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ABSTRACT

Shooting range soil is one of the most heavily contaminated sites in the world with heavy metals from shooting
activities. The aim of the study was to evaluate remediation efficiency of contaminated shooting range soil using
three plant species — Festuca arundinacea Schreb., Trifolium pratense L., and Medicago sativa L. assessing the impact
of contamination on the development of plant species and the capacity of plants to accumulate potentially toxic
elements from polluted soil. The field study was conducted in a Lithuanian civilian shooting range operating 65
years where lead (Pb) concentration in the shooting range soil was extremely high — 17,890 mg kg™ ' and the
elevated levels of antimony (Sb) was found in soil of berm. F. arundinacea had the highest biomass. The shoot
height of all species grown in the contaminated shooting range soil was significantly lower than that of those
grown in the uncontaminated soil. The shoot height of M. sativa and T. pratense was 30% lower compared to the
control group, while the height reduction of F. arundinacea was only 10%. The same trend of the effect of
contaminated soil on root length was observed - the roots were statistically significantly shorter than the control,
while the mean root length of F. arundinacea did not differ from the control plants. The content of photosynthetic
pigments in all three species tested was also significantly lower as that of the control plants due to contaminated
shooting range soil. Shoots of T. pratense plants grown in the shooting range soil accumulated 10 times higher
concentrations of Pb and 3 times higher concentrations of Sb in M. sativa compared to the control. Among all
studied plants, F. arundinacea was the plant capable of accumulating significantly higher amounts of Pb, nickel
(Ni) and Sb in roots than in shoots. The roots of all treated plants accumulated significantly higher concentrations
of Pb compared to the control. The highest concentrations of Pb were determined in the shoots of F. arundinacea
and T. pratense. Only the roots of M. sativa and F. arundinacea, accumulated higher concentrations of Ni and Sb,
compared to controls. The significantly higher bioconcentration factor of Pb (BCFpp) was determined in
F. arundinacea but it still was lower than 1.0. The Pb accumulation capacity of the different plant species was in
the following order: F. arundinacea > T. pratense > M. sativa showing phytostabilization potential of plants.
T. pratense had the highest translocation factor (TF) values, being able to translocate a high proportion of Pb and
Sb from roots to shoots, while F. arundinacea had the lowest efficiency.

1. Introduction

The environment of shooting ranges is contaminated with lead and
other metals/metalloids at levels well above human and ecological

Although trace elements are a natural component of the Earth's crust
and are found in small amounts in the soil, their accumulation in the soil
is increasing due to anthropogenic activities such as industry, mining,
agriculture, and others. Contamination of soil with these elements poses
a potential risk to the environment and human health (Motuzova et al.,
2014). The release and deposition of potentially toxic elements into the
environment is also a result of shooting activities, which is of increasing
concern (Sanderson et al., 2018).
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health protection levels (Peddicord and LaKind, 2000). The deposited
bullets and other materials associated with shooting activities enter the
soil as gunshot residues (Lach et al., 2015) and usually remain in the top
layer of the soil (Rodriguez-Seijo et al., 2016). Lead is the main
component of bullets, accounting for about 80% of the bullet's mass, but
smaller amounts of Sb, arsenic (As), Ni, cooper (Cu), manganese (Mn),
zinc (Zn), and mercury (Hg) can also be found in the ammunition
(Barker et al., 2020; Sanderson et al., 2018; Urrutia-Goyes et al., 2017).
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Weathering of these materials leads to the accumulation of elemental
lead and other metals. Lead concentrations in the shooting range soils
range from 11 to 171,000 mg kg’1 (Barker et al., 2021) and reach
>500,000 mg kg~ (Scheinost et al., 2006). Soil contamination persists
for a long period of time even after the cessation of the activity: it was
found that, although the shooting activity had ceased many years ago,
the Pb content in the soil of the abandoned shooting range exceeded the
general reference levels (Reigosa-Alonso et al., 2021; Rodriguez-Seijo
et al., 2016).

