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REVIEW ARTICLE

Pollution risk from Pb towards vegetation growing in and around shooting 
ranges – a review
Pogisego Dinake a, Serwalo Mercy Mokgosib, Rosemary Kelebemanga,c, Tsotlhe Trinity Kereeditsea 

and Obakeng Motswetlaa

aDepartment of Chemical and Forensic Sciences, Botswana International University of Science and Technology, Palapye, Botswana; 
bDepartment of Earth and Environmental Sciences, Botswana International University of Science and Technology, Palapye, Botswana; 
cNational Environmental Laboratory, Department of Waste Management and Pollution Control, Gaborone, Botswana

ABSTRACT
Commissioned and de-commissioned shooting ranges continue to pose an environmental and 
human health risk due to the accumulation of toxic Pb emanating from spent munitions. The 
phytotoxic effects of Pb accumulation in plants include inhibition of root growth and lowering 
of plant metabolism. The uptake of Pb by plants is directly affected by factors such as plant 
species and physicochemical properties of the soil. However, scientists and researchers have 
leveraged on the ability of some plant species to accumulate and tolerate Pb toxicity and 
applied them in the control and management of Pb pollution of shooting range soils. This 
technique is called phytoremediation. The objectives of this review are: (i) to assess the 
prevalence of toxic Pb metal in plant species growing in and nearby shooting ranges, (ii) to 
establish the soil-plant mechanistic pathway for Pb (iii) discuss the effectiveness of phytor-
emediation technology towards shooting range soil amendment.
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1. Introduction

Vegetation and crops in agricultural fields in the vici-
nity of shooting ranges are at risk of pollution from Pb 
emanating from the use of Pb-containing munitions 
[1–3]. The extended residence time of Pb in soils due to 
its insoluble mineralogical products and lack of dete-
rioration from microbial activity means that the bioa-
vailability and bioaccessibility of this toxic heavy metal 
can exist in the soil for a very long time [1]. In addition, 
the half life of Pb in the soil is approximated to be in 
the range of 740 to 5900 years [4]. The background 
concentrations of Pb in soils lie within the range of 10 
to 30 mg/kg [4]. The distribution and accumulation of 
Pb in soils arising from anthropogenic activities such as 
shooting practices is well documented [5–7]. Total Pb 
concentrations of up to 1 × 104 μg/g have been 
reported in shooting range soils [8]. Furthermore, 
large quantities of used Pb containing projectiles 
amounting to 1 × 108 spent Pb shots per hectare 
have been recovered in shooting range soils [8]. In 
most studies, total Pb concentrations in shooting 
range soils were found to be exceedingly higher than 
the set regulatory limits. For example, in Norway, total 
Pb concentration of 33,000 mg/kg was established in 
shooting range soil [9]. This shooting range experi-
enced Pb loading of 330 times the set World Health 
Organization maximum limit of 100 mg/kg. Similarly, 
the United States Environmental Protection Agency's 
maximum contaminant limit (MCL) of 400 mg/kg was 

surpassed 83 times [9]. The use of Pb in industrial and 
household products is highly controlled and in some 
cases prohibited due to the detrimental effects from 
exposure to Pb [10]. Human and animal exposure to Pb 
through contact with polluted soils or consumption of 
contaminated plant products such as fruits and vege-
tables can lead to severe health problems and death 
[11,12]. Blood Pb concentrations of more than 10 μg/dl 
have been reported in 42.4% of shooters in South 
Africa [12].

The bioaccumulation of Pb in plants and crops cul-
tivated near shooting ranges increases the chance of 
Pb migration through the food chain [13,14]. Total Pb 
concentration of 1390–1450 ppm/kg has been 
reported in Vetiver grass tissue in the USA [15]. 
Similarly, total Pb concentrations of up to 70 mg/kg 
(dry weight) have been determined in plant leaves [16]. 
In other studies plant roots have experienced Pb con-
centrations of the range 1347.2 to 3825.7 mg/kg (DW) 
in a shooting range soil contaminated with over 
5998 mg/kg of Pb [4]. The accumulation of Pb in the 
different plant tissues is also determined by whether 
the tissue is an above-ground biomass or below- 
ground biomass [17]. Additionally, it is important to 
distinguish the pathway through which Pb reached 
plant tissues, whether it was through surface deposi-
tion on the above-surface portions of the plants or via 
root absorption [18]. Most of the studies carried out to 
investigate bioaccumulation of plants growing near 
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shooting ranges have discovered that these plants 
absorbed total Pb concentrations much higher than 
the maximum permissible limit of 2 mg/kg (in plants) 
set by WHO [19]. The World Health Organization and 
the Food and Agriculture Organisation (FAO) have also 
set maximum permissible Pb concentration of 0.3 mg/ 
kg (DW) in edible vegetables [4]. Most of the studies 
that have been carried out have not satisfied this limit 
either. The detrimental effects of Pb absorption by 
plants are well documented. The accumulation of Pb 
in plants has been reported to decrease dry weight and 
photosynthesis process [20]. In the same way, elevated 
concentrations of Pb in plants have been found to 
inhibit root growth, lower water absorption and plant 
metabolism. These observations suggest the severity 
of this problem to negatively affect the quality of 
agricultural output and the eventual migration of Pb 
through the food chain [19].

Quantification of pollution risk from Pb towards 
plants has been carried out using various risk assess-
ment methods and formulae. Pollution risk assessment 
indices and factors such as translocation factor (TF), 
biological concentration factor (BCF), biological accu-
mulation factor (BAF) and hazard quotient (HQ) have 
all been used to establish the degree of Pb contamina-
tion in Plants [19]. The soil physicochemical properties 
have a bearing on the rate of Pb uptake by plants. Soil 
pH plays a significant role in the solubility and bioavail-
ability of Pb in shooting range soils. Plants growing in 
acidic soils tend to absorb more Pb compared to those 
growing in alkaline soils [6]. This is due to the fact that 
low soil pH solubilizes Pb minerals and makes Pb bioa-
vailable to plants [6]. In addition, plants growing in 
sandy soils that are polluted with Pb tend to accumu-
late higher concentrations of Pb compared to those 
growing in clay soils. Pb is more bioavailable in sandy 
soils than in clay soils [6]. On the other hand, high 
content of organic matter in shooting range soils has 
been reported to transform Pb into stable Pb-organo 
complexes. Elevated content of organic matter in the 
soil produces more carbon dioxide (CO2) resulting in 
formation of stable Pb compounds that are less bioa-
vailable [6]. In a related study, Darling et al. (2003), 
investigated Pb mobilisation in 17 shooting range 
soils with pH ≤ 6 and discovered that Pb dissolution 
was favoured in these soils and the solubility was even 
more in shooting ranges where the soils had low clays 
and organic matter [21]. Over and above, the type of 
plant is of great influence on the amount of Pb that it 
can absorb. There are plants that are very effective 
phytoextractants and phytoaccumulants of heavy 
metals in the soil and these kinds of plants have been 
exploited by scientists and researchers in soil reclama-
tion and remediation efforts [22,23]. The control and 
management of Pb contamination of shooting range 
soils by plants take place through processes called 
phytoremediation and phytostabilisation. These 

processes are able to reduce the mobility and leaching 
of Pb in shooting range soils by immobilizing and 
stabilizing it and thereby minimizing exposure to 
biota [24]. Furthermore, phytoremediation technique 
has been found to be cost effective and environmen-
tally friendly since it does not add new pollutants to 
the soil [25]. The soil structure and composition are not 
disturbed when this technique is applied [24]. In addi-
tion, phytoremediation occurs with the concomitant 
reduction of other processes such as soil erosion and 
decrease in dust caused by the wind and thereby 
reducing the deposition of Pb on above-ground plant 
parts [18]. The objectives of this review include: (i) to 
discuss the pathways of Pb in shooting range soils to 
vegetation growing in shooting ranges; (ii) to investi-
gate the characteristics of plants that make them 
excellent Pb phytoexctractants; (iii) to examine the 
effect of soil physicochemical properties on soil-plant 
Pb pathways; and (iv) to discuss in depth the economic 
and environmental benefits of phytoremediation 
strategies.

