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Abstract

This study investigated how metal concentrations and microplastic abundance co-vary
temporally and spatially in sediments in Durban Harbour, South Africa. The effects of
sediment contamination on the amphipod Grandidierella lignorum was additionally inves-
tigated. Sediments from five sites in the harbour, namely Little Lagoon (LL), Yacht Bank
(YB), Marina Bank (MB), Western Bank (WB), and Central Bank (CB), were analysed for
metals using ICP-OES, and microplastic particles were counted. Sediment metal concentra-
tions varied across sites and seasons, with Al and Fe dominating. Elevated levels of Cu,
Zn, and Pb were observed, particularly in areas with high industrial activity, suggesting
point-source contamination. Trace concentrations of As, Cd, and Ni were found and these
metals were excluded from further analysis. Abundance ranged from 0.2 to 2.5 particles
per gram dry weight, and differed significantly among sites (p < 0.01) with the highest
concentrations in LL and YB. Amphipod survival rates following exposure to sediment did
not significantly differ among sites but correlated moderately with microplastic abundance
(p > 0.05, R? = 0.57). Tissue analysis revealed selective metal accumulation, following the
trend Al > Fe > Zn > Cu > Cr, with Mn, As, and Pb undetected. These results highlight
the spatial heterogeneity of sediment contamination in Durban Harbour and demonstrate
the bioaccumulation potential and ability to regulate metals in G. lignorum, particularly for
essential metals like Fe and Zn. Despite no clear evidence linking microplastics to metal
concentrations, the findings highlight the complex interactions between contaminants and
their potential ecological impact.

Keywords: amphipods; Grandidierella lignorum; sediment; toxicity; Durban Harbour

1. Introduction

Estuarine ecosystems serve as critical nurseries for marine biodiversity and provide
essential linkages between terrestrial and marine habitats [1]. In South Africa, >80 fish
species including commercially important taxa like Rhabdosargus holubi rely on estuaries
during key life stages [2,3]. These ecosystems are also hubs for human activity, receiving
contaminants from urban runoff, industrial effluent, and maritime operations [4,5]. Of
increasing concern is the co-occurrence of microplastics and metals in estuaries, where
hydrodynamic processes concentrate both pollutants in sediments [6]. Microplastics may
act as vectors for metals (e.g., through surface adsorption or additive leaching), potentially
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causing synergistic effects in benthic organisms including amphipods, skey prey for estuary-
dependent species [7]. This synergy is critical in harbours where both pollutants co-occur
at high concentrations [8]. Given their ecological and economic importance, contamination
of estuarine environments, including with heavy metals, should be well investigated as
knowledge of the partitioning and distribution of metals in estuarine sediments provides
insight into their impact on the ecosystem. In most developing countries, however, toxicity
levels are still not frequently reported, and relevant information on estuarine ecosystems
and harbours is limited [9,10].

Microplastics have emerged as important marine pollutants [11] and have received
increasing scientific attention in recent years [12,13]. Microplastic pollution has been
recorded in almost all marine habitats, including in estuaries [14-17]. In recent years,
South African research on microplastic pollution has been increasingly reported. Ref. [18]
first drew attention to the abundance of microplastics along the South African coastline.
Ref. [19] reported that Durbanharbour contains the highest microplastic concentrations
of five urban estuaries, with a rapid decline with increasing distance from the city centre.
A large proportion of flathead mullet (Mugil cephalus) from the harbour contained plastic
particles in their guts [20]. Ref. [21] also found microplastics to be abundant in Richards
Bay and Durban Harbour, which are two of the busiest harbours in Sub-Saharan Africa.
Ref. [22] also reported that microplastics are abundant close to heavily industrialised city
centres. However, microplastic abundance along the east coast of South Africa did not
differ among numerous locations, suggesting that water circulation rather than land use
determined its distribution [23].

Harbour environments are typically exposed to high levels of contamination as they
are often affected by intensive industrial development [24]. Shipping often leads to spillage
and thus accumulation of contaminants such as heavy metals in sediments, more so
during loading and offloading of material [25], which may negatively affect the fauna
naturally occurring in the harbour. Heavy metal contamination in estuarine systems
and their impact on biota are widely reported in the literature [26,27]. In recent years,
microplastics have also been of concern as they have been associated with spillage in
harbours during transportation [28]. While chemical concentrations and microplastics
have been documented separately over the years [8,29], they occur simultaneously in the
environment. It is therefore, important to understand their interaction and combined
toxicity and potential synergistic impact. As laboratory exposures are important, in situ
studies are especially informative as they reflect relevant background concentrations,
particularly with regards to ecological risks [30].

This study highlights microplastics as a potential vector for toxic metals in the marine
environment, posing a significant threat to the proper functioning of marine ecosystems and
underscoring the urgent need for continuous monitoring, control, and abatement of plastic
waste in marine environments. Our study tests whether microplastic-metal complexes
(1) increase metal bioavailability to G. lignorum or (2) alter distribution patterns due to
differential settling. This interaction remains poorly quantified in industrialised estuaries,
despite its implications for trophic transfer and ecosystem health. Given their ecological
and economic importance, contamination of estuarine environments, including with heavy
metals, should be well investigated as knowledge of the partitioning and distribution of
metals in estuarine sediments provides insight into their impact on the ecosystem.

