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were below the permissible values indicating low 
human health threat. While higher sediment concen-
trations justified the economic benefit of mining, evi-
dence of natural enrichment emphasised the need for 
continual conservation of the greater St Lucia area.
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Introduction

The field of environmental toxicology or ecotoxi-
cology, in its simplest form, seeks to provide an 
understanding of three basic functions (Landis & 
Yu, 1995). The first is the interaction of a chemical 
with the environment. This interaction determines 
the level of accumulation of the chemical in the 
medium, either water or sediment, and is referred to 
as the occurrence of the chemical. The second is the 
interaction of the chemical with the site of action, 
from biochemical to physiological levels of interac-
tion. This step determines exposure (Nelke et  al., 
2020) and includes bioaccumulation (Kuklina et al., 
2013). The last function involves the effects of the 
chemical from the lowest, i.e. individual, level 
to complex ecosystem level effects (Landis & Yu, 
1995). However, very few studies incorporate all 
these functional steps in the assessment of chemi-
cals in the environment. Most studies combine 
the first and second, or even the second and third 
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step, with at least one step inferred from the results 
obtained.

In aquatic environments, metals originate from 
various natural and anthropogenic sources, including 
geological weathering, atmospheric deposition and 
human activities (Du Laing et al., 2008; Izegaegbe  
et al., 2020). The high metal concentrations associ-
ated with very fine sand, silt and mud in estuaries 
have often been attributed to anthropogenic influ-
ences rather than natural enrichment by geologi-
cal leaching. There has recently been a realisation 
that metal concentrations differ regionally with 
some areas having naturally higher concentrations, 
particularly in sediment (Liu et al., 2013; Newman 
& Watling, 2007; Chabukdhara & Nema, 2012). 
Nonetheless, differentiation between naturally and 
anthropogenically elevated concentrations in estu-
aries is always difficult because natural leaching, 
sedimentation and chemical speciation of metals are 
continuous in estuarine sediments (Cardoso-Silva 
et al., 2016).

This need to separate metal concentrations and 
metal bioavailability has necessitated recent stud-
ies to emphasise assessment that identifies enrich-
ment due to human activities specifically, in the 
sediment fraction of the environmental compartment 
(Newman & Watling, 2007; Chabukdhara & Nema, 
2012). The importance of sediment is because of 
its repository nature and storage potential for con-
taminants (Riba et  al., 2003, Cardoso-Silva et  al., 
2016; Li et al., 2017). While there may be regional 
differences in concentrations of metals in sediment, 
the ratio between metal concentrations in sediment 
always remains the same (Herut & Sandler, 2006). 
Therefore, assessment of the relationship of met-
als with an abundant metal is a reliable tool for all 
sediment areas. This includes areas such as the east 
coast of South Africa where naturally high metal 
concentrations are suggested to occur (Williams & 
Steenkamp, 2006) but there is a lack of knowledge 
of what the background concentrations are (Newman 
& Watling, 2007). Deviations from the expected 
ratios will therefore indicate enrichment due to 
human activity. This enrichment usually increases 
bioavailability by elevating the exchangeable frac-
tion of metals in sediment, which can potentially 
affect living organisms (Hou et  al., 2013). These 
bioavailability assessments constitute the essence of  
ecotoxicological exposure studies.

Ecotoxicological studies select mostly the liver, 
gills and muscle in the assessment of metal concen-
tration in fish tissue. This is because these are tar-
get tissues for the accumulation of metals in fish 
(Rajkowska & Protasowicki, 2013). As this study 
was directed at danger related to human consump-
tion, only the gills, muscle and skin were selected. 
In fish, the gills are important as the ion regulation 
and metal uptake site while the muscle serves as the 
storage site. And since muscle tissue it is the part that 
is consumed, the analysis thereof constitutes a pub-
lic health concern. These tissues are regularly con-
sumed by the local population in the vicinity of the St 
Lucia area for dietary protein. Fish species, particu-
larly Oreochromis mossambicus, are regularly con-
sumed in a bid to supplement the dire need for protein 
uptake. It is noteworthy that the locals eat everything 
(except the digestive tract), including the whole head, 
and that the gills and skin thus constitute part of the 
diet. Although the liver also constitutes an important 
target tissue as it is involved in metal detoxification 
(Weber et al., 2013), it was excluded from this study 
as it forms part of the gut which is never consumed.

The St Lucia system is part of the iSimangaliso 
Wetland Park which is South Africa’s third-largest 
protected area, spanning 280 km of coastline from the 
Mozambican border in the north to Maphelane, which 
is south of the Lake St Lucia estuary, and is made up 
of approximately 3,280 km2 of natural ecosystems. It 
is the largest estuarine lake in Africa and was declared 
a UNESCO World Heritage Site in 1999. Porter et al. 
(2013) quoted by Humphries et  al. (2016) describes 
the St Lucia system as the largest protected estuarine 
environment for hippos, crocodiles and aquatic birds 
on the continent and as the most important nursery 
for fish on the south-east coast of Africa. The system 
is shallow, which causes the wind to resuspend bot-
tom sediment (Zikhali et  al., 2015), leading to large 
increases in turbidity, particularly in the northern lake 
area. Because of its large size, evaporation results in 
hypersaline conditions (Muir & Perrisinotto, 2011; 
Taylor et  al., 2013) with salinities exceeding three 
times that of seawater.

The most reported anthropogenic impact to the 
St Lucia system was the land use change associated 
with the separation of the inlets of St Lucia and the 
adjacent Mfolozi estuary to supply water from the 
Mfolozi river to sugarcane farmers in its catchment 
(Day, 1981; Lawrie & Stretch, 2011). However, a 
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management plan was in place to reverse the sepa-
ration and ensure sustainability of the system. The 
reversal was conducted in 2012, when Mfolozi river 
water was redirected into the mouth of the estuary. 
This study was conducted 5 years after the reversal.

The sand dunes of the eastern coast of KwaZulu-
Natal (KZN) are rich in heavy metals as evidenced 
by several mining activities in this area. This situa-
tion also exists in the St Lucia dunes and there is 
currently an application by a local entity, Eyam-
akhosi Resources, for the right to mine in the south 
of iSimangaliso Wetland Park of which St Lucia is 
part (Zululand Observer 17 September 2018). They 
intend mining for heavy metals which includes iron 
ore, rutile and zircon. Locals have demonstrated 
their support for the application through protest 
action, demanding the right to mine the sand dunes. 
This strengthens the possibility of an ecological dis-
turbance in the system (Business Day 6 September 
2018) and could pose a threat to a very ecologically 
important and fairly unpolluted system. There is very 
little to no information on the assessment of chemical 
pollutants in St Lucia system. It is therefore impor-
tant to assess levels of metals in media to provide the 
baseline on occurrence and availability in the estuary 
before any development is undertaken. Levels in tis-
sues will reveal the threat of metals to local human 
populations.

Oreochromis mossambicus, commonly known as 
tilapia, is an important species in the St Lucia estu-
ary. It forms a component of the benthophagous fish 
community in the estuary, is an important species for 
anglers (Taylor et  al., 2013), and as such, an impor-
tant source of protein for local communities. It is also 
one of the few species that are halotolerant having 
been reported to spawn at a salinity above 100 (Day, 
1981). Studies have shown that ecosystem health has 
been adjudged mostly from the perspective of fish and 
invertebrate community metrics (O’Brien et al. 2016, 
Vilmi et  al. 2016) and their responses to changes in 
biological organisation. Although community metrics 
provide a reliable estimation of the relative vitality of 
ecosystem functioning, it has been argued that indi-
vidual or population metrics, including, but not lim-
ited to, toxicity testing and bioconcentration may be 
more useful indicators of ecosystem health as early 
warning signals (Corsi et al. 2003). This study there-
fore adopted the use of the bioconcentration factor 

(BCF) in O. mossambicus as a proxy for estimating 
the ecosystem health of the St Lucia system.

This study only involved the first two ecotoxico-
logical functions mentioned. Investigating the fate 
of the chemical was achieved through analysing the 
metal load in the sediment and as dissolved and sus-
pended fractions. In water, dissolved and particulate 
metals were determined. Most studies use the enrich-
ment factor (EF) to determine anthropogenic contam-
ination by assessing how far above background sedi-
ment metal concentrations are. Though practical, this 
method is not suitable for the KZN eastern seaboard 
as background concentrations for the area are not 
available. High variability in sediment concentrations 
makes it difficult to employ the background concen-
trations that are normally used for such studies. In try-
ing to address this void, two methods were used. The 
first method was through comparative normalisation 
of sediment samples using Fe. The second method 
employed compared metals using the effect range low 
(ERL) and effect range median (ERM) as described 
by Long and McDonald (2010). The second function, 
which relates to bioaccumulation, involved the assess-
ment of the different sites of action. These included 
the gills that serve as the uptake site during breathing, 
the skin which takes up most metals through both dif-
fusion and active uptake and muscle because accumu-
lation in muscle is a public concern as these fish are 
consumed by local people.

Due to the large expanse of the St Lucia system, 
one of the aims was to determine if resident fish spe-
cies such as O. mossambicus could be differentiated 
into several populations based on their bioconcentra-
tion factor (BCF) levels. The specific objectives of 
the study were as follows: firstly, to assess spatial var-
iability and enrichment of metals, secondly, to assess 
public health risk through calculation of the BCF and 
thirdly, to differentiate distinct fish populations by 
comparing the BCF between sites.

Materials and methods

Samples of water and sediment, and 60 fish (O. mos-
sambicus) were collected from six sites in St Lucia 
estuary. The sampling sites are presented in Fig.  1. 
The sites were selected such that 2 sites were in the 
north lake (NL1 and NL2), two sites in the south lake 
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(SL1 and SL2) and two sites in the estuary (E1 and 
E2). Because of the large size of the system, each of 
the 6 sites was further divided into three areas such 
that the water and sediment samples were collected in 
triplicate from each site. Sediment samples were col-
lected by means of a Zabalocki-type Eckman grab. 
Sediment samples were collected from all sites except 
the upper site of the north lake (NL1). The samples 
for metal analyses were collected from the top 5 cm 
of the sediment core. All samples were collected dur-
ing a high flow season in November 2017. All sam-
ples were kept in a cooler for analysis in the labora-
tory. Water quality variables were collected in situ by 
means of a YSI data logger.

Sample preparation

In the laboratory, all samples were thawed. From the 
water samples, 250 ml was filtered using a Whatman 
45  µm membrane and digested on a hotplate while 
0.5 g of sediment was digested using the Ethos Easy 
Milestone Microwave digester. Fish were weighed 

and the standard length was measured. Juvenile fish 
were digested whole on a hot plate while selected tis-
sues (i.e. muscle, skin and gills) were dissected from 
each adult fish (Dhaneesh et al., 2011) and were dried 
in the oven at 70 °C for 24 h. From the dried samples, 
0.25 g was digested using the Ethos Easy Milestone 
Microwave digester. All samples were digested using 
65% nitric acid and were analysed using the Varian 
AA50 spectrophotometer. Metals analysed in water 
and whole fish samples were Co, Cr, Cu, Fe, Mn, Ni 
and Zn. Only Cu, Fe, Mn, Pb and Zn were analysed 
in fish tissue and Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn 
in sediment samples. Water samples were expressed 
in mg/l while sediment and tissue samples were 
expressed in µg/g.

Sediment quality guidelines

Sediment samples were compared to ERL and ERM 
values as described by Long and McDonald (2010).

Statistical analyses

Statistics was performed using IBM SPSS Statistics 
25. Comparison of water, sediment and fish was per-
formed using ANOVA and the significance was set at 
p < 0.05. Regression was used to normalise sediment 
metal concentrations to sediment Fe concentrations. 
The BCF was calculated using the equation:

Concentrations of metals in fish were compared to 
the permissible concentration for tissues to determine 
the risk for human consumption.

Results

Water quality parameters

Physicochemical parameters measured at St Lucia 
estuary during the survey are recorded in Table  1. 
Temperatures ranged from 23.71  °C in the upper 
south lake to as high as 28.95 °C in the lower north 
lake. The conductivity and salinity revealed a sys-
tem with a reverse salinity gradient. High concentra-
tions were found in the upper north lake while very 

BCF =

metal concentration in fish tissue

dissoled metal concentration

Fig. 1   Map of the St Lucia system showing the sampling sites
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low salinities and conductivity were observed in the 
estuary, particularly at the mouth (Table 1). Turbidity 
was very high in the estuary and increased from the 
estuary to the south lake, and was highest at the north 
lake. Dissolved oxygen concentrations were gener-
ally high in the whole estuary with highest values 
recorded at the mouth (Table 1).

Water samples

Dissolved metals

Dissolved metal concentrations for all metals except 
Cr were highest at the north lake. Cr concentrations 
were highest at E1. Mn and Zn concentrations were 
highest at the lower site in north lake (NL4) while 

Co, Cu, Ni and Pb were highest at the upper north 
lake site (NL1). Dissolved Fe concentrations were 
highest at SL1. Dissolved concentrations of Cr, Cu 
and Zn were lowest at south lake while Co, Fe, Mn, 
Ni and Pb concentrations were lowest at the mouth of 
the estuary.

Mean concentrations of dissolved metals recorded 
in the St Lucia system are presented in Table 2. Dis-
solved concentrations were generally high at NL1, 
NL2 and SL1. Dissolved Co, Cu, Ni and Pb were 
highest at NL1, while Mn and Zn were highest at 
NL2. Except for Cr, which was highest at the estuary, 
dissolved metals were lowest mostly at the estuary, 
particularly at E2. Dissolved concentrations of Co, 
Mn and Zn in the estuary were significantly differ-
ent (p < 0.05) from the north lake concentrations. The 

Table 1   Physicochemical 
parameters recorded at St 
Lucia during the survey

Temperature 
(°C)

Conductivity 
(mS/cm)

Salinity (PSU) NTU DO2 (% sat) DO2 (mg/l)

NL1 24.91 28.46 17.56 480.9 97.3 7.3
NL2 28.95 27.55 15.58 550.6 101.7 7.19
SL1 23.71 22.41 13.88 300.9 96.3 7.52
SL2 25.48 10.42 5.82 402.3 100.3 7.95
E1 25.23 3.093 1.6 68.8 84.6 6.89
E2 28.63 1.749 0.82 212.2 104.6 8.05

Table 2   Concentrations (mean ± standard error) of dissolved, suspended and total metals in sediment from St Lucia estuary

D dissolved metals, Su suspended metals, Se sediment metals

Samples Co Cr Cu Fe Mn Ni Pb Zn

D NL1 108.8 ± 8.1  27.5 ± 1.5 23.5 ± 0.5       288.5 ± 60.1   18.13 ± 1.4 153.6  ± 6.4 76.8  ± 3.3 26.67 ± 0.5
D NL2 95.5  ± 9.4  28.8 ± 1.8 19.7 ± 0.8       366.4 ± 54.6    22.9 ± 1.1 129.6  ± 10.5 65.6  ± 4.6 47.47 ± 4.2
D SL1 89.07± 2.97  24.00 ± 3.3 17.6 ± 2.4       269.3 ± 118.4    16.0 ± 1.9 127.5  ± 8.7 67.73 ± 2.3 26.67 ± 3.0
D SL2 50.7  ± 1.07  24.0 ± 1.6 5.33 ± 1.1       329.1 ± 20.5    12.3 ± 1.9   88.0  ± 1.6 34.1  ± 0.5 20.27 ± 1.4
D E1 25.6  ± 1.6  34.7 ± 0.5 8.5 ± 3.0   312.559.8    13.3 ± 1.1   66.7  ± 0.5 24.0  ± 1.6 26.13 ± 6.7
D E2 24.5  ± 2.3  34.1 ± 0.1 9.1 ± 6.2       213.9 ± 101.6      8.0 ± 0.0   59.7  ± 3.5 19.2  ± 1.6 20.80 ± 6.5
Su NL1 46.9  ± 0.5 108.8 ± 9.7 60.8 ± 4.0      41567 ± 1416 1253.8 ± 759 105.1  ± 3.0 22.9  ± 1.1 54.93 ± 3.2
Su NL2 48.0  ± 0.9 186.7 ± 33.4 70.9 ± 7.5   35091.2 ± 2075.5 1269.8 ± 22.7 166.4  ± 18.5 34.7  ± 3.5 82.13 ± 5.3
Su SL1 41.6  ± 0.9  83.2 ± 2.4 32.47 ± 1.4   24293.5 ± 865.7 591.20 ± 83.5   70.9  ± 4.7 18.7  ± 1.9 34.53 ± 5.2
Su SL2 45.3  ± 0.5  87.5 ± 9.0 29.9 ± 1.1   20815.5 ± 1547.7   286.9 ± 22.0   88.0  ± 6.7 19.7  ± 1.4 35.20 ± 0.9
Su E1 48.0  ± 0.0  58.1 ± 9.3 12.3 ± 1.1     4325.9 ± 324.2     41.1 ± 3.5   48.0  ± 6.5 16.5  ± 1.9 23.47 ± 2.3
Su E2 45.3  ± 0.5  61.3 ± 10.2 16.0 ± 2.4     6398.4 ± 831.9     64.0 ± 16.2   56.0  ± 6.5 13.9  ± 0.5 28.80 ± 6.1
SeNL2 65.8  ± 0.9 151.6 ± 2.7 44.5 ± 0.4   44318.0 ± 535.8 836.85 ± 14.2 141.3  ± 1.4 53.5  ± 4.4 78.82 ± 1.2
Se SL1 36.2  ± 3.8  58.3 ± 1.09 10.8 ± 1.1     2174.7 ± 180.4     52.4 ± 3.0   62.71± 10.4 42.64± 1.9 25.41 ± 5.3
Se SL2 44.87 ± 0.6  58.9 ± 0.78 10.3 ± 0.5     3317.9 ± 304.1     45.4 ± 2.0    51.9 ± 0.8  43.3 ± 0.8 28.10 ± 2.8
Se E1 56.6  ± 1.9 162.8 ± 4.81 47.9 ± 0.7   40371.5 ± 770.3 857.7  ± 12.7  151.0 ± 2.4  46.4 ± 1.3 71.16 ± 0.7
Se E2 50.4  ± 1.1 128.7 ± 1.4 40.8 ± 1.3   36629.2 ± 630.7 626.4  ± 16.5  125.5± 2.2  45.0 ± 1.2 56.86 ± 3.0
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dissolved concentration of Ni at the estuary was sig-
nificantly different from both the south lake and the 
north lake concentrations. Dissolved concentrations 
of Co, Ni and Pb at SL1 were significantly different 
(p < 0.05) from SL2 concentrations.

Suspended metals

Mean concentrations of suspended metals in the St 
Lucia system are presented in Table  2. Suspended 
metals were highest at NL2 and lowest at the estuary 
(except for Co concentrations which were highest at 
the mouth, E2). Of the suspended metals that were 
low in the estuary, only Pb was lowest at E2. Concen-
trations of suspended Cu, Fe, Mn, Ni and Pb in the 
estuary were significantly different (p < 0.05) from 
concentrations at both the south lake and the north 

lake, while north lake concentrations were also signif-
icantly different from south lake concentrations. No 
significant difference was recorded for suspended Co 
and Cr concentrations between the different areas of 
the system. Except for estuarine sites, north lake sites 
and between SL2 and NL2, all suspended concentra-
tions of Fe from all sites were significantly different 
from each other.

Sediment samples

Mean concentrations of total sediment metals in the 
St Lucia system are presented in Table 2 and Fig. 2. 
Mean concentrations of Co, Fe and Pb were high-
est at NL2 of the north lake while Cr, Cu, Mn, Ni 
and Zn were highest at E1, in the upper estuary. All 
metal concentrations in the sediment were lowest 

Fig. 2   Concentrations (means ± SE; µg/g) of metals in sediment from St Lucia system. Metal concentrations at SL1 and SL2 were 
significantly different (p < 0.05) for all metals except Pb
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at the south lake. Co, Cr and Fe were lowest at site 
SL1 while the rest of the metals were lowest at SL2. 
Sediment concentrations of Fe and Mn were orders of 
magnitude lower in south lake than in north lake. No 
large variability was observed in the sediment con-
centrations of Co and Pb between the various sites in 
the St Lucia system, particularly between the south 
lake and the north lake as observed in other metals. 
Sediment metals from the south lake were signifi-
cantly different (p < 0.05) from the estuarine and the 
NL2 metal concentrations, except for concentrations 
of Pb which were not significantly different between 
sites.

The order of metal accumulation was different for 
the different phases and media. Metals in the sedi-
ment were ordered as Fe > Mn > Cr > Ni > Zn > Co 
> Pb > Cu. In the dissolved phase in water, the order 
of accumulation was Fe > Ni > Co > Pb > Cr > Zn > 
Mn > Cu. Suspended metals in water, on the other 
hand, accumulated in the order of Fe > Mn > Cr > Ni 
> Co > Zn > Cu > Pb. Order of accumulation was the 
same for the four metals with highest concentrations 
between sediment and suspended matter.

Comparison with ERL and ERM values

Table  3 presents the comparison of mean sediment 
metal ranges with ERL and ERM guidelines. Only 
five of the eight metals analysed in the sediment were 
compared. Of those, only Ni values (lower and upper 
value of range) were above the ERL and ERM val-
ues. Lower ranges for Cr, Cu and Pb in sediment were 
lower than the ERL. Sediment Zn’s upper range was 
similar to the ERL (Table 3).

Normalisation of metals using Fe

The regression of sediment metals against the nor-
maliser element (Fe) and their R2 values are pre-
sented in Fig. 3. Four of the six metals in the nor-
malisation had an R2 value well above 0.9. The 
exception was Co which had an R2 value of 0.74 and 
Pb with a lower R2 value of 0.4 (Fig. 3). All linear 
regressions were significant (p ≤ 0.01).

Comparison with other systems

A comparison of metals in St Lucia with other 
larger systems on the eastern seaboard of KZN is 
presented in Table 4.

Concentrations of metals in fish tissues

Mean tissue metal concentrations are presented in 
Fig.  4. Mn, Pb and Zn concentrations in the skin 
were highest at the estuary. Cu and Fe tissue con-
centrations were highest in the gills at all sites. 
Skin Mn concentrations were higher as compared to 
other tissues for all sites. Metal concentrations were 
lowest in muscle tissues across all sites.

Correlation of metals in tissues with mass

Metals Fe and Pb were negatively correlated with 
mass (p = 0.01) while Zn was negatively correlated 
with Pb (p = 0.05). There were no other strong cor-
relations between metals, with both Cu and Pb cor-
related with Fe at p = 0.05.

Bioconcentration factor

The bioconcentration factor calculated for fish tis-
sues is presented in Table 5. The highest BCF val-
ues in tissues were at E2, at the mouth and at SL2, 
which is the lower part of the south lake. In the gill 
tissues, highest BCF values were at E2 for all met-
als. Skin tissue BCFs for Fe and MN were high-
est at E2 while for Cu and Zn they were highest at 
SL2. Skin Mn BCF was very high with the mean 
BCF above 9. The BCF for Cu in muscle tissues 
was highest at SL2, while for all other metals it was 
highest at E2. Mean BCF for muscle tissues was 

Table 3   Table comparing mean metal concentrations in sedi-
ment with ERL and ERM guidelines

Metals Lower range Upper range ERL ERM

Co     36.17        65.79 8.2 70
Cr     58.31      151.62 81 370
Cu     10.81       47.98 34 270
Fe 2174.73 44318.02
Mn     45.42     857.72
Ni     51.89     150.96 21 32
Pb     42.64       53.50 47 220
Zn     51.89     150.96 150 410
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lower than both gill and skin tissue for all metals. 
Mean Fe BCF for the gills was above 4.

Principal component analysis

Site PCA

In the principal component analysis of metal con-
centrations in sediment, water and tissues across all 
sites, the two axes explained 96% of the variation. 
Estuarine sites were very close together, and NL2 and 
the south lake sites were also correlated. There was 
no correlation between the estuarine sites and NL1 
(Fig. 5).

Dissolved and suspended metals correlated with 
NL1. There were no correlations between the BCF 
values and any sites. Sediment metal concentrations 
that correlated were grouped together except for Fe 
which appeared isolated from the group.

Metal PCA

To determine the correlation of metal concentrations 
in the media with the BCF values, a PCA was per-
formed. The two axes of the PCA explained 92% of 
the variation. Fe, Mn and Cu were correlated while 
Cr and Zn formed another group. Mn and Cu were 
correlated with other sediment metal concentrations 
from the estuary (E1 and E2) while Fe correlated with 
suspended metals from NL1 and NL2 (Fig.  6). Tis-
sue BCF for the skin and gill samples correlated with 
dissolved Pb (at SL2 and E2) and Zn concentrations. 
Muscle BCFs had no correlations with the suspended 
metals, but did have a positive correlation with dis-
solved metal concentrations at E1, SL1 and E2. Sus-
pended metal concentrations from the south lake and 
the estuary had no correlations with the BCF.

Discussion

Higher concentrations of dissolved metals in the 
north lake correspond with the higher salinity, as 
compared to other areas. Salinity increases metal 
concentrations in the dissolved phase (Hatje et  al., 
2003). At the same time, the higher turbidity 
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increases the particulate concentrations of met-
als (Zwolsman & van Eck, 1999). These particu-
late metals together with the shallow nature of the 
estuary promote resuspension which will further 
increase the movement of metals between the dis-
solved and particulate phases (Zikhali et al., 2015). 
On the other hand, the low salinity of the estuarine 
area limits the production of dissolved metals, and 
the particulate concentrations are also low, par-
ticularly at E1. Significant differences in dissolved 
metal concentrations in the St Lucia system are 
representative of the influence of different factors 
within the different areas of the system.

The low concentration of sediment metals in 
the south lake is related to the nature of the bottom 
sediment in that part of the lake. Most metals show a 
reduction in concentration in the south lake: an indi-
cation of the inability of the bottom sediment to scav-
enge metals, as compared to the north lake and the 
lower estuary.

The significant differences in sediment metal con-
centrations between the north lake, south lake and 
the estuary reflect only the nature of sediment and 
the affinity of the sediment type for metals, which 
leads to different metal adsorption. The bottom sedi-
ment in the north lake is dominated by clay while the 
upper layer of bottom sediment in the south lake is 
made of sand that is rich in shell debris (Humphries 
et  al., 2016). A high correlation between the clay 
and organic content with high metal concentrations 
is reported by several authors (Du Laing et al., 2008; 
Hou et  al., 2013; Zhang et  al.,  2014). On the other 
hand, sandy substrates are rich in carbonates and have 
less affinity for metals leading to lower concentrations 
of metals in sandy substrates of aquatic environments 
(Zhang et al., 2014).

The results of the normalisation indicate that met-
als from both the north and south lakes, though dif-
ferent at the two localities, are not anthropogenically 
elevated. The higher concentrations of metals in the 
sediment at St Lucia as compared to other coastal 
areas in KZN clearly confirm the continuous pres-
sure of mining in the area. However, the comparison 
with the ERM guidelines, and the results from the 
normalisation with Fe, emphasise the pristine nature 
of the area and the continued need for this (solitary) 
South African World Heritage marine site to be pro-
tected. In unpolluted systems, a large portion of sedi-
ment metal is present in crystal lattices (Zhang et al., 
2014), but when polluted this proportion is altered. 
In un-altered or non-polluted sediments, the met-
als, though elevated, reside in the crystal lattice of 
minerals and residual fractions which constitute the 
bottom mud. In polluted areas, metals in sediment 
mainly exist in soluble, ion-exchangeable forms (Hou 
et al., 2013), and are metabolically available to living 
organisms. This alteration is indicated by outliers in 
the normalisation process and the low R2 value that 
was not significant. The integrity of the sediment con-
centrations in the St Lucia system can be explained 
by the fact that this area is not exposed to industrial 
development and intense agricultural activities. These 
activities promote urbanisation which further adds to 
pollutant discharges into aquatic bodies.

Patterns of sediment concentrations of Pb devi-
ated from the rest of the metals in two main aspects. 
Pb concentrations were not reduced in south lake and 
therefore not significantly lower than in north lake. 
Also, normalisation against Fe returned low R2 val-
ues compared to the rest of the metals. Pb contami-
nation is usually caused by accumulation of lead 
weights from fishing. This does not seem to be the 

Table 4   Comparison of 
the dissolved, suspended 
and total sediment metal 
from St Lucia with 
metals from Richards 
Bay harbour (Vermeulen 
& Wepener, 1999) and 
Mhlathuze estuary 
(Mzimela et al., 2014)

Fraction System Co Cr Cu Fe Mn Ni Pb Zn

Dissolved St Lucia 65.7   28.9 14.0    296.6 15.1 104.2   47.9 28.3
Mlalazi 14.9   36.1 14.2    735.6 107.4  72.32   30.2 87.3
Mhlathuze ND   48.2 47.4    930.3  48.2 ND 144.6 72.3

Suspended St Lucia 45.9   97.6 37.1 22082 584.5  89.1   21.1 43.2
Mlalazi 45.2   11.2 15.0    729.2 107.4 155.6   14.8 86.3
Mhlathuze ND   49.2  9.6  2558.4  69.3 ND   63.2 63.75

Sediment St Lucia 50.8 112.1 30.9 25362 483.8 106.5   46.2 52.1
Mlalazi 7.3   59.7 13.6 18634 212  19.8    6.3 61.5
Mhlathuze ND   68.0 13.3 21164 354.7 ND   14.3 48.1
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Fig. 4   Mean (± SE) metal 
concentrations (µg/g) in fish 
tissues
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case in this system (St Lucia) as most contamination 
reported from fishing is localised. There is no imme-
diate explanation for the behaviour of Pb in St Lucia. 
Although the regression was significant at p < 0.01, 

the R2 value was low. The uniformity of concentra-
tions in the St Lucia system may indicate the natural  
deviation which may be localised in St Lucia. It was 
not reported in Mhlathuze estuary by Mzimela et al. 

Table 5   Bioconcentration 
factor values from the fish 
tissues in St Lucia

Sites Tissue Cu Fe Mn Pb Zn

NL1 Muscle 0.14 0.37 0.47 0.17 1.52
NL2 Muscle 0.15 0.45 0.95 0.20 0.69
SL1 Muscle 0.18 0.37 0.58 0.26 1.36
SL2 Muscle 1.11 0.96 2.58 0.26 2.31
E1 Muscle 0.32 0.33 1.57 0.40 0.89
E2 Muscle 0.93 2.76 11.91 0.58 2.52
Mean 0.47 0.87 3.01 0.31 1.55
NL1 Skin 0.33 0.87 2.97 0.38 4.04
NL2 Skin 0.60 1.25 1.36 0.70 2.12
SL1 Skin 0.46 0.98 4.15 0.44 2.65
SL2 Skin 1.92 1.94 5.27 0.88 5.81
E1 Skin 1.48 1.12 12.06 2.16 3.31
E2 Skin 1.73 4.97 28.67 2.09 5.69
Mean 1.09 1.85 9.08 1.11 3.94
NL1 Gills 0.66 1.86 4.23 1.10 3.17
NL2 Gills 0.72 2.30 1.45 1.35 1.87
SL1 Gills 0.99 4.12 5.45 1.41 3.57
SL2 Gills 2.07 4.05 5.49 2.33 3.93
E1 Gills 0.89 1.82 7.58 2.58 2.37
E2 Gills 2.47 11.01 17.22 5.42 5.00
Mean 1.30 4.19 6.90 2.36 3.32

Fig. 5   PCA biplot of media and tissue metal concentrations in St Lucia during 2017
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(2014), nor in Richards Bay harbour by Izegaegbe 
(2020). In both these studies, the R2 values were 
above 0.7.

The comparison of metals with ERL and ERM 
guidelines revealed sediment metals that are not 
enriched. This was supported by the regression of 
sediment metals against Fe. As the concentration of 
Fe in the sediment is high, the potential pollution by 
human activity is limited. In this study, the metals 
were shown to have a good relationship with Fe (very 
close to 1), which indicate normal concentrations and 
sediment that has not been disturbed or contaminated. 
The ERM for Ni, however, indicated above back-
ground concentrations while the relationship with Fe 
remained good. This may indicate that the enrichment 
of Ni is natural. This enrichment was also reported by 
Izegaegbe et al. (2020) in the Richards Bay.

The most important route of uptake of metals in 
fish is in the dissolved form. Dissolved metal con-
centrations in the estuarine area of St Lucia were 
very low but the accumulation of metals by fish 
was significantly higher as compared to other sites. 
This supports the biotic ligand model as explained 
by Di  Toro et  al. (2001). The model explains that 
the ‘amount of metal that binds is determined by a 
competition for metal ions between the biotic ligand 
and the other aqueous ligands, particularly dissolved 
organic matter (DOM), and the competition for the 
biotic ligand between the toxic metal ion and the 

other metal cations in solution’ (Di Toro et al., 2001). 
The high salinity levels in the upper areas create this 
competition with metals for the binding site and for 
complexation with salts, thereby decreasing the tox-
icity of the metal (Zhang et al., 2014). Studies have 
reported on gill complexation in fish that are exposed 
to metals in the presence of salinity for metals such 
as silver (Paquin et al., 1999), copper and cadmium 
(Playle et al., 1992).

All metals that we analysed in fish (except Pb) 
are essential metals and therefore will accumulate in 
the body due to storage. Fish are good bioindicators 
for metal accumulation and are a good food source 
(Kuklina et  al., 2014); the tissues chosen for analy-
sis are target tissues for metals in fish (Rajkowska & 
Protasowicki, 2013). The gills are the main route of 
uptake as an organ for respiration, while the skin is 
also important in uptake. The fish muscle tissues on 
the other hand are poorly perfused and therefore do 
not accumulate most metals. The comparison of the 
muscle concentrations reveals that fish is suitable for 
consumption. However, local populations in the upper 
areas of KZN could be under threat because the fish 
is readily consumed in the northern part of St Lucia 
and is found sold in markets already fried together 
with the head and eyes. This may increase the risk 
from the consumption of fish from the system.

The significant differences between sites may 
imply that there are distinct populations of O. 

Fig. 6   PCA biplot of metal concentrations in St Lucia sites during 2017
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mossambicus in the St Lucia system. That can be 
understood from the large size of the system. The 
whole system spans approximately 3280 km2 (lakes 
and estuary) and also includes the 280 km2 of coast-
line. Each of these has unique characteristics that 
includes a (large) reverse salinity gradient and a 
large gradient in turbidity. The lower salinity in the 
lower part is due to the influence of the Mfolozi river 
which was recently connected to the estuary while 
the increase in the salinity in the upper areas is due 
to evaporation occurring in the upper parts of the 
system. The higher metal concentrations in the lower 
areas could be as a result of human interventions to 
limit the hypersaline nature of the system. However, 
it may increase the risk of the consumption of fish 
by locals. This risk was further exacerbated by the 
sampling which occurred during high flow season in 
summer.

The lack of correlation between metal concen-
trations in muscle tissue and that in the media was 
expected. Muscle tissue has been described by Miller 
et  al. (1992) and Dhaneesh et  al. (2011) as a poor 
indicator of metal accumulation as it does not corre-
late with any medium. The gills, on the other hand, 
are good indicators and normally correlate with dis-
solved metal concentrations (Dhaneesh et al., 2011), 
as was the case in this study.

Apart from the low salinity in the estuary which 
promotes the availability of metals when compared 
to salt water, the mouth area of the system has been 
influenced by human intervention which was to keep 
the mouth open artificially. The activity of moving 
sediment changes the form and distribution of metals 
in the sediment such that they are released from their 
crystal lattices and therefore interchangeable metals 
are increased in the sediment (Du Laing et al., 2008). 
The interchangeable metals constitute the fraction of 
metals that is bioavailable (Zhang et al., 2014).

Suspended or particulate metals are very important 
in the St Lucia estuary due to the shallow nature of 
the estuary and the resultant high turbidity. Accord-
ing to Zhang et  al. (2014), fine grained suspended 
sediment is important in transporting metals in a flu-
vial system. Resuspension promotes both speciation 
in the dissolved phase and speciation of metals into 
labile forms that are highly bioavailable (Zhang et al., 
2014).

Metals were shown to be variable in water, with 
both the dissolved and particulate metals changing 

with environmental factors, and by resuspension, 
due to the shallow nature of the system. Variability 
in sediment metal concentrations was a function of 
the nature of the sediment. Areas such as the north 
lake and the estuary with clay bottoms had more 
metals when compared to the sandy south lake. 
Enrichment investigations revealed a system that 
was relatively undisturbed by human activities.

Tissue BCF concentrations in the estuarine area 
indicated a threat of metals as compared to the 
upper areas of the St Lucia system. This elevated 
BCF was due to the lower salinity in the mouth 
area. The presence of salinity mitigates the uptake 
of metals by fish and hence the lower BCF in the 
upper areas. The higher BCF could also be due 
to anthropogenic leaching of metals as a result of 
dredging that has been occurring in the mouth area 
of the estuary.

The different tissue metal concentrations between 
the different sections of the system suggested dis-
tinct populations of O. mossambicus. However, there 
would be migrations of some individuals into adja-
cent areas as there are no barriers preventing them. 
The species was found in areas covering the full range 
of salinities from 0 to 17 so it is likely that where 
each population was found within the system reflects 
its preferred habitat.

Although metal concentrations are high, this does 
not raise much concern because of their low toxicolog-
ical risk of bioavailability. This is further mitigated by 
the fact that locals use mostly the lakes for subsistence 
fishing and not the estuary. Environmental factors such 
as pH and redox potential affect the metal availability. 
With problems such as nutrient enrichment, and urban 
and rural encroachment observed in areas of iSiman-
galiso Wetland Park (Adams et  al., 2020; an indica-
tion that it is not immune), effects that are detrimental 
to the ecology of the system will soon be observed. 
Furthermore, Buah-Kwofie and Humphries (2017) 
reported traces of DDT in the St Lucia system and 
other parts of iSimangaliso Wetland Park. A coordi-
nated monitoring programme is required that consists 
of different groups of researchers that will investigate 
important aspects such as water levels, the chemistry 
and sediment dynamics of this largest estuarine system 
in the southern hemisphere. This becomes important 
as the pressures of mining intensify, and the needs of 
local communities are beginning to be recognised over 
environmental concerns.
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