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Abstract

The aim of this study was to evaluate the concentrations of heavy metals (Cd, Cu, Pb, and Zn) in
the leaves and bark of two tree species (Populus alba and Melia azedarach). The study also aimed
to assess their metal accumulation capacity and potential use in phytoremediation. Sampling was
carried out in the spring of 2025 across thirty stations using a transect method in an urban area
with high traffic intensity. Additionally, leaves and barks samples of the same species were
collected from a control area distant from any anthropogenic disturbances. Results revealed
notable variations in HM concentrations both between species and among different plant organs.
In general, unwashed leaves exhibited higher metal contents than washed regardless of the species.
For Cd and Cu, Populus alba showed higher concentrations in unwashed leaves than in bark, while
Melia azedarach accumulated more metals in the bark. Pb concentrations were higher in the bark
of both species. Regarding Zn, accumulation was greater in unwashed leaves of Melia azedarach
and in the bark of Populus alba. Furthermore, the concentrations of all heavy metals measured in
the urban area were higher than those in the control area, regardless of the species or plant part
analyzed. The Metal Accumulation Index values varied by species and plant organ. Melia
azedarach exhibited the highest MAI (14.64), indicating a greater accumulation capacity than
Populus alba (14.25). The Bioaccumulation Factor values suggest that both species can be used
for biomonitoring and phytoextraction of heavy metals. Melia azedarach demonstrated a higher
accumulation potential, whereas Populus alba showed greater efficiency in restricting metal
translocation within its tissues.

Keywords : Heavy metals, phytoremediation, Populus alba, Melia azedarach, leaves, barks.

1. Introduction

The evolution of society and population, combined with industrialization, the expansion of
transportation, and intensive agricultural activities, has played a crucial role in worsening
environmental problems [1]. For several decades, humans have progressively introduced various
pollutants into the biosphere, mainly originating from industrial activities, excessive use of
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pesticides, urbanization, and road traffic and transportation. All these substances have had a
significant impact on air, soil, and water, which subsequently accumulate within the food chain,
causing harmful effects on plants, animals, and human health [2].

Over the past decade, increasing attention has been given to heavy metals and their effects on
various ecosystems. Heavy metals are substances with a density greater than 5 g cm™ and an
atomic number higher than 20 [3]. Sources of heavy metal pollution may be of natural origin (such
as volcanic eruptions and rock weathering) or anthropogenic origin (including industrial waste, oil
industry discharges, spreading and runoff of chemical fertilizers and pesticides, road traffic, and
military industry activities) [4]. The intrinsic nature of these elements prevents them from
degrading naturally ; they remain persistent in the environment for very long periods and can be
absorbed by plants and living organisms [5].

In Algeria, atmospheric metal pollution has been steadily increasing, particularly in connection
with the expansion of major road networks [6,7,8,9]. In Constantine, where the urbanization rate
exceeds 94%, this phenomenon represents a major environmental issue. It results from both heavy
automobile traffic and local topographic and climatic characteristics that promote the retention of
pollutants in the atmosphere. Several studies have confirmed significant metal contamination (Cd,
Co, Cr, Cu, Ni, Pb, Zn) affecting the aquatic and terrestrial ecosystems of the region
[10,11,12,13,14]. Numerous studies have investigated atmospheric metallic pollution using plants
as bioindicators and bioaccumulators. The accumulation of lead by plants was first reported in
Finland [15]. Since then, several studies have demonstrated a correlation between the proximity
of roadways and the accumulation of heavy metals in both vascular plants and lichens. The latter,
due to their exclusive dependence on the atmosphere, are considered the most efficient
bioaccumulators of airborne metal deposits. However, in highly degraded environments where
anthropogenic pressure limits their presence, certain persistent vascular plants can serve as
alternative bioaccumulators [16,17,18,19].

Furthermore, scientific literature suggests that trees are more suitable biomonitors than lichens and
mosses, as they integrate heavy metal contamination over long periods of time [20,21].
Nevertheless, the accumulation potential of plants for heavy metals remains insufficiently
explored. Some plant species have been assessed for their ability to biomonitor metal pollution,
highlighting their specific advantages and limitations [22,23,24]. In Algeria, several studies have
focused on the accumulation of heavy metals in different tree species, including Platanus and
Cupressus sempervirens [25], Casuarina equisetifolia [8], Tamarix gallica [11], as well as
Cupressus sempervirens var. fastigiata and Eucalyptus cladocalyx [13].

The use of trees, particularly their leaves and bark, as bioindicators of air pollution has significantly
developed in recent years [22,23]. The leaves of higher plants capture pollutants from both wet
and dry deposits and accumulate metals originating from the soil and the atmosphere [20,21].
Metal absorption occurs mainly through the roots, followed by transfer to other plant organs.
Atmospheric particles can be retained on foliage, washed off by rainfall, or transferred to the soil,
depending on climatic conditions, pollutant properties, leaf morphology, and particle size.
Therefore, the accumulation of metals in plants serves as a reliable indicator for tracking the spatial
and temporal evolution of air pollution [26,27,7,13].