2. Prevalence of Pb in plants growing in and 
around shooting ranges

It is a known fact that Pb has no nutritional value in 
plants [4]. The deposition of Pb in shooting range soils 
is not restricted only to the soil, plants and microor-
ganisms that have direct and indirect contact with the 
polluted soils are at risk of absorbing and accumulat-
ing this toxic heavy metal in their tissues [18]. In addi-
tion, Pb collected in plant tissues can reach human 
beings and animals through consumption of contami-
nated plant products [13]. It is against this backdrop 
that scientists and researchers are continuously screen-
ing vegetation growing in shooting range soils and 
crops grown in agricultural fields near shooting ranges 
for possible contamination from Pb. A ton of evidence 
exists that confirms accumulation of Pb and its appar-
ent toxicity towards vegetation found in and around 
shooting ranges [1,15,16]. Table 1 shows examples of 
studies carried out in the past 25 years that show that 
the uptake of Pb by plants growing in shooting ranges 
is a growing environmental concern.

It can be deduced from Table 1 that most studies 
around the world are now focussing on Pb pollution 
risk towards vegetation growing in and around shoot-
ing ranges. Most of the studies carried out in some 
countries have established that concentrations of Pb in 
plant tissues are higher than the countries’ established 
regulatory and guidance limits. In one of the first stu-
dies carried out in Finland where total Pb concentra-
tions in shooting range soil exceeded background soil 
concentration of 240 mg/kg by more than 200 fold, 
some edible fruits such as lingonberries accumulated 
Pb concentrations of up to 0.3 mg/kg [16]. The amount 
of Pb in these fruits rendered them inedible according 
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to the Finnish food safety guideline of 0.1 mg/kg and 
the Food and Agriculture Organization (FAO) or World 
Health Organization (WHO) set limit of 0.3 mg/kg tol-
erated by a healthy human being [29]. A positive cor-
relation between total Pb concentration in soil, the Pb 
short fall zone and plant-available Pb was established 
in a study in England [1]. The highest plant Pb uptake 
of up to 4102 mg/kg was experienced in soils that 
accumulated the highest number of Pb shots and pel-
lets at 257 Pb pellets per soil core and highest total Pb 
concentration of 5000–10,620 mg/kg in the soil. 
Conversely, a decrease in the number of plants per 
square meter was experienced in soils with high total 
Pb concentration. In addition, plants that accumulated 
the highest amount of Pb (5000–10,620 mg/kg) dis-
played reduced stem diameters (0.6 mm) compared to 
plants with stem diameter of 2.88 mm and growing in 
soils with low Pb content (less than 500 mg/kg) [1]. The 
most affected plant tissues in this study were the roots 
which accumulated up to 470 mg/kg and all the plant 
tissues contained Pb concentrations much greater 
than the set statutory limit of 20 mg/kg for Pb in edible 
plants and vegetables [1]. The roots have been found 
to possess the ability to alter the soil characteristics 
that aid the roots to retain more Pb [30]. In a similar 
study, Hui et al. (2002) have also shown that Pb con-
centration in plants correlated positively with the Pb 

shot and pellet densities [6]. Plants growing in soil with 
the highest density of Pb pellets and shots reaching 
highs of 1,620 shot pellets/kg (dry soil) accumulated Pb 
concentrations of up to 18.1 mg/kg (soil Pb of 
16,200 mg/kg). In contrast, plants growing in soils 
containing only 4 shots/kg (dry soil) and total Pb con-
centration of 75.1 mg/kg were able to absorb just 
2.77 mg/kg in their tissues [6]. Furthermore, a study 
in New Zealand has demonstrated a positive linear 
correlation between the quantity of Pb in the roots 
and leaves of all five plants studied and the amount 
of Pb discovered in the soil [4]. The concentrations of 
Pb in the plant tissues were much greater than the 
WHO set critical limit of 0.3 mg/kg, reaching highs of 
3825.7 mg/kg [4].

The uptake of Pb by vegetation has been found to 
be one of the routes through which Pb moved through 
the food chain. Studies have been carried out that 
indicate that areas highly polluted with Pb pose risk 
to uptake of Pb by animals grazing in those areas [13]. 
In a study by Robinson et al. (2008), Pb concentration 
of up to 4,640 mg/kg was recovered in the leaves of 
plants and this concentration was much greater than 
the 30 mg/kg indicated to be toxic to livestock [18]. As 
a result, strict majors need to be taken in order to 
control and manage the mobility, bioavailability and 
bioaccessibility of Pb in shooting range soils.

Table 1. Recent studies carried out on Pb uptake by vegetation growing in and around shooting ranges.
Location and year 
of study

Total Pb concentration in shooting 
range soil (mg/kg) Plant tissue studied

Concentration of Pb in Plant 
tissue (mg/kg) Reference

Finland (1993) 4,700–54,000 (i) Leaves
(ii) Lingoberries

(i) 14–70
(ii) 0.3

[16]

England (1994) 36–10,620 (i) Roots
(ii) Stems

(iii) Seed pods
(iv) Seeds

(i) 470
(ii) 62

(iii) 12
(iv) 148

[1]

New Zealand 
(1998)

4,000–8,300 (i) Roots
(ii) Leaves

(i) 1347.2–3825.7
(ii) 9.6–93.7

[4]

Switzerland (2001) 44–33,600 (i) Leaves (i) 0.28–1151.5 [26]
USA (2002) 16,200 (i) Beard grass (polypogon spp.) and cord-

grass (spartina foliosa)
(ii) Marsh rosemary (limonium californicum)

(iii) Pickleweed (s. suberterminalis)

(i) 2.77–18.1
(ii) 8.96

(iii) 6.25

[6]

South Korea 
(2002)

78.00–165.85 (i) Root
(ii) Shoot

(i) 4.15–6.30
(ii) 3.77–7.30

[17]

USA (2005) 300–4500 (i) Grass tiller (i) 1390–1450 [15]
Switzerland (2008) 14,000–156,000 (i) Leaves (i) 50–4640 [18]
Japan (2008) 19,600 (i) Above-ground plant tissue (i) 166 [48]
Pakistan (2010) 2.0–29.0 (i) Root

(ii) Shoot
(i) 1.0–43.0

(ii) 15.0–41.0
[72]

Switzerland (2011) 500 (i) Root
(ii) Shoot

(i) 50–200
(ii) 5–18

[75]

Switzerland (2012) 466–644 (i) Shoot (i) 11–62 [50]
Finland (2012) 50,000 (i) Leaves (i) 0.97–30 [47]
Switzerland (2013) 500 (i) Shoot (i) 1.3–5.8 [27]
USA (2016) 10,068–70,350 (i) Root

(ii) Shoot
(i) 1893–5021

(ii) 252–880
[35]

Pakistan (2016) 1,331 (i) Stem (i) 27.71–82.26 [25]
Nigeria (2018) 14.85 (i) Shoot (i) 12.30 [44]
Norway (2018) 47–7189 (i) Grass (i) 1.3–29 [13]
USA (2018) ND (Not Determined) (i) Root

(ii) Shoot
(i) 117

(ii) 81
[28]

Switzerland (2018) 471 (i) Shoot (i) 6 [78].
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3. Soil-plant Pb mechanistic pathways

