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Abstract

Since the establishment of a free economic zone and a simultaneous increase in the population of the QwaQwa region,
aquatic systems of the area were expected to undergo an increase in metal contamination. The aims of this study were to
assess the quality of sediments from the Metsi-Matsho, Namahadi and Elands Rivers of the QwaQwa region, and to investi-
gate their impact on the survival and reproduction of the collembolan Folsomia candida. Due to the lack of freshwater sedi-
ment quality guidelines in South Africa, metal contents of the sediments were analysed and critically interpreted using the
national action list for the screening of dredged sediment proposed for marine disposal, and international sediment quality
guidelines (SQGs). In the laboratory, F. candida was exposed to 0, 50, 75 and 100% of the sediment samples for 28 days at
20 °C. Sediments were variably contaminated with Cr, with the Namahadi River middle site having the highest concentra-
tion (569 mg.kg~!, dry weight) followed by the lower site on the Elands River (529 mg.kg™!, dry weight), both above the
recommended prohibition level of 500 mg Cr.kg™!. According to the consensus-based SQGs, only the concentrations of Cr
and Ni (upper reach of Metsi-Matsho River) were higher than probable effect concentration, denoting that harmful effects of
those metals are likely to occur. Of the two endpoints assessed, reproduction was the most sensitive with the upper reach of
the Metsi-Matsho River (half maximal effective concentration, EC5,=24% sediment) being the most deleterious site to the
reproduction of F. candida. Ecotoxicological bioassays using F. candida could be suitable complements to chemical analysis
in the assessment of the ecological risks of freshwater sediments as this collembolan species is sensitive to sediments with
variable ranges of metal contamination.
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Introduction

Water safety and quality are fundamental to human develop-
ment and well-being (WHO, 2003). The water right is the
right for humans to access water of adequate quality and in
sufficient quantity to meet their basic needs (WHO, 2003;
Benettayeb et al., 2022a, 2022b). However, the availability
of sufficient and good-quality water resources in parts of
Africa is often unlikely due to the lack of strict pollution
regulations regarding the dumping of hazardous waste in
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the environment (Yabe et al., 2010). Predominant sources
of water pollution are soil erosion, leaching from dumping
sites, agriculture, industrialization, urbanization, and other
activities that lead to waste discharge in rivers, lakes, and
dams (Akhtar et al., 2021; Benettayeb et al., 2022a, 2022b,
2023).

Moreover, river sediments can be better indicators of
the contamination status of a watercourse than water sam-
ples themselves (Binning & Baird, 2001; Ustaoglu & Tepe,
2019). Once in the river water, the pollutants often diffuse
from the water column and become adsorbed onto the sedi-
ments. These sediment-bound contaminants are often more
excessive in magnitude than the contaminants in the water
column (Daskalakis & O’Connor, 1995). From the sedi-
ments, they can be further mobilized or released depend-
ing on the changes to the natural state of the waterbody
(De Groot et al., 1976; Benettayeb et al., 2022a, 2022b;
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Benettayeb & Haddou, 2023). Thus, waterbodies with
degraded sediment quality often indicate deteriorated water
quality.

Characterizing the extent of sediment (and water) con-
tamination can be expensive and time-consuming. A number
of sediment quality guidelines (SQGs) for freshwater sedi-
ments have been developed for different purposes including
sediment quality criteria, sediment quality standards and
designing monitoring programs (USEPA, 1997a; CCME,
2001). They are also useful in cataloguing contaminants
of concern in freshwater ecosystems at local, regional or
national levels (USEPA, 1997a, b). The SQGs used together
with sediment (eco)toxicity tests represent a useful and com-
plementary approach to evaluating the quality of freshwater
sediments (Ju et al., 2022; Sahli et al., 2021). SQGs rely
solely on chemical analyses of the sediment and should be
complemented with data describing the effects of the sedi-
ment as a whole on organisms that might come in contact
with it (Cesar et al., 2015a; Sahli et al., 2021). To better
understand how concentrations of single and mixture of
metals in freshwater sediments affect their toxicity, it can
be helpful to use Folsomia candida, a terrestrial organism
adapted to a moist environment. Folsomia candida is a cos-
mopolitan collembolan species that can be found in almost
all biogeographical regions over the world (Bellinger et al.,
2023), where it can reach high densities (Handschin, 1955).
It prefers high organic matter like in compost or manure and
has a significant influence on soil microbial ecology, decom-
position of organic material and nutrient cycling, thus useful
bioindicator (Culik & Zeppelini, 2003). Folsomia candida,
which is a sensitive soil invertebrate dwelling in direct con-
tact with the substrate in which it lives (Crouau et al., 1999)
can be used to evaluate the ecotoxicity associated with land
disposal of sediments (Cesar et al., 2015a, b; Vezzone et al.,
2018). Here the approach is extended by adding different
doses of artificial OECD (Organization for Economic Co-
operation and Development) soil to sediments in order to
find out whether these would affect the toxicity of metals.
Moreover, at present, it is unknown whether information
provided by F. candida toxicity tests may in certain extent
corroborate the SQGs.