Phytoremediation is an in situ decontamination approach that relies on the use of specific plant
species capable of reducing the toxicity of pollutants present in soils, water, and the atmosphere
[28]. Unlike conventional engineering methods, this technique offers an eco-friendly, sustainable,
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and cost-effective alternative for restoring polluted environments without disturbing ecosystem
balance [29, 30].

Recent studies, notably those by [30], have demonstrated that long-term phytoremediation
promotes an increase in soil organic matter as well as an enhancement of microbial abundance and
diversity, thereby contributing to the recovery of functional soils [31]. Furthermore, advances in
plant biotechnology and functional genomics have improved plant tolerance to heavy metals.
These developments rely on the regulation of specific genes involved in the uptake, transport, and
chelation of metals, leading to their transformation into less toxic or more volatile forms, thus
enhancing the overall efficiency of the phytoremediation process [32,33]. To highlight the
relevance of using trees as bioindicators of atmospheric metal pollution, leaves and barks have
long been employed in biomonitoring compared to other parts of the tree, such as flowers and buds
[34,35].

In this context, the present study pursues a dual objective. The first is to establish a relationship
between road traffic intensity and the accumulation of heavy metals cadmium (Cd), copper (Cu),
lead (Pb), and zinc (Zn) in the leaves and barks of two woody species growing in both a
contaminated and an uncontaminated area. The second objective is to evaluate the ability of these
two species to contribute to the phytoremediation of urban soils, using the bioconcentration factor
(BCF) and the metal accumulation index (MAI) as indicators. The results obtained in this research
provide preliminary reference values for heavy metal concentrations in urban areas of the region
and complement previous findings on the use of woody trees in phytoremediation processes.

2. Material and methods

2.1.Study area and sampling sites

The present study was conducted in Constantine, a city located in northeastern Algeria at 36°17'00"
N, 6°37'00" E, with an elevation of 694 m (Figure 1). Constantine covers an area of 2,197 km? and
exhibits a high population density of approximately 428 inhabitants per kmz2. The city experiences
a Mediterranean climate, with mean summer temperatures ranging from 25 to 40 °C, winter
temperatures between 0 and 12 °C, and annual precipitation levels of 350-700 mm. Within this
urban agglomeration, traffic density is particularly high [13]. In 2020, Constantine’s vehicle fleet
totaled 727,605 units, including 115,868 newly registered vehicles. The fleet is highly
heterogeneous, encompassing passenger cars, trucks, buses, motorcycles, and road tractors, with
gasoline as the dominant fuel (71.01%) and diesel representing 28.99%. Notably, new vehicles
account for only 15.92% of the total fleet, indicating that a substantial proportion of vehicles are
older and, consequently, contribute disproportionately to environmental pollution due to higher
emission levels [14].

To assess the impact of vehicular traffic and road infrastructure on trees, as well as to evaluate
their potential role in phytoremediation, this study focused on two species (Populus alba and Melia
azedarach), established from seeds collected in Algeria. This species was selected because of its
high dispersion in the studied area. Around thirty samples of this species were collected along the
national road (RNO5) linking the center of the city of Constantine to the commune of Ain smara,
characterized by intense road traffic (Figurel). Samples of the same species were taken in an
uncontaminated control area, far from all sources of anthropogenic disturbance, this is the Draa
Naga arboretum (Figure 1).
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Figure 1. Geographical location of the urban and control areas.

A transect-based sampling approach was adopted to ensure uniform exposure time and comparable
levels of metal contamination. Trees of the same age were selected to maintain consistency across
samples. Mature leaves and bark from each species were collected at a distance of 3 meters from
the roadside. Leaves were cut directly from the branches, approximately 1 cm from their base, and
randomly collected from the lower two-thirds of each tree’s canopy.

Only leaves of similar size, fully developed, and free from visible anomalies (chlorosis or necrosis)
were included. Following the recommendations of [36], trees showing abnormal leaf or bark
conditions (yellowed leaves, cracked bark) were excluded. Particular attention was also given to
avoiding leaves with external imperfections, such as bird droppings, insect infestations, or traces
of pesticide treatment. The bark samples were collected at breast height, approximately 1.30
meters above the ground, from the middle section of the tree trunk. All leaf and bark samples were
stored separately in clean bags to prevent cross-contamination and were transported to the
laboratory on the same day as sampling.

Leaf samples were divided into two distinct subsamples : the first was thoroughly washed with
ultrapure deionized water to remove dust and airborne particles, while the second was kept
unwashed for comparative purposes. Subsequently, both bark samples and washed and unwashed
leaves were oven-dried at 85 °C and then finely ground in preparation for chemical analysis.

Additionally, soil cores were collected around the tree trunks using an auger at a depth of 0-20
cm. Prior to sampling, twigs and dried leaves were carefully removed. The collected soil samples
were then air-dried and passed through a 2-mm stainless-steel sieve to prepare them for heavy
metal analysis.
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Moreover, leaf, bark, and soil samples were obtained from a reference (control) site located in the
Draa Nega arboretum, approximately 10 km away from the contaminated urban area. Sampling of
all materials was conducted during the spring of 2025.