This paper aims to determine the association of metal accumulation with the quantity
of microplastics in Durban Harbour sediments, the accumulation of heavy metals in the
tissue of the amphipod Grandidierella lignorum in the harbour sediment, and the effects on
amphipod survival of such accumulation. Recent work by [31] demonstrated significant
metal accumulation (Cu, Pb, Zn) on beach-collected plastics in South African coastal waters,
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confirming plastics as vectors for metal transport. Our study builds on these findings by
examining these interactions in industrialized harbour sediments where pollution pressures
are more concentrated.

We hypothesise that the presence of microplastics increases metal concentration in
Durban Harbour sediment and that spatial and temporal variation of metal concentration
in Durban Harbour is associated with local activities.

The objectives are as follows:

(1) To determine the spatial variation and association of metal and microplastic accumu-
lation in Durban Harbour;

(2) To determine the temporal differences in metal accumulation in sediments and
G. lignorum in Durban Harbour;

(3) To determine the survival and metal tissue concentration of G. lignorum in sediment
from different parts of the harbour in relation to land use in Durban Harbour.

Site description:

The city of eThekwini, also known as Durban, is the second most populous city in
South Africa, with a population of 3.7 million people in 2017 [32]. Durban Bay is situated
in KwaZulu-Natal on the east coast of South Africa and spans 673 ha. It is a subtropical
estuarine bay, in which Durban Harbour is situated. North-easterly winds dominate during
summet, often associated with sea breezes developed by Coriolis deflection. South-westerly
winds are also common during the dry season and are often associated with cold fronts and
coastal lows [33]. The intertidal habitat of the harbour covers 165 ha [34]. The catchment
area is 264 km?, predominantly comprising urbanised areas [35-38].

It is generally wet, receiving an average annual rainfall of 1010 mm, mostly in summer
between November and March (Durban-Wikipedia). Three tributaries, uMbilo, uMh-
latuzana, and aManzamnyama, are connected to the harbour via canals [19]. These canals
serve as freshwater conduits. Although the fresh water input is not substantial and the har-
bour is predominantly marine with salinity averaging 35 %o, mesohaline conditions are still
prevalent [39]. Durban harbour is the most economically active shipping harbour in Sub-
Saharan Africa and it also supports ecosystem diversity and biota of ecological importance.
The harbour is, therefore, of both economic and ecological value as it is also a habitat for
juvenile fish, acting as a nursery [19]. Three major shallow sandbanks exist in Durban Bay
constituting a large proportion of the intertidal habitat. Durban Harbour’s contamination
hotspots reflect distinct anthropogenic pressures (Table Al): Yacht Bank and Marina Bank
experience intensive vessel maintenance, including antifouling paint applications (histori-
cally TBT-rich; now Cu/Zn-dominated) and fibre shedding from ropes/nets [40]. Western
Bank’s dry docks contribute metal-rich paint particles (up to 12% Cr by weight; [41]), while
Central Bank’s shipping lanes accumulate combustion-derived nanoparticles. Little Lagoon,
though less industrialized, potentially receives urban runoff with tire wear particles and
legacy metals from stormwater drains. Stormwater runoff is also known to transport legacy
metals such as lead, zinc, and copper from urban infrastructure into receiving water bodies.
These metals often originate from antifouling, building materials, and industrial residues,
and they accumulate in sediments over time, posing long-term ecological risks [42].

For the purpose of this project, these sandbanks were sub-divided and named accord-
ing to [43]: Little Lagoon (LL), Yacht Bank (YB), Marina Bank (MB), Western Bank (WB),
and Central Sandbank (CB) (Figure 1).
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Figure 1. Spatial distribution of sampling sites in Durban Harbour, South Africa: Yacht Bank (YB),
Marina Bank (MB), Little Lagoon (LL), Western Bank (WB), and Central Bank (CB).

2. Materials and Methods

Unless otherwise stated, analytical-grade acids used for equipment cleaning and
digestion were purchased from Sigma-Aldrich, St Louis, MO, USA or the Analytical
Chemistry lab in South Africa (University of KwaZulu-Natal, Westville campus, South
Africa). Spex CertiPrep (Stanmore, UK) plasma emission standards were used as a source
of metal tracers in the experiments and to calibrate the analytical instrumentation. For
sampling, storage containers were prewashed using deionised soap and distilled water
(Millipore prepared at the University of KwaZulu-Natal).

2.1. Sediment Sampling

Sediment for toxicity testing was collected subtidally from each sandbank (LL, YB, MB,
WB, and CB; Figure 1). Sediment samples were taken using a corer with a 50 mm internal
diameter to a depth of 10 cm. Three replicate samples were collected every three months
over a one-year period to determine the temporal variability of metal concentrations in
the sediment. After collection, the sediment was stored in glass containers which were
acid-washed prior to use at 4 °C. In the laboratory, samples were sieved using a 500 pm
mesh to remove extraneous particulate matter and left for a minimum of 24 h to return to
room temperature prior to use in toxicity tests.

2.2. Microplastic Extraction

Microplastics were extracted from the sediment using the Sediment Microplastics
Isolation (SMI) Unit (sourced from the University of Birmingham) according to [44]. For
microplastic analysis, the Central Bank sediment sample was omitted due to contamination
during handling and transportation.