Various studies on the toxicity of metal-contaminated
sediments with nematodes, earthworms and enchytraeids
showed decreased survival, growth and reproduction (Cesar
et al., 2014, 2015a, b; Heininger et al., 2007; Hoss et al.,
1997, 2010; Tietjen & Lee, 1984; Traunspurger et al., 1997;
Vezzone et al., 2018). Fewer studies have been conducted
with Collembola and freshwater sediments (Cesar et al.,
2015a, b; Vezzone et al., 2018). In metal-contaminated
sediments, an increase in the reproduction and sometimes
mortality and habitat avoidance of F. candida is known to
occur (Cesar et al., 2015a, b; Vezzone et al., 2018).
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A limited number of studies conducted in the QwaQwa
region have focused on river and dam water quality (Mot-
holo, 2014) and on the pressure exerted by wastewater
treatment plants (WWTPs) on the terrestrial (Mosolloane
et al., 2019) and the aquatic environments (Moloi et al.,
2020). There is a knowledge gap on river sediment in the
region, especially regarding their levels of metal contamina-
tion and the potential effects thereof on sediment-dwelling
organisms. This region is generally plagued by poor service
delivery, indiscriminate garbage dumps, and domestic, agri-
cultural, and industrial effluents flowing unabated into major
waterways.

The aims of the present study were therefore to (1) assess
the quality of three river sediments from the QwaQwa region
of the eastern Free State of South Africa using SQGs for 8
metals and (2) to conduct ecotoxicity assessments of the
effects associated with the disposal of river sediments in
OECD soil to F. candida using survival and reproduction as
endpoints. To this end, the quality of freshwater sediments
was assessed using SQGs for 8 metals, and F. candida tox-
icity tests using gradients of sediment doses from different
reaches of three rivers from the region. River sediments from
various locations were sampled and metal analyzed for 8 key
metals of interest (As, Cd, Cr, Cu, Hg, Ni, Pb and Zn), and
exposed the collembolan F. candida with gradients of sedi-
ment doses. This study was carried out within the QwaQwa
region of South Africa between December 2020 and March
2021.

Materials and methods
Study area

The study area lies within the QwaQwa region. It included
upper and middle reaches of the Metsi-Matsho and Nama-
hadi Rivers, as well as the Elands River which is formed by
the merging of both the Metsi-Matsho and Namahadi Rivers.
The QwaQwa region forms part of the Maluti-a-Phofung
Municipality and is found in the summer-rainfall part of
South Africa where summers stretch from 1 November to
31 March (Moeletsi & Walker, 2012). Most precipitations
fall in January with an average of 184 mm. January is also
the warmest month of the year with an average tempera-
ture of 17.8 °C, while July is the coldest with a temperature
averaging 6.7 °C. The study area rises from 1700 to 2000 m
above sea level (see Fig. 1).

Sediment samples collection
Between December 2020 and March 2021, sediment sam-

pling occurred at the sites presented in Fig. 1 and Table 1.
Site selection was governed by the longitudinal presentation
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Fig.1 Map of the study area
showing the sediment sampling
sites indicated with red arrows
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Table 1 Sediment sampling sites and their GPS coordinates

Rivers Sites Coordinates

Namahadi Upper Site 28°38'59"” S 28°53' 50.4" E
Middle Site 28°34'22.7" S 28°51'27.2" E

Metsi-Matsho Upper Site 28°34'22.7" S 28°0' 0.0" E
Middle Site 28°33'52.4" S 28°53' 46.1" E