Plants absorb Pb from the soil through a passive ion 
exchange process that takes place at an accelerated 
rate up to a point where ion exchange sites in the 
spaces not occupied by the roots are well equilibrated 
with the soil liquid mixture [31]. There are various 
routes through which Pb accumulated in shooting 
range soils reach plant tissues [1,16]. After absorption 
by the roots, Pb is translocated into shoots through the 
xylem [32]. It has also been established that various 
classes of proteins are also responsible for the translo-
cation of Pb from the roots into the shoot [32]. Proteins 
belonging to the CPx-type ATPases protein class have 
been linked to the transport of toxic heavy metals such 
as Pb using ATP across cell membranes [33]. A large 
quantity of Pb is harvested from the soil through plant 
roots and translocated to the shoots, branches and 
leaves [4,34]. A study by Rooney et al. (1999) estab-
lished higher concentration of Pb in the plants roots 
measuring up to 3825 mg/kg compared to 100 mg/kg 
in stem tissues [4]. In a related study, Cao et al. (2003) 
recovered 750 mg/kg of Pb in plants roots compared 
to 420 mg/kg in the shoots [5]. In another study by 
Fayiga et al. (2016), the roots of grasses found in three 
shooting ranges in Florida, USA, collected Pb concen-
trations of the range 1,893–5,021 mg/kg compared to 
the shoots that accumulated 252–880 mg/kg of Pb 
[35]. Furthermore, in a shooting range in Spain, Pb 
concentrations of 33.30–1,107.42 mg/kg have been 
determined in the roots of A. capillaris species com-
pared to 10.90–135.23 mg/kg found in the roots [36]. 
Pb concentrations absorbed by plant roots and shoots 
were much higher than those observed in the control 
sites of 9.82 mg/kg in the roots and 6.43 mg/kg in the 
shoots [36]. A more pronounced Pb content has been 
reported in tuberous plants such as carrots, sweet 
potatoes, cassava, yam and dahlias [34].

The accumulation of Pb in the plant roots is made 
possible through the binding of Pb to ion- 
exchangeable sites on the cell wall and formation of 
Pb precipitates such as Pb-carbonates and Pb-oxides 
outside the cells [37]. The transport of Pb from the soil 
into the plant roots takes place across the root-cell 
plasma membrane through voltage gated plasma 
membrane cation channels such as Ca-channels [38]. 
Significant amount of Pb is normally found in the sur-
face and sub-surface soil layers and a reduction in Pb 
concentration is observed with increasing soil depths 
[37]. The amount of Pb absorbed by plants through the 
roots is largely dependent on Pb concentration in soil 
at the depths reached by the plant roots [6]. After 
absorption by the roots, Pb is largely restricted to the 
roots because of strong Pb binding to the carboxyl 
groups of galacturonic acid and glucuronic acid in 
the cell walls of the root cells [39]. The consequence 
of this strong binding is the restricted migration of Pb 

via apoplast [39]. Various plant root factors directly 
affect the absorption of Pb from the soil by the roots. 
These factors include root surface area, root exudates, 
degree of transpiration and mycorrhization process 
[37]. A general observation is that monocotyledons 
accumulate less amounts of Pb in their roots compared 
to dicotyledons [38]. Pb translocated to other parts of 
plant from the roots is normally of lower amounts 
because of Pb precipitation and immobilisation in the 
cell walls of plant roots [20]. Pb translocation to the 
shoot takes place via the root apoplast and across the 
cortex, collecting near the endodermis that functions 
as a semi-barrier to the transport of Pb from the plant 
roots to shoots [40]. This factor contributes to higher 
Pb concentrations observed in plant roots than shoots 
[41]. The casparian strips of the root endodermis are 
the main obstacles for Pb migration across the endo-
dermis into the plant middle cylindrical tissue [42]. The 
predominant pathway of Pb transport from the root to 
shoot is via the apoplast at lower Pb concentration. 
However, as the concentration of Pb increases in the 
roots, the restriction in mobility function of the plas-
malemma is destroyed leading to large quantities of 
Pb entering the cells [43]. This causes damage to the 
cell and interrupts the efficacy of the plasmalemma to 
act as a barrier towards Pb transport from root to shoot 
and intercepts the discriminatory porosity of the plas-
malemma and tonoplast [43].

In most cases, a decrease in the concentration of Pb 
in plant tissues away from the roots is observed, with 
relatively lowest Pb concentrations in plant tissues 
furthest away from the plant roots. The main reason 
for this observation is the increased restriction of Pb in 
plant root cell walls than in other organs of the plant. 
This is caused by strong binding of Pb in lignified root 
tissues than non-lignified plant tissues such as the 
shoots, branches and leaves [43]. Contrastingly, there 
are cases where the translocation rate of Pb from the 
plant roots into the shoots may be high resulting in 
higher total Pb concentrations in the shoots than in the 
roots. This observation was made by Magaji et al. 
(2018) in which two of the eight plant species studied 
accumulated higher concentrations of Pb in the plants 
shoots compared to the roots [44]. Pb concentrations 
of 12.30 and 11.01 mg/kg were discovered in the 
shoots of A. zygia and V. paradoxa plants respectively, 
compared to 8.71 mg/kg (A. zygia) and 9.02 
(V. paradoxa) mg/kg found in the roots [44]. However, 
in some cases, total concentration of Pb in plant leaves 
may be relatively high due to Pb deposited on the 
leaves surface emanating from dust collecting in the 
waxy cuticles of the leaves [4]. The ability of plant 
leaves to absorb Pb depends on the morphology of 
the leaves [37]. Furthermore, the age of the leaves can 
determine their ability to absorb and accumulate Pb 
[45]. Aging leaves tend to accumulate high concentra-
tions of Pb compared to younger leaves [45]. Robinson 
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et al. (2008) have reported concentrations in the range 
50–4640 mg/kg in the leaves of 10 plant species grow-
ing in shooting range soils with Pb loading of 
14,000–156,000 mg/kg [18]. Pb concentrations in 
some of the plant leaves were reported to be 10 to 
50 times higher than the set maximum toxicity level of 
30 mg/kg for consumption by livestock and substan-
tially higher than the European Union established max-
imum level of 0.2 mg/kg in cereal grains [18,46]. In 
a study by Selonen et al. (2012), Pb concentrations of 
0.97–30 mg/kg were reported in the grass leaves grow-
ing in Pb polluted shooting range soils in Finland and 
providing a pathway through the food chain by being 
available to herbivores grazing the contaminated grass 
[47]. Robinson et al. (2008) made an important obser-
vation, whereby Pb uptake increased acutely when 
total Pb concentrations in the soil reached a specific 
threshold of 60,000 mg/kg [18]. This has an implication 
on the rate of Pb transport through the food chain as 
the rate of Pb uptake by plants increased beyond this 
concentration and thereby making Pb more available 
to herbivores. The degree and rate of Pb uptake from 
the soil by plants depends on factors such as plant 
species and the physical and chemical properties of 
the soil [31]. In general, the concentration of Pb in 
different plant tissues decreases in the order: root-
s>leaves>stem>seeds [37]. The abilities of these differ-
ent plant organs to absorb Pb from the soil have been 
applied towards shooting range soil remediation and 
reclamation strategies [36,48].

The accumulation of Pb in above ground plant bio-
mass can exacerbate the migration of Pb through the 
food chain when herbivores feed on contaminated 
plant materials [13]. In a study by Johnsen et al. 
(2019), Pb concentrations of up to 5 mg/kg were deter-
mined in the faeces of sheep after consuming grasses 
contaminated with Pb reaching highs of 29 mg/kg [13]. 
The livers obtained from over 32 slaughtered sheep 
were found to contain Pb concentration in the range 
0.19–0.3 mg/kg and it is fortunate that this Pb concen-
tration was not greater than the Pb concentration of 
0–3 mg/kg (dw) regarded to be standard in the sheep 
livers [13]. Therefore, under favourable Pb soil-plant 
mechanistic pathways, the rate of Pb uptake by plant 
would be higher resulting in higher concentrations of 
Pb in above ground plant organs and increased migra-
tion through the food chain.