All sediment samples were dried at 60 °C to a constant weight (48 h) and homogenized
prior to analysis to eliminate moisture variability. Microplastic abundances are reported as
particles per gram dry weight sediment (particles/g dw), and metal concentrations as mi-
crograms per gram dry weight (ug/g dw). Dry weight normalization ensures comparability
with published data, as sediment moisture content can vary spatially and seasonally [45].
For QA /QC, blank corrections were applied to account for potential airborne contamina-
tion during drying and handling. MPs (20-100 um) were isolated via density separation
(NaCl, 1.2 g/cm?), filtered onto 20 um membranes, and counted under stereomicroscopy.
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Counting errors were corrected using blank subtraction (mean recovery: 92 & 5%). FTIR
analysis confirmed polymer types (PE, PP, PET; Figure A2).

2.3. Amphipod Sampling

Amphipods were collected from uMIlalazi Estuary, a more pristine estuary with mini-
mal anthropogenic impact, to enable efficient acclimation to laboratory conditions. uMlalazi
Estuary is located 137 km north of eThekwini. Down to a depth of 10 cm, we used a single
metal corer with an internal diameter of 50 mm. Additionally, rocks and detritus were
examined for amphipods and individuals were subsequently removed. All equipment
used to collect amphipods were rinsed in situ with water prior to use. Amphipods were
transported to the laboratory in 5 L buckets filled with estuarine water and a layer of
sediment, allowing them to burrow.

Once in the laboratory, amphipods were immediately aerated. Grandidierella lignorum
were separated from other amphipods using a dissecting microscope (Lesia ES2, China)
(magnification 40) and identification key [46]. Grandidierella lignorum were acclimated for
24 h at a temperature of 25 °C, salinity of 25, and pH of 7 £ 0.2 [47]. Amphipods were
cultured for three months in aerated glass culture trays in climate chambers with a 12 h
daylight length. Water was changed once a week, using artificial seawater (deionised
water with Seachem brand salt) at a salinity of 25%. to mimic the mesohaline conditions
in the harbour. Amphipods were fed twice a week with 0.5 mg of Sera Micron (Sera,
Heinsberg, Germany) per amphipod. The culture success of G. lignorum (i.e., high survival,
reproduction, and growth) confirmed that the physico-chemical parameters were acceptable
to conduct toxicity tests.

2.4. Microplastic Staining

Nile red was prepared as per stipulations by [48]. The wet peroxide oxidation
method was followed to digest organic matter using an aqueous 0.05 M Fe solution and
35% H,O7 [49]. After digestion, the samples were left in the oven to dry at 60 °C and then
viewed under a florescence microscope. To isolate microplastics from organic/sediment
residues during density separation, increasing false positive risks, 20 um was the lower limit
of detection and 100 um was the upper limit of detection. Care was taken not to include
animal structures, which may also fluoresce with Nile Red, when counting microplastics.

2.5. Extraction and Emission Wavelengths

Stained microplastics were detected and counted using the green excitation and
emission wavelengths (ex.: 450-490; em: 515-565 nm) under a fluorescent microscope (Axio
Scope Al, Zeiss, Jena, Germany).

2.6. Sediment and Metal Tissue Experimentation

Toxicity tests were conducted in thirty 600 mL glass beakers (six replicates per site LL,
YB, MB, WB, CB; and control) containing 50 g of harbour sediment. Beakers were filled
to 500 mL with artificial seawater at a salinity of 25%. (care was taken not to disturb the
sediment) and eight amphipods were introduced to each beaker. The bioassay ran for ten
days and water was changed halfway through the experiment. Salinity and temperature
were checked at the start and termination of the toxicity test. Amphipods were fed at the
beginning of the exposure and after the water change during the 10-day bioassay. All
amphipods surviving after ten days were counted, and sediment and tissue samples were
collected from all replicates and analysed for metal content.
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2.7. Metal Analysis in Sediments

Sediments were weighed and oven-dried at 60 °C to a constant weight for at least
48 h. Three 1 g samples of homogenized sediment from each replicate were digested with
concentrated nitric acid [50]. Heavy metal concentrations in sediments were determined
using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). A 15 mL
sample was pumped at 2.5 mL~! through the mini column where the analyte was retained.
When the injection valve was switched, a stream of 1 mol L~! hydrochloric acid flowing at
1.5 mL min~! eluted the metal retained. The eluate was taken directly into the nebulizer
system of the ICP-OES and the analytical response was recorded as the peak height. Blanks
were run after every 10 samples. Amphipod tissues and sediment samples were analysed
for Al, Pb, Cd, Cr, Co, Fe, Cu, Li, Mn, Ni, and Zn. Crab paste (LGC 7164) and Toronto
Harbour Sediment (TH-2)-certified reference materials were used to test the analytical
efficiency of the method. While [31] also applied employed acid digestion and ICP-MS
for metal analysis on plastic particles, our study extended this to examine bioavailability
through amphipod exposure experiments.