2.2. Heavy metals extraction

Heavy metal (HM) extraction was performed following the procedure outlined by [37]. The
method involves dry calcination of finely ground samples (1 g) in a muffle furnace for 16 hours,
with a gradual increase in temperature up to 450 °C. After cooling, 10 mL of diluted aqua regia
(1/3) was added to dissolve the resulting ash. The digested solutions were filtered through
Whatman No. 540 filter paper, and the filtrates were subsequently stored in Teflon containers at 4
°C until analysis [13]. The concentrations of cadmium (Cd), copper (Cu), lead (Pb) and zinc (Zn)
were determined using inductively coupled plasma—optical emission spectrometry (ICP-OES,
Perkin EImer Optima 8000).

Analytical quality was assessed through tests of linearity, precision, and reproducibility using
external calibration standards (0.1-5 mg/L for Cd and 0.5-10 mg/L for Cu, Pb, and Zn).
Reproducibility was verified using a certified reference material (BCR62 — Olea europaea leaves),
yielding high recovery rates (97-100%), thereby confirming the reliability and robustness of the
analytical procedure employed.

For soil analysis, aliquots of 500 mg were digested using 10 mL of aqua regia a 3:1 mixture of
hydrochloric acid (HCI, 12 N) and nitric acid (HNOs, 15 N) in Teflon vessels within a microwave
digestion system (Speedwave R-2, BERGHOF B). The concentrations of Cd, Cu, Pb, and Zn were
subsequently determined by inductively coupled plasma optical emission spectrometry (ICP-OES,
Perkin EImer Optima 8000).

Analytical accuracy and precision were verified using a certified reference material (BCR CRM
141 R, calcareous loam soil, Community Bureau of Reference, Brussels, Belgium). Recovery rates
were satisfactory, ranging from 87% to 96% (92 + 1.5% for Cd, 87 + 1.1% for Cu, 87 + 1.6% for
Pb, and 96 + 2.2% for Zn), confirming the reliability and robustness of the applied analytical
method.

2.3.Data analysis

Statistical analyses were performed using Statistica 7.0 software. For each studied species,
minimum, maximum, mean values, and standard deviations were calculated for each element and
plant organ. A one-way analysis of variance (ANOVA) followed by the Newman—Keuls post-hoc
test was conducted to identify significant differences between species and/or plant parts. In
addition, an independent-samples t-test was applied to compare data between the urban and control
sites. The level of statistical significance was set at p < 0.05.

Moreover, two indicators were employed to assess both the origin and the accumulation capacity
of heavy metals by tree species occurring in the investigated area : the Bioconcentration Factor
(BCF) and the Metal Accumulation Index (MAL).

The Bioconcentration Factor (BCF) represents the ability of a plant to absorb and translocate heavy
metals from the soil into its internal tissues [38,39,40,41,20]. It is defined as the ratio between the
total concentration of a metal measured in plant tissues (leaves and bark) and that detected in the
soil. The BCF is determined using the following formula :
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Where Charvested tissue IS the metal concentration in harvested tissues (leaves, barks), and Csoi is the
metal concentration in soil.

The Metal Accumulation Index (MALI), on the other hand, provides an integrated measure of the
overall metal accumulation potential of a plant species [42,43]. It allows for the comparison of
total metal burdens across different species or environmental conditions. The MAI is calculated as
the arithmetic mean of the standardized concentrations of all analyzed metals in plant tissues,
according to the following expression :

1

1
MAI = — i
] DU

i=1

Where n is the total number of HMs, and lj is the sub-index for variable j, obtained by dividing the mean
concentration (x) of each HMs by its standard deviation.

3. Results and discussion
The statistical results of heavy metal concentrations for the studied species are presented in Table
1. The table reports the minimum, maximum, and mean + standard deviation values of cadmium,
copper, lead, and zinc contents measured in washed leaves (WL), unwashed leaves (UL), barks
(BK), and soil.

Table 1. Heavy metals concentrations (pg/g) organs of studied species (urban area).

Species Plant part Cd Cu Pb Zn

WL [019 - 0.57] [4.19 - 10.23] [3.33-10.00] | [15.31-40.89]

0.32+0.16° 7.17+2.03? 6.40 £1.92° 28.10+9.58°
Populus alba UL [0.38 - 0.95] [5.12-10.70] [6.67—20.00] | [22.79 - 66.59]
0.67+0.22° 7.73+2.28° 10.77£4.00® | 37.81+13.12°
BK [0.19 - 0.95] [3.26 — 8.84] [10.00- 26.67] | [14.41-138.77]

0.57+0.222 5.76+1.81° 17.66 £ 4.72° 55.64 + 43.70°
Soil [0.38-1.20] | [11.23-16.55] | [78.87-160.24] | [61.54 —70.58]

0.82 +0.37 13.93 + 2.58 121.36 + 38.37 65.37 +4.18
WL [0.19-0.76] | [6.05—19.07] [3.33-13.87] | [18.54 —47.04]

| ] 0.34+0.20° 9.79£3.92° 6.70 +3.96° 28.04 +8.682

Melia azedar

elia azedarac UL [0.38-0.95] | [6.51—20.00] [6.67—20.00] | [20.00—59.66]
056 +0.17% | 11.79+3.69° 10.23 +4.29° 35.98 +11.83°
BK [0.19 - 0.95] [6.51-22.79] | [12.55-166.67] | [15.31-49.61]
0.69+0.32% | 17.06+529° 79.38+68.70° | 33.44 +10.99°
Soil [0.55-1.80] | [12.24-16.45] | [79.44-14855] | [65.47 —88.78]

0.94 +0.62 13.62 +1.93 113.00 + 72.61+12.62

abDifferent letters indicate significant differences (Newman—Keuls test, o. = 0.05) between metal contents in plant

parts.
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In urban areas, the results indicate a relatively high accumulation of heavy metals. The
concentrations of the four studied heavy metals (Cd, Cu, Pb, and Zn) vary between species and
among different organs within the same species (Table 1).

