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Abstract: Human activities have resulted in an increase in metal pollution within aquatic ecosystems,
with most of these metals ending up being taken by macrophytes. Thus, these macrophytes provide
an opportunity to study metal pollution dynamics and the role that macrophytes play in potentially
translocating and accumulating these metals. Here, we studied three macrophyte species, namely
Phragmites australis, Schoenoplectus corymbosus, and Typha capensis, and assessed their potential to
be utilized in the phytoremediation of metals in an Austral subtropical river across three seasons.
We measured P, K, Ca, Mg, B, Fe, Zn, Cu, and Mn concentrations in macrophyte roots, stems, and
leaves, and we further quantified the metal bioconcentration factor (BCF). The N, Ca, and Mg
concentrations were generally high in P. australis leaves across all seasons. In general, high Na, Mg,
and Ca concentrations were observed in T. capensis across seasons. The bioconcentration factor (BCF)
values were generally low (<1) in most macrophyte parts for most metals during the cool-dry season,
with the exception of Na, which had high BCF values > 1 (i.e., accumulators) across the different
macrophyte parts. We found that P. australis and S. corymbosus have the potential to accumulate
metals such as B, Na, Mg, Ca, and N and also have high phytoremediation potential for the studied
metals. We found that the studied macrophytes were good at phytoremediation within the river
system; however, for any treatment of polluted systems, it is better to use a combination of different
macrophytes, as some were better at translocating certain metals than others.

Keywords: bioconcentration factor; phytoremediation; Phragmites australis; Schoenoplectus corymbosus;
Typha capensis; translocation factor

1. Introduction

Macrophytes are aquatic plants that are emergent, submerged, and/or free-floating
and that grow in or near aquatic ecosystems [1-4]. In addition, they are an important
mode for the transfer of contaminants from the bottom sediment to tertiary consumers [3,4].
These macrophytes are crucial for food provision, as microhabitats for organisms, primary
production, and nutrient cycling within aquatic environments [4-6]. Macrophytes have the
potential to accumulate metals in aquatic ecosystems and can be used for testing ecological
processes such as nutrient and metal cycling [7]. Various studies, e.g., [8-10], have indicated
that macrophytes can potentially accumulate metals.

Environmental pollution, particularly by metals, has been heightened by rapid in-
dustrialization and urbanization, severely impacting aquatic ecosystems. Recent studies,
e.g., [11,12] have shown that aquatic metal pollution is a significant contributor to ecologi-
cal degradation. These metals can pose a significant threat to human health due to their
persistence in the ecosystem and potential to bioconcentrate as they move through the food
chain [13,14]. Manganese (Mn), iron (Fe), copper (Cu), zinc (Zn), and cadmium (Cd) are
some of the most common metal pollutants in aquatic ecosystems and tend to accumulate to
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dangerous levels within the aquatic environment through food-chain biomagnification, and
these metals are of great particular concern. Thus, macrophytes can absorb some of these
metals and store them in various macrophyte parts such as roots, stems, and leaves before
releasing them back to the aquatic environment when they die off and decompose [15,16].
Furthermore, various macrophyte species tend to respond differently to varying metal
concentrations; hence, this has implications for potential metal uptake [17].

Metal removal using living organisms has recently received a lot of public interest
and research and development funding [17-19]. Thus, several studies have recommended
phytoremediation as an environmentally friendly and cost-effective method for removing
pollutants from aquatic ecosystems [20,21]. Research on phytoremediation in aquatic
ecosystems is ongoing, but a number of studies have been promising, identifying a variety
of aquatic macrophytes, such as duckweed, i.e., [22,23], and water hyacinth, i.e., [24,25],
being effective in removing metals from water and sediments. Thus, research on finding
new aquatic hyperaccumulators that can be used to remediate specific contaminants, such
as heavy metals, nutrients, and organic compounds, has been ongoing, e.g., [17,26-28].
Therefore, to understand the mechanisms of phytoremediation in aquatic ecosystems,
studies need to be conducted that assess the different ways in which aquatic macrophytes
remove pollutants from water, and this includes investigating the role of roots, stems,
leaves, and microorganisms in phytoremediation [27]. This will aid in the development
of new and improved approaches to phytophytoremediation, and according to Rai [29]
and Sinclair et al. [30] biological processes for metal removal in aquatic environments are
cheaper when compared to conventional technologies.

Therefore, the present study aimed to examine the potential metal uptake and phy-
toremediation by three commonly found macrophyte species (i.e., Phragmites australis,
Schoenoplectus corymbosus, and Typha capensis) found within a subtropical river system
across three seasons (i.e., cool-dry, hot-dry, and hot-wet) in South Africa. This study further
determined whether different macrophyte parts (i.e., roots, leaves, and stems) are good
accumulators of metals. We hypothesized that T. capensis will have low phytoremedi-
ation potential since T. capensis is an emergent macrophyte that permanently grows in
water, whereas P. australis and S. corymbosus may grow in areas without much water or on
riverbanks, making them ideal phytoremediation taxa.

2. Materials and Methods
2.1. Study Area

Sampling of macrophytes for metal determination was carried out across three (3) sea-
sons (i.e., cool-dry season (June 2019), hot-dry season (September 2019), and hot-wet season
(February 2020)) from five (5) randomly selected sites along a tributary of the Luvuvhu
River, i.e., the Mvudi River, that represented the different land-use patterns (Figure 1). The
Mvudi River is a perennial river system found in the Vhembe District, Limpopo Province,
South Africa, draining the rural town of Thohoyandou and various villages [31]. The
area receives a mean annual rainfall of 400-800 mm. The temperatures can reach 40 °C
(October-March) during the hot-wet season, and the cool-dry season temperatures range
from 12-22 °C. The region is characterized by red loam soils due to the presence of high
concentrations of iron oxides [32]. The Mvudi River system is significantly affected by vari-
ous land uses such as agricultural activities (i.e., mostly subsistence farming), car washing,
water abstraction, and brick-making activities along the river shorelines/banks [31,33]. Pol-
luted water discharged from Thohoyandou and Sibasa towns, mainly from waste drainage
spills and road runoff, is a common occurrence [34].
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Figure 1. The location of the sampling sites is along the Mvudi River, Vhembe Distric, South Africa.
Red is the location of the river system relative to the province and municipality, and the green shaded
area is a wetland.