2.8. Metals in Amphipod Tissue

One gram of amphipod tissue from each site was digested in concentrated sul-
phuric/nitric acid (H,SO4/HNO3) at a ratio of 1:3. A total of 3 mL of 60% sulphuric
acid was added to a glass beaker containing tissue and then placed on a hotplate until it
volatilised and reduced to 0.5 mL (approximately 10 min). A watch glass was placed on
top of the beaker to avoid foaming during heating. Thereafter, 10 mL of 55% nitric acid
was added. Heating continued until a clear solution appeared. This was repeated three
times for each concentration.

Metal toxicity studies are well documented worldwide [51-53], and two values of
importance are often reported, namely the Effects Range Low (ERL) and Effects Range
Medium (ERM). The ERL is the 10th percentile of the effects data of contaminants, where
adverse effects rarely occur, and the ERM is the 50th percentile, where adverse effects fre-
quently occur [54]). In South Africa, the Australian sediment quality guidelines for toxicity
testing are often adopted. The department of environment forestry and fisheries (DEFF) is
responsible for regulating the deposition of waste material in the marine environment and
often follows the National Action List (Action Value S.A.).

2.9. Statistical Analysis

Following the test for normality, the Kruskal-Wallis nonparametric test was conducted
to determine significant effects on the survival of amphipods. Pairwise post hoc comparisons
were performed using Tukey’s HSD test to find which means were significantly different
from one another. Pearson correlation was conducted to detect any relation between metal
accumulation and microplastic abundance in the Durban Harbour sediment. Repeated-
measures ANOVA was conducted to test for seasonal variation in metal concentration.

Pearson’s correlation coefficient (R) was determined to evaluate the correlation be-
tween Grandidierella lignorum tissue and sediment metal concentrations as well as tissue
accumulation and microplastic abundance.

3. Results

Table 1 shows sediment and tissue reference material for Cu and Zn concentrations,
with standard deviations. Toronto Harbour Sediment (TH-2) and crab paste (LGC 7164)
were used for sediment and tissue concentration verification. Reference material analysis
showed measured concentrations to be within 10% of the certified values for Cu and Zn.
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Table 1. Measured and certified values of heavy metal concentrations from harbour sediment (TH-2)
in pg/g with standard deviations.

Samples Measured Certified Measured Certified
Metal Cu Zn

Sediment Reference Material 9 +15 108.7 £+ 2.57 768 £+ 59.5 861 £+ 165
Tissue Reference Material 21.6 £1.48 204+24 53.1+24 56.8 +£ 5.5

Microplastic Abundance (pg/g)

A significant difference in microplastic abundance was detected among sites within
the harbour. Abundance ranged from 2.5 particles per gram at LL to 0.2 particles per
gram at MB, with the Little Lagoon and Yacht Bank having the highest concentration of
plastic (Figure 2). Figure 3 highlights the uneven distribution of microplastics in Durban

Harbour sediment.

—— -
MB WB

Figure 2. Spatial distribution of microplastics (particles/g dw) across sampling sites, presented in
west-to-east order: Yacht Bank (YB), Little Lagoon (LL), Marina Bank (MB), and Western Bank (WB).
Significant differences (p < 0.05) are marked with asterisks (*).

YB LL

Figure 3. Green florescence of plastic from the Durban Harbour sediment as seen under a fluorescent
microscope. Samples (A) from the Western Bank and (B) from Little Lagoon.
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Concentrations of metal in the sediment differed among sites (Table 2). Of the 10 metals
tested in this study, As, Cd, and Ni were present in trace concentrations and were thus
excluded from further reporting of results. Aluminium and Fe were high at all sites
for all seasons, which was expected as these metals generally occur at high background
concentrations [9]. Chromium was highest in autumn, with concentrations ranging from
51 to 140 ug/g. Cu was highest in summer in YB (73-683 ng/g). Manganese was highest
in autumn in WB (0.3-2300 pg/g), Zn was highest in autumn in MB (96-900 ng/g), and
Pb was prominent in autumn in MB (110 pg/g). Overall, LL showed the lowest metal
concentration. Marina Bank and CB generally showed a high metal concentration in all
seasons, and high concentrations were found in autumn for most metals.

Table 2. ANOVA results for seasonal variation in total metal concentrations (ug/g dw) across sites
(* significant at p < 0.05). Yacht Bank — Little Lagoon — Marina Bank — Western Bank — Central Bank.

Site Sum of Squares Mean Square  df F-Value p-Value Significance
Yacht Bank 3,149,133 49,711 3 4.062 0.018 *

Little Lagoon 20,018 6672 3 2.147 0.120 ns

Marina Bank 13,229 4410 3 2412 0.916 ns

Western Bank 3,888,177 1,296,059 3 4.525 0.010 *

Central Bank 58,236 19,412 3 2.481 0.085 ns

Notes: ns = not significant (p > 0.05); * = significant (p < 0.05). Sites ordered by geographical proximity to
industrial activity (see Figure 1). Degrees of freedom (df) reflect seasonal comparisons (n = 3: e.g., summer,
winter, spring).