Cadmium accumulation in the various tree organs follows the following decreasing order : for
Populus alba : unwashed leaves (UL) > bark (BK) > washed leaves (WL) ; for Melia azedarach :
bark (BK) > unwashed leaves (UL) > washed leaves (WL). In Populus alba, the mean
concentrations are approximately 0.67 pg/g in unwashed leaves, 0.57 pg/g in bark, and 0.32 pg/g
in washed leaves. In Melia azedarach, the highest concentrations are found in bark (0.69 ug/g),
followed by unwashed leaves (0.56 pg/g) and washed leaves (0.34 pg/g), with the maximum
concentration reaching 0.95 pg/g. These results are similar to those reported by [13] in urban areas
of the Constantine region, concerning the leaves and bark of Cupressus fastigiata (0.95 and 1.09
ng/g) and Eucalyptus cladocalyx (0.57 and 0.50 ug/g), respectively. Very high concentrations
were also recorded in a contaminated area of the same region in the leaves of Ampelodesmos
mauritanicus, reaching maximum values of 1.52 pg/g. Additionally, the concentrations obtained
in this study are comparable to those reported by [44], who observed values ranging from 0.1 to
2.73 ng/g in leaves collected near the Tuncbilek thermal power plant in Kiitahya, Turkey. For both
washed and unwashed leaves, the cadmium levels were lower than those reported by [45] in
washed leaves of Platanus orientalis, Robinia pseudoacacia, and Fraxinus rotundifolia collected
from the urban area of Karaj, a city in Alborz Province, Iran, characterized by relatively intense
vehicular traffic. The concentrations reported by Monfared were 2.4 + 0.2 pg/g, 2.5 + 0.1 pg/g,
and 2.4 + 0.2 ug/g for P. orientalis, R. pseudoacacia, and F. rotundifolia, respectively, with
corresponding soil concentrations of approximately 3.7 = 0.3 pg/g. Furthermore, the levels
recorded in the present work remain within the same range as those reported by [44] for leaves
sampled in the vicinity of the Tuncbilek power plant. However, they are considerably higher than
those documented by [46] for Quercus ilex leaves collected from urban, roadside, and control
environments, where concentrations ranged from 0.01 to 0.09 pg/g in urban areas, 0.007 to 0.21
ug/g along roadsides, and 0.007 to 0.01 pg/g at control sites. Similarly, the cadmium
concentrations measured in this study were significantly higher than those reported by [20] in
unwashed leaves of Robinia pseudoacacia (0.5 + 0.21 pg/g), Pinus eldarica (0.62 = 0.09 ug/g),
Olea europaea (0.45 + 0.17 pg/g), and Cupressus arizonica (0.38 + 0.22 ng/g) collected from the
urban area of Yazd, Iran. In the city of Ibadan (Nigeria), [47] reported a cadmium concentration
of 0.10 mg/kg in tree bark collected from 65 sites exposed to various anthropogenic activities.
Similarly, [48], in a study on the phytoremediation of cadmium-contaminated soils using young
Douglas fir trees, observed high Cd concentrations in the wood, particularly in the bark, which
exhibited the highest Cd levels among the aerial parts (reaching 6 mg/kg of dry matter in the
presence of 68 mg/kg of Cd in the soil).

Regarding copper, its concentrations were higher than those of cadmium. In Populus alba, the
highest Cu contents were recorded in unwashed and washed leaves, with mean values of 7.73 pg/g
and 7.17 pg/g, respectively. For this species, the decreasing order of accumulation was UL > WL
> BK. The bark showed concentrations averaging 5.76 pg/g, with a maximum value of 8.84 pg/g.
Similar to cadmium, Melia azedarach exhibited the same decreasing order of copper accumulation
(BK > UL > WL). In this species, bark contained the highest Cu levels, with an average
concentration of 17.06 pg/g, followed by unwashed leaves (11.79 pg/g) and washed leaves (8.79
Mg/g). These concentrations were notably higher than those measured in Populus alba (Cuwmelia
azedarach, > CUpopulusalba). This variation was confirmed by the one-way ANOVA test, which showed
statistically significant differences for Populus alba (p < 0.05) and Melia azedarach (p < 0.01).
[47] reported a copper concentration of 7.29 mg/kg in the bark of trees collected from 65 sites
subjected to various anthropogenic activities, whereas [49] recorded Cu concentrations ranging
from 1.5 to 82.7 mg/kg in the bark of Cupressus sempervirens var. fastigiata. Furthermore, [44]
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reported Cu concentrations ranging from 2.1 to 59 mg/kg in tree leaves. These results are consistent
with, and add to, those reported by [9] in the same region, concerning twelve woody tree species
(e.g., Nerium oleander, Eucalyptus globulus, Acacia cyanophylla, Pinus halepensis, etc.) growing
in an urban area characterized by high traffic intensity. Indeed, elevated copper concentrations
were recorded in plant tissues, reaching a maximum of 20.00 pg/g in the leaves of Fraxinus
excelsior and 30.01 pg/g in the bark of Eucalyptus cladocalyx. Indeed, most plant species are
capable of accumulating considerable amounts of copper in their tissues under both natural and
anthropogenic conditions [50]. Copper is an essential component of many enzymes involved in
oxidation—reduction reactions [51] ; however, beyond a certain threshold, it becomes toxic. The
normal range of Cu concentrations in plants is 3-30 mg/kg [52], whereas its phytotoxic range
extends from 20 to 100 mg/kg [53]. In the present study, the measured Cu concentrations never
exceeded the upper limit of the normal range, regardless of the plant organ or species analyzed.