2.2. Macrophytes Sampling and Processing

Three dominant macrophyte species (i.e., P. australis, S. corymbosus, and T. capensis)
(n =10-25 per season [P. australis found at 5 sites (n = 25 individual macrophytes per season),
S. corymbosus—3 sites (n = 15 individual macrophytes per season), and T. capensis—2 sites
(n =10 individual macrophytes per season)] were randomly collected at each site per season
by uprooting the macrophyte plant using a digging fork while carefully ensuring that all
roots were not damaged and properly preserved. The macrophytes were then washed with
river water thoroughly to remove epiphyton and sediments. Afterwards, the macrophytes
were cut into three (3) sections (i.e., leaves, steams, and roots) and placed into three separate
polyethylene Ziplock bags. Macrophyte parts from young (sprouting) and old (withering)
macrophytes were eliminated due to the fact that young macrophytes devote most of their
energy to growth, while old macrophytes collect chemical metabolites [35].

In the laboratory, the roots, stems, and leaves were further washed in a Teepol solution,
rinsed with deionized water, and oven dried at 70 °C for 72 h. For the determination of
metals and nutrients, the dried leaves were crushed to a small size (~40 um particle size),
combusted in a furnace at 480 °C, and then mixed with HCI (32%) in a 50:50 solution before
being extracted using a Whatman filter paper [36]. Metals (i.e., K, Ca, Mg, Na) and metal
cations (i.e., B, Cu, Mn, Zn, Fe) concentrations of each macrophyte taxa part extract were
quantified using an ICP-OES optical emission spectrometer (Varian) against standards.
Total nitrogen concentrations of the ground macrophyte components (i.e., leaves, stems,
and roots) were determined using the total combustion in a Leco N-analyser.

3. Data Analysis

The macrophyte concentration data were first tested for homogeneity of variances and
normality in SPSS. The data were found to meet all the assumptions for conducting a para-
metric test. Therefore, a three-way analysis of variance (ANOVA) was used to examine the
effect of seasons (i.e., cool-dry, hot-dry, and hot-wet), macrophyte species (i.e., P. australis,
S. corymbosus, and T. capensis), and macrophyte part/location (i.e., roots, stems, and leaves) on
the measured metal concentrations and bioconcentration factors (BCF). For models consider-
ing translocation factors (TF), a two-way ANOVA was used. Tukey HSD tests were performed
for multiple pairwise comparisons, where the data were found to be significant, i.e., p < 0.05.

To determine the macrophyte’s ability to accumulate metals from the river sediments,
two metrics were used: the BCF and TF values as indicators based on Barron [37] and
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Ghosh and Singh [38]. The BCF was determined for B, Cu, Fe, Mn, Na, and Zn, which
we quantified in mg kg~ !. In brief, a large BCF value (>1) means a better accumulation
capability and is therefore considered an accumulator, while a BCF value < 1 indicates an
excluder [37]. Translocation factors measure the capability to move metals from roots to
leaves, and they are determined based on the leaf-to-root ratio of metal concentration [38].
A large TF value (>1) indicates a high translocation capability.

4. Results

The metal concentration differed among macrophytes, with metal concentrations be-
ing highly variable (Figure 2, Table S51). The N, Ca, and Mg concentrations were generally
high in P. australis leaves across all seasons. In general, high Na, Mg, and Ca concentrations
were observed in T. capensis across seasons (Figure 2, Table S1). For example, B concentra-
tions showed a decrease from T. capensis roots to stems, whereas in S. corymbosus, metal
concentrations were high in roots before decreasing in stems and then increasing leaves
across seasons (Figure 2). Using ANOVA, N, Ca, Mg, Na, and B concentrations showed
significant differences (p < 0.05) across species, whereas all metal parameters except for
Mn showed significant differences (p < 0.05) across macrophyte locations (i.e., roots, stems,
and leaves) (Table 1). Furthermore, macrophyte species x location showed significant
differences (ANOVA, p < 0.05) in N, K, Ca, Mg, Na, Cu, and B concentrations (Table 1),
with macrophyte location being a major driver. However, the interaction of macrophyte
species X location x season only indicated significant differences for Cu concentrations,
with macrophyte species and seasons being major drivers (Table 1).

Table 1. Three-way analyses of variance (ANOVA) based on significant (p < 0.05) variables only for
macrophyte metal concentration and bioconcentration factors across different species (i.e., P. australis,
S. corymbosus, and T. capensis), location (i.e., roots, stems, and leaves), and seasons (i.e., cool-dry,
hot-dry, and hot-wet).

Variables Df F p Variables Df F 4
Metal Concentrations
Species Season
N 2 9.206 <0.001 Cu 2 7.707 0.001
Ca 2 65.126 <0.001 B 2 10.53 <0.001
Mg 2 70.452 <0.001 Species X Location
Na 2 58.734 <0.001 N 4 7.123 <0.001
B 2 11.452 <0.001 K 4 4.872 0.002
Location Ca 4 9.615 <0.001
N 2 53.067 <0.001 Mg 4 498 0.002
P 2 26.549 <0.001 Na 4 4.666 0.003
K 2 30.387 <0.001 Cu 4 5.102 0.001
Ca 2 21.065 <0.001 Zn 4 2.281 0.072
Mg 2 5.251 0.008 B 4 10.788 <0.001
Na 2 10.645 <0.001 Species X Location X Season
Fe 2 14.197 <0.001 Cu 8 4216 0.001
Cu 2 23.159 <0.001
Zn 2 5.232 0.008
B 2 33.227 <0.001
Bioconcentration factors
Species Species X Location
Na 2 24.721 <0.001 B 4 10.327 <0.001
Mn 2 6.089 0.004 Species X Season
Zn 2 2.979 0.059 Mn 4 3.222 0.019
B 2 17.342 <0.001 Zn 4 3.049 0.024
Location B 4 7.268 <0.001

Na 2 5.342 0.008 Location X Season
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Table 1. Cont.
Variables Df F 4 Variables Df F p
Fe 2 36.821 <0.001 Fe 4 10.575 <0.001
Cu 2 37.569 <0.001 Cu 4 6.539 <0.001
Zn 2 3.762 0.030 Zn 4 2.866 0.032
B 2 25.134 <0.001 B 4 9.604 <0.001
Season Species X Location X Season
Na 2 8.461 0.001 B 8 4.378 <0.001
Mn 2 7.082 0.002
Fe 2 17.335 <0.001
Cu 2 13.889 <0.001
Zn 2 7.563 0.001
B 2 79.260 <0.001
The BCF values were generally low (<1) in most macrophyte parts for most metals
during the cool-dry season, with the exception of Na, which had high BCF values > 1
(i.e., accumulators) across the different macrophyte parts (Table 2). During the same
season, stems were better accumulators of metals for the three macrophyte species (Table 2).
The BCF values were high during the hot-dry season for all species, with most parts
tending to be accumulators. The change in BCF values was hot-dry > hot-wet > cool-dry
seasons, with stems being major accumulators (Table 2). The Mn concentration showed
high accumulation in roots (BCF > 2) for T. capensis across all seasons, whereas in P. australis
and S. corymbosus it was in stems (BCF > 1). Significant BCF differences (p < 0.05) were
observed for all metals with the exception of Fe (F = 0.336, p = 0.716), Cu (F = 0.133,
p =0.876), and Cu (F = 2.979, p = 0.059) for species, whereas for location only Mn was not
significant (F = 1.372, p = 0.262) (Table 2). All metal BCFs were found to be significantly
different (p < 0.01) across seasons (Table 2).
Table 2. Mean =+ standard deviation of bioconcentration factor values in different macrophyte species
across various macrophyte locations (i.e., roots, stems, leaves) amongst three seasons. Bold indicate
values that had high BCF for that particular metal across different macrophyte parts for the season;
green = BCF <1 (i.e., excluder), and orange = BCF > 1 (i.e., accumulator).
Variables Cool-Dry Hot-Dry Hot-Wet
Roots Stem Leaves Roots Stem Leaves Roots Stem Leaves
Phragmites australis
Na 1.39 £ 0.66 4.89 +1.57 5.35 + 2.66 4.21+046 22.88 £7.15 23.28 +12.37 4.51 +£2.11 19.61 + 9.61 19.71 + 8.63
Mn 0.96 +=1.26 5.10 + 8.02 0.58 0.61 5.60 =126 7.17 + 7.03 1.39 =244 047 £1.26 1.06 + 0.34 0.44 £0.20
Fe 0.04 + 0.03 1.11 + 0.57 0.04 +0.03 7.38 +0.03 170.7 + 136.6 4.60 + 5.63 4.57 +0.03 84.48 + 8.86 13.46 + 2.87
Cu 0.11 + 0.05 0.86 & 0.33 0.12 + 0.06 0.74 + 0.05 6.40 & 3.12 0.61 + 0.49 0.28 + 0.05 3.19 & 2.40 0.66 + 0.56
Zn 0.73 £ 043 1.22 £ 0.46 0.57 £ 0.25 6.24 + 043 15.46 + 6.57 4.62 +4.07 6.35 + 043 10.78 & 10.77 10.03 + 11.96
B 0.21 +£0.13 1.54 + 0.80 0.12 + 0.07 16.54 £ 0.13 92.60 =+ 19.90 554 £542 10.76 + 0.13 43.42 £ 15.72 10.09 + 2.92
Schoenoplectus corymbosus
Na 1.21 £0.39 4.09 291 5.53 4 5.98 8.35 +5.38 35.50 £ 19.41 51.70 + 32.00 6.65 + 4.89 25.25 +12.83 35.75 + 19.4
Mn 0.55 + 0.11 1.96 + 1.32 0.59 + 0.48 3.00 &= 3.87 4.26 +3.04 4.45 + 6.01 1.70 £ 1.53 6.23 + 5.58 4.57 +£5.93
Fe 0.07 = 0.06 0.59 + 0.52 0.06 = 0.05 25.13 +23.28 181.9 + 111.5 20.68 £ 28.66 10.75 + 6.63 103.59 + 23.22 9.03 + 4.01
Cu 1.77 + 1.51 0.51 + 0.60 0.12 + 0.08 1.49 + 0.68 4.54 + 2.87 0.90 = 0.38 0.84 =049 3.73 +0.93 0.48 +0.27
Zn 0.70 £ 0.13 0.68 +0.12 0.53 £0.28 11.40 +2.10 11.58 + 3.72 7.18 = 1.69 7.74 £297 9.68 + 1.37 478 £222
B 1.14 £+ 1.05 0.79 + 0.65 0.22 +0.19 145.0 & 70.2 105.76 £ 7.98 23.14 £2.73 58.94 + 16.40 50.79 £+ 18.93 19.95 + 8.07
Typha capensis
Na 38.96 + 21.19 18.48 £10.23 54.88 & 25.41 81.92 + 96.63 83.43 £+ 73.99 130.7 & 152.5 66.04 +24.11 40.23 + 14.99 118.8 & 50.5
Mn 2.99 + 1.34 1.28 £+ 0.51 1.58 & 1.00 34.49 + 45.55 28.14 £ 36.14 10.14 + 11.45 9.59 =+ 3.82 7.59 &+ 4.70 4.48 +247
Fe 0.02 + 0.02 0.64 + 0.35 0.06 + 0.01 5.80 + 4.82 167.7 + 66.0 24.80 + 18.39 444 +193 135.9 + 2.45 16.89 £ 2.71
Cu 0.09 &+ 0.01 1.68 & 1.52 0.15 + 0.03 0.66 + 0.04 4.74 + 0.66 1.50 +0.33 0.45 +£0.19 3.31+0.75 0.90 +0.38
Zn 0.56 + 0.34 1.18 £ 0.12 1.08 £ 0.68 7.80 = 3.88 114.7 4 143.5 24.35 £ 8.02 4.77 £2.26 10.02 + 0.03 8.93 £ 7.01
B 0.36 £ 0.10 0.89 + 0.23 0.30 + 0.02 23.58 £ 5.67 86.3 + 14.5 40.82 = 30.05 29.28 +10.72 52.77 +10.23 33.21 +9.05

The TF values were >1 for Na in all macrophyte species across the three seasons,
with T. capensis having high TF values (Figure 3). For P. australis, most of the TF values
for Mn, Fe, Cu, Zn, and B were <1 across all seasons, apart from Mn (hot-dry) and Zn
(cool-dry, hot-wet) (Figure 3a). For S. corymbosus, most metals had TF values > 1 across
seasons with the exception of Fe (hot-dry, hot-wet) and Cu (hot-wet) (Figure 3b), and
lastly, Fe (all seasons), Cu (all seasons), and B (cool-dry; hot-dry) were below <1 for
T. capensis (Figure 3c). Significant TF differences were observed for B (F = 11.435, p = 0.001)
on the three macrophyte species, and no significant seasonal differences (p > 0.05) were
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observed. The Tukey’s posthoc analysis indicated significant differences for P. australis vs.
S. corymbosus (p < 0.001), and S. corymbosus vs. T. capensis (p = 0.042).

35 Phragmites australis Schoenoplectus corymbosus Typha capensis
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Figure 2. Mean (£standard deviation) of significant metal concentration variation in macrophyte
parts (i.e., roots, stems, and leaves) of different macrophytes (i.e., Phragmites australis, Schoenoplectus
corymbosus, and Typha capensis) species across various seasons (i.e., cool-dry, hot-dry, and hot-wet)
sampled from Mvudi River, South Africa; (a—c) nitrogen (N), (d—f) calcium (Ca), (g-i) magnesium,
(j-1) sodium (Na) and (m-o) boron (B) for the respective macrophyte species at the top.
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Figure 3. Mean (+ standard deviation) translocation factors (TF) of (a) Phragmites australis,
(b) Schnoenoplectus corymbosus, and (c) Typha capensis were sampled from the Mvudi River, South
Africa. The orange color indicates TF value (>1) = high translocation capability, and the green color
TF < 1 = low translocation capability. Note differences in scale for (b) Schnoenoplectus corymbosus for
the TFs.



Sustainability 2023, 15, 14933

8of 12

5. Discussion

This study found that macrophyte metal concentrations differed among macrophyte loca-
tions within the Mvudi River system, with S. corymbosus having high phytoremediation potential
as compared to P. australis and T. capensis. However, T. capensis was better at translocating and
accumulating certain metals (i.e.,, Na, Mn) compared to other macrophyte taxa. This could have
potential due to (i) differences in water quality among this study sites within the system and/or
(ii) different macrophytes having specific potential to adsorb and uptake metals from water [39].
Macrophyte taxa accumulated most of the metals within their stems across seasons, with Na
and Mn being highly accumulative in the leaves, and these two metals showed high transloca-
tion capability. Phragmites australis was the least effective in translocating metals, although it
showed accumulation of metals during the hot-dry and hot-wet seasons. Similarly, studies by
Kassaye et al. [40] and Netshiongolwe et al. [19] observed that P. australis has an absorptive
ability for heavy metals and tends to accumulate these metals within the roots. Furthermore,
Kassaye et al. [40] highlighted that S. corymbosus has the potential to absorb heavy metals from
soils, and they mostly accumulate in its leaves.

Previous studies, e.g., [14,41—43], have indicated that toxic metals are released into the
environment as a result of mining activities, industrial activities, and domestic and agricultural
usage of metals and metal-containing compounds. In the current study area, these activities
have had a detrimental impact on aquatic ecosystems, resulting not only in the deterioration of
water and sediment quality but may also lead to fish kills, posing a serious risk to inhabitants
around Thohoyandou who use the river water for domestic purposes [44]. The presence of
aquatic macrophytes such as P. australis, T. capensis, and S. corymbosus in the Mvudi River is
important as they help in reducing and mitigating the impacts of metals entering the system
from agriculture and urban sewer burst pipes. For instance, T. capensis, which is an emergent
macrophyte, has been shown to be a good accumulator of metals [45]. However, in the current
study, it was not a good accumulator, as other macrophyte species fared much better. The present
study further demonstrated that seasonality plays a significant role in metal accumulation within
a river system, and this is highlighted by this study results, which indicated seasonal variability
of metals and their bioaccumulative capacity within different macrophytes. According to
Emenike et al. [46], high metal concentrations were observed during the hot-dry season; similarly,
our study showed a similar finding where some metal concentrations peaked during the hot-
dry season, suggesting that accumulation and concentration occur as the river recedes and
evaporation significantly increases, whereas the pollutants/contaminants entering the system
remain constant. In support of our findings, Netshiongolwe et al. [19] also observed similar
patterns in metal concentrations. In contrast with this study findings, Edokpayi et al. [33] found
that metal concentrations were high during the hot-wet season in the Mvudi River, which was
attributed to changes in human activities across different seasons. The metal concentration
in the river could be associated with hydrological flow, which is dependent on precipitation
received during the hot-wet season [47].

All metals (i.e., K, Ca, Mg, B, Fe, Zn, Cu, and Mn) studied in the present study,
including those assessed by Edokpayi et al. [33] and Netshiongolwe et al. [19], showed
high levels that increased from the roots to the leaves and tended to vary across seasons.
Lambers et al. [48] highlighted that Mn had a high BCF value and metal concentration
within the leaves for all macrophytes, indicating better accumulation for that macrophyte
part. Similarly, the present study revealed that Mn levels in the leaves of all the investigated
macrophyte species were always higher than in other macrophyte parts (i.e., roots and
stems). Furthermore, this study revealed that macrophyte parts (i.e., roots, leaves, and
stems) were good predictors of metal concentrations in sediment.

Although studies have indicated that most macrophytes tend to accumulate metals within
their roots, thereby preventing the metals from reaching sensitive macrophyte parts [49,50].
However, most of the macrophytes in the current study accumulated metals within the stems
across all seasons, although one or two metals might have accumulated in the roots. For
example, P. australis releases certain compounds from its roots into the surrounding soil, which
can bind to or chelate heavy metals, reducing their toxicity and mobility.
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All three macrophytes, S. corymbosus, T. capensis, and P. australis, were good for phytore-
mediation, but they had different strengths and weaknesses, which were highlighted in the
current study, where S. corymbosus was identified as a better accumulator and translocator
of metals. For instance, studies have shown that S. corymbosus is very effective at removing
metals from water and sediments, is also very tolerant of high salinity, and can grow in a
variety of conditions [51]. Schnoenoplectus corymbosus has an extensive root system that allows
it to reach deep into the soil and absorb pollutants that are not accessible to other macrophytes.
However, it is not as effective at removing organic pollutants as T. capensis and P. australis [52].
Phragmites australis, although a very versatile macrophyte that can be used for phytoremedia-
tion in both wetlands and terrestrial environments as it is very effective at removing a wide
range of pollutants, including heavy metals, organic pollutants, and nutrients, was found
not to be as effective as S. corymbosus [53]. Therefore, based on this study results, the best
macrophyte for phytoremediation is dependent on the specific pollutants that will need to be
removed and the environmental conditions at the site. In general, it is important to note that
all three of these macrophytes can be invasive in some areas.

6. Conclusions

The ability of macrophytes to accumulate metals makes them very essential, especially
for the treatment of sewage water and industrial effluents that enter streams. The current
study highlights the phytoaccumulation metal potential of macrophytes, with a focus on
P. australis, S. corymbosus, and T. capensis as promising phytoremediation agents. The BCF
and TF values indicated that certain macrophyte species were better at accumulating certain
metals; hence, for any phytoremediation to be successful, these taxa might need to be grown
together. Schnoenoplectus corymbosus was better at translocating and accumulating most
metals compared to the other macrophytes, with T. capensis being a better translocator and
accumulator of Na and Mn. However, according to Zhu et al. [54], a good metal accumu-
lator has the ability to bioconcentrate metals with a BCF value of >1000 and accumulate
>5000 mg kg ! metal concentration, thus all macrophytes studied here fell far short of the
expected threshold. Thus, more studies should be implemented focusing on a wide range
of metals and macrophyte taxa to clearly identify a better macrophyte taxa that can be
used for phytoremediation purposes [55]. Furthermore, although metal contamination
emanates from anthropogenic activities occurring in the catchment, further studies must be
undertaken to assess the water quality and impact of these metals on aquatic biota.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su152014933 /51, Table S1: Mean =+ standard deviation of metal
concentration for various macrophyte species parts among seasons.

Author Contributions: Conceptualization, T.D.; Methodology, T.D.; Software, L.EM. and T.D.; Val-
idation and Visualization, T.D.; Formal Analysis, L.EM. and T.D.; Investigation, L.EM. and T.D.;
Resources, T.D.; Data Curation, L.EM. and T.D.; Project Administration and Funding, T.D.; Writing—
Original Draft Preparation, Review, and Editing, L.EM. and T.D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Research Foundation grant number 138206. The
APC was funded by MDPI.

Institutional Review Board Statement: All fieldwork were carried out in compliance with the ethical
clearance approved by the University of Venda Research Committee (no. SES/18/ERM/10/1009).

Informed Consent Statement: Not applicable as the research involved sampling plants in river sections.

Data Availability Statement: All data for this study as has been attached as Supplementary Files,
which can be downloaded at: www.mdpi.com/xxx/s1.

Acknowledgments: We thank Robert Netshiongolwe, Thabiso Banda, and Mokgale M. Maenetje for
assisting with fieldwork.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/su152014933/s1
https://www.mdpi.com/article/10.3390/su152014933/s1
www.mdpi.com/xxx/s1

Sustainability 2023, 15, 14933 10 of 12

References

1. Dhir, B. Phytoremediation: Role of Aquatic Plants in Environmental Clean-Up; Springer: New Delhi, India, 2013.

2. Altinsagly, S.; Altinsagly, S.; Pagal, EP. Species composition and qualitative distribution of the macrophytes in three Turkish lakes
(Kandira, Kocaeli, Turkey). Phytol. Balc. 2014, 20, 89-98.

3.  Demarco, C.F; Afonso, T.F; Pieniz, S.; Selau, EC.; Machado, EM.; Andreazza, R. Potential Phytoremediation of Aquatic
Macrophyte Species for Heavy Metals in Urban Environments in the Southern Area of Brazil. Sustainability 2022, 15, 419.
[CrossRef]

4. Piedade, M.T.F,; Parolin, P,; Junk, W.; Schongart, J.; Wittmann, E; Demarchi, L.O.; Lopes, A. Vegetation. In Fundamentals of Tropical
Freshwater Wetlands: From Ecology to Conservation Management; Dalu, T., Wasserman, R.J., Eds.; Elsevier: Cambridge, UK, 2022.

5. Carniatto, N.; Fugi, R.; Quirino, B.A.; Cunha, E.R.; Thomaz, S.M. An invasive and a native macrophyte species provide similar
feeding habitat for fish. Ecol. Freshw. Fish 2020, 29, 112-120. [CrossRef]

6. Brito, J.S.; Michelan, T.S.; Juen, L. Aquatic macrophytes are important substrates for Libellulidae (Odonata) larvae and adults.
Limnology 2021, 22, 139-149. [CrossRef]

7. Xin, J.; Ma, S.; Li, Y.; Zhao, C,; Tian, R. Pontederia cordata, an ornamental aquatic macrophyte with great potential in phytoreme-
diation of heavy-metal-contaminated wetlands. Ecotoxicol. Environ. Saf. 2020, 203, 111024. [CrossRef] [PubMed]

8.  Venkateswarlu, V.; Venkatrayulu, C.H.; Bai, T.J.L. Phytoremediation of heavy metal Copper (II) from aqueous environment by
using aquatic macrophytes Hydrilla verticillata and Pistia stratiotes. Int. ]. Fish. Aquat. Stud. 2019, 7, 390-393.

9. Queiroz, R.D.C.S.D.; Lobo, L.P; Ribeiro, V.D.S.; Rodrigues, L.B.; Almeida Neto, ].A.D. Assessment of autochthonous aquatic macro-
phytes with phytoremediation potential for dairy wastewater treatment in floating constructed wetlands. Int. ]. Phytoremediat.
2020, 22, 518-528. [CrossRef] [PubMed]

10. Dean, S.; Akhtar, M.S.; Ditta, A.; Valipour, M.; Aslam, S. Microcosm Study on the Potential of Aquatic Macrophytes for
Phytoremediation of Phosphorus-Induced Eutrophication. Sustainability 2022, 14, 16415. [CrossRef]

11. Hoang, H.G,; Lin, C.; Tran, H.T; Chiang, C.F,; Bui, X.T.; Cheruiyot, N.K.; Shern, C.C.; Lee, C.W. Heavy metal contamination trends
in surface water and sediments of a river in a highly—industrialized region. Environ. Technol. Innov. 2020, 20, 101043. [CrossRef]

12.  Dash, S; Borah, S.S.; Kalamdhad, A.S. Heavy metal pollution and potential ecological risk assessment for surficial sediments of
Deepor Beel, India. Ecol. Indic. 2021, 122, 107265. [CrossRef]

13. Ali, H.; Khan, E.; Ilahi, I. Environmental chemistry and ecotoxicology of hazardous heavy metals: Environmental persistence,
toxicity, and bioaccumulation. J. Chem. 2019, 2019, 6730305. [CrossRef]

14. Dalu, T,; Tavengwa, N. (Eds.) Emerging Freshwater Pollutants: Analysis, Fate and Regulations; Elsevier: Cambridge, UK, 2022.

15. Anand, S.; Bharti, S.K,; Kumar, S.; Barman, S.C.; Kumar, N. Phytoremediation of heavy metals and pesticides present in water
using aquatic macrophytes. Phyto Rhizo Remediat. 2019, 9, 89-119.

16. Topaldemir, H.; Tas, B.; Yiiksel, B.; Ustaoglu, F. Potentially hazardous elements in sediments and Ceratophyllum demersum: An
ecotoxicological risk assessment in Mili¢ Wetland, Samsun, Tiirkiye. Environ. Sci. Pollut. Res. 2023, 30, 26397-26416. [CrossRef]
[PubMed]

17.  Prajapati, M.; van Bruggen, ].J.A.; Dalu, T.; Malla, R. Assessing the effectiveness of pollutant removal by macrophytes in a floating
wetland for wastewater treatment. Appl. Water Sci. 2017, 7, 4801-4809. [CrossRef]

18. Kapahi, M.; Sachdeva, S. Bioremediation options for heavy metal pollution. J. Health Pollut. 2019, 9, 191203. [CrossRef] [PubMed]

19. Netshiongolwe, N.R.; Cuthbert, R.N.; Maenetje, M.M.; Chari, L.D.; Motitsoe, S.N.; Wasserman, R.J.; Munyai, L.E; Dalu, T.
Quantifying metal contamination and potential uptake by Phragmites australis Adans. (Poaceae) along a subtropical river system.
Plants 2020, 9, 846. [CrossRef]

20. Hagq, S.; Bhatti, A.A.; Dar, Z.A.; Bhat, S.A. Phytoremediation of heavy metals: An eco—friendly and sustainable approach. In
Bioremediation and Biotechnology: Sustainable Approaches to Pollution Degradation; Springer: Cham, Switzerland, 2020; pp. 215-231.

21. Khan, S,; Dilawar, S.; Hassan, S.; Ullah, A.; Yasmin, H.; Ayaz, T.; Akhtar, F.; Gaafar, A.R.Z.; Sekar, S.; Butt, S. Phytoremediation of
Cu and Mn from industrially polluted soil: An eco—friendly and sustainable approach. Water 2023, 15, 3439. [CrossRef]

22.  Ekperusi, A.O.; Sikoki, ED.; Nwachukwu, E.O. Application of common duckweed (Lemna minor) in phytoremediation of
chemicals in the environment: State and future perspective. Chemosphere 2019, 223, 285-309. [CrossRef]

23. Liu, Y; Xu, H;; Yu, C.; Zhou, G. Multifaceted roles of duckweed in aquatic phytoremediation and bioproducts synthesis. Glob.
Change Biol.—Bioenergy 2021, 13, 70-82. [CrossRef]

24. Rezania, S.; Ponraj, M.; Talaiekhozani, A.; Mohamad, S.E.; Din, M.EM.; Taib, S.M.; Sabbagh, F.; Sairan, F.M. Perspectives of
phytoremediation using water hyacinth for removal of heavy metals, organic and inorganic pollutants in wastewater. J. Environ.
Manag. 2015, 163, 125-133. [CrossRef]

25. Ting, W.H.T,; Tan, L AW,; Salleh, S.F.; Wahab, N.A. Application of water hyacinth (Eichhornia crassipes) for phytoremediation of
ammoniacal nitrogen: A review. J. Water Process Eng. 2018, 22, 239-249. [CrossRef]

26. Yan, A,; Wang, Y.; Tan, S.N.; Mohd Yusof, M.L.; Ghosh, S.; Chen, Z. Phytoremediation: A promising approach for revegetation of
heavy metal—polluted land. Front. Plant Sci. 2020, 11, 3. [CrossRef] [PubMed]

27. Shen, X,; Dai, M.; Yang, J.; Sun, L.; Tan, X.; Peng, C.; Ali, I.; Naz, I. A critical review on the phytoremediation of heavy metals from
environment: Performance and challenges. Chemosphere 2022, 291, 132979. [CrossRef] [PubMed]

28. Demarco, C.F; Quadro, M.S.; Selau Carlos, F,; Pieniz, S.; Morselli, L.B.G.A.; Andreazza, R. Bioremediation of aquatic environments

contaminated with heavy metals: A review of mechanisms, solutions and perspectives. Sustainability 2023, 15, 1411. [CrossRef]


https://doi.org/10.3390/su15010419
https://doi.org/10.1111/eff.12499
https://doi.org/10.1007/s10201-020-00643-x
https://doi.org/10.1016/j.ecoenv.2020.111024
https://www.ncbi.nlm.nih.gov/pubmed/32741747
https://doi.org/10.1080/15226514.2019.1686603
https://www.ncbi.nlm.nih.gov/pubmed/31718243
https://doi.org/10.3390/su142416415
https://doi.org/10.1016/j.eti.2020.101043
https://doi.org/10.1016/j.ecolind.2020.107265
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1007/s11356-022-23937-2
https://www.ncbi.nlm.nih.gov/pubmed/36367653
https://doi.org/10.1007/s13201-017-0625-2
https://doi.org/10.5696/2156-9614-9.24.191203
https://www.ncbi.nlm.nih.gov/pubmed/31893164
https://doi.org/10.3390/plants9070846
https://doi.org/10.3390/w15193439
https://doi.org/10.1016/j.chemosphere.2019.02.025
https://doi.org/10.1111/gcbb.12747
https://doi.org/10.1016/j.jenvman.2015.08.018
https://doi.org/10.1016/j.jwpe.2018.02.011
https://doi.org/10.3389/fpls.2020.00359
https://www.ncbi.nlm.nih.gov/pubmed/32425957
https://doi.org/10.1016/j.chemosphere.2021.132979
https://www.ncbi.nlm.nih.gov/pubmed/34801572
https://doi.org/10.3390/su15021411

Sustainability 2023, 15, 14933 11 of 12

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rai, PK. Heavy metal phytoremediation from aquatic ecosystems with special reference to macrophytes. Crit. Rev. Environ. Sci.
Technol. 2009, 39, 697-753. [CrossRef]

Sinclair, J.S.; Mademann, J.A.; Haubrock, PJ.; Haase, P. Primarily neutral effects of river restoration on macroinvertebrates,
macrophytes, and fishes after a decade of monitoring. Restor. Ecol. 2023, 31, €13840. [CrossRef]

Dalu, T.; Banda, T.; Mutshekwa, T.; Munyai, L.E; Cuthbert, R.N. Effects of urbanization and a wastewater treatment plant on
microplastic densities along a subtropical river system. Environ. Sci. Pollut. Res. 2021, 28, 36102-36111. [CrossRef] [PubMed]
Yan, M.; Sun, C.; Xu, J.; Dong, J.; Ke, W. Role of Fe oxides in corrosion of pipeline steel in a red clay soil. Corros. Sci. 2014, 80,
309-317. [CrossRef]

Edokpayi, ].N.; Odiyo, J.O.; Popoola, O.E.; Msagati, T.A. Assessment of trace metals contamination of surface water and sediment:
A case study of Mvudi River, South Africa. Sustainability 2016, 8, 135. [CrossRef]

Mbedzi, R.; Cuthbert, R.N.; Wasserman, R.J.; Murungweni, EM.; Dalu, T. Spatiotemporal variation in microplastic contamination
along a subtropical reservoir shoreline. Environ. Sci. Pollut. Res. 2020, 27, 23880-23887. [CrossRef]

Swierk, D.; Szpakowska, B. Occurrence of heavy metals in aquatic macrophytes colonising small aquatic ecosystems. Ecol. Chem.
Eng. 2011, 18, 369-378.

Campbell, C.R.; Plank, C.O. Preparation of plant tissue for laboratory analysis. In Handbook of Reference Methods for Plant Analysis;
Kalra, Y.P,, Ed.; CRC Press: Boca Raton, FL, USA, 1998.

Barron, M.G. Bioconcentration. Will water—borne organic chemicals accumulate in aquatic animals? Environ. Sci. Technol. 1990,
24,1612-1618.

Ghosh, M.; Singh, S.P. A comparative study of cadmium phytoextraction by accumulator and weed species. Environ. Pollut. 2005,
133, 365-371. [CrossRef] [PubMed]

Xiao, W.; Sun, R.; Hu, S.; Meng, C.; Xie, B.; Yi, M.; Wu, Y. Recent advances and future perspective on lignocellulose-based
materials as adsorbents in diverse water treatment applications. Int. J. Biol. Macromol. 2023, 253, 126984. [CrossRef] [PubMed]
Kassaye, Y.A.; Skipperud, L.; Einset, J.; Salbu, B. Aquatic macrophytes in Ethiopian Rift Valley lakes; their trace elements
concentration and use as pollution indicators. Aquat. Bot. 2016, 134, 18-25. [CrossRef]

Mabhar, A.; Wang, P; Ali, A.; Awasthi, M.K.; Lahori, A.H.; Wang, Q.; Li, R.; Zhang, Z. Challenges and opportunities in the
phytoremediation of heavy metals contaminated soils: A review. Ecotoxicol. Environ. Saf. 2016, 126, 111-121. [CrossRef] [PubMed]
Mokarram, M.; Saber, A.; Sheykhi, V. Effects of heavy metal contamination on river water quality due to release of industrial
effluents. J. Clean. Prod. 2020, 277, 123380. [CrossRef]

Dalu, T.; Cuthbert, R.N.; Taylor, ].C.; Magoro, M.L.; Weyl, O.L.F,; Froneman, PW.; Wasserman, R.J. Benthic diatom-based indices
and isotopic biomonitoring of nitrogen pollution in a warm temperate Austral river system. Sci. Total Environ. 2020, 748, 142452.
[CrossRef]

Rani, R.; Sharma, P.; Kumar, R.; Hajam, Y.A. Effects of heavy metals and pesticides on fish. In Bacterial Fish Diseases; Dar, G.H.,
Bhat, R.A., Qadri, H., Al-Ghamdy, K.M., Hakeem, K.H., Eds.; Academic Press: London, UK, 2022.

Zaranyika, M.F,; Nyati, W. Uptake of heavy metals by Typha capensis from wetland sites polluted by effluent from mineral
processing plants: Implications of metal-metal interactions. 3 Biotech 2017, 7, 286. [CrossRef]

Emenike, P.C.; Neris, ].B.; Tenebe, I.T.; Nnaji, C.C.; Jarvis, P. Estimation of some trace metal pollutants in River Atuwara
southwestern Nigeria and spatio—temporal human health risks assessment. Chemosphere 2020, 239, 124770. [CrossRef]
Westerlund, C.; Viklander, M. Particles and associated metals in road runoff during snowmelt and rainfall. Sci. Total Environ.
2006, 362, 143-156. [CrossRef] [PubMed]

Lambers, H.; Hayes, PE.; Laliberte, E.; Oliveira, R.S.; Turner, B.L. Leaf manganese accumulation and phosphorus—acquisition
efficiency. Trends Plant Sci. 2015, 20, 83-90. [CrossRef] [PubMed]

Yabanli, M.; Yozukmaz, A.; Sel, F. Heavy metal accumulation in the leaves, stem and root of the invasive submerged macrophyte
Muyriophyllum spicatum L. (Haloragaceae): An example of Kadin Creek (Mugla, Turkey). Braz. Arch. Biol. Technol. 2014,
57,434-440. [CrossRef]

Kushwaha, A ; Rani, R.; Kumar, S.; Gautam, A. Heavy metal detoxification and tolerance mechanisms in plants: Implications for
phytoremediation. Environ. Rev. 2015, 24, 39-51. [CrossRef]

Muthusaravanan, S.; Sivarajasekar, N.; Vivek, ].S.; Paramasivan, T.; Naushad, M.; Prakashmaran, J.; Gayathri, V.; Al-Duaij,
O.K. Phytoremediation of heavy metals: Mechanisms, methods and enhancements. Environ. Chem. Lett. 2018, 16, 1339-1359.
[CrossRef]

Schroder, P.; Harvey, PJ.; Schwitzguébel, J.P. Prospects for the phytoremediation of organic pollutants in Europe. Environ. Sci.
Pollut. Res. 2002, 9, 1-3. [CrossRef] [PubMed]

Prasad, M.N.V,; Hagemeyer, J.; Saxena, PK.; KrishnaRaj, S.; Dan, T.; Perras, M.R.; Vettakkorumakankav, N.N. Phytoremediation
of heavy metal contaminated and polluted soils. In Heavy Metal Stress in Plants: From Molecules to Ecosystems; Prasad, M.N.V.,
Hagemeyer, J., Eds.; Springer: Berlin/Heidelberg, Germany, 1999.


https://doi.org/10.1080/10643380801910058
https://doi.org/10.1111/rec.13840
https://doi.org/10.1007/s11356-021-13185-1
https://www.ncbi.nlm.nih.gov/pubmed/33686602
https://doi.org/10.1016/j.corsci.2013.11.037
https://doi.org/10.3390/su8020135
https://doi.org/10.1007/s11356-020-08640-4
https://doi.org/10.1016/j.envpol.2004.05.015
https://www.ncbi.nlm.nih.gov/pubmed/15519467
https://doi.org/10.1016/j.ijbiomac.2023.126984
https://www.ncbi.nlm.nih.gov/pubmed/37734528
https://doi.org/10.1016/j.aquabot.2016.06.004
https://doi.org/10.1016/j.ecoenv.2015.12.023
https://www.ncbi.nlm.nih.gov/pubmed/26741880
https://doi.org/10.1016/j.jclepro.2020.123380
https://doi.org/10.1016/j.scitotenv.2020.142452
https://doi.org/10.1007/s13205-017-0916-1
https://doi.org/10.1016/j.chemosphere.2019.124770
https://doi.org/10.1016/j.scitotenv.2005.06.031
https://www.ncbi.nlm.nih.gov/pubmed/16095672
https://doi.org/10.1016/j.tplants.2014.10.007
https://www.ncbi.nlm.nih.gov/pubmed/25466977
https://doi.org/10.1590/S1516-8913201401962
https://doi.org/10.1139/er-2015-0010
https://doi.org/10.1007/s10311-018-0762-3
https://doi.org/10.1007/BF02987312
https://www.ncbi.nlm.nih.gov/pubmed/11885414

Sustainability 2023, 15, 14933 12 of 12

54. Zhu, D.; Schwab, A.P,; Banks, M.K. Heavy metal leaching from mine tailings as affected by plants. J. Environ. Qual. 1999,
28,1727-1732. [CrossRef]

55. Bhatia, M.; Goyal, D. Analyzing remediation potential of wastewater through wetland plants: A review. Environ. Prog. Sustain.
Energy 2014, 33, 9-27. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2134/jeq1999.00472425002800060006x
https://doi.org/10.1002/ep.11822

	Introduction 
	Materials and Methods 
	Study Area 
	Macrophytes Sampling and Processing 

	Data Analysis 
	Results 
	Discussion 
	Conclusions 
	References