The accumulation of potentially toxic elements pose a serious envi-
ronmental risk (Bai and Zhao, 2020; Dinake et al., 2018; Skalny et al.,
2021). The toxicity of accumulated elements depends on a number of
factors, including concentration, chemical species and sensitivity of the
organism. Some metals such as arsenic, cadmium, chromium, lead, and
mercury are considered to be a priority hazard affecting the environ-
ment and human well-being due to their high toxicity. These metallic
elements cause damage to living organisms even when present at low
concentrations. In the case of shooting ranges, health risks from expo-
sure to heavy metals have been identified in the risk assessment at the
outdoor (Dinake et al., 2018; Evangelou et al., 2012; Islam et al., 2016;
Peddicord and LaKind, 2000; Sorvari, 2007) and indoor shooting ranges
(Clarke et al., 2022; Grandahl et al., 2012; Orru et al., 2018; Sujetoviené
and Cesynaité, 2021).

Even though contamination of firing ranges can pose a risk to the
health of workers and shooters, there are also negative environmental
impacts. The ecological risk from pollutants will depend on several
factors, such as the level of contamination, the characteristics of the site
and the sensitivity of ecological receptor. The impact of contamination
on the biota also depends on the bioavailability of heavy metals, and
high levels of heavy metals can lead to significant accumulation and
even transfer to higher levels of the food chain (Hui, 2002). Due to the
low mobility and leachability of heavy metals, the exposure to the
contaminated soil has not always resulted in acute toxicity (Porfido
et al., 2022) or in minor adverse effects on aquatic organisms (Reigosa-
Alonso et al., 2021; Rodriguez-Seijo et al., 2017). Recent ecotoxicolog-
ical studies have shown that high concentrations of heavy metals are
taken up and bioaccumulated in organism's tissues, causing a toxic
response (Cesynaité et al., 2021; Christou et al., 2022; Rodriguez-Seijo
etal., 2017). The field study has also shown that the soil fauna recovered
in the abandoned shooting range, compared to the active one, where
community structure was altered, reduced in abundance and absence of
some species (Selonen et al., 2014).

The specific nature of the shooting range pollution is related to the
different shooting activities and means used, and the environmental
conditions that lead to different levels of pollution and management
options. One of the best management practices to reduce the mobility of
metals in shooting ranges is the use of lead-free bullets, which can
reduce or prevent environmental pollution in shooting ranges (Fayiga
and Saha, 2016). Various soil remediation techniques can be used to
reduce heavy metal contamination at the shooting range sites. The
choice of the most commonly used technology depends on site specifics
and cost (Mench et al., 2009; Mulligan et al., 2001). Methods of reme-
diation of heavy metal contaminated shooting range soils include
reducing bioavailability of heavy metals (e.g., application of phos-
phates, lime) and biological methods (Bandara and Vithanage, 2016;
Hashimoto et al., 2009; Pedersen et al., 2018; Rodriguez-Seijo et al.,
2020; Sanderson et al., 2016). Phytoremediation has emerged as a
relatively inexpensive and sustainable technique to remediate soil
contaminated with heavy metals. Plant characteristics favorable for
phytoremediation include tolerance to heavy metals, fast growth rate,
high biomass, and a well-developed root system with high absorption
and accumulation capacity for heavy metals (Bandara and Vithanage,
2016). Although contamination from shooting ranges relates to a wide
range heavy metal, soil is mainly contaminated with lead and antimony,
and much of the research is concerned with remediation options for
elements. When assessing the phytoremediation potential of metal-
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contaminated soil in the firing range, Pisum sativum L. had the highest
lead removal efficiency of 96% (Tariq and Ashraf, 2016). Studies con-
ducted on Pb-contaminated soil showed that F. arundinacea is a potential
plant species for phytoremediation of Pb (Begonia et al., 2005; Hu et al.,
2015). It is argued that even in the case of a mixture of different metals
in the soil, as in the case of shooting range contamination, it is preferable
to use a single plant species rather than a mixture of several plant (Lee
etal., 2007). Although some species can accumulate the highest levels of
Pb, it is important that high levels of contamination do not cause any
harmful effects on plants (Khan et al., 2021; Midhat et al., 2018). It is
therefore necessary to carry out research suitable for practical applica-
tion in the field of shooting ranges. Effective remediation and manage-
ment of shooting range soils should be considered in the future (Moon
et al.,, 2021). The aim of the study was to determine the phytor-
emediation efficiency of a contaminated shooting range soil using
different plant species — Festuca arundinacea Schreb., Trifolium pratense
L., and Medicago sativa L. - by assessing the effect of contamination on
the development of plant species, the potential of bioaccumulation of
trace elements, and the ability to transfer elements to shoots.