For lead (Pb), both studied species exhibited the same decreasing order of accumulation (BK >
UL > WL), with Melia azedarach showing higher concentrations than Populus alba. In Populus
alba and Melia azedarach, the highest Pb levels were recorded in the bark, with mean values of
17.66 pg/g and 79.38 ug/g, respectively. In both species, unwashed leaves showed lower Pb
concentrations than bark but higher than washed leaves, with respective values of 10.77 pg/g and
6.40 ug/g for Populus alba, and 10.23 pg/g and 6.70 pug/g for Melia azedarach. This variation was
statistically significant according to the one-way ANOVA test, which revealed significant
differences (p < 0.05) for Populus alba and highly significant differences (p < 0.001) for Melia
azedarach. [54] reported lead concentrations exceeding 50 mg/kg in the leaves of wild woody
plants naturally growing in Hunan Province, China. Similarly, [35] found lead levels ranging from
35 to 52 mg/kg while monitoring Cd, Pb, As, and Hg in honeybees, propolis, and pine leaves
collected from industrial areas in Izmir, Turkey. Typically, lead contents in plants are below 10
mg/g [55, 56,57,58,53,43]. According to [58], the normal Pb concentration range in plants is 5-10
mg/g, whereas its toxic threshold lies between 30 and 300 mg/g. [55] reported a narrower
phytotoxic range of 3-20 mg/g. In the present study, the measured concentrations exceeded natural
background levels, regardless of the plant organ or species. Overall, Pb accumulation in vegetation
from industrial and urban environments has markedly increased in recent decades. The relationship
between lead concentrations and traffic density has been well established by several studies
[59,60,61]. For a 1 km road segment carrying approximately 12,000 vehicles per day, lead
originates mainly from exhaust emissions (7,227 g/kg/year), lubricants (2.1 g/kg/year), tires (2.6
g/kglyear), brake linings (438 g/kg/year), and de-icing agents (8.5 g/kg/year) [6]. In Algeria,
gasoline lead content averages 0.45 g/L [62]. Lead uptake by plants occurs predominantly through
atmospheric deposition on leaf surfaces, whereas root-to-shoot translocation represents a minor
pathway [63,43]. A study conducted on roadside Populus clones exposed to vehicle exhaust
demonstrated stomatal dysfunction, with stomata remaining open and consequently weakening the
plants [46]. Exhaust gas components have been shown to inhibit stomatal regulation of opening
and closing movements [6]. Approximately half of the atmospheric lead is transported in
particulate form, while the remaining fraction is carried by runoff, at an estimated rate of 1
mg/km/vehicle/day [64]. Consequently, lead remains a reliable tracer of vehicular pollution and
an indicator of the spatial extent of road influence [65]. Its deposition is enhanced when prevailing
winds blow perpendicularly to the roadway and under higher temperature conditions [62]. Zinc
concentrations recorded in Populus alba were higher than those in Melia azedarach (Znpopuius aiba
> ZNwmelia azedarach) regardless of the plant organ. In Populus alba, the decreasing order of Zn
accumulation was BK > UL > WL, with bark showing a mean concentration of 55.64 ug/g,
followed by unwashed leaves (37.81 pg/g) and washed leaves (28.10 pg/g). In Melia azedarach,
Zn accumulation was highest in unwashed leaves (35.98 ug/g), followed by bark (33.44 ug/g) and
washed leaves (28.04 pg/g), corresponding to the order UL > BK > WL. The one-way ANOVA
analysis revealed statistically significant differences (p < 0.05) for both species. [47] reported a
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zinc concentration of 30.96 mg/kg in tree bark, whereas [44] observed Zn contents ranging from
1.7 to 222.4 mg/kg in tree leaves. Zinc is an essential element for all living organisms and is
regarded as a key factor in the biosynthesis of enzymes, auxins, and certain proteins [50]. The
normal Zn concentration range in plants lies between 10 and 150 mg/kg [55, 53, 43], while the
critical toxic threshold in leaves is approximately 100 ppm [56, 60]. In the present study, none of
the investigated species exhibited Zn concentrations exceeding either normal or toxic limits,
regardless of the plant organ analyzed. Moreover, even when plants are exposed to similar sources
of heavy metals under comparable environmental conditions, their accumulation patterns remain
strongly governed by species-specific physiological and morphological characteristics [66].
Consequently, an interspecific variation was observed in this study for a given organ. Indeed,
heavy metal concentrations in washed leaves, unwashed leaves, and bark were found to be species-
dependent. In general, the concentration of heavy metals in different plant parts depends on both
the metal content of the air and soil, and varies within a species as well as among species [67,68].
The bark acts as an important sink for biologically available metals, with new tissues being added
during each growing season. These tissues decompose slowly, allowing the accumulated metals to
become immobilized in metabolically inactive compartments for an extended period.
Consequently, these metals remain available without adversely affecting tree health, owing to the
high porosity of the bark [69,18,22] determining factor in the uptake and bioaccumulation of heavy
metals in bark lies in their deposition on the outer surface and translocation from the roots. Metals
absorbed through the root system are either stored in the roots or transported to the aerial parts of
the plant via the xylem. The ability of plants to transport and sequester metals depends on an
efficient metal transport system, vacuolar compartmentalization, an antioxidative defense
response, and the overall physiological condition of the plant [70]. [71] demonstrated that lead
concentrations in bark respond rapidly to fluctuations in atmospheric lead levels, due to the
entrapment of particles within bark fissures. Once deposited, these elements can migrate into
various tissues depending on their degree of solubility. A similar study conducted on Cupressus
sempervirens bark in Amman (Jordan) by [49] concluded that this species can be considered an
effective biomarker of urban air pollution. Finally, [72], working in eastern Romania, compared
the epiphytic moss Hypnum cupressiforme and oak bark (Quercus spp.) in terms of their metal
accumulation capacity, and found comparable levels of accumulation in both bioindicators,
concluding that oak bark is also a reliable biomonitor of atmospheric metal contamination. In
Melia azedarach, the bark is fissured and scaly, which enhances its capacity to capture and
accumulate pollutants and toxins, in contrast to the Populus alba bark, which exhibits a smoother
structure with small cracks that develop progressively with age.