There was no significant difference (Table 3) in the survival of amphipods following
exposure to the sediment collected from five sites in the harbour: Little Lagoon (LL),
Yacht Bank (YB), Marina Bank (MB), Western Bank (WB), and Central Bank (CB). A 10-day
field validation test for Grandidierella lignorum was conducted using sediment collected
during autumn (Figure 4). High amphipod survival was found in YB and CB at 80%,
followed by LL (77.5%), while MB and WB showed 67.5% and 57.5% survival, respectively
(Figure 4). The low survival (57.5%) in Marina Bank sediment was surprising as this area
was previously regarded as a relatively uncontaminated region of the harbour. There was,
however, no significant difference in amphipod survival between the five exposure sites
in Durban Harbour (Table 3). Pearson correlation showed moderate correlation between
microplastic abundance and amphipod survival (R? = 0.57) (Figure 5).

Table 3. One-way ANOVA (Tukey’s HSD test) of amphipod survival and microplastic abundance in
Durban Harbour sediment; p < 0.05 denotes significant difference.

Df F p
* Microplastic abundance 3 13.16 0.000421
Amphipod survival 4 1.833 0.16

* Central Bank was not included in the statistical analysis due to contamination of samples during handling.

Sediment metal concentration generally presented in the order Al > Fe > Cu > Zn
> Cr > As > Mn > Pb, following the 10-day bioassay (Figure 6A). Al was high in LL, Fe,
As, Zn, and Pb were high in WB, and Cu was high in YB. Copper and Zn are two of
the most commonly reported metals in sediment toxicity testing as they are essential in
the metabolism of organisms. Spatially, Cu was highest in YB followed by CB and WB,
while Zn was highest in MB followed by YB. Lead is also one of the most frequently
reported trace metals, particularly in industrial areas; in this study, Pb was recorded in
relatively high concentrations in MB. High Pb concentrations may be indicative of sediment
contamination from spillages associated with petroleum oil spillage. Arsenic was low at all
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sample sites while Mn was highest in YB and CB. Chromium was recorded in relatively
high concentrations in MB and CB.
90

80

70
6
5
4
3
2
1

0

LL YB MB WB CB

Figure 4. Mean % survival (+1 SD) of G. lignorum during a 10-day sediment toxicity test on Durban
Harbour sediment in Little Lagoon (LL), Yacht Bank (YB), Marina Bank (MB), Western Bank (WB),
and Central Bank (CB).

Survival (%)
o o o o o

o

90
80 : [
70

R?=0.57

......
cee
.............
......
.

60 S
50
40
30
20
10

% Amphipod Survival

0 0.5 1 1.5 2 2.5 3

Microplastics Concentration (ug/g)

Figure 5. Pearson correlation between microplastic concentration (ug/g dry weight sediment) and
amphipod survival (%) across sampling sites in Durban Harbour. Data points are labelled by site:
YB (Yacht Bank), LL (Little Lagoon), MB (Marina Bank), and WB (Western Bank). The dashed line
represents the Pearson correlation fit (R? = 0.47).
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Figure 6. (A) Mean (+1 STD) concentrations of aluminium (Al), arsenic (As), chromium (Cr), copper
(Cu), iron (Fe), manganese (Mn), zinc (Zn), and lead in sediment at Yacht Bank (YB), Marina Bank
(MB), Little Lagoon (LL), Western Bank (CB), and Central Bank (CB). (B) Mean (+1 STD) concentrations
of aluminium (Al), copper (Cu), chromium (Cr), iron (Fe), and zinc (Zn) in G. lignorum tissue following
10-day exposure to sediment from five sites in Durban Harbour: Marina Bank (MB), Yacht Bank (YB),
Little Lagoon (LL), Western Bank (CB), and Central Bank (CB).

Repeated-measures ANOVA showed seasonal significant difference for Cr (p = 0.00286)
and Zn (p = 0.00435), and the post hoc Tukey’s HSD tests for Yacht Bank and Western Bank
both showed significant differences between spring and summer, winter and summer, and
winter and spring (Table 2).

As with sediment, metal concentration in tissues followed the trend Al > Fe > Zn > Cu > Cr.
Mn, As, and Pb were not detected in tissues of G. lignorum (Figure 6B). The Pearson correla-
tion test showed a positive correlation between sediment and tissue metal accumulation
for most essential metals, with a stronger correlation for Al, Fe, and Zn (Figure 7).
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Figure 7. Correlations between metal concentrations in Grandidierella lignorum tissue (ug/g dry
weight) and sediments (ug/g dry weight) after 10-day exposure to sediments from five Durban
Harbour sites (Marina Bank, Yacht Bank, Little Lagoon, Western Bank, Central Bank). Linear re-
gressions shown for (A) aluminium (Al) y = 1.5106x + 291.36, R? = 0.5245; (B) chromium (Cr):
y = —0.6212x + 12.053, R2 =0.4867; (C) copper (Cu): y = —0.053x + 120.16, R2 =0.1617; (D) iron (Fe):
y = 3.8962x — 523.15, R? = 0.6985; (E) zinc (Zn): y = 11.768x + 83.346, R? = 0.4761.

All sediment and tissue concentrations are reported on a dry weight basis (60 °C for 48 h).

