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Abstract Heavy metal-polluted wetlands could be
remediated by harvesting metal accumulating plants,
i.e., using phytoextraction. We studied a macrophyte
Phragmites australis and assessed its potential to be
utilized in the phytoremediation of heavy metal-
polluted wetlands, specifically in wadis in the Arabian
Peninsula. We sampled six polluted wadi sites and mea-
sured Mn, Fe, Ni, Cu, Zn, Cd, and Pb concentrations in
the roots, rhizomes, stems, and leaves of P. australis, as
well as in sediment and water. We analyzed the correla-
tions between different plant organs, water, and sedi-
ment, and calculated the accumulation and translocation
of the metals to the plant organs. We found indications
for the accumulation of Cd, Zn, and Pb into P. australis
and somewhat contradictory indications for the accumu-
lation of Cu. We suggest that P. australis is a good
candidate to be utilized in the phytoremediation of
heavy metal-polluted wadis in the Arabian Peninsula
where the few wadis offer many valuable ecosystem
services for urban citizens.

Keywords Bioremediation . Phytoextraction .Wetland
pollution . Common reed, heavymetal translocation

Introduction

Heavy metal pollution is an ever-growing problem in
urban environments worldwide (Hanfi et al. 2020). In
wetlands, the pollution hinders drinking water supply
and irrigation, and reduces the biodiversity of the eco-
systems, thus needing remediation actions. Remediation
using traditional excavation techniques poses great chal-
lenges in wetlands; they may have adverse effects both
on the wetland ecosystem itself and its receiving water
ecosystems (Ali et al. 2013). Instead of the excavation
and transportation of the polluted soil, ecologically sus-
tainable and economic in situ bioremediation techniques
are needed.

Phytoremediation techniques use plants to stabilize
the pollutants or to take up the pollutants from their
growing environment. The latter can be called
phytoextraction where certain plants accumulate pollut-
ants in their tissues that can be harvested (Lajayer et al.
2019). One species studied commonly in water ecosys-
tems is water hyacinth (Newete and Byrne 2016). An-
other species often suggested to be used in
phytoextraction is a macrophyte Phragmites australis
(common reed) (Rezania et al. 2019). Phragmites
australis is a sub-cosmopolitan wetland species that
forms large beds in shallow water. The species has been
used as a bioindicator for heavy metals, and it is also
known to accumulate heavy metals at least to some
extent (Bonanno 2011; Giuseppe Bonanno 2013;
Morari et al. 2015; Phillips et al. 2015; Salem et al.
2014; Wang and Chen 2009). The species was shown
to be the most efficient among six species in
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accumulating mercury recently (Mbanga et al. 2019).
Previously, the species has been suggested to be useful
in the phytoextraction of heavy metal-polluted wetlands
(G Bonanno 2011; Giuseppe Bonanno 2013; Bragato
et al. 2006; Klink 2017; Rai 2009; Vymazal et al. 2007).
However, a recent review of Vymazal and Březinová
(2016) reveals a great variation in the results, which
seem to depend on the ecosystem and the metal. There-
fore, the studies are not highly generalizable. Instead,
local in situ studies are needed to assess the remediation
potential of the plant in question.

The Arabian Peninsula is mostly dry lacking perma-
nent rivers. Many cities are located near so called wadis.
They are seasonal wetlands, i.e., riverbeds gathering
water only during rainy seasons. The wadis serve inhab-
itants offering recreation and irrigation water. The wadis
are also important resting areas for many migratory
birds. Information about the pollution in the inlands of
the Arabian Peninsula indicates heavy metal contami-
nation (Abdel-Baki et al. 2011; Al-Homaidan et al.
2011; Aldjain et al. 2011; Bounessah et al. 2001). How-
ever, information about the pollution, especially in the
wadis, in the Arabian Peninsula is scarce and fragmen-
tary. It can be assumed that oil industry and traffic, as
well as poorly developed sewage and waste treatments,
have in general polluted many of the wadis with heavy
metals and several other pollutants. The mixture of
pollutants present in wadis was one reason to choose
P. australis, a species shown for its potential to remedi-
ate several pollutants (Fahid et al. 2020). Wadi Hanifa in
central Saudi Arabia is a valley running 120 km from
northwest to southeast and cutting the Riyadh city, the
capital of Saudi Arabia. The bioindicators call for at-
tempts to remediate the wadi areas (Al-Homaidan et al.
2011), and there indeed are governmental plans for the
preservation of the wetlands in the Wadi Hanifa. How-
ever, knowledge about in situ management practices is
lacking.

Our aim was to assess the possibility to use a
macrophyte Phragmites australis, growing naturally
on the area, in the phytoremediation of heavy
metal-polluted wadis in the Arabian Peninsula. We
studied the accumulation of heavy metals in
P. australis by measuring the concentrations in six
wadis in Riyadh and Aldawadmi. We calculated
factors describing the accumulation of the metals
into different plant organs, and the translocation of
the metals from the belowground plant organs to
the aboveground organs.

Materials and methods

Study area and sampling

Samples were collected in March 2016 from the areas
where P. australis was growing naturally. Six 100 m2

sampling sites were established. Four sites were located
in the south and east of Riyadh city and two sites (Ashira
valley and Sewage station) inAldwadmi city, SaudiArabia
(Fig. 1). The siteswere presumed to be pollutedwith heavy
metals due to municipal waste and urban emissions.

The collection of plant, water, and sediment samples
was performed according to Bonanno and Cirelli
(2017). Three P. australis plants were randomly collect-
ed from each sampling site. The plants were divided into
four parts (roots, rhizomes, stems, and leaves) and put
into plastic bags separately and transferred into labora-
tory. The roots had been gently washed with the natural
water of the site in the field, in the laboratory they were
washed first with tap water and then with distilled water.
Wetland water (500 ml) was sampled into three plastic
bottles. Three sediment samples (500 ml) from each site
were sampled. During the sampling, the climatic condi-
tions were stable: sunny, not windy, no recent rain.

The samples were spread on filter papers and dried at
75 °C for 72 h. The dried samples were homogenized in
an agate mortar, whereas sediments were passed through
a sieve (2-mm diameter). Heavy metals were analyzed
with the wet digestion method (Du Laing et al. 2003).
Samples (0.5 g dry weight) were digested in 65% nitric
acid in a microwave oven and finally filtered through
0.45 μm (Millipore). Heavy metals (Mn, Fe, Ni, Cu, Zn,
Pb, and Cd) were measured using an atomic absorption
spectrometer (Varian AA240FS).

Data analysis

The bioaccumulation factor (BAF) and translocation
factor (TF) were calculated according to Bonanno
(2013) as ratios: BAF =metal concentration in roots/
metal concentration in sediment, and TF =metal con-
centration in a plant organ/metal concentration in roots.
Pearson correlation was calculated between the plant
organs, sediment, and water; r > 0.5 was considered to
indicate a linear relation. One-way and two-way
ANOVA were performed to study the difference be-
tween the organs and study sites. P < 0.05 was consid-
ered as significant. Necessary logarithmic transforma-
tions were done to fulfill the assumption of normality.
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Results

Metal concentrations

TheMn sediment concentration varied between 691 and
265 μg/g−1 (Table 1). The respective values for Fe were
27,700–7900 μg/g−1, Ni 105–60 μg/g, Cu 130–12 μg/
g−1, Zn 664–49 μg/g−1, Cd 3.5–1.2 μg/g−1, and Pb 101–

25 μg/g−1. The difference among the wadis was signif-
icant for each metal.

The highest water Mn concentration was 0.29 μg/ml
(Table 2). Thehighest concentration for Fewas 1.40μg/ml,
Ni 0.03 μg/ml, Cu 0.09 μg/ml, Zn 0.87 μg/ml, Cd
0.04 μg/ml, and Pb 0.44 μg/ml. The difference among
the wadis was significant for Mn, Fe, Cu, Zn, and Pb
whereas the difference was not significant for Ni and Cd.

Fig. 1 Map of the Arabian Peninsula wadis and the sample sites in Riyadh and Aldawadmi
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Metal concentrations in the plants were highly vari-
able (Table 3). In most cases, the concentrations in a
plant decreased in the order of the following: roots >
rhizome > leaves > stem. The single maximum concen-
tration of Mn was 380 μg/g−1, for Fe 5700 μg/g−1, for
Ni 63 μg/g−1, for Cu 140 μg/g−1, for Zn 560 μg/g−1, for
Cd 4.6 μg/g−1, and for Pb 110 μg/g−1. The differences
among the organs and among the study sites were most-
ly significant (Table 3).

Bioaccumulation, translocation, and correlations

Bioaccumulation factors indicated high variation
among the metals in their accumulation into plant
organs. In general, the highest bioaccumulation fac-
tors were observed for Cd. For Cd, the root to
sediment relation was 1.2 indicating more Cd in
the roots than in sediment dry matter (Fig. 2). Cd
accumulated also in rhizome (0.9), stem (0.8), and
leaves (0.7) the relations being near one. Relatively
high roots to sediment relations were observed for
Cu, Zn, and Pb, being 1, 0.9, and 1, respectively.

The lowest organ to sediment relations was observed
in general for Fe.

Translocation of the metals from roots to stems and
leaves was highest for Cd (Fig. 3). The stem to roots
relation was 0.7, and the leaves to roots relation was 0.6
for Cd. The relations were relatively high for Zn, being
0.7 and 0.6, respectively. The relations were the lowest
for Fe (0.1).

Water metal concentrations did not correlate with the
respective metal concentrations of stems, leaves, or
rhizomes (r < 0.5). Water concentrations correlated only
with root concentrations. Fe in roots and in water (r =
0.66) and Cu in roots and in water (r = 0.71) correlated
positively (Table 4). Mn in roots and Mn water corre-
lated negatively (r = − 0.61).

Sediment metal concentrations correlated with re-
spective organ metal concentrations. Roots and sedi-
ment Cu correlated strongly positively (r = 0.82); Pb
correlated slightly positively (r = 0.56) (Table 4). A
strong positive correlation (r = 0.88) was observed for
the Cu concentration between stem and sediment. A
weaker correlation was observed between rhizome and
sediment in the case of Cu (r = 0.59).

Table 1 Sediment metal concentrations (μg/g) and ANOVA result for differences between the Wadis (*p < 0.05)

Sites elem. 1 2 3 4 5 6

Mn 690.9 ± 28.2 492.1 ± 79.2 506.8 ± 36.8 389.3 ± 41.9 276.6 ± 8.4 265.3 ± 2.7

Fe 27,700. ± 6409.4 16,133.3 ± 929.2 7900 ± 754.9 10,566.7 ± 1021.4 18,566.7 ± 152.8 16,966.7 ± 152.8

Ni 86.3 ± 1.8 82.9 ± 2.4 81.2 ± 7.3 105 ± 2.9 59.9 ± 2.8 65.6 ± 1.9

Cu 55 ± 2.2 47 ± 3.1 121.6 ± 16.1 130 ± 7.3 49.7 ± 13.7 12.4 ± 1.9

Zn 282.1 ± 36.6 148.2 ± 9.6 664 ± 60.2 646 ± 21.8 163.5 ± 7.7 49.3 ± 1.9

Cd 2.3 ± 0.5 2. ± 0.1 3.1 ± 0.4 3.3 ± 0.8 3.5 ± 0.2 1.8 ± 0.4

Pb 32.2 ± 1.9 25. ± 0.9 89.8 ± 11.5 74.1 ± 2.1 100.5 ± 8.6 79 ± 58.7

Table 2 Water metal concentrations and ANOVA result for differences between the Wadis (*p < 0.05)

Sites elem. 1 2 3 4 5 6

Mn 0.11 ± 0.02 0.08 ± 0.02 0.29 ± 0.04 0.08 ± 0.03 0.09 ± 0.01 0.01 ± 0.00

Fe 0.97 ± 0.14 0.81 ± 0.19 1.40 ± 0.39 1.26 ± 0.04 1.29 ± 0.15 0.96 ± 0.15

Ni 0.02 ± 0.00 0.02 ± 0.02 0.03 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.02 ± 0.00

Cu 0.06 ± 0.01 0.03 ± 0.00 0.06 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 0.04 ± 0.01

Zn 0.53 ± 0.02 0.36 ± 0.03 0.87 ± 0.07 0.55 ± 0.03 0.53 ± 0.01 0.35 ± 0.04

Cd 0.01 ± 0.01 0.00 ± 0.00 0.03 ± 0.03 0.03 ± 0.01 0.04 ± 0.03 0.01 ± 0.01

Pb 0.18 ± 0.02 0.04 ± 0.02 0.43 ± 0.01 0.29 ± 0.02 0.44 ± 0.01 0.25 ± 0.04
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Fig. 2 Bioaccumulation factors
(organ/sediment concentration) of
different metals of Phragmites
australis in heavy metal-polluted
wadis in the Arabian Peninsula.
Error bars refer to SDs (n = 6).
Long error bars were cut; SD for
root Cu is 2.2, roots Zn 2.2, and
stem Zn 1.6
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Table 3 Heavy metal concentrations (mean ± SD, n = 3) in different parts of P. australis in different sampling sites and two-way ANOVA
results (plant parts and Wadi; *p < 0.05). The highest and lowest values of the wadis are italicized

Plant Part Wadis Mn Fe Ni Cu Zn Cd Pb

Root 1 170 ± 37 3003 ± 14 33.3 ± 1.7 14.2 ± 1.4 321 ± 24 3.5 ± 1.6 31.6 ± 5.1

2 178 ± 44 3318 ± 12 40.1 ± 6.3 12.3 ± 6.1 175 ± 23 2.8 ± 1.9 18.7 ± 3.3

3 85.7 ± 14.9 5678.6 ± 722.4 24.3 ± 3.7 77.6 ± 35.4 164.2 ± 26.8 2.8 ± 0.56 48.9 ± 10.9

4 170.4 ± 31.8 4037.3 ± 78.2 62.9 ± 6.9 138.6 ± 15.6 227.7 ± 20.2 4.3 ± 0.47 109.8 ± 9.5

5 105.4 ± 16.7 5688.4 ± 722.3 23.5 ± 3.7 84.3 ± 32.4 557.8 ± 922.1 2.4 ± 0.6 96.5 ± 17.9

6 378.0 ± 122.6 4098.5 ± 134.2 63.1 ± 8.1 75.5 ± 40.4 289.1 ± 28.6 1.8 ± 0.5 85.5 ± 12.9

Rhizome 1 34.9 ± 6.2 379.07 ± 44.5 23.4 ± 10.2 7.1 ± 3.3 264.3 ± 38.0 1.9 ± 1.1 24.2 ± 0.9

2 56.6 ± 9.8 299.9 ± 122.9 31.4 ± 5.4 12.5 ± 1.9 178.4 ± 23.8 3.2 ± 1.3 21.9 ± 5.6

3 22.1 ± 9.1 422.1 ± 143.7 5.5 ± 2.2 21.8 ± 5.1 67.6 ± 21.3 3.8 ± 2.3 14.2 ± 9.4

4 5.00 ± 1.7 667.9 ± 41.5 1.8 ± 1.1 24.8 ± 13.8 68.6 ± 13.7 3.6 ± 0.6 28.2 ± 2.7

5 11.7 ± 8.1 412.1 ± 143.7 3.6 ± 2.3 10.6 ± 1.4 107.2 ± 9.5 0.8 ± 0.3 32.1 ± 3.0

6 75.0 ± 21.8 460.7 ± 132.7 6.5 ± 1.1 9.5 ± 1.2 183.3 ± 33.6 0.5 ± 0.2 17.1 ± 3.4

Stem 1 36.2 ± 5.3 300.7 ± 55.3 16.2 ± 5 7.2 ± 1.6 387.8 ± 50.3 1.70 ± 1.1 28.8 ± 12.3

2 93.9 ± 25.2 213.7 ± 42.8 24.9 ± 7.7 14.8 ± 2.8 142.2 ± 29.1 3.3 ± 2.2 23.7 ± 5.3

3 17.6 ± 4.9 329.6 ± 95.5 4.1 ± 2. 18.4 ± 4.8 45.6 ± 14.6 4.6 ± 1.9 13.8 ± 2.6

4 7.3 ± 2.1 263.6 ± 23.7 3.9 ± 2.3 21.5 ± 6.6 102.6 ± 5.9 2.4 ± 1.9 29.4 ± 4.1

5 9.5 ± 1.7 333.3 ± 95.5 2.5 ± 1.00 8.7 ± 5.1 106.6 ± 18.1 0.6 ± 0.3 29.3 ± 3.3

6 52.6 ± 8.1 122.7 ± 28.3 6.3 ± 2.1 9.9 ± 1.5 215.2 ± 24.7 0.5 ± 0.2 16.0 ± 3.6

Leaves 1 154.6 ± 40.8 321.6 ± 32.2 20.7 ± 7.5 11.9 ± 4.3 268.5 ± 95.9 2.1 ± 1.3 25.9 ± 1.5

2 129.6 ± 29.7 200.3 ± 28.2 28.3 ± 5.0 15.4 ± 4.4 232.6 ± 34.2 1.8 ± 1.9 27.1 ± 12.2

3 64.7 ± 7.1 380.3 ± 100.8 4.9 ± 2.8 17.4 ± 1.3 60.5 ± 14.6 3.8 ± 0.9 18.8 ± 4.0

4 16.7 ± 7.5 357.4 ± 35.5 4.8 ± 2.7 15.7 ± 3.3 87.3 ± 10.8 1.9 ± 2.6 32.2 ± 5.2

5 37.6 ± 10.1 370.5 ± 100.8 2.9 ± 2.2 10.9 ± 3.5 66.2 ± 10.6 0.90 ± 0.50 31.7 ± 1.6

6 248.2 ± 37.8 330.8 ± 23.1 12.3 ± 1.9 15.7 ± 1.2 117.2 ± 23.5 0.3 ± 0.1 17.4 ± 4.1



Metal concentration between the different organs
correlated in many cases. The correlations were positive
in all cases. The strongest correlations were observed
between leaves and stem in the cases of Ni (r = 0.91), Zn
(r = 0.73), and Cd (r = 0.68) (data not shown). Above-
ground and belowground plant organs correlated vari-
ably depending on the metal. Especially, rhizome con-
centrations correlated with both stem and leaves con-
centrations. Rhizome and stem correlated in most cases,
most strongly in the cases of Ni (r = 0.91) and Zn (r =
0.86). Positive correlations, although weaker, were ob-
served for Mn, Cu, Cd, and Pb. The strongest correla-
tions between rhizome and leaves were observed in the
cases of Mn (r = 0.78), Ni (r = 0.93), and Zn (r = 0.75),
and weaker correlations were observed for Cu, Cd, and
Pb. Roots and stem correlated in the cases of Fe (r =
0.51) and Cu (r = 0.55). The highest correlations be-
tween roots and leaves were observed for Mn (r =
0.67) and Fe (r = 0.65) (Table 5).

Discussion

Contamination in the wadis

In general, the heavy metal concentrations in the Wadi
Hanifah inside Riyadh and Aldawadmi cities were rel-
atively high, and all sample sites can be consideredmore
or less contaminated. Information about the contamina-
tion in the Arabian Peninsula is scarce. Now, we con-
sider the Wadi Hanifah as Cd contaminated throughout.
The Cd concentrations, which were mostly higher than
2 μg/g−1, are high compared with contaminated wet-
lands elsewhere (Deng et al. 2004; Obolewski et al.
2011; Scholes et al. 1999). Urban soils’ Cd contamina-
tion is mostly below 1 μg/g−1; in wastewater, the con-
tamination may be up to 3 μg/g−1 (Khan et al. 2017).
The concentrations were also higher than previously
reported for Wadi Hanifah sediment (Abdel-Baki et al.
2011). The concentrations of P. australis tissues were

Fig. 3 Translocation factors
(organ/root concentration) of
different metals of Phragmites
australis in heavy metal-polluted
wadis in the Arabian Peninsula.
Error bars refer to SDs (n = 6)

Table 4 Pearson correlation coefficients (r > 0.5, p < 0.05, n = 18) between the metal concentrations in plant P. australis parts (leaves, stem,
rhizome, roots), water, and sediment in the growing site

Elements Roots vs. water Stem vs. sediment Rhizome vs. sediment Roots vs. sediment Leaves vs. sediment

Mn − 0.61 – – – –

Fe 0.66 – – – –

Ni – – – – –

Cu 0.71 0.89 0.59 0.81 –

Zn – – – – –

Cd – – – – –

Pb – – – 0.56 –
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among the highest compared with previously reported
for P. australis growing in polluted wetlands, as
reviewed by Vymazal and Březinová (2016). As a sum-
mary, the Wadis in Riyadh and Aldawadmi cities were
contaminated with heavy metals and need remediation
actions.

Accumulation

Bioaccumulation (BAF) and translocation factors (TF)
have appeared to be useful in finding hyperaccumulator
species, and in assessing their efficiency in
phytoremediation (Ali et al. 2013; Klink et al. 2016).
BAF indicate the metal transfer from soil or sediment to
plant tissues when the factor is above one (Ali et al.
2013). We did not observe BAFs above one, except for
Cd (roots to sediment relation). Moreover, based on the
plant tissue concentrations that we observed, P. australis
could not be considered as a hyperaccumulator of heavy
metals in general. Only Fe and Zn concentrations
exceeded the definition of a hyperaccumulator species
according to Verbruggen et al. (2009).

Previous studies on P. australis have reported very
high heavy metal bioaccumulation factors. A very high
BAF (roots/sediment), namely eight was found for Zn
and four for Ni (Klink et al. 2016). For Cd, however, the
same study found BAF below one. Elsewhere, in exper-
imental conditions, P. australis was assessed as a
hyperaccumulator of Cu (Su et al. 2018). These results
were different from our results; our BAFs for Zn, Ni,
and Cu were below one. The results differed also in the
case of Cd.We found the highest BAF for Cd, even over
one. Our results are in accordance with two other stud-
ies. The accumulation of Cd into P. australis was ob-
served in experimental conditions (Cicero-Fernández
et al. (2017) and in a field (Bonanno, Vymazal, and

Cirelli 2018). The contradictory results show the com-
plexity of the issue and the need for field studies in
different environmental conditions. Only few studies
have even analyzed Cd, because of its low concentra-
tion, often under the detection limit.

As expected, the metal concentrations were generally
highest in the roots. Previously, metal concentrations in
the P. australis organs have been observed to decrease in
many different orders, the root concentration being al-
ways the highest, however (G Bonanno 2011; Giuseppe
Bonanno 2013; Klink 2017; Rzymski et al. 2014;
Vymazal 2016; Vymazal and Březinová 2016). It also
seems that the translocation depends on the metal
(Giuseppe Bonanno et al. 2018). For instance, the ma-
jority of the heavy metals (Co, Cr, Cu, Fe, Mn, Ni, Zn)
were largely retained in P. australis roots, while Cd and
Pb were translocated to the leaves (Rzymski et al. 2014).
All our TFs were below one, being highest for Zn and
Cd (0.5–0.7). Our results indicate the highest transloca-
tion for Cd. The comparability of the translocation stud-
ies may be difficult and the differences might be ex-
plained by the growing phase of the plant, as suggested
recently (Su et al. 2018).

The correlations between the metal concentrations in
sediment, water, and P. australis organs have not been
reported to any large extent previously. Bonanno (2013)
and Bonanno et al. (2018) found that several metal
concentrations of P. australis organs correlated positive-
ly with both sediment and water metal concentrations.
We mostly found weak or moderate correlations, which
were stronger between the organs and sediment than
between the organs and water. The strongest correlations
were observed for Cu. The stem Cu concentrations
correlated also with both the roots and rhizome concen-
trations. On the other hand, the stem’s Cu BAF was
relatively low, being only 0.2, thus, indicating an

Table 5 Pearson correlation coefficients (r > 0.5, p < 0.05, n = 18) between the metal concentrations in plant P. australis parts

Elements Stem vs. leaves Rhizome vs. leaves Roots vs. leaves Rhizome vs. stem Roots vs. stem Roots vs. rhizome

Mn 0.6 0.78 0.67 0.69 – 7.3

Fe 0.59 0.51 0.65 – 0.51 –

Ni 0.91 0.93 – 0.91 – –

Cu 0.63 – − 0.64 0.53 0.55 –

Zn 0.73 0.74 – 0.86 – –

Cd 0.68 0.53 – 0.52 – –

Pb 0.55 0.61 – 0.6 – –
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interpretation that is contradictory to that of the correla-
tion result. Altogether, the positive correlations suggest
that also Cu is transferred from sediment to above-
ground plant organs. Moreover, most other metal con-
centrations correlated positively between rhizome and
stem as well as between rhizome and leaves, although
not between roots and stem. This indicates the translo-
cation of Cu.

In comparison with our results, the values at the
same, higher, or lower level have been reported
(Giuseppe Bonanno 2013; Giuseppe Bonanno et al.
2018; Maddison et al. 2009; Teuchies et al. 2013). This
shows that the accumulation may depend on the original
sediment concentrations as well as on other complex
environmental factors (Kabata-Pendias 2010;
Mazumdar and Das 2015).

Implications to phytoremediation

We got indications that P. australis accumulates heavy
metals to some extent, especially Cd, Zn, Pb, and Cu.
Thus, we suggest that the species can be used in the
phytoremediation of the heavy metal-polluted wadis in
the Arabian Peninsula. Because it is highly recommend-
ed that native and endemic species instead of exotic
species should be used in the phytoremediation
(Leguizamo et al. 2017), we recommend that
P. australis growing naturally in the wadis is used to
plan practical research for the remediation actions.

All our results did not consistently prove for the
accumulation of heavy metals to P. australis above-
ground organs. However, as interpreted from a recent
accumulation study by Vymazal (2016), the tissue con-
centrations or factors calculated for bioaccumulation
and translocation alone do not tell the plant’s potential
in phytoremediation. Our results altogether support pre-
vious views that P. australis could be used in
phytoremediation, and especially in our wadis in the
cases of Cd, Zn, and Pb and Cu. The utilization of
P. australis is supported by recent findings that the
species could be used together with bacteria to remedi-
ate areas with a mixture of pollutants (Fahid et al. 2020).

Although not a hyperaccumulator in our wadis,
P. australis was able to grow with relatively high Cd
concentration in its tissues. Cd is the most toxic and
thus, the most hazardous contaminant. The concentra-
tions above 5 μg g−1 are considered toxic to most plants
(White and Brown 2010). Thus, the concentrations in
our plants were not regarded as toxic. Taken a rough

estimate about the dry biomass of P. australis leaves and
stems (Vymazal 2016), it can be calculated that 1 to
12 mg of Cd per m2 could be removed using the
phytoextraction by cutting and collecting the plants’
stems and leaves. For some reason, there is a high
variation in the concentrations. However, the highest
amounts that could be removed from the wadis can be
considered remarkable.

Conclusions

Different environmental conditions probably explained
largely why some of our results indicated higher, some
lower, metal accumulation capacity of P. australis than
previously reported. We support the previous view that
P. australis is a good candidate to be utilized in the
phytoremediation of wetlands. Our results indicated that
the species would be efficient in phytoremediation es-
pecially in Cd-, Zn-, Cu-, and Pb-contaminated wadis in
the Arabian Peninsula. Although P. australis appeared
not to be a hyperaccumulator of heavy metals, it is a
species growing naturally in the wadis in the Arabian
Peninsula, and thus, fulfills the recommendation about
t h e us e o f na t i v e ove r exo t i c spec i e s i n
phytoremediation (Leguizamo et al. 2017). Therefore,
we recommend that practical experiments for the reme-
diation actions should be started. We consider the wadis
to be highly heavy metal contaminated. Because the big
cities are lacking other recreational areas due to the
extreme arid climate, the remediation actions are urgent.
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