The results presented in Table 1 show that, overall, zinc concentrations were higher than those of
the other studied metals in both species. The following sequences of metal accumulation were
observed : For Populus alba:  ZngkuL > Pbek.uL> Cuek,uL > Cdek,uL

ZnwL > Cuwr > Pbwi> Cdwr
For Melia azedarach : Pbek > Zngk > Cusk > Cdgk

ZnuLwi > Cuur,wi > Pburwi > Cduwe

These results are consistent with those reported by [9] in a contaminated area of the Constantine
region. In that study, the author highlighted the potential of using woody tree species such as
Eucalyptus gomphocephala, Acacia horrida, Cupressus sempervirens, Olea europaea, Pinus
halepensis, Tamarix gallica, and Nerium oleander for the phytoremediation of urban
environments.

Moreover, heavy metal concentrations recorded in the urban area were compared with those from
the control site (Figures 2, 3, 4, and 5). A Student’s t-test was performed to assess the significance
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of these differences. In the urban area, the results obtained for both species revealed a pronounced
accumulation of the four studied elements (Cd, Cu, Pb, and Zn), regardless of the plant organ. For
Populus alba, Cd concentrations were approximately four times higher in washed leaves and bark,
with maximum values of 0.57 ug/g and 0.95 pg/g, respectively, and twice as high in unwashed
leaves compared to the control site. The t-test indicated a significant difference (p < 0.01) for all
organs. Copper levels were four times higher in unwashed leaves (p < 0.01), reaching a maximum
of 10.70 pg/g, and two to three times higher in washed leaves and bark (p < 0.05). Lead
concentrations were four times higher in washed leaves (p < 0.05) and three times higher in
unwashed leaves and bark (p < 0.01). Zinc levels were three times higher in all organs (unwashed
leaves, washed leaves, and bark ; p < 0.05), with maximum Pb and Zn concentrations recorded in
bark (26.67 pg/g and 138.77 pg/g, respectively). In Melia azedarach, Cd, Pb, and Zn
concentrations were approximately twice as high in washed leaves from the urban site compared
to the control, whereas Cu concentrations were four times higher (p < 0.01), reaching a maximum
of 19.07 ug/g. In unwashed leaves, concentrations were about three times higher for all four
metals, with the t-test showing significant differences (p < 0.05) for all elements. The maximum
recorded concentration reached 59.66 pg/g. Furthermore, bark samples from Melia azedarach
exhibited substantial enrichment, with Cd, Cu, and Zn concentrations being two to three times
higher in the urban area, and Pb levels remarkably elevated approximately ten times higher
reaching 166.67 pg/g in the urban site compared to 16.67 pg/g in the control. This difference was
highly significant (p < 0.001). Recent studies by [9] and [14] in urban environments reported
elevated lead (Pb) concentrations in the leaves of several woody species, including Olea europaea
(13.33 £ 6.67 ug/g), Pinus halepensis (22.22 + 21.17 pg/g), Fraxinus excelsior (7.50 + 1.67 ug/g),
Eucalyptus gomphocephala (11.11 + 4.08 pg/g), Tamarix gallica (17.70 = 3.79 pg/g), Acacia
cyanophylla (10.00 + 3.85 mg/g), and Ampelodesmos mauritanicus (26.55 = 12.73 ug/g).
Similarly, [35] reported Pb concentrations ranging from 35 to 52 mg/kg while monitoring Cd and
Pb in poplar and pine leaves from industrial zones in Izmir, Turkey. Plants can readily absorb
atmospheric lead following deposition on leaf surfaces ; however, translocation from roots to
leaves is not the dominant accumulation pathway [63,43]. Research on roadside poplar clones
exposed to vehicle exhaust gases revealed a reduction in gas diffusion resistance due to persistent
stomatal opening, leading to physiological stress and dysfunction in the plants [46]. The stomatal
regulatory capacity the ability to open and close appears to be inhibited by components of exhaust
gases [25]. In urban environments, a substantial fraction of lead is transported in particulate form,
with the remainder carried by runoff water, estimated at approximately 1 mg Pb/km/vehicle/day
[64]. Lead deposition rates tend to increase when prevailing winds blow perpendicular to roadways
and under higher temperature conditions [22]. Consequently, lead serves as a reliable tracer of
vehicular pollution, providing an indicator of the spatial extent of road influence, and should not
be disregarded [65]. [73] investigated heavy metal (HM) concentrations in tree-ring sequences of
Prosopis juliflora collected at varying distances from a former copper smelter in San Luis Potosi,
Mexico. The study revealed a descending order of metal accumulation as Zn > Cu > Pb, with
enrichment factors of 26, 8.6, and 1.4, respectively, relative to the control site. Similarly, [22]
compared the bioaccumulation of Cr, Cu, Fe, and Pb in leaves of Platanus orientalis L. and Pinus
nigra Arn. around three European cities (Salzburg, Belgrade, and Thessaloniki). Their results