4. Discussion

This study provides insights into the spatial and temporal variability of heavy metal
concentrations and microplastic abundance in Durban Harbour sediments, as well as
their biological impact on the amphipod Grandidierella lignorum. The findings emphasize
the complexity of environmental contamination in highly industrialized harbours and its
implications for both sediment quality assessment and ecological health.
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Negative correlations between Cr and Cu in sediment and amphipod tissue indicate
that G. lignorum was able to maintain these metals at low concentrations i.e., Cr and Cu
were within the regulatory range for G. lignorum. In a related laboratory study, Cu and Zn
did accumulate in high concentrations in G. lignorum, although experimental concentrations
of metals were much higher than background concentrations in Durban Harbour. Zinc
and Cu concentrations were found to be higher in sediments than both ERM guidelines
and the “Action value for South Africa” (Table 4). Manganese concentration was generally
low in all samples except in the CB sample, where concentrations in excess of 2000 ug/g
were recorded. The anomalously high Mn concentrations in the CB sample suggest a
recent spill from vessel movement, and the limited spread could be because of semi-
enclosed estuarine hydrodynamics [39], highlighting the dynamic nature of contamination
in harbours and the need for continuous monitoring. While Mn is generally not highly toxic,
the potential for adverse effects such as “manganism” in high concentrations indicates its
relevance in toxicity assessments. The results reveal distinct spatial and seasonal patterns
(Appendix A, Figure A2 and Table A2) in sediment metal concentrations, with sites such
as Yacht Bank (YB), Western Bank (WB), and Central Bank (CB) displaying consistently
high levels of Cu, Zn, and Pb. These hotspots of contamination are strongly linked to
anthropogenic activities, such as boat maintenance, antifouling paints, and cargo handling.
The elevated levels of Cu and Zn, which exceeded both local and international sediment
quality guidelines, highlight the urgent need for localized sediment quality thresholds.
However, their findings of Zn/Cu dominance align with our tissue accumulation patterns
in G. lignorum (Figure 6B). These results highlight the direct relation between sediment
metal concentration and amphipod toxicity as well as the importance of developing local
toxicity guidelines as international standards may be much higher than local background
concentrations, leading to the acceptance of concentrations higher than those tolerable by
local organisms. Interestingly, Cr and Pb concentrations were found to be within ERM
sediment quality guidelines but exceeded South African “Action values” (Table 4), further
supporting the necessity of region-specific standards.

Both metal concentrations in YB and WB were found to be high, further indicating
the importance of land use. The YB, WB, and CB sampling sites are also reported to be
the most anthropogenically affected in the harbour [55]. The YB, for instance, houses a
considerable number of boats where oil spills and antifouling from paint can contribute to
contamination [55] (Table A2). Subtidal banks were identified as significant sinks for metals,
aligning with previous studies that emphasize their role in accumulating contaminants over
time (19). Metal concentrations were higher in the subtidal sandbank than the intertidal
sandbanks [43], with winter showing consistently higher concentrations of trace metals.
In this study, autumn showed the highest concentrations out of all seasons. The high
metal concentration in CB has also been previously reported [43]. Future research should
explore the sub-lethal and chronic effects of sediment contamination on amphipods to
better understand their broader ecological implications.

Table 4. The range of concentrations of metals (ug/g) recorded in amphipods from harbours during
this and previous studies with the Effects Range Low and Effects Range Medium sediment standards.

Mn  As Cd Cr Cu Ni Pb Zn Reference
Action Value S A ** 30 1.5 50 50 50 100 150 [56]
Effects Range Low x
(ERL) Australia 1.2 81 43 21 46.7 150
Effects Range Medium
(ERM) Australia 9.6 370 270 51.6 218 410
Current study 2.6 * * 0.14 48.65 * 110 60.900
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Table 4. Cont.
Mn As Cd Cr Cu Ni Pb Zn Reference
1998 21-339.8 10.0-258 14-193.0 [57]
1996-1997 38.4-2219 1.82-53.5 153-181 [58]
1985 114 25.0 53 [58]
1972-1981 74.80 1.1-40.0 14-179 [59]

* Negligible concentration. ** Standard guideline value is not provided.

Microplastic abundances ranged from 0.2 to 2.7 particles per gram dry weight sedi-
ment (particles/g dw), with the highest concentrations at Western Bank (Figure 2). This
aligns with global urban harbour baselines (e.g., 0.5-3.2 particles/g dw in Rotterdam
Harbour) [60]. The highest microplastic abundance was recorded in LL, a site with rela-
tively low metal concentrations, highlighting the independent distribution mechanisms of
microplastics and metals.

These values are in similar ranges to previous studies in Durban Harbour [19] and else-
where [61]. The transport and sedimentation of microplastics are governed by their polymer
densities relative to seawater (~1.02 g/cm?®). While buoyant polymers like polyethylene
(PE; 0.91-0.97 g/cm?3) and polypropylene (PP; 0.85-0.94 g/cm?) dominate surface waters,
denser plastics (e.g., PET [1.38-1.45 g/cm?®], PVC [1.16-1.58 g/cm?], and composites with
metal coatings) readily sink and accumulate in sediments [62,63]. In Durban Harbour, the
prevalence of sinking MPs (e.g., PVC fragments comprising 42% of sediments; Figure A2)
suggests bedload transport and/or biofilm-mediated settling [64]. Factors such as bio-
fouling, chemical adsorption, and the physical properties of microplastics contribute to
their uneven distribution. The lack of correlation between microplastic abundance and
sediment metal concentrations further emphasizes their distinct pathways and interactions
within the environment [65], which further makes their distribution difficult to predict or
model, particularly in highly industrialized environments such as Durban Harbour with
various point sources of pollution. While microplastics were not found to influence metal
bioavailability in this study, their potential role as vectors for other contaminants or in
facilitating chronic toxicity warrants further investigation.

High microplastic abundance was found in LL, where metal concentrations were
lowest. Of most relevance in toxicity assessments is the proportion of metal in the sediment
that is bioavailable in the exchangeable environment and water-soluble fraction [27,66]. It
is notable that the total sediment concentration of metals does not necessarily reflect their
bioavailability and that metal accumulation in animals reflects a better representation of
metal availability [67,68]. Following the 10-day exposure of G. lignorum to Durban Harbour
sediment, amphipod survival was generally high for all sample stations. The metal tissue
concentration pattern in amphipods was similar to that of sediment metal concentrations
within Durban Bay Harbour, i.e., Al > Fe > Cu > Zn > Cr. Grandidierella lignorum, there-
fore, showed net accumulation for metals. These results suggest that G. lignorum are a
net accumulator of metal; however, they are able to regulate non-essential metals. The
concentration of Cr in tissue was high in LL, WB, and CB samples. Fe, Cu, and Zn were
highest in the tissue of amphipods exposed to sediment from LL. ANOVA showed no
significant difference in amphipod survival between sample sites, suggesting that Durban
Harbour metal concentrations are within the tolerable range for amphipods. There was
no noticeable tissue sediment correlation for Cu and there was a negative correlation for
Cr. These results suggest that Cu and Cr are partially regulated by G. lignorum as they are
both essential in the metabolism of amphipods, and that Cr concentration is low in Durban
Harbour. This suggests that G. lignorum is capable of regulating these essential metals
within a physiological range, maintaining them at low tissue concentrations despite high
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sediment levels. Such regulatory mechanisms make G. lignorum a valuable indicator species
for sediment toxicity studies. However, the absence of acute toxicity does not preclude
the possibility of chronic impacts, particularly in industrialized harbours where long-term
exposure to contaminants may affect reproductive success and population dynamics. This
study demonstrated that G. lignorum exhibit a high degree of resilience to sediment metal
contamination, with no significant differences in amphipod survival across sampling sites.

During sampling, it was noted that numerous items of debris, including plastic mate-
rial, tends to accumulate at the WB sampling station. Because of the high plastic abundance,
high microplastic degradation may be prevalent at this sampling site and it is also suscep-
tible to anthropogenic activity. Lastly, WB is associated with the loading and offloading
of goods from ships including the Mediterranean Shipping Company (MSC); this part of
the harbour is the most susceptible to accidental spills [55], with spillage reported in the
literature [69], and therefore, high metal concentrations would be expected. This finding is
in agreement with that of [70], which emphasized that direct and indirect litter from ships
as well as chemical spillages lead to increased toxicity in harbours. Although Little Lagoon
(LL) showed the highest concentration of microplastics, it showed the lowest metal concen-
tration. The low metal concentration was not expected as Amanzimnyama canal flows into
the lagoon, which contributes to debris contamination in the harbour. This site has also
previously been found to contain high metal concentrations [71]. Higher species abundance
in LL than in other sites [43], further suggesting that LL suffers the limited anthropogenic
impact compared to other sites. This result suggests that microplastic abundance and metal
concentration in Durban Harbour are not correlated.

The seasonal variability observed in metal concentrations at YB and WB suggests a
strong influence of land use and human activity. Sites with higher anthropogenic impact,
such as YB and WB, were consistently associated with elevated metal levels, reinforcing the
importance of targeted management interventions. This study also confirms that subtidal
sandbanks act as significant sinks for metals, with concentrations peaking during autumn.
These findings align with previous research [43,71] and provide a foundation for better
understanding the temporal dynamics of sediment contamination in Durban Harbour.

Despite the resilience shown by G. lignorum, the findings highlight the importance
of regular environmental monitoring and the development of localized sediment toxicity
guidelines tailored to the specific conditions of Durban Harbour. The results also highlight
the need for a holistic approach to contamination assessment, considering both heavy
metals and microplastics as interacting stressors. While this study did not find evidence of
acute toxicity, the potential for cumulative or chronic impacts remains a concern, emphasiz-
ing the need for further research into the long-term effects on amphipod populations and
the broader ecosystem.

5. Conclusions

Prior to this study, the complex interplay between heavy metal contamination, mi-
croplastic pollution, and ecological health in Durban Harbour had not been systematically
investigated. This underscores an urgent need for research that elucidates the synergistic
interactions between microplastics and co-occurring contaminants such as metals and
organic compounds in urbanized estuarine systems. The observed spatial and temporal
variability in both metal concentration and microplastic abundance (Figure 2; Table 2)
reflects the influence of anthropogenic activities and land use patterns within the harbour
catchment. These patterns suggest that point-source inputs including stormwater drains,
industrial discharges, and urban runoff play a significant role in shaping contaminant
distributions. Although amphipod survival rates indicated resilience to current sediment
contamination levels, tissue metal accumulation revealed selective uptake and regulation,
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suggesting potential physiological adaptation or avoidance mechanisms. These findings
highlight the need for localized toxicity thresholds to better protect native benthic species
such as Grandidierella lignorum.

Interestingly, the lack of correlation between microplastic abundance and metal con-
centrations suggests distinct transport and deposition mechanisms, complicating their
ecological interactions. Moreover, element-specific relationships between sediment and
tissue metal concentrations reinforce the complexity of bioaccumulation dynamics, which
may be influenced by particle size, polymer type, and metal speciation. While acute toxic-
ity was not evident, the potential for chronic sub-lethal effects on G. lignorum and other
sediment-dwelling organisms warrants long-term monitoring and ecotoxicological investi-
gation. These effects may include impaired reproduction, altered behaviour, or immune
responses, which are not captured by short-term survival assays.

This study demonstrates the value of integrating chemical, biological, and physical
analyses to assess environmental contamination comprehensively. It also emphasizes the
need for, targeted management strategies, stricter pollution controls, and the develop-
ment of regional sediment quality guidelines. Such measures are essential to mitigate the
ongoing impacts of industrialization and urbanization in Durban Harbour and similar
estuarine ecosystems.
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Appendix A

Table Al. Anthropogenic activities at Durban Harbour sites.

Site Key Anthropogenic Activities Potential Contaminant Sources
Marina Bank Recreational boating, small vessel maintenance Antifouling paints (Cu, Zn), fuel spills (PAHs)
Yacht Bank Luxury yacht berthing, hull cleaning Tributyltin (TBT) residues, microplastic fibres
Little Lagoon Stormwater runoff, urban effluent discharge Street runoff (tire wear particles, Pb, Cd)
Western Bank Industrial cargo handling, dry dock operations Paint chips (Cr, As), ballast water metals (Ni, Hg)
Central Bank Commercial shipping, port infrastructure maintenance  Diesel particulates, welding debris (Fe, Mn)
Table A2. Metal concentration (ug/g) with standard deviation in Durban Harbour collected from
different areas in Durban Harbour according to land use: Little Lagoon (LL), Yacht Bank (YB), Marina
Bank (MB), Western Bank (WB), and Central Bank (CB).
Al Cr Cu Fe Mn Zn Pb
LL 193 +0.133 0.5+ 0.001 20+ 0.4 1720 +0.18 40 £ 0.01 6+ 0.133 _
YB  581+0.1 6 £ 0.003 375 £0.05 127 £ 0.1 30 £ 0.004 60 £ 0.006 _
Autumn MB  155+0.1 14 40.0056 5+ 0.05 197 £0.18 0.9 £0.0004 9 =£0.004 1.1 4+ 0.04
WB 1169 + 0.4 7 £ 0.004 217 £0.08 2319 £0.002 2300 4 0.002 26 & 0.008 _
CB 2354 0.005 30 £ 0.009 460 £ 0.05 7 £+ 0.004 19 £ 0.003
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Table A2. Cont.
Al Cr Cu Fe Mn In Pb
LL 440.6 + 0.52 _ 7.3 +0.05 907.3 £ 0.3 24.3 +0.05 _
YB 308 £+ 3.6 _ 21 +£45 315+ 6.4 _ _ _
Winter MB 460 + 0 . 723 +04 978.2 + 34 657 +£1.5 .
WB 553 + 3 _ 13 4+£5.2 1136 = 5.7 _ _ _
CB 413 + 119 _ 650 + 16.7 203 £ 0.5 _ _ _
LL 515.6 = 1.0 . 4.8 +0.07 467.3+ 0.9 2.63 £+ 0.031 . _
YB 706.6 = 12.2 _ 687.3 +£12.3 2700 + 156 _ 166.7 £ 156.2
Summer MB 487 + 12 _ 443 +1.1 1262.6 +19.6 6.0+ 0.3 _
WB 460 + 10 . 27.6 £1.1 919.1 +10.7 31.3+05 . .
CB 205.6 + 2.8 _ 57+07 545 +4.3 11+0 _ _
LL 4233+ 5.7 _ 211+ 6.2 657 +13.1 31615 _
YB 415+ 1.7 . 315.6 £ 0.5 1438 4+ 12.58 0.7 + 0.05 _
Spring MB 688.6 +24.1 _ 210.6 = 5.1 865.6 - 12.4 _ _ _
WB 836.6 = 5.7 _ 139 66.3 + 0.57 _ _ _
CB 807 £+ 24.7 . 368.3 + 2.0 1134 + 6.9 _ _ _
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Figure A1. Seasonal biplots of variation in metal concentrations in Durban Harbour.
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Figure A2. FTIR analysis confirmed the presence of polyethylene (PE), polypropylene (PP), and
polyethylene terephthalate (PET) in microplastics collected from Durban Harbour: (a) The spectral
features in the 2800-3000 cm ! range, corresponding to aliphatic C-H stretching vibrations, are
characteristic of organic polymers like PE and PET, (b) Polypropylene (PP) was identified by its
distinctive C-H bending and methyl group vibrations near 1375 cm~! and 1450 cm~?, (c) An

—1 js not intrinsic to PP but is often attributed to additives

additional feature observed around 1725 cm
or oxidation products. Furthermore, the presence of polythiophene derivatives was indicated by
vibrations of the 7-conjugated backbone, specifically C=C stretching modes between 1400 and

1600 cm ™!, which are typical of conductive organic polymers.
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