2. Material and methods
2.1. Site description

The sampling area is in the civilian shooting range in Alytus,
Lithuania (54°23'48.1“ N, 24°2°’41.3” E). The shooting range is oper-
ating since 1957. The total area of the shooting range is about 400 m?.
The firing range is designed for target shooting at different distances,
with two target lines of different lengths - 25 and 50 m from the firing
line. According to the regulations of this shooting range, only 22 long
rifle ammunition can be used, which means that this shooting range can
only use small barrels (rifle and pistol) according to safety regulations.
Shooting activities are most active in the warmer month of the year,
especially in April — September. Detailed soil physicochemical proper-
ties are presented in previous work (Cesynaité et al., 2021). The most
contaminated area of the shooting range with Pb and Sb (53,022mgkg !
and 599 mgkg !, respectively) is located 45 m from the firing line. The
soil of the shooting range is also more acidic and denser due to the high
mass of bullets.

2.2. Experimental design and plant cultivation

In order to assess the phytoremediation potential of the shooting
range soil, three plant species were selected in this field study — Festuca
arundinacea Schreb., Trifolium pratense L., and Medicago sativa L. The
high phytoremediation potential of these plant species is demonstrated
by their tolerance to pollutants and their ability to accumulate (Begonia
et al., 2005; Hu et al., 2015; Liu et al., 2018; Midhat et al., 2018; Steliga
and Kluk, 2020). F. arundinacea has high tolerance to contaminants, a
strong root system and the ability to transfer large amounts of Pb to the
shoots, as well as the ability to absorb more trace elements (e.g., Pb, Cd,
Ni, Zn) than other plants (Begonia et al., 2005; Steliga and Kluk, 2020).
M. sativa is characterised as a resilient and tolerant plant, able to with-
stand extreme conditions such as drought, high pollution, low temper-
atures, and has been tested as a stabiliser plant for acid mine tailings
(Midhat et al., 2018). The nitrogen-fixing capacity of M. sativa can
contribute to a more efficient use of nutrients and water. Trifolium spp. is
suitable for phytoextraction of inorganic compounds, and its ability to
fix nitrogen is often used to enhance the productivity of other plants
(Lachapelle et al., 2020). T. pratense induces microbial activity in the
rhizosphere, followed by increased uptake of inorganic metals from the
soil (Delorme et al., 2001).

Three shooting sections of approximately 1 m width were selected at
different distances from the firing line - 5, 30 and 45 m (Fig. S1). At each
distance, plants of each species were grown in three random plots of 0.8
x 1.3 m. The number of seeds was calculated according to the
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recommended sowing rate: F. arundinacea and T. pratense — 1.5 g seeds
per 1 m?, M. sativa — 1.0 g seeds per 1 m?. The field experiment lasted
from June to September 2021. An area close to the shooting range was
chosen as a control plot, and the sampling and experimental design was
identical to that used at the shooting range, with three replications of the
plots.

Before sowing, soil samples (0-20 cm) were collected from each of
the plot where plants were grown (5, 30 and 45 m from the firing line)
from the three sampling points. After air drying the soil samples were
sieved using a 2 mm stainless steel sieve to remove bullets, stones, and
organic particles. Soil samples were oven dried at 60 °C for 48 h.

2.3. Sample analysis

After 90 days three samples of plant material were collected from
each plot, gently washed by deionised water to remove extraneous
substances. Shoot height and root length were measured. Dry shoot and
root biomass was determined after drying at 60 °C until constant weight.
The concentrations of chlorophylls a + b in tissue extracts with acetone
were determined by measuring absorbance at wavelengths of 648, 664,
and 470 nm.

Dried plant samples (shoots and roots) were digested in HNOg3 (65%)
and H302 (30%) using a high-pressure microwave digestion system
(Milestone ETHOS One, Italy). Multi-element inductively coupled
plasma optical emission spectrometry (ICP-OES, Perkin-Elmer, Optima
8000) was used to determine the concentrations of heavy metals in
plants. Calibration of trace elements (Pb, Ni, Sb) was performed at four
calibration points by analysing standard (Multi-Element Quality Control
Standard, 21 Elements, Perkin Elmer) solutions. The precision of the
analysis was also assessed by a linear correlation coefficient of at least
0.999 for all elements. To ensure the reliability of the results, a QC (2 mg
L™Y) test was performed on every twenty samples. Calibration was
performed each time the selected value exceeded the set limits in 10%
range.

Soil samples were digested in 8 mL HCI (37%), 5 mL HNOj3 (65%), 5
mL aqueous H3BOj3 solution (5%) and 3 mL HF (48%) in the Teflon
vessels of a microwave digestion system (Milestone Ethos One, Italy) in
triplicate. The total concentrations (mg kg™!) of Pb, Ni, Sb were deter-
mined by inductively coupled plasma optical emission spectroscopy
(ICP-OES, Optima 8000, Perkin-Elmer, USA). Calibrations of trace ele-
ments were made by analysing standard (Multi-Element Quality Control
Standard, 21 Elements, Perkin Elmer) solutions in four replicates. The
analysis of the certified reference material (CRM Metals in Soil
(SQCO001), Sigma-Aldrich) showed that the recovery of all elements
varied within +10% range of the certified values.

2.4. Data analysis

The BCF was calculated as a ratio of the metal concentration in the
plant tissue (roots) and the metal concentration in the soil. The TF was
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used to evaluate plant's ability to transfer a metal from roots to shoots.
Each treatment was performed in 9 replicates. Normal distribution of the
data was tested by the Kolmogorov-Smirnov test. To evaluate the sig-
nificance of differences between treatments comparing plants morpho-
metric parameters and concentrations of trace elements at different
distances and between plant species, a nonparametric Mann-Whitney
two sample U test was used (p < 0.05). Data were analyzed with Sta-
tistics software.

3. Results
3.1. Total metal concentration in soil

The initial heavy metal concentrations (Pb, Ni and Sb) in the
shooting range soil (SR) were substantially higher than in the control
site soil (p < 0.05, Fig. 1). The mean lead concentrations in the shooting
range soil were extremely high — 17,890 mg kg™’. Antimony concen-
tration was 599 mg kg ™! and was found only in the soil of the berm. The
elevated levels of Pb along with Sb in shooting range soil exceeded the
background (15 mg Pb kg~! and 1.0-1.5 mg Sb kg™!) and maximum
permitted (100 mg Pb kg~ and 10 mg Sb kg™!) concentrations in
Lithuanian soils (HN 60-2004 (2004)). The concentration of Ni did not
exceed the established maximum permitted level, but it was 2.2 times
higher in the soil of the shooting range than in the control.

3.2. Plant growth

When comparing different plant species, F. arundinacea had the
highest biomass and it was statistically significantly higher than
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Fig. 2. Dry weight of shoot biomass following 3 months field study. Mean
values (mean = SE, Ncontrol = 5, Nshooting range = 15) followed by the same letter
are insignificantly different (U test, p > 0.05).
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Fig. 1. Concentration of Pb, Ni, and Sb in the soil of the shooting range (SR) and control (mean =+ SE, n = 6). Different letters above the columns indicate significant

differences (U test, p < 0.05).
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T. pratense (p < 0.05, Fig. 2). The dry biomass of any plant species grown
in the contaminated soil did not differ from that of the control plant
group (p > 0.05).

The shoot height of all species grown in the contaminated shooting
range soil was significantly lower than that of those grown in the un-
contaminated soil (p < 0.05, Fig. 3). The shoot height of M. sativa and
T. pratense was 30% lower compared to the control group, while the
height reduction of F. arundinacea was only 10%. In M. sativa and
T. pratense, the same trend of the effect of contaminated soil on root
length was observed - the roots were statistically significantly shorter
than the control, while the mean root length of F. arundinacea did not
differ from the root length of the control plants (Fig. 3).

The content of photosynthetic pigments in all three species tested
was also significantly lower as that of the control plants due to
contaminated shooting range soil — chlorophyll a + b content in
M. sativa, F. arundinacea and T. pratense was 49%, 53% and 48% lower
compared to control, respectively (p < 0.05, Fig. 4).

3.3. Assessment of trace element concentrations in plants

Content of Pb was higher in all treated plants compared to the con-
trol (Fig. 5). Shoots of T. pratense accumulated 10 times higher Pb
concentration (127 mg kg™!) while M. sativa and F. arundinacea plants —
2 times higher concentrations (27 mg kg ! and 26 mg kg ') compared to
the control (13 mg kg™, Fig. 5). M. sativa and F. arundinacea accumu-
lated significantly more Ni in the aboveground part, about a quarter
more than plants grown in the uncontaminated soil (p < 0.05). M. sativa
accumulated significantly higher amounts of Sb in the soil of the
shooting range compared to the control — 3 times higher (p < 0.05,
Fig. 5).

The roots of all treated plants accumulated significantly higher
concentrations of Pb compared to the control (Fig. 5). The highest
concentrations of Pb were determined in F. arundinacea (147 mg kg ~1)
and T. pratense (111 mg kg 1), almost 11 and 7 times higher compared to
the control. Roots of M. sativa accumulated 43% higher concentration of
Pb than control. Only the roots of M. sativa and F. arundinacea, accu-
mulated higher concentrations of Ni — 8 and 11 mg kg2, respectively.
Similar results were obtained with Sb — in the roots of M. sativa and
F. arundinacea, Sb concentrations were found to be 2 and 3 times higher,
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Fig. 3. Shoot height and root length (cm) of M. sativa, T. pratense and
F. arundinacea after 3 months of growth in the control and shooting range soils
(mean = SE, Neontrol = 95 Nshooting range = 27). Different letters above columns
indicate significant different between means (U test, p < 0.05).
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Fig. 4. Chlorophyll content in M. sativa, F. arundinacea and T. pratense grown in
control and shooting range soils (mean + SE, Ncontrol = 9, Nshooting range = 27)-
Different letters above the columns indicate significant difference (p < 0.05)
among the treatments (U test).

respectively, compared to controls. Among all studied plants,
F. arundinacea was the plant capable of accumulating significantly
higher amounts of Pb, Ni and Sb in roots than in shoots (p < 0.05).

The accumulation of trace elements in plants, expressed as a BCF, did
not show a significant bioconcentration of lead in the plants studied
(Fig. 6). The significantly higher BCFp}, was determined in F. arundinacea
but it still was lower than 1.0. According to the plant ability to accu-
mulate Pb in roots the subsequent ability of different plant species was as
follows: F. arundinacea > T. pratense > M. sativa. BCFy; values in roots of
F. arundinacea was 1.9 while of other treated plant species were not
significantly different in the ability to absorb elements from the soil and
BCFy; values were near 1.0 (Fig. 6). BCFgp, values were very low for all
treated plants with mean value 0.0025-0.0027.

T. pratense had the highest TF values, being able to translocate a high
proportion of Pb and Sb from roots to shoots, while F. arundinacea had
the lowest efficiency. The translocation from roots to shoots of M. sativa
was similar for all elements, with TF ranging from 0.96 (Ni) to 1.09 (Pb)
(Fig. 7).

4. Discussion

Shooting activities at firing ranges lead to the accumulation of trace
elements in range soils, which is one of the largest sources of contami-
nation in the world, for example in the United States, it is the second
largest source of Pb contamination (Ahmad et al., 2012a). Ammunition
used for firing contains a wide range of metals including arsenic, zinc,
nickel, etc. but lead is one of the most prevalent contaminants in the
shooting ranges. The contamination of the soils investigated confirmed
that shooting range is heavily contaminated with trace elements, espe-
cially Pb and Sb. The high level of contamination is due to accumulation
of lead and antimony fired at the shooting range, which is consistent
with the results of studies carried out at firing ranges (Dinake et al.,
2019; Sanderson et al., 2018). High levels of these elements, above the
permitted levels, have the greatest potential to harm human health and
the environment (Bai and Zhao, 2020; Christou et al., 2022; Dinake
et al., 2021; Fayiga and Saha, 2016) .

The high levels of contamination found at the firing ranges is an
indication of a need for remediation. On the one hand, this is local
pollution, which is easier to control and manage. On the other hand,
there is an accumulation of a various potentially toxic elements in the
environment of shooting ranges resulting from shooting activities.
Phytoremediation is one of the most cost-effective technologies for
removing pollutants and has been tested in the case of firing range
pollution (Bandara and Vithanage, 2016).

The success of phytoremediation depends on the plant's tolerance to
trace elements and its ability to accumulate them of under extreme
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Fig. 6. The bioconcentration factor of trace elements (Pb, Ni) in roots of M. sativa, F. arundinacea and T. pratense after 3-month of phytoremediation (mean + SE,
Neontrol = 95 Dshooting range = 27). Different letters above the columns indicate significant difference (p < 0.05) among the treatments (U test).

pollution conditions, such as growing in the contaminated soil of the
shooting range. Our results showed that exposure to contaminated soil
did not adversely affect the germination of the selected plant species.
This is important for achieving phytoremediation objectives. Cao et al.
(2004) showed that plant seeds sown in a soil contaminated with trace
elements with a total Pb concentration of 21,540 mg kg~ germinated in
only one of the three selected plant species - Helichrysum italicum L.,
Juncus compressus L., and F. arundinacea - only the latter was able to
germinate and grow. Our results are in agreement with the results of
phytotoxicity studies carried out by Lago-Vila et al. (2019), where it was
found that Sinapis alba L., Lactuca sativa L. and Festuca ovina L. were able
to germinate and grow in the shooting range soil in spite of the high Pb
content. The absence of germination inhibition can be considered as a
sign of tolerance of these plants, which may partly explain why high
level of lead contamination did not have a significant effect on germi-
nation. Other studies have shown that Pb toxicity resulted in signifi-
cantly lower germination of lettuce in the shooting range soil, with
germination rates as low as 15% (Ahmad et al., 2012b) or even 5% (Wolf
et al., 2020) and also caused the low germination of Solanum lycopersi-
cum (Yoo et al., 2016).

The growth of the plants confirmed the tolerance of these species to

pollutants — plants exposed to the shooting range soil produced the same
biomass as plants growing in uncontaminated soil. Despite the fact that
the contaminated soil from the firing range did not adversely affect the
biomass of any of the plant species, plant growth was impaired. The
growth of M. sativa and T. pratense was significantly reduced leading to
shorter in height plants. This harmful effect is suggested to be caused by
the damaged roots which length was significantly lower than of control
plants. Inhibition of root elongation is the primary effect of Pb toxicity,
which can be explained by impaired root cell division (Eun et al., 2000).
Root growth inhibition was also observed in three different species
(Sinapis alba L., Lactuca sativa L. and Festuca ovina L.), exposed to a Pb
polluted trap shooting range and small-arms firing range soils through
phytotoxicity assays (Lago-Vila et al., 2019). F. arundinacea was the
most tolerant species because the shoot height was reduced to a mini-
mum and root length was not adversely affected by contaminants.
Chlorophyll content is an indicator of photosynthetic mechanism and
of plant metabolism. The photosynthetic pigments were affected by
stress from metal contaminants - the decrease in chlorophyll content in
plants was determined. It is argued that chlorophyll levels generally
decrease with increasing stress levels — nutrient deficiencies and
chlorophyllase activity under stress conditions can provoke a decrease in
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Fig. 7. The translocation factor (TF) of heavy metals (Pb, Ni, Sb) of M. sativa, F. arundinacea and T. pratense after 3-month of phytoremediation (mean =+ SE, Ncontrol
=9, Nghooting range = 27). Different lowercase letters above the columns indicate significant difference (p < 0.05) among the treatments (U test).

chlorophyll biosynthesis (Piotrowska-Niczyporuk et al., 2015). Reduc-
tion of photosynthetic pigments by the heavy metals also indirectly in-
fluences the photosynthesis (Aggarwal et al., 2012) and this reduction in
photosynthesis efficiency is partly responsible for the overall reduction
in plant growth and biomass production (Chandra and Kang, 2016).

Plants grown on the contaminated soils accumulated high amounts
of trace elements. All species showed the ability to accumulate Pb, and
the highest Pb concentration was found in shoots of T. pratense, which
was up to 10 times higher than the control. The studies confirmed that
T. pratense can accumulate high levels of Pb and the accumulation was
linearly related to the Pb concentration in the soil (Malizia et al., 2012).
Translocation factor of Pb and Sb also indicated ability of this species to
translocate these elements from roots to shoots and this is responsible for
phytoextraction (Nirola et al., 2015) especially for T. pratense in this
study.

Among the plants studied, F. arundinacea was able to accumulate
about twice the concentration of elements such as Pb, Ni and Sb in the
stems as in the control, but this efficiency was much higher in the roots.
Several authors also indicated that the roots of F. arundinacea had higher
accumulation ability compared to the shoots (Lou et al., 2017). Results
of other studies also indicate that most of Pb from the contaminated soil
was translocated to aerial parts of plants. Root Pb concentration of St.
Augustine grass was significantly higher than in shoot biomass — 74-93%
of total plant Pb in the roots (Fayiga and Saha, 2016). Much higher Pb
accumulation in roots of Agrostis capillaris L. grown in soil of an old trap
shooting range indicated the phytostabilization properties of this species
(Rodriguez-Seijo et al., 2016). Pb phytostabilization in root tissues leads
in a delay of Pb translocation to aboveground plant parts (Lou et al.,
2017) .

Higher accumulation in the roots was reflected in the highest value of
the bioconcentration factor (BCF), which indicates the plant's ability to
absorb elements from the environment, among the plants studied.
F. arundinacea was considered to be able to absorb more Pb and other
elements than other herbaceous plants due to its tolerance and strong
root system (Khashij et al., 2018). The high concentration of Pb in roots
was shown by the BCF of Pb in roots, which was higher than the TF and
can be explained by its adhesion properties (Albornoz et al., 2016). The
roots acted as a barrier preventing from Pb transfer to the shoots, and Pb
could be precipitated in the form of Pb-phosphate at the root surface
(Lou et al., 2013).

In contrast to F. arundinacea, M. sativa showed a similar accumula-
tion of Pb in shoots as in the roots. Other studies have shown that the
concentration of metals, including Pb, were significantly higher in
M. sativa roots than in the shoots (Midhat et al., 2018). Baker (1981)

suggested that this is a typical tolerance mechanism of accumulator
species. Many heavy metal-tolerant plants exhibit a characteristic
property of reducing root-to-shoot transport of trace elements at higher
concentrations, for example above 2000 mg kg™ Pb (Steliga and Kluk,
2020).

5. Conclusions

In conclusion, the three studied plant species were able to germinate
and to form vegetative cover in the contaminated soil and accumulate
trace elements in their roots and shoots, indicating their usefulness for
phytoremediation of contaminated soil. The soil of the examined
shooting range contained elevated Pb concentration, resulting in Pb
accumulation in roots and shoots of all plants. The highest bio-
accumulation was observed in T. pratense, with most of it translocating
from roots to shoots. F. arundinacea showed the highest accumulation
ability of trace elements in the roots. In summary, the much higher
accumulation of Pb in the roots of the plants grown in the soil of the
shooting range was indicative of their phytostabilising properties, which
delayed the translocation of Pb to the aerial parts of the plants. Field
studies are useful for finding the most effective ways to control and
manage pollution from local sources such as shooting ranges. Our results
also point to the need to test plants on a wide range of outdoor soils, as
there is a lack of field studies conducted under natural conditions and
using a variety of plant species. This suggests the need for clear guide-
lines on how to implement phytoremediation cost-effectively and easily.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecoleng.2023.107134.
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