showed a significant increase in metal concentrations in leaves from plants grown in polluted areas
compared to those from control sites. A comparable study was conducted by [49] in Amman,
Jordan, using bark samples of Cupressus sempervirens L. as bioindicators for air quality
monitoring. The authors reported higher metal accumulation in industrial and high-traffic areas
relative to residential and control sites. Zinc exhibited the highest accumulation (442-111 ug/kg),
followed by Pb (445-22.6 pg/kg), Mn (564 pg/kg), and Cu (82.7-1.5 pg/kg), whereas Co (0.49—
0.011 pg/kg) and Cd (0.83-0.069 ug/kg) showed the lowest values. These findings highlight that
urban environments are exposed to multiple airborne contaminants from anthropogenic sources,
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including solid particles and gaseous emissions. The primary sources of these pollutants are
industrial facilities, power plants, domestic heating systems, and motor vehicles, the latter being
particularly dominant in urban settings [74]. In Algeria, especially in urban areas, environmental
degradation affecting water, soil, and air quality has intensified over decades due to industrial,
agricultural, and vehicular activities, as well as inadequate waste management. Constantine city,
located within the Kebir Rhumel Basin, exemplifies this situation. The basin encompasses
approximately 100 settlements with a total population of 1.62 million, of which 750,000 reside in
Constantine alone. Industrial and agricultural activities, along with road traffic, have significantly
increased over the past century, with major sources of emissions concentrated within a 20 km
radius around the city [13].
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Comparative assessment of the heavy metal uptake and accumulation efficiency

of the studied species
Metal accumulation index (MAI)

The Metal Accumulation Index (MAI) results obtained for the two studied species are presented
in Figure 6.
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Overall, the MAI values varied according to both species and plant parts analyzed (unwashed
leaves (UL) and bark (BK)). For leaves, a slight difference was observed between the two species,
following the sequence : MAlwelia azedarach > MAlpopuius aiba. Accordingly, Melia azedarach
exhibited the highest MAI value (MAI = 14.64), indicating a greater capacity for heavy metal
accumulation compared to Populus alba (MAI = 14.25). Similarly, bark tissues proved to be
effective accumulators of trace metals. The highest MAI value (32.64) was recorded in Melia
azedarach, whereas the lowest (19.91) was observed in Populus alba. The sequence observed for
bark followed the same trend as that of the leaves : MAlwellia azedarach > MAlpopulus aiba. MOreover, it
appears that the accumulation capacity differs depending on the plant part analyzed within the
same species. We observed that both species exhibited a higher metal accumulation capacity in
the bark than in the leaves (MAIgk> MAIuL). Similar results were reported by [9] in a study on
the heavy metal accumulation capacity of urban trees, showing that bark possesses a greater
accumulation potential in Olea europaea, Pinus halepensis, Fraxinus excelsior, and Eucalyptus
globulus. Therefore, bark proves to be a highly valuable organ for the biomonitoring of
atmospheric metal pollution. Indeed, tree bark can provide more reliable long-term results, as its
structural characteristics enable it to retain pollutants for extended periods [18,75]. In contrast,
leaves are periodically shed, whereas bark persists longer on the tree. Furthermore, the rough
texture of bark enhances its ability to trap airborne particles [22]. Both leaves and bark of urban
tree species are simultaneously exposed to atmospheric and soil pollutants. The variation in the
obtained Metal Accumulation Index (MAI) values supports the findings of [76], [43], and [77],
who suggested that the capacity for heavy metal accumulation depends on species-specific traits,
plant organ type, metal properties, environmental contamination level, species tolerance gradients
to heavy metals, and meteorological conditions. Unlike fast-growing trees, the leaves of slow-
growing species are more prone to heavy metal accumulation through root uptake from the soil
[43]. 1t should also be noted that species with larger leaf surface areas tend to capture and retain
more heavy metals within their tissues. Moreover, several studies have reported that tree leaves
can serve as effective bioindicators of atmospheric metal pollution as well as efficient monitoring
tools and removal agents for airborne heavy metals [78, 50,79,80].
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Figure 6. Mean metal accumulation index (MAI) for Populus alba and Melia azedarach.
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Bio-concentration factor (BCF)

The results of the bioconcentration factor (BCF) obtained for the two studied species are presented
in Figure 7. According to [81,50,82,83], the bioconcentration factor can be interpreted as follows

o BCF > 1:indicates that the species accumulates the metal.
o BCF <1 :indicates that the species excludes the metal.
o BCF =1 indicates that the species can be used as a bioindicator.

For Populus alba, the sequences of mean BCF values are the same for both leaves (UL) and bark
(BK) : Cd > Zn > Cu > Pb. All mean BCF values for the metals considered in this study (Cd, Cu,
Pb, and Zn) are below unity (BCF < 1), indicating that this species generally excludes metals from
its leaves and bark. For leaves, the highest mean BCF was observed for Cd (0.94) and the lowest
for Pb (0.10). In bark, Cd also showed the highest mean BCF (0.86), while Pb had the lowest
(0.16). It should be noted that metal bioconcentration (BCF > 1) was observed in a few individual
trees, with extreme values reaching 2.50 for Cd in both leaves and bark, and for Zn in leaves and
bark, 1.07 and 2.25, respectively. Zinc (Zn) is an essential micronutrient for plant metabolism [50].
Consequently, plants are capable of accumulating significant amounts of this element in their
tissues. These findings are consistent with those of [84], who evaluated the potential of 13
eucalyptus clones for trace metal uptake and biomass production from both natural and
contaminated soils. They reported that Zn accumulated more in the leaves than in the stems and
branches, suggesting that harvesting the entire aboveground biomass, including leaves, could
enhance the phytoextraction potential of these contaminants using Eucalyptus spp.

Cadmium (Cd) is a highly toxic micronutrient and a soil pollutant that can be readily absorbed by
plant roots via specific transporters and translocated to aerial parts [82]. According to [85], the
availability of essential nutrients in the soil significantly influences Cd uptake and accumulation
in plants. These authors reported increased Cd accumulation in the leaves, stems, and roots of a
Salix viminalis clone under magnesium (Mg) and iron (Fe) deficiency. Indeed, Cd**, Mg?*, and
Fe?* ions share the same transport pathways for root uptake and translocation to the aerial parts,
potentially leading to competitive interactions within both apoplastic and symplastic
compartments. When soluble Cd?* is present in the root zone, it can reach the root apoplast and
cross the plasma membranes of root cells [86]. The bioconcentration factors (BCF) for lead (Pb)
are relatively low compared to those of the other studied heavy metals, regardless of the plant part
analyzed. In a comparative study on the capacity of different plant species to accumulate metals
from soil and air, [20] also reported the lowest BCF values for Pb in leaves. Similarly, [54,86,80]
determined BCF in the leaves of 18 tree species across several contaminated sites in Hunan, China,
and found that Pb exhibited the lowest values. Moreover, [87] demonstrated that in plants growing
on contaminated soils, lead predominantly accumulates in the roots rather than in the leaves, and
among aerial parts, Pb is more concentrated in leaves than in twigs.

Regarding Melia azedarach, the bioconcentration phenomenon is more pronounced, particularly
for copper (Cu) and zinc (Zn), which exhibit BCF values greater than 1. The following sequence
of mean BCFs was observed for leaves and barks : Cu > Zn > Pb > Cd. Furthermore, both leaves
and bark of this species display BCF > 1 for Cu (UL = 2.45 vs. BK = 2.03), demonstrating their
capacity to accumulate this metal in their tissues. Notably, the leaves show a higher accumulation
capacity than the bark (BCFuL > BCFgk), with a maximum BCF of 7.46 for leaves and 6.72 for
bark. For Zn, the leaves are effective accumulators (BCF > 1), whereas the bark tends to exclude
the metal (BCF < 1), showing an average BCF of 1.39 versus 0.98. Maximum BCF values of 4.73
and 2.82 for leaves and bark, respectively, further confirm their substantial accumulation capacity.

https://hautpeerreview.top/Page No :91



Haut | ISSN: 0938 - 2216 | Vol. 23, Issue 11 | 2025 https://doi.org/10.5281/Zenodo.17569328

In contrast, for cadmium (Cd) and lead (Pb), the mean BCF values are below unity (BCF < 1) for
both plant parts, with values of UL = 0.64 and BK = 0.76 for Cd, and UL = 0.66 and BK = 0.89
for Pb. This indicates that this species generally excludes these metals from its tissues. However,
some individual trees are able to accumulate these metals, reaching BCFs > 1, with maxima of
1.73 in the bark and 1.04 in leaves for Cd, and 2.03 versus 2.33 for Pb. In a similar study, [13]
reported that 10 out of the 12 species examined accumulate cadmium (Cd) not only in leaves but
also in bark, namely : Eucalyptus cladocalyx, Cupressus fastigiata, C. