147066 

3.9026208 1.67768911 1.18919232 

2.64978426 1.61210104 1.69226698 

Siphonaria 

5.66927395 0.10923433 1.09878025 

1.28964454 1.4431792 2.68499889 

5.12052839 1.72352601 2.70568566 

2.58363282 1.48040272 3.76164186 

2.72354819 1.4751596 3.25858026 

2.97504533 1.62800252 2.69910768 



24 

3.19954686 1.06711348 3.8320237 

1.48778817 1.12698442 4.35968629 

2.09607349 2.12176087 5.76793155 

2.04874289 0.65328106 4.39765685 

 551 

  552 
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Table S5: Bioconcentration factor (BCF) values of Cd measured in field-fresh S.  granularis 553 

(Scutellastra) and S. capensis (Siphonaria) ((n=10) collected from Namaqua National Park (NNP), 554 

West Coast National Park (WCNP), and the Garden Route National Park (GRNP). Levene’s test 555 

indicated equal variances for untransformed BCF variations in field-fresh S. granularis (F(2, 27) = 556 

3.259, p = 0.055) and S. capensis (F(2, 27) = 2.508, p = 0.100) 557 

 Bioconcentration factor (BCF) 

Species NNP WCNP GRNP 

Scutellastra 

24.7276857 7.98555153 13.4737588 

68.6071042 6.08942019 5.34272507 

29.6213046 9.52516124 3.62622417 

16.2182393 9.97522174 6.67736402 

20.6783753 8.7617156 15.495992 

32.696342 14.9402107 3.21512922 

33.096857 2.88401702 3.75450454 

49.0494896 8.68385597 17.6259324 

30.489225 12.3057881 5.02475626 

20.7014395 11.824702 7.15042388 

Siphonaria 

44.2912027 0.80122983 4.64273347 

10.075348 10.5856665 11.3450657 

40.004128 12.6420001 11.4324746 

20.1846314 10.8586997 15.8942614 

21.2777202 10.8202416 13.768649 

23.2425417 11.9413388 11.4046803 
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24.9964599 7.8272382 16.1916494 

11.623345 8.26638936 18.4212097 

16.3755742 15.5630382 24.3715418 

16.0058039 4.79179263 18.5816487 

 558 
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