4. Pb toxicity and tolerance in plants

Studies have shown that Pb is not an essential element 
in plants and does not have any nutritional value [4]. 
However, this element has been found to occur natu-
rally in plants, with some plants containing back-
ground concentrations of 2.1–2.5 mg/kg (DW) [49]. 
Total Pb concentrations of 100–500 mg/kg in the soil 
have been reported to be toxic to plants [49]. In 

addition, Pb concentrations of 30–300 mg/kg in plant 
tissues are regarded to be toxic and can lead to harm-
ful effects such as decrease in plant dry weight, photo-
synthesis, root growth and a diminishing ability by the 
plant roots to absorb water from the soil [3,50]. In 
Finland, the growth of the pine tree was significantly 
reduced in an active shooting range compared to the 
trees growing in an abandoned shooting range [51]. 
The stunted growth of the pine trees was believed to 
have been caused by the damaged roots and root 
connecting mycorrhizal fungi [51]. The growth of the 
pine tree was observed after few years since cessation 
of shooting activities at the shooting range, an indica-
tion of reduced exposure to toxic Pb [51]. The pine 
plants even grew taller than those found at the control 
site [51].

Root growth is hindered by Pb accumulation in 
plant roots due to Pb-induced impedance of cell divi-
sion in the tips of the plant roots [52]. In a study by 
Lago-Vila et al. (2019), inhibition of root elongation 
was observed in three plant species growing in Pb 
polluted soils obtained from three shooting ranges 
[53]. A decrease in plant root elongation from 
6.66 cm to a range of 4.07–5.47 cm was observed for 
the sinapis alba plant species growing in three con-
taminated soils obtained from a Pb polluted trap 
shooting range (TSR). Likewise, a decrease in root 
elongation from 6.66 cm to the range of 
3.75–4.87 cm was also observed for the same plant 
species growing in Pb polluted soils of a small arms 
firing range (SFR) [53]. Root growth inhibition was also 
observed in the other two plant species, Lactuca sativa 
(1.05–42.87% root growth inhibition) and Festuca ovina 
(6.80–34.98% root growth inhibition) used in the same 
study [53]. In other studies, high Pb concentrations in 
plant roots were found to damage the microtubules of 
the mitotic spindle resulting in blockage of the pro- 
metaphase cells caused by the induced c-mitoses [54]. 
Other detrimental effects of Pb exposure in plants 
include stunted plant growth and chlorosis [55]. The 
toxicity of Pb towards plant physiological processes is 
summarized in Table 2.

A study in Australia observed reduction in the 
growth of the lettuce (Latuca sativa) shoot biomass 
grown for eight weeks in three different Pb polluted 
shooting range soils [56]. The lettuce plants were able 

Table 2. Effect of Pb accumulation on plant physiological 
processes [55].

Physiological process

Effect on the plant physiological process

Increase Decrease

Hormonal functions √
Enzyme activity √ √
Electron transport √
Membrane structure √
Water absorption √
Mineral nutrients √
Photosynthesis √
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to accumulate 500–3,710 mg/kg DW of Pb and the 
total Pb concentrations at the four shooting ranges 
studied were in the range 2,330–12,167 mg/kg [56].

The accumulation of Pb in plants can activate the 
enzyme activity or can inhibit it [37]. An inhibition of 
most physiological processes such as hormonal func-
tions, electron transport, membrane structure and 
water absorption is observed. Accumulation of Pb in 
plant tissues lowers the water absorption ability of the 
plant by destroying the cell turgidity and the flexibility 
of the cell walls and thereby reducing the capacity of 
the cells to store water [57]. Stomatal closure due to 
increased and uncontrollable concentrations of absci-
sic acid (ABA) has been reported in plants with ele-
vated concentrations of Pb [58]. Pb is classified as a soft 
metal that has high affinity for soft donor ligands [37]. 
Enzymes containing the thiol group (–SH) in their 
structure are at risk of inhibition of their activities due 
to complexation of Pb with thiol group of the enzyme 
[59]. These thiol groups are usually located in the 
active site of the enzyme and are responsible for the 
enzyme functions. The thiol groups are also important 
stabilizers of the enzyme tertiary structure [37]. 
Furthermore, Pb ions accumulating in plant tissues 
can block the carboxyl groups (–COOH) found in 
enzymes and thereby inhibiting the enzyme activity 
[37]. The deposition of Pb in plant roots negatively 
affects their branching pattern [37]. Degradation of 
protein molecules in plant tissues has been observed 
with accompanying remarkable modifications to the 
composition of triglyceride macromolecules [60]. In 
plant leaves, Pb toxicity has been linked to reduced 
rate of chlorophyll synthesis due to its impedance of 
the plant uptake of nutritional elements such as mag-
nesium and iron [61]. Pb loading in plants has been 
reported to reduce the rate of photosynthesis due to 
degradation of the chloroplast, chlorophyll, carote-
noids and plastoquinone [3,62]. Elevated concentra-
tion of Pb in plants also affects the photosynthesis 
chemical process through shortage of supply of carbon 
dioxide (CO2) caused by Pb-induced closure of the 
stomata [62]. The complexation of Pb with protein 
molecules bearing the soft nitrogen (N–) and sulfur 
(S–) donor atoms in the chlorophyll leads to destruc-
tion of photosynthesis tools [63]. The inhibition of 
electron transport has also been reported in the 
donor and acceptor sites of PSI, PSII and cytochrome 
b6f complex enzymes [64]. Moreover, Pb has been 
found to occupy the place of Ca, Cl− and Mn in the 
oxygen-emitting extraneous polypeptide of PSII lead-
ing to the degradation of the oxygen-producing com-
plex [65]. Disruption of the respiration processes and 
lowering of the adenosine 5`-triphosphate (ATP) have 
been observed with increasing concentration of Pb in 
plants [66]. The suppression of these processes has 
been linked to the disconnection of the oxidative 
phosphorylation [66,67]. The pronounced effect of Pb 

on the nutritional sufficiency of plants has been asso-
ciated with the obstruction of entry of the cations K, 
Ca, Mg, Zn, Cu and Fe and nitrate ions from the soil 
solution into the plant roots [49]. Pb is able to achieve 
this by altering the size of the active sites on the root 
surface for entry of essential elements and through Pb- 
induced changes in the activities and structure of 
enzymes found in the root membrane [68]. The 
absorption of nitrate from the soil is also significantly 
lowered by Pb toxicity due to the inhibition of the 
activity of the nitrate reductase enzyme. This has also 
been linked with the disruption of the nitrogen meta-
bolic processes [69]. Elevated levels of reactive oxygen 
species (ROS), such as superoxide ion (O2

−), hydroxyl 
free radicals (.OH) and hydrogen peroxide (H2O2) have 
been reported in plant tissues due to the harmful 
effects of Pb [41]. Increased concentrations of these 
oxygen species lead to unbalanced redox reactions 
inside plant cells and thereby causing oxidative stress 
in young and developing plant organs [41]. The 
deposition of reactive oxygen species such as hydro-
gen peroxide can induce oxidative deterioration of 
polyunsaturated fatty acids in plant tissue membrane, 
resulting in oxidative stress to the plant [70].

Even though the toxicity of Pb towards plants is 
conspicuous, some plants are able to tolerate the accu-
mulation of high levels of Pb in their tissues [36,44]. 
The translocation of Pb from the roots into above 
ground biomass is usually followed by sequestration 
and detoxification of Pb in the vacuoles of plants [32]. 
The transportation of Pb into plant vacuole takes place 
via various transporter gene families including the 
ATP-binding cassette transporters (ABC), cation diffu-
sion facilitator (CDF), heavy-metal ATPase (HMA) and 
natural resistance-associated macrophage protein 
(NRAMP) [32]. Such plants are able to survive in Pb 
contaminated shooting ranges and without displaying 
any toxic effects from exposure to Pb. As a result, these 
types of plants have found use in the control and 
management of pollution from Pb in shooting ranges 
through a process called phytoremediation [22,25]. 
Plants that tolerate Pb are able to do that in two 
ways; (i) the ‘excluder’ technique and (ii) the accumu-
lator technique [71]. In the excluder technique, the 
total concentration of toxic Pb is kept at an unchan-
ging low level up to the point of critical soil concentra-
tion when toxicity emerges and unhindered Pb 
transport takes place [71]. The excluder plants are 
able to get rid of Pb through discharge of Pb precipi-
tating chemical species such as oxalate that keeps Pb 
in a less toxic precipitate form inside plant tissues [71]. 
The toxicity of Pb towards plant tissues can also be 
excluded by binding the Pb to carboxylate groups (– 
COOH) of uronic acid which prohibits its uptake by the 
roots [71]. In a study by Robinson et al. (2008), the 
Equisetum arvense species displayed the excluder char-
acteristics in which Pb concentration in plant tissues 
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was kept unchanging at low levels of less than 100 mg/ 
kg for soil Pb concentrations of up to 60,000 mg/kg 
[18]. Pb can also be prohibited from reaching plant 
tissue through root avoidance of highly contaminated 
points within the soil core [18]. On the other hand, the 
accumulator technique involves the active concentra-
tion of Pb inside plant tissues covering a full spectrum 
of the soil concentration which is associated with 
highly peculiar plant physiology [71]. Plants that 
employ the accumulator technique are able to com-
pensate for the accumulation of Pb in plant tissues 
through production of chemicals that lessen the toxic 
effects of Pb. These plants are able to produce antiox-
idant defence chemicals, elevate levels of polyamine 
and amino acids and drastic changes in hormonal 
balance [71]. In a study by Lago-Vila et al. (2019), the 
Lactuca sativa L. species demonstrated tolerance of Pb 
toxicity due to the presence of high amounts of 
organic matter that complexed Pb and minimized its 
toxicity [53]. Pb toxicity tolerance by Lactuca sativa L. 
species had seen an increase in the germination index 
(Gindex) of these plants in six shooting ranges polluted 
with 161.0–10,873 mg/kg of Pb [53].

Other plants are able to deal with elevated levels of 
toxic Pb through a detoxification strategy that involves 
transformation of toxic Pb into a less toxic complex 
through binding of Pb to chemical species in plant 
tissues and converting it into less toxic Pb-complexes 
[37]. The detoxification process can take the form of 
isolating the Pb and its chemicals in the cell vacuoles 
so that it does not reach plant tissues. In addition, the 
toxicity of Pb can be subdued through binding Pb with 
glutathione antioxidant and amino acids. In a study by 
Magaji et al. (2018), Pb tolerance by eight plant species 
was observed in which some plant species accumu-
lated up to 12.30 mg/kg in the shoot [44].

5. Quantification of Pb pollution risk towards 
plants

The toxicity of Pb and hence its pollution risk towards 
receptors such as plants can be assessed using various 
pollution risk assessment indices and factors such as 
translocation factor (TF), biological concentration fac-
tor (BCF), biological accumulation factor (BAF), hazard 
quotient (HQ), germination index (GI), root growth 
inhibition (GI) and bioaccessibility as shown in Table 
3 [25,36,50,72,73]. The hazard quotient (HQ) is used to 
estimate ecological risk of Pb towards receptors such 
as plants growing in Pb polluted shooting range soils 
[73]. It is defined as the ratio of exposure concentra-
tions to a toxicological benchmark [74]. Hazard quoti-
ent of greater than one indicates possible toxicity risk 
and its pronounced effects and hence further assess-
ment of the plant is required (Table 3) [73].

Bioaccessibility studies have been carried out 
towards establishing and estimating the bioavailability 

of Pb to plants [73]. Bioaccessibility analysis helps allay 
the assumption that the amount of Pb accumulated in 
shooting range soils will all be absorbed by plants 
growing in the polluted soils. As a result a more realistic 
estimate of Pb uptake by plants is ascertained and its 
concomitant toxicity risk [73]. The uptake and accumu-
lation of Pb in plants can also be expressed through the 
bioconcentration factor (BCF) [75]. Bioconcentration 
factor describes the quotient of plant tissue Pb concen-
tration to soil total Pb concentration [75]. BCF ˂ 1 
implies low bioavailability of Pb in the plants.

The translocation of Pb from the roots to different 
plant tissues such as the shoots can be estimated using 
the translocation factor (TF) [36]. Translocation factor is 
defined as the quotient of total Pb concentration (mg/ 
kg) in shoots to that in the roots [36]. A translocation 
factor greater than one (TF > 1) denotes efficient trans-
location of Pb from the root to the shoot. Furthermore, 
(TF > 1) translate to high chances of Pb being available 
to animals that feed on the polluted plant and thereby 
increasing migration of Pb in the food chain (Table 3). In 
addition to using translocation factor (TF), Seijo et al. 
(2016) also applied bioconcentration factor (BCF) and 
biological absorption coefficient (BAC) to evaluate Pb 
translocation in plants growing in polluted shooting 
range soils [36]. Plants with BAC > 1 and BCF > 1 tend 
to be good extractants and phytostabilizers of Pb 
respectively (Table 3). Plants that are excellent the phy-
tostabilizers make them good candidates for phytore-
mediation of polluted shooting range soils through 
immobilization of Pb in the roots and reduces migration 
of Pb through the food chain.

Table 3. Risk assessment of Pb towards plants.
Pollution Risk 
Index

[Pb]total in soil 
(mg/kg) Inference Reference

Bioconcentration 
factor (BCF)

500 BCF < 1 (low Pb 
bioavailability)

[75]

Translocation 
factor (TF)

12.30–14.85 TF = 2.91 (efficient 
translocation of Pb 
from the root to the 
shoot)

[44]

Translocation 
factor (TF)

82.36–724.85 TF = 0.11–0.66 (low Pb 
translocation from 
roots to shoot)

[36]

Biological 
absorption 
coefficient 
(BAC)

82.36–724.85 BAC = 2.06 (the plants 
showed good Pb 
phytoextraction)

[36]

Bioaccessibility 
index

21,900 66% of Pb 
bioaccessible to 
plants

[73]

Hazard Quotient 
(HQ)

16,400–27,600 0.109–4.10 (low to 
high Pb risk to 
plants)

[73]

Bioconcentration 
factor (BCF)

12,167 BCF = 0.22–1.5 (low to 
medium Pb 
bioavailability)

[77]

Germination 
Index (Gindex)

161–10,873 Gindex = 62–82% 
(inhibition of 
germination and 
plant growth due to 
Pb)

[76]
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The detrimental effects of Pb on plants can also be 
assessed by studying the growth of the roots for 
a particular plant growing in a Pb polluted shooting 
range soil compared to the unpolluted control soils. Pb 
toxicity can therefore be quantified through determi-
nation of the germination index (Gindex) and root elon-
gation index (RI) [53]. Germination index describes the 
product of seed germination (%) and root elongation 
(mm) of plants in shooting range soils relative to the 
product of seed germination (%) and root elongation 
(mm) of the same plant species growing in control soils 
[76]. Germination index (Gindex) of 90–110% indicates 
no Pb toxicity, Gindex ˂ 90% indicates inhibition effect 
to the germination and root elongation of plants 
whereas Gindex > 110% refers to plants with 
a stimulation effect. Two shooting ranges situated in 
Monforte de Lemos, Spain, were found to contain Pb 
deposition of 161–10,873 mg/kg. Toxicity of Pb 
towards three plant species growing in the two shoot-
ing ranges was studied. The findings indicated Gindex ˂ 
90% (62% and 82%) for the S. alba plant species 
sampled from two sites on the trap shooting range 
(TSR1 and TSR2), demonstrating inhibition of germina-
tion and plant growth due to Pb toxicity as shown in 
Table 3 [76].

The hyperaccumulative properties of plants 
towards Pb have been exploited by scientists and 
researchers in the phytoremediation efforts 
towards the control and mitigation of Pb pollution 
of shooting range soils [23,25,36,44,78]. 
Phytoremediation strategies have been regarded 
as green techniques since they do not produce or 
add any toxins to the environment. Moreover, such 
soil amendment applications are non-intrusive 
since they cause little to no destruction to the 
ecological make-up of the shooting range soils 
providing little upset to biota.

6. Factors affecting the uptake and 
translocation of Pb in plants

The bioavailability and bioaccessibility of Pb in shoot-
ing range soils depends, to a large extent, on the 
physicochemical properties of the soil and the plant 
species itself [36,50]. The soil physicochemical proper-
ties have a significant impact on the weathering and 
speciation of Pb in the soil [79,80]. The uptake of Pb by 
plants is influenced largely by soil physical and chemi-
cal properties such as soil pH, moisture, cation 
exchange capacity, organic matter content and soil 
texture [75]. In addition, the plant species, root zone 
and root structure also do have significant impact on 
the rate of Pb uptake and its translocation in 
plants [81].

6.1. Plant species

The uptake of Pb from the soil is to a large extent 
influenced by the plant species [81]. Plants that have 
the capacity to uptake large quantities of Pb from the 
soil are referred to as metallophytes or hyperaccumu-
lators [32]. The hyperaccumulators do not store the 
absorbed toxic Pb metal in their roots, but rather 
translocate it to above ground plant parts such as 
shoots and leaves at concentrations of 100–1000 
times higher than in non-hyperaccumulator plants 
[32]. In addition, the uptake of this high concentration 
of Pb does not present any toxic results in plants. 
Hyperaccumulators possess three characteristics that 
distinguish them from their non-hyperaccumulator 
counterparts. These include; (i) greater ability for 
heavy metal uptake such as Pb, (ii) root-to-above 
ground biomass translocation of heavy metal, and (iii) 
sequestration and detoxification of heavy metal as 
shown in Figure 1 [32,82]. Moreover, the amount of 
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Figure 1. Processes of heavy metal distribution and tolerance in a)non-hyperaccumulator and b) hyperaccumulator plants. (1) 
indicates heavy metal uptake by the plant roots, (2) heavy metal sequestration in root vacuoles (3) root-to-shoot heavy metal 
translocation and (4) heavy metal binding to the cell walls and sequestration in vacuoles. The bold arrows indicate a stronger 
process while the thin arrows show a less strong process.
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Pb accumulated may differ between varieties of the 
same plant species that have been exposed to the 
same concentration of Pb [25]. This can give insight 
into Pb-specific hyper-accumulators that can be 
applied towards control and management of Pb pollu-
tion in shooting range soils [25].

Three different plant species growing in Switzerland 
were investigated in a pot experiment towards uptake 
of Pb in shooting range soil contaminated with about 
500 mg/kg of Pb [75]. It was established that three 
plant species; Plantago lanceolata, Lolium perenne, 
and Triticum aestivum displayed significant Pb uptake 
in their roots and shoots. T. aestivum was able to 
absorb the highest concentration of Pb (~200 mg/kg) 
in the roots compared to L. perenne (~130 mg/kg) and 
P. lanceolata (~110 mg/kg). The translocation of Pb 
from the roots to the shoots also varied with the 
plant species. P. lanceolata experienced the highest 
translocation of Pb to the shoot which saw its shoot 
accumulating ~15 mg/kg of Pb compared to ~10 mg/ 
kg and ~5 mg/kg in the respective shoots of L. perenne 
and T. aestivum [75]. In addition, the study by Conesa 
et al. (2011) was also able to establish that all the three 
plant species investigated had bioconcentration fac-
tors below one, a general indication of low root-to- 
shoot Pb transfer [75]. This implies that the possible 
use of these three plant species in phytoremediation of 
Pb polluted shooting range soils would not pose 
a significant risk of Pb transfer into the food chain. In 
a related study carried out in the same country, 
Switzerland, the shoots of the following plant species; 
Chenopodium album, Grasses, Trifolium spp., Persicaria 
lapathifolia palida and Persicaria lapathifolia lapathifo-
lia were harvested from the shooting range sites at 
which soil samples were collected [50]. This study 
further investigated the impact of the soil characteris-
tics such as the acidic soils versus calcareous soils on 
the uptake of Pb by the plants. The C. album species 
accumulated the highest concentration of Pb (~60 mg/ 
kg) in the shoot followed by Trifolium spp. (~22 mg/kg), 
Grasses (~18 mg/kg) and Persicaria lapathifolia palida 
absorbed the lowest concentration of Pb (~10 mg/kg) 
in its shoot. It is worth noting that the uptake of Pb 
took place under acidic soil conditions. In contrast, the 
uptake of Pb by the plant species growing in calcar-
eous soils was lower compared to acidic soils. Under 
calcareous soils, C. album accumulated the least 
amount of Pb (~2 mg/kg) compared to the other 
three plant species studied. On the other hand, 
Trifolium spp., Persicaria lapathifolia palida and 
Grasses growing in calcareous soils accumulated 3, 4 
and 6 mg/kg of Pb [50]. This study was able to demon-
strate the effectiveness of the acidic soils towards the 
dissolution of Pb minerals and making it available for 
uptake by plants compared to the calcareous soils with 
its pH in the alkaline (pH ~ 8.5) region. The elevated pH 
of the calcareous soil may have exacerbated the 

partitioning of Pb on Fe and Mn hydroxides and 
thereby restricting its mobility and bioavailability. 
Furthermore, the transformation of Pb into less soluble 
Pb-carbonates in the presence of high content of cal-
cium carbonate may have made Pb less available for 
uptake by plants in the calcareous soil.

In a study by Tariq and Ashraf (2016), the uptake of 
Pb by four different plant species; Brassica campestris, 
Helianthus annuus, Pisum sativum and Zea mays grow-
ing in shooting range soil with high Pb loading 
(1,331 mg/kg) were compared [25]. Out of the four 
plant species studied, P. sativum was able to absorb 
over 96.23% of Pb from the shooting range soil, an 
indication of high Pb removal efficiency. In addition, 
these plant species exhibited the highest bioconcen-
tration factor (BCF), a confirmation that it is a hyper- 
accumulator. On the other hand, Z. maize displayed 
the second highest extraction efficiency towards Pb 
with a phytoextraction capacity of 66.36% [25]. The 
H. annus and B. campestris were the least effective 
towards Pb uptake from the soil achieving Pb removal 
efficiency of 48.86% and 33.85% respectively. This 
study showed the varying capabilities of the four 
hyper-accumulators towards the uptake of Pb from 
polluted shooting range soils.

More studies have been carried out in recent years 
in order to determine the applicability of phytoreme-
diation as a substitute for the control and manage-
ment of Pb pollution in shooting range soils [23]. This 
form of shooting range pollution management strat-
egy has been found to be cost effective and environ-
mentally friendly compared to other techniques such 
as chemical stabilization and soil removal [83–85].

6.2. Effect of soil pH

The uptake of Pb by plants from the soil takes place 
through the Langmuir process that is largely 
affected by pH [86]. The pH has been found to 
play a significant role in proton production by the 
roots leading to acidification of the rhizosphere and 
thus favouring Pb dissolution [32]. The absorption 
of Pb in the soil by plants has been found to 
increase with increasing pH in the range 3.0–8.5 
[86]. The low pH inhibits precipitation of Pb in the 
plant cell walls and its retention and thereby facil-
itates its translocation to the shoots [87]. In a study 
by Robinson et al. (2008), elevated soil pH of 6.9 
and high organic carbon of up to 7.3% lowered the 
phytotoxicity of Pb towards plants leading to reve-
getation of the shooting range [18]. The high pH 
reduces the weathering, transformation and dissolu-
tion of Pb and thereby restricting its availability for 
uptake by plant roots [79]. In addition, Pb chemical 
species such as hydrocerussite [Pb3(CO3)2(OH)2] and 
cerussite (PbCO3) are stable at elevated pH making 
Pb not available for absorption by plants roots [5]. 
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Evangelou et al. (2012) determined high concentra-
tions of Pb in plants growing in acidic soils, which 
were 1.7 times higher than the Pb concentrations in 
calcareous soil [50]. The high pH of the calcareous 
soils decreased the mobility and availability of Pb 
through its adsorption in the Fe and Mn oxides and 
hydroxides that were formed at elevated pH levels. 
Furthermore, the calcareous soil contains high con-
centrations of CaCO3 that is able to precipitate Pb 
and transform it into the less soluble Pb-carbonates 
resulting in reduced availability of Pb for plant 
uptake [50]. The findings by Evangelou et al. 
(2012) were in agreement with the study carried 
out by Conesa et al. (2011) in which Plantago lan-
ceolate L. plant species accumulated same range of 
Pb concentrations under similar calcareous soil con-
ditions of the shooting range [50,75]. The impact of 
pH on Pb uptake by plants has seen the adjustment 
of soil pH with chemicals such as lime to pH range 
of 6.5 to 7.0 in order to minimize Pb absorption by 
plants [22].

Pb toxicity in plants has been shown to be directly 
related to plant available Pb fraction in the soil due to 
favourable conditions of pH, electrical conductivity, 
composition of soil solution and mineralogical composi-
tion of the soil [56]. Formation of chelates between 
ligands such as histidine or citrates and Pb is pH con-
trolled and this establishes an equilibrium between the 
chelators and hydrated Pb cations moving along the 
transpiration path and the immobile Pb binding sites 
in the plant cell wall surrounding the xylem vessels [88].

Changes in the soil pH to more alkaline levels 
due to addition of soil amendments such as lime 
and MgO promoted the formation of insoluble Pb- 
hydroxides, leading to reduction in exchangeable 
Pb in the studied shooting range soils [56]. The 
formation of hydr(oxide) precipitates is responsible 
for the immobilisation of Pb and reduction of its 
plant uptake from the soil. In a study by Magaji 
et al. (2018), a weakly alkaline soil pH (7.2) coupled 
with electrical conductivity of 8.11 μS/cm favoured 
plant Pb uptake by eight plant species growing in 
a Pb polluted shooting range soils [44]. 
Translocation factors (TF) of up to 1.76 were deter-
mined for the studied plant species. The acidic pH 
of the trap shooting range (TSR) soil found in Spain 
provided suitable conditions for the dissolution, 
transformation, mobility and bioavailability of Pb 
resulting in enhanced plant Pb uptake [53]. The 
uptake of Pb by seedlings of three different plant 
species, Sinapis alba L, Lactuca sativa L and Festuca 
ovina L, growing in acidic shooting range soils 
lowered their germination index an indication of 
manifestation of Pb toxicity. The plants also experi-
enced inhibition of root growth caused by Pb phy-
totoxicity from Pb uptake under favourable 
conditions of acidic soils [53].

6.3. Effect of soil cation exchange capacity

In addition to the soil pH, cation exchange capacity 
(CEC) has also been found to play a crucial role in the 
mobility, bioavailability and eventual uptake of Pb by 
plants from shooting range soil [5]. The soil CEC 
describes the number of exchangeable cations that 
can be taken up by a specified mass of soil and 
therefore determines the binding ability of such soil 
[89]. It is influenced to a large extent by the concen-
tration of negative charges on soil colloidal surfaces 
and the comparative density of positive charges aris-
ing from metal species in soil solution [90,91]. In 
some cases, the negative charges on soil colloidal 
surfaces may be controlled by the pH of the soil 
solution while in some situations cationic substitution 
of Si4+ by Al3+ would have occurred in clay minerals 
based on their similar shapes [91]. As a result, the 
negative charges on the soil colloidal surfaces have to 
be cancelled out by a corresponding equal number of 
cationic species from the soil solution. This process is 
called cation exchange and it is reversible due to the 
formation of weak electrostatic bonds between the 
cations and the negatively charged soil colloidal sur-
faces [90]. The attached cations can therefore be 
replaced by other loosely adsorbed cations and this 
process is largely dependent on the cation charge 
and it is negatively affected by the hydration of the 
ionic radius [91]

Furthermore, elevated soil pH may inhibit Pb uptake 
by plants due to increased adsorption of Pb within the 
soil cation exchange sites [89]. In consequence, soils 
with high CEC experience enhanced binding capacity 
towards Pb resulting in its reduced mobility and avail-
ability for plant uptake [92]. The binding of metal 
cations by soils rich in clay minerals decreases in the 
order Cu2+ > Cd2+ > Fe2+ > Pb2+ > Ni2+ > Co2+ > Mn2+ > 
Zn2+ [93]. In a study by Conesa et al. 2011, Pb uptake 
by three plant species was significant due to prevailing 
favourable soil physicochemical properties such as the 
high soil CEC of 10.3 cmol/kg [75]. High cation 
exchange capacity of the soil provides for an enhanced 
exchange of Pb ions sorped into the soil fraction and 
release of these Pb ions into soil solution and their 
ultimate uptake by plants [75]. This exchange of Pb 
ions between the soil exchange sites and the soil solu-
tion accelerates the dissolution of Pb into the soil 
solution and its absorption by plant roots. It is worth 
noting that soil CEC alone cannot be a major determi-
nant of the effectiveness of Pb uptake by plants since 
other soil properties such as pH, texture and moisture 
content should be at play. As indicated in a study by 
Conesa et al. (2011), the shooting range soils were 
found to possess other favourable physicochemical 
properties such as high clay and silt fractions of 45% 
and 52% respectively [75]. Such soils have demon-
strated enhanced Pb uptake by plant roots. Rodriguez- 
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Seijo et al. (2016), discovered high translocation factors 
of 0.43 and 0.66 for soils with respective high CEC of 
6.03 and 9.51 cmol/kg. Soils that experienced low CEC 
values translocated less concentrations of Pb from 
their roots to shoots such as soil with CEC of 2.65 
cmol/kg and corresponding translocation factor of 
0.13 [36].

6.4. Effect of soil organic matter

Soil organic matter refers to the fraction of the soil that 
comprises the remains of plants and animals that have 
been returned to the soil and are at various states of 
decomposition [24,94]. This decomposition process of 
the once living organism results in the formation of 
a dark coloured and porous material called humus [94]. 
The rate of decomposition of dead organism remains is 
influenced by various factors such as the quantity of 
animal and plant residues in the soil and the physico-
chemical properties of the soil such as soil pH and 
moisture [24].

Organic matter is important to the soil in that it 
serves as a nutrient reservoir and helps improve the 
soil structure, reduce erosion [94]. It also plays 
a crucial role in the evolution of the soil separates, 
strengthens infiltration rate and water-holding capa-
city of the soil [95]. The resultant increase in the 
water-holding capacity of the soil due to elevated 
levels of organic matter is caused mainly by the con-
comitant increase in the quantity of micropores and 
macropores in the soil that are formed from the 
agglomeration of soil particles [94]. A study by 
Hudson et al. (1994) has shown that water-holding 
capacity in the soil can increase by 3.7% for 
a corresponding increase of 1% in the soil organic 
matter [96]. Elevated levels of organic matter in the 
soil have the tendency to increase soil pore volume 
leading to an increase in the adhesive and cohesive 
forces inside the soil and an accompanying expansion 
in the water-holding capacity of the soil [94,97].

The decomposition process of the dead plant and 
animal materials leads to the liberation of various 
products such as CO2, H2O, energy and essential 
nutrients [90]. In addition, the humus consists of the 
acids fulvic, hymatomelanic and humic which contain 
acidic functional groups and can therefore form 
organo-metal complexes with toxic heavy metals 
such as Pb and thereby controlling their solubility, 
mobility and bioavailability [24]. In a study carried 
out by Ma et al. (2007), at a shooting range in 
Florida (USA), the binding of Pb in the sorption sites 
of the bio-chemicals found in the organic matter 
resulted in the formation of water-soluble organo-Pb 
complexes that made Pb more mobile and bioavail-
able for plant uptake [98]. In a similar study by 
Rodriguez-Seijo et al. (2016), the high organic matter 
content (12.32%) in an old trap shooting range soil 

found in Spain played a significant role in the uptake 
of Pb (1,107 mg/kg) from the soil into the roots [36]. 
In the same study, organic matter of 6.20% recorded 
at a different sampling site translated into only 
694 mg/kg of Pb absorbed by the roots. It is also 
important to note that organic matter works in con-
junction with other soil physicochemical properties to 
effect an efficient and effective Pb uptake by plants.

6.5. Effect of root structure

Plant characteristics such as root cross-sectional and 
surface area, root secretions, mycorrhization and tran-
spiration rate have significant impact on the absorp-
tion rate and uptake of Pb [37]. The solubility of Pb in 
the soil also has a marked influence in the absorption 
and uptake of Pb from the soil by plants [99]. Pb that 
exists in the form of carbonate and phosphate precipi-
tates in the soil is not readily available for uptake by 
plants. It is worth noting that Pb in the soil is categor-
ized as Lewis acid and it is able to make strong cova-
lent and ionic bonds with organic ligands and chemical 
species in soils and plants [37]. The presence of micro-
organisms in the soil also affects Pb uptake and trans-
location by plants through processes such as 
bioaccumulation and biosorption [100].

6.6. Effect of soil texture

Soil texture describes the relative fraction of particu-
late matter of various dimensions which may include 
sand, silt and clay that constitute the mineral compo-
nent of the soil [24,94]. The corresponding particle 
sizes for sand, silt and clay are >50 µm, 2–50 µm and 
˂ 2 µm respectively [90]. Soil texture has a great influ-
ence on the moisture-holding capacity of the soil and 
sandy soils have been found to possess the lowest 
moisture-holding capacity compared to clay soils. Silt 
soils on the other hand have lower moisture-holding 
capacity compared to clay soils [94]. Soil texture also 
plays a significant role in Pb availability in plants such 
that plant Pb uptake in fine sand fraction was more 
pronounced compared to other soil fractions that were 
mostly clay and course sand [56]. The findings by 
Sanderson et al. (2014), were in agreement with 
those by Qian et al. (1996) in which the highest extrac-
tability of Pb was observed in the fine sand fraction 
[56,101]. It has been established that sandy soils make 
Pb more available to plants and thereby increasing 
their uptake by plants and subsequent translocation 
to above ground biomass [6]. On the other hand, clay 
soils demonstrate strong binding affinity towards Pb 
and thereby immobilize Pb and make it less available 
for plant uptake [90]. The mechanism through which 
clay soil fraction binds Pb is thought to occur through 
the adsorption of Pb via ion exchange and distinct 
sorption process [102]. The mechanism for the specific 
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adsorption of Pb has been established to involve the 
initial adsorption of the hydroxyl ions by the clay soil 
fraction followed by the electrostatic interaction 
between Pb and the adsorbed hydroxyl ions [102]. 
This binding of Pb by clay soil fraction, as stated 
above, restricts the availability of Pb for plant uptake 
and translocation to above ground plant organs.

7. Phytoremediation approach

Scientists and researchers are continuously searching 
for eco-friendly techniques and methods for the con-
trol and management of Pb pollution of shooting 
range soils. The cost implications of such methods 
have also been a topical discussion for sustainable 
soil remediation and reclamation efforts. In recent 
years, phytoremediation has become an increasingly 
cost effective, efficient and environmentally friendly 
technology for the amendments of highly polluted 
soils [22,23,36,103]. Phytoremediation describes appli-
cation of engineered green plants to remove, immobi-
lize, contain and stabilize environmental pollutants 
such as trace and heavy metals, organic substances 
and radioactive compounds found in the soil 
[104,105]. This technique utilizes processes in the 
plant that may be chemical, biological or physical 
that assist in the uptake and translocation of pollutants 
through the plant resulting in improved quality of the 
soil [104]. Plants are able to achieve these processes by 
employing such mechanisms as phytostabilization, 
phytoextraction, phytovolatilization and rhizofiltration 
[104]. Phytostabilization involves the immobilization of 
Pb in the soil by plants through absorption and pre-
cipitation in the root zone and thereby limiting its 
mobility in the soil [22,106]. On the other hand, phy-
toextraction mechanism entails the uptake of Pb by 
plant roots and its translocation into above ground 
plant biomass [106]. In contrast, phytovolatilization 
involves the uptake of Pb by plants and its loss as 
secondary Pb species through transpiration into the 
atmosphere. This process is usually more pronounced 
in growing plants that uptake water along with Pb 
species and their loss through the plant leaves via 
transpiration [106]. Lastly, there are instances whereby 
the control of Pb pollution in soil may be mitigated 
through rhizofiltration in which Pb in soil solution 
surrounding the plants root zone is absorbed and 
sequestrated within the roots [106].

There has been a surge, in recent years, in the 
number of studies that assessed the effectiveness of 
vegetation towards shooting range soils amendments 
and reclamation efforts [22,23,36,103]. Examples of 
studies where phytoremediation strategies have been 
effective include such studies as those carried out by 
Tariq and Ashraf (2016), Rodriguez-Seijo et al. (2016) 
and Sneddon et al. (2009). Tariq and Ashraf (2016) 
reported the phytoextraction ability of Pisum sativum 

that demonstrated Pb removal efficiency of 96.23% 
from shooting range soil polluted with over 
1,331 mg/kg of Pb [25,36,107]. In a study by Rodriguez- 
Seijo et al. (2016) in a shooting range in Spain, the 
phytoremediation effectiveness of Agrostis capillaris L. 
grass towards Pb immobilization in which 1,107 mg/kg 
of Pb was absorbed by the roots of the grass with 
about 135 mg/kg translocated into the shoots in 
a [36]. In the United Kingdom, a study by Sneddon 
et al. (2009) established a concentration of 38 mg/kg 
in the shoots of L. Perenne growing in soils containing 
contaminated with 43.89–159.98 mg/kg of Pb emanat-
ing from ammunition [107]. The advantage of phytor-
emediation technology to other soil remediation 
techniques such as chemical and physical amend-
ments is that it is less disruptive to the ecosystem 
[104]. There is no destruction of the soil structure and 
loss of habitat for living organisms compared to soil 
removal techniques [22,36]. Above all, this method is 
cost effective and does not introduce foreign chemi-
cals into the environment compared to chemical 
amendments [22]. In addition, to the control and man-
agement of pollutants in the soil, phytoremediation 
serves another purpose in that plants prevent soil ero-
sion by holding the soil together with their roots and 
reduce the impact from runoff water from rainfall. 
Plant roots also produce into the soil chemicals that 
serve as a source of nutrients for the microbes found in 
the rhizosphere [108]. As a result, the density of micro-
bial communities is usually higher in the rhizosphere 
than in the soils furthest away from the plant roots. 
This describes the interdependence between the soil 
microbial populations and plants [108]. The multifa-
ceted benefits of phytoremediation has led to its 
recommendation by the United States Environmental 
Soil Protection Agency (USEPA) as one of the methods 
that can be employed for the control and management 
of Pb pollution in shooting range [106].

8. Conclusion

Shooting ranges do not only pose pollution risk to 
the soils found in shooting range premises but to the 
vegetation growing in and nearby these shooting 
ranges as well. The uptake of Pb by plants takes 
place through various chemical and physical pro-
cesses. The efficiency of Pb uptake by plants depends 
on many factors such as the plant species itself and 
the soil physicochemical properties. Lead pollution of 
shooting range soils has deleterious effects on plants 
due to the uptake of this toxic heavy metal by plants. 
Most of the shooting ranges are not fenced and 
therefore act as grazing fields for livestock and ani-
mals. This may result in the migration of Pb through 
the food chain. In addition, arable farming activities 
taking place nearby shooting ranges are also at risk 
of crop contamination from this deadly heavy metal. 
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However, the uptake of Pb from the soil by plants has 
manifested into the application of plants towards 
control and management of Pb pollution in shooting 
range soils. This technique is called phytoremedia-
tion and it has been widely accepted by environmen-
tal protection agencies such as the USEPA as 
a technology to remediate Pb polluted soils. 
Phytoremediation technology makes use of plants 
that are hyper-accumulators and significant strides 
have been made in the application of this technology 
towards shooting range soils amendments and recla-
mation efforts. Investigation into possible pollution 
of both surface and underground water sources 
found near shooting ranges is a continuous process.
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