Elands Lower Site 28°29'49.2" S 28°49'42.0" E

All the sites were located within the Maluti-a-Phofung Municipality

of the river reaches (upper, middle and lower) and site acces-
sibility. As shown in Fig. 1, the Elands River represented the
joint lower reach of both the Metsi-Matsho and the Nama-
hadi Rivers. Both rivers had independent sampling points
representing the middle and upper reaches. Amongst the five
chosen sites, Metsi-Matsho upper was located immediately
below the Metsi-Matsho Dam. The others were located at
different elevations along the selected rivers with no nearby
artificial impoundment. The sediment samples were col-
lected, following the USEPA (2007) standard method, from
the riverbed at a depth of 5-15 cm using a shovel. The sam-
ples were stored temporarily in clean polyethene bags and

transported to the laboratory where they were stored at 4 °C
until further processing.

Preparation of the exposure treatments

Before carrying out the bioassay, the sediment samples
were air-dried and sieved through a 2 mm sieve. The OECD
artificial soil (OECD, 2004) was used as a control soil. It
was made from 10% sphagnum peat (air-dried and sieved to
2 mm), 20% kaolin clay, and 70% sand. The pH of the arti-
ficial soil was 5.5. The sediment samples were thoroughly
mixed with the OECD artificial soil to make up four con-
centrations (in %) of each of the sediment samples, namely:
0 (OECD soil only), 50, 75 and 100% (sediment soil only).

Folsomia candida exposures

The present study made use of the springtail species F. can-
dida as the experimental organism. Folsomia candida was
readily available from a laboratory culture maintained on a
moist plaster of Paris substrate and fed baker’s yeast twice a
week. Folsomia candida is a standard test species used for
the testing of terrestrial habitats (ISO, 1999). The standard
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F. candida toxicity test described in ISO-guideline 11,267
was used as the exposure protocol (ISO, 1999). Cohorts of
ten specimens (aged ten to twelve days old) were exposed to
20 g of the sediment treatments and placed in a climate con-
trol chamber (Labcon low-temperature incubator) at 20 °C in
darkness for 28 days. During the course of the experiment,
F. candida was fed 5 mg per treatment of granulated dry
baker’s yeast weekly.

At the end of the test, a floatation technique (using
100 mL water stained with 100 uL of black ink per test ves-
sel) was performed (McKee et al., 2017). Floating F. can-
dida individuals were then photographed using a Samsung
Galaxy J4 Core 4 smartphone with a built-in rear HDR
camera (1080p/30 frames per second). Adult and juvenile
organisms on the images were counted using the “CountTh-
ings” application by Dynamic Ventures, Inc. (available on
Google Play). The total number of adults and juveniles for
each treatment and each river site was recorded.

Metal analyses

Total metal analyses of the sediment samples were done
using the EPA (Environmental Protection Agency) 3052 pro-
tocol (USEPA, 1996) and metal analysis of sediment—water
extracts was performed according to Kingston and Walter
(1998). The water extraction procedure provided the con-
centrations of metals that were supposedly bioavailable to
the organisms that might interact with the river sediments.
This was useful to help flag those metals and sediment
samples that might have deleterious effects on sediment-
dwelling organisms in the rivers. The analyses were con-
ducted by Waterlab (Pty) Ltd in Pretoria, Gauteng Province,
South Africa. All metal concentrations were measured and
expressed in sediment dry weight. Due to the lack of river
sediment quality guidelines in South Africa, the national
action list guidelines for marine environments were used
to evaluate the possible environmental impact of the met-
als present in the sediment samples. The National Action
List can be assessed online at https://www.dffe.gov.za/sites/
default/files/docs/marinedisposal_actionlist_technicalreport.
pdf. The National Action List is approved and standardized
by the South African Department of Environmental Affairs
and Tourism. Therein, the sediment, based on the concen-
tration of key metals of interest (As, Cd, Cr, Cu, Hg, Ni,
Pb and Zn), is classified as belonging to the Action Level
or Prohibition Level categories (Table 2). These guidelines
consider the sediment moderately contaminated if the metal
concentrations fall between the Action Level and Prohibi-
tion Level. The sediment is considered highly contaminated
if the concentrations of the metals exceed the Prohibition
Level (Table 2). It is stated in the document that the pres-
ence of these metals in the sediment does not imply that they
could cause adverse biological effects within the ecosystem.
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Table 2 Acceptable concentration ranges and thresholds used for the
screening of dredged sediment proposed for marine disposal weight,
and standardized by the South African Department of Environmental
Affairs and Tourism

Metals Action level (mg.kg™") Prohibition
level (mg.
kg™

Cd 1.5-10.0 >10.0

Hg 0.5-5.0 >5.0

Or for a combined level of 1.0-5.0 >5.0

these metals

As 30-150 > 150

Cr 50-500 >500

Cu 50-500 >500

Pb 100-500 >500

Ni 50-500 >500

Zn 150-750 >750

or a combined level of 50-500 >500

these substances

Results were further evaluated using six SQGs for fresh-
water sediments (Long & Morgan, 1991; EC & MENVIQ,
1992; Persaud et al., 1993; Smith et al., 1996; MacDonald
et al., 2000; CCME, 2001). From these SQGs, the adverse
effects of metals found in sediments are dependent on their
concentrations and defined as threshold effect level (TEL),
lowest effect level (LEL), minimal effect threshold (MET),
effect range low (ERL), probable effect level (PEL), severe
effect level (SEL), toxic effect threshold (TET) and effect
range median (ERM) (Table 3). Moreover, to provide an
additional ecological dimension to the recorded metal con-
centrations, two indexes from MacDonald et al. (2000) were
used, namely the threshold effect concentrations (TEC); the
concentrations below which a toxic effect on freshwater
organisms will rarely occur, and the probable effect concen-
trations (PEC); the concentration levels above which adverse
effects are likely to occur.

Statistical analysis

Statistical analyses of the survival and reproduction data
were performed in GraphPad Prism version 5.00 (Graph-
Pad Software, San Diego, CA, USA, www.graphpad.com).
Parametric data were analysed using One-way ANOVA,
with Bonferroni post-test. Non-parametric data were ana-
lysed using the Kruskal-Wallis ANOVA followed by Dunns’
test. The level of significance was p <0.05. ToxRat® version
2.10.05 (Toxicity Response Analysis and Testing; ToxRat
solutions GmbH, Alsdorf, Germany) was used to calculate
median lethal concentrations (LCs,) and half maximal effec-
tive concentrations (ECs,) whenever possible.
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Table 3 Sediment quality

o , Metals Long and EC and Persaud Smithetal. CCME MacDonald et al. (2000)

guidelines for the protection of ;1o ko=l Morgan  MENVIQ  etal. (1996) (2001)
aquatic organisms, adapted from dw) (1991) (1992) (1993)
Long and Morgan (1991), EC
and MENVIQ (1992), Persaud ERL ERM MET TET LEL SEL TEL PEL TEL PEL Consensus- Consensus-
et al. (1993), Smith et al. (1996) based TEC based PEC
and the Canadian Council of
Ministers of the Environment As 33 85 7 17 6 33 5.9 17 5.9 170 9.79 33.0
(CCME, 2001) Cd 5 9 09 3 0.6 10 059 353 0.6 35 0.99 4.98

Cr 80 145 55 100 26 110 373 90 37.3 90 434 111

Cu 70 390 28 8 16 110 357 197 357 197 31.6 149

Hg 0.15 1.3 02 1 02 2 0.174 0.486 0.17 0.486 0.18 1.06

Ni 30 50 35 61 16 75 18 36 na na 22.7 48.6

Pb 35 110 42 170 31 250 35 913 35 913 358 128

Zn 120 270 150 540 120 820 123 315 123 315 121 459

ERL Effect range low, ERM Effect range median, MET Minimal effect threshold, TET Toxic effect thresh-
old, LEL Lowest effect level, SEL Severe effect level, TEL Threshold effect level, PEL Probable effect
level, TEC Threshold effect concentrations, PEC Probable effect concentrations.

Table 4 Total metal concentrations (in mg.kg™") in sediments from
the Metsi-Matsho, Namahadi and Elands Rivers

Metsi-Matsho river Namabhadi river Elands
river
Metals Upper site Middle Upper site Middle Lower site
site site
As 3.62 3.09 5.70 4.67 4.17
Cd 0.00 0.00 0.00 0.00 0.00
Cr 416 472 400 569 529
Cu 66.0 17.0 36.0 37.0 33.0
Hg 0.00 0.00 0.00 0.00 0.00
Ni 68.0 16.0 43.0 46.0 37.0
Pb 13.0 11.0 14.0 9.14 31.0
Zn 93.0 133 85.0 90.0 178

Underlined values indicate values that exceed the action level
threshold and values in bold indicate values that exceed the prohibi-
tion level based on the National Action List from the South African
Department of Environmental Affairs and Tourism

Results and discussion

Results
Metal concentrations

The water extraction method only revealed the presence of
Zn, at the Metsi-Matsho upper site, at the minute concentra-
tion of 0.05 mg.kg™'. In the other rivers and sites, none of
the eight metals of interest were present in the water extracts.
The results of the total metal analysis for the eight elements
of interest are provided in Table 4.

Cr was found to have the highest concentration. It meas-
ured 569 mg.kg~! in the Namahadi River middle site,
526 mg.kg~! in the Elands (the lower site) and 472 mg.kg™!
in the Metsi-Matsho River middle site. In the Metsi-Mat-
sho River, the concentrations of this element exceeded the
action level threshold at both the upper and middle sites but
remained below the prohibition level threshold (Table 4).
In the Namahadi River, Cr exceeded the action level thresh-
old in the upper reach of the river and the prohibition level
threshold in the middle site. In the Elands River, the lower
site, the Cr concentration exceeded the prohibition level
threshold (Table 4).

The second metal with the highest concentrations was
Zn which measured 178 mg.kg™! in the joint lower site on
the Elands River (Table 4). Zn concentrations in the Metsi-
Matsho River (93 and 133 mg.kg™", upper and middle sites,
respectively) remained below the action level of 150 mg.
kg~! and never exceeded the prohibition level (i.e.,> 750 mg.
kg™!). The same was observed in the Namahadi River where
Zn was measured at 85 mg.kg~! and 95 mg kg™ in the upper
and middle sites, respectively.

Ni was the third highest concentrated metal, measuring
68 mg.kg~! in the upper site of the Metsi-Matsho River, thus
exceeding the action level threshold (Table 2). In the other
rivers, it remained below the action level threshold of 50 mg.
kg™!. The last metal to exceed the action level threshold was
Cu, which measured 66 mg.kg~! in the Metsi-Matsho upper
site but remain below this threshold in all the other rivers.
Pb and As never reached levels high enough to exceed the
action level threshold, let alone the prohibition level. Cd and
Hg were detected in none of the sediment samples assessed
in this study (Table 4).

Based on the National Action List Guidelines (Table 2),
the sediment samples collected in the present study can
be categorized as pollutant class I because their total
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concentrations of Cd did not exceed 10 mg.kg™!, Hg did
not exceed 5 mg.kg™!, As did not exceed 150 mg.kg™!, Cu,
Cr, Pb and Ni do not exceed 500 mg.kg~!, and Zn did not
750 mg.kg™".

Based on the SQGs for freshwater sediments i.e., using
Table 3 (Long & Morgan, 1991; EC & MENVIQ, 1992; Per-
saud et al., 1993; Smith et al., 1996; CCME, 2001), the fol-
lowing was found: Cr concentrations far exceeded all types
of SQGs adopted (ERL, MET, LEL, TEL, ERM, TET, SEL
and PEL) everywhere. Cu exceeded LEL and MET at the
lower site, LEL, MET and TEL at the upper and middle
sites of the Namahadi River and far exceeded LEL, MET
and TEL at the upper site of the Metsi-Matsho River. Ni was
higher than LEL, TEL, ERL, MET and PEL at the lower,
middle and upper sites of Namahadi River, while it exceeded
LEL, TEL, ERL, MET, PEL, ERM and TET at the upper site
of Metsi-Matsho River. Zn exceeded ERL, LEL and TEL at
the middle site of the Metsi-Matsho River, whereas it was
far above ERL, LEL, TEL and MET values at the joint lower
site of the two rivers.

The consensus-based sediment quality guidelines devel-
oped by MacDonald et al. (2000), provide a unifying syn-
thesis for assessing sediment quality conditions in fresh-
water ecosystems. The comparison of metal concentrations
to the consensus-based SQGs revealed that metal levels
exceeded TEC and PEC in 100% of samples for Cr. Eighty
per cent (80%) of samples exceeded TEC (but not PEC) for
Cu including the upper site of Metsi-Matsho, the upper and
middle sites of Namahadi River and the joint lower site of
Elands River. Eighty per cent (80%) of the samples were
above TEC (but 20% of samples were higher than PEC) for

Ni including the upper site of Metsi-Matsho, the upper and
middle sites of Namahadi River and the joint lower site of
the two rivers. Forty per cent (40%) of samples exceeded
TEC for Zn at the middle site of Metsi-Matsho and the joint
lower site of the two rivers. Only the concentrations of Cr
and Ni (upper site of Metsi-Matsho River) were higher than
PEC, denoting that harmful effects of those metals are likely
to occur. Moreover, the mean PEC-Qs for studied sediments
were 0.99 and 0.85 for upper and middle sites of Metsi-Mat-
sho River, while the values were 0.86 and 1.12 for upper and
middle sites of Namahadi River. The mean PEC-Qs value of
the Elands River was 1.08.

Survival and reproduction of Folsomia candida

After the 28-day exposure of F. candida, there was no indi-
vidual mortality in the control and all the sediment treat-
ments from the Metsi-Matsho, Namahadi and Elands Rivers.
Figure 2 presents the reproduction of F. candida after expo-
sure to the sediment samples from all three rivers.

The reproduction of F. candida was statistically similar
in all the sediment treatments from Metsi-Matsho upper and
Metsi-Matsho middle (p > 0.05, Fig. 2). When compared
with F. candida reproduction in the treatments from the
Elands (lower site), it was found that in the pure sediment
from the Elands (100% sediment treatment), statistically
more reproduction occurred than in the 75 and 100% sedi-
ment treatment from Metsi-Matsho middle (p <0.05, Fig. 2).

The half-maximal effective concentration (ECs,) was cal-
culated for the sediment collected from all river sites. In the
Metsi-Matsho River, the sediment ECs, values were 24% in

Fig.2 Reproduction of Folso-
mia candida after 28 days of

[J100% OECD soil m50% sediment + 50% OECD soil

75% sediment + 25% OECD soil & 100% sediment

exposure to the Metsi-Matsho,

Namahadi and Elands sediments 200
at 20 °C. Data are represented 180
as means + SE of three repli-
cates. Different letters above the 160
bars indicate significant differ-
ences (p<0.05) e 140
S 120
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Table 5 The calculated ECs, values in percentage for each river site

Rivers EC;, values (%) for each river site

Upper Middle Lower (Elands River)
Metsi-Matsho 24 54 > 100
Namahadi 60 54

the upper site, and 54% in the middle site. In the joint lower
site on the Elands River, the ECs, had further increased
to>100% (Table 5), indicating a decrease in sediment tox-
icity when going from the upper to the lower reaches of
these river systems.

In the sediments from the Namahadi River, the repro-
duction of F. candida was similar in all treatments from
the upper and middle sites (p > 0.05, Fig. 2). There was
no statistical difference between the reproduction rates in
the sites on the Namahadi River and the lower site on the
Elands (p>0.05). The ECs, values for the sediments from
the Namahadi River decreased from 60% in the upper site to
54% in the middle site, and then it increased to> 100% in the
lower site on the Elands River (Table 5). This indicated that,
in the Namahadi, sediment toxicity to F. candida increased
from the upper to the middle site, and then it decreased dra-
matically in the lower site on the Elands River.

Discussion

Metal concentrations in the sediment varied between the
upper, middle, and lower sites of the three rivers of inter-
est except for Cd and Hg which were not detected in any of
the samples investigated. This means that all three rivers
were not contaminated with Cd and Hg and that there are

no natural sources of these metals along the river courses.
However, studies from South Africa, have reported Cd con-
centrations that fall below the action level (1.5-10.0 mg.
kg_l, Awofolu et al., 2005; Gerber et al., 2015) and within
the range of the action level (Edokpayi et al., 2016).

Total metal concentrations of Zn and Pb from Elands
River (lower site) were much higher than concentrations in
sediments from the Metsi-Matsho and Namahadi Rivers.
This may be due to the fact that many of the wastewater
treatment plants found in Phuthaditjhaba discharge their
treated effluents near the Elands River. Moloi et al. (2020)
found that effluents from local wastewater treatment plants
in Phuthaditjhaba were not exempted from metals and con-
cluded that the concentrations of metals in water from the
Elands River originated from multiple sources.

The very high concentrations of Cr (within the action
level ranges and even worse, above the prohibition level
[>500 mg.kg™!] at the middle site of the Namahadi River
and lower site on the Elands River) were not surprising,
since with the establishment of a free economic zone and
a simultaneous increase in the population of the QwaQwa
region, aquatic systems of the area were expected to undergo
an increase in metal contamination. According to Liedtke
(2018), the region houses a mosaic of industries ranging
from the furniture, textile, leather, and dairy to the agri-
cultural, and aluminium industries (Liedtke, 2018). Such
bustling industrial activities, in a region whose population
has been increasing since the 1970s (Krige, 1995; Statistics
SA, 2011) with reported failed wastewater treatment plants
(Moloi et al., 2020; Mosolloane et al., 2019) create ideal
conditions for the sort of metal pollution reported in this
contribution. The comparisons between the levels of met-
als in sediments recorded in the QwaQwa region and those
reported in other rivers of South Africa (Table 6) show that

Table 6 Measured metal concentrations in sediments of some rivers in South Africa

Reference Site Concentration metals in sediment (mg kg™! dry weight)

Cd Hg As Cr Cu Pb Ni Zn
Gerber et al. (2015) Olifants River 0.18 - 0.21 112.3 29.1 22 412 75.5
Gerber et al. (2015) Letaba River 0.08 - 0.098 50.8 19 1.8 10.9 259
Gerber et al. (2015) Luvuvhu River 0.15 - 0.073 83.7 36.4 3.2 32 65.1
Awofolu et al. (2005) Tyume River 0.003 - - - 0.297 0.052 0.599 0.329
Jackson et al. (2009) *  Plankenburg River - - - - 0.85-251.8 7.38-275 0.62-11.7 19-269.5
Jackson et al. (2009) *  Diep River - - - - 0.3-370.5 0.09-643.06 0.07-15.81 0.9-1081.2
Edokpayi et al. (2016) Mvudi River 2189 - - 96.873 194.65 5.371 - 280.133
Current study * Metsi-Matsho River  bdl bdl 3.09-3.62 416472 17.0-66.0 11.0-13.0 16.0-68.0  93.0-133
Current study * Namahadi River bdl bdl 4.67-5.70 400-569 36.0-37.0  9.14-14.0 43.0-46.0  85.0-90.0
Current study Elands River bdl bdl 4.17 529 33.0 31.0 37.0 178

*=the lowest and highest concentrations are reported
—=metals not analysed
bdl below detection limit by <0.05 mg.kg™!
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the rivers of the region could be considered some of the most
critically polluted in the country.

To estimate the ecotoxicity of the sediments from the
Metsi-Matsho, Namahadi and Elands Rivers, a comparative
study was carried out with sediments from different reaches
of these rivers using the springtails F. candida. The end-
points assessed i.e., reproduction and survival, are of para-
mount relevance as they are the most important functions in
the life cycle of an organism (Vezzone et al., 2018; Woin &
Bronmark, 1992). The present study revealed that the repro-
duction of F. candida was much more sensitive than survival
and this was more evident when the substrate was made
up of 100% of sediments. This finding was consistent with
previous studies on the toxicity of sediments to springtails
(Cesar et al., 2015a; Vezzone et al., 2018).

When comparing the chronic toxicity of sediments, three
factors should be taken into consideration: (i) the effect of
the mixture of metals on the toxicity of each single metal,
(ii) the effect of sediment properties on the toxicity of the
metals and (iii) the (probable) effect of other toxicants pre-
sent in the sediments, that can jointly influence the toxicity
of all the toxicants in the matrix.

The use of SQGs is a quick way to interpret sediment
quality as it provides useful information on the metals of
concern and the sediment samples that are likely to be toxic
to sediment-dwelling organisms (MacDonald et al., 2000;
Sahli et al., 2021). According to the consensus-based sedi-
ment quality criteria, the mean quotient (m-PEC-Qs) of
measured metal concentrations predicted sediment samples
to be toxic (m-PEC-Qs ~ 0.5), indicating a high potential
harmful effect to benthic fauna (MacDonald et al., 2000; Niu
et al., 2009). Thus, all the studied sediments were potentially
toxic to freshwater organisms.

The sediment toxicity tests indicated that F. candida
responded differently to the sediment samples. Indeed, the
ecotoxicity results provided the same type of information as
the SQGs except for the sediments of Elands River where
the expected toxic effects on the reproduction of F. can-
dida could not be observed. It was observed that the col-
lembolans exposed to 100% sediment from the Elands River
significantly increased their numbers compared to 75-100%
sediment from Metsi-Matsho middle. The improvement of
reproductive performance may be related to additive (ben-
eficial) effects of certain metal ions from treated effluents
discharged in the river. Regarding the treated effluents dis-
charged in the Elands River, study by Moloi et al. (2020)
reported significantly high concentrations of certain metal
ions in water samples after discharge, in particular Mg, Fe,
Pb and Zn. Indeed, in the present study, the micronutrient Zn
steadily increased from the upper to the lower reaches of the
rivers with its highest concentration found in the joint lower
site of the Elands River (Table 4). Cu, the other micronutri-
ent assessed, had one of its highest concentrations, when

@ Springer

compared to the main rivers, in the joint lower site as well
(Table 4).

The ECs, results were markedly the lowest for the upper
Metsi-Matsho (24%) compared to the other sites (Table 5).
Interestingly, according to the consensus-based SQGs (Mac-
Donald et al., 2000) the sediments from the upper Metsi-
Matsho exhibited a complex mixture of two metals (Cr and
Ni) with concentrations above PEC. The SQGs have been
designed for aquatic organisms (e.g., Chironomus riparius),
however, using other organisms (e.g., terrestrial ones, see
Hoss et al., 2010) may make this approach a promising one
for evaluating sediment toxicity using terrestrial organisms
too. Folsomia candida has been found a suitable candidate
for the assessment of trace metals in sediments (Cesar et al.,
2015a; Vezzone et al., 2018). A study by Vezzone et al.
(2018) comparing dredged sediments doses of 0%, 2.5%,
5%, 10%, and 20% from the Rodrigo de Freitas Lagoon (Bra-
zil) supplemented with either artificial soil (70% of quartz
sand, 20% of kaolin and 10% of coconut shells dust) or natu-
ral soils (chernosol, ferralsol), found a reproduction ECy,
values of 2.8 and 4.9%, which are far lower than those found
in this study (24, 54, 60, and > 100%, Table 5). In a previ-
ous study, Cesar et al. (2015a), amended dredged sediments
from the Guanabara Bay basin in Brazil with chernosol and
ferralsol and estimated ECs, value of 9.52%.

In the present study, generally, the mixture of sediments
with OECD soil tended to decrease the reproduction of col-
lembolans, except for the joint lower site (the Elands River)
whose sediment was found to be the optimum breeding
matrix for F. candida. Perhaps the combination and levels
of metals at this site made the pure sediment (i.e., 100% of
the Elands River sample) most conducive to oogenesis in
the test organism.

In the present study, no information on the geological
properties of the sediments was recorded. Apart from sedi-
ment properties, the contribution of other contaminants in
the sediments might have influenced the observed results.
However, it is unlikely to successfully measure all the toxi-
cants present in such complex river systems, especially given
the interest in metals shown in this study. Our approach nev-
ertheless revealed the intricate ecotoxic dynamics between
sediments collected at different reaches of the rivers of
interest, with surprisingly low toxic effects in the upper site
assessed.

Conclusion

In this study, the quality of sediments across all the river
sites was assessed with the aid of the combination of F. can-
dida bioassay and sediment quality guidelines (SQGs) for
freshwater ecosystems. The hindering effects of the sediment
samples on the reproduction of F. candida indicate existing



International Journal of Energy and Water Resources

toxicological threats to aquatic species in these rivers, espe-
cially sediment-dwelling ones. Cr contamination particu-
larly far exceeded the prohibition level in the Namahadi and
Elands Rivers, as well as the concentration levels previously
reported in South African rivers. The diverse sources of
river pollution in the study area could be wastewater efflu-
ents from the Phuthaditjhaba wastewater treatment plant,
domestic and industrial waste disposal in waterways, runoff
from agricultural lands, leaching from landfill sites near the
rivers, and atmospheric depositions amongst others. The
findings of this study highlight the need for uniquely South
African sediment quality guidelines for freshwater systems
and the adoption of macroinvertebrate bioassays from vari-
ous trophic levels for the assessment of sediment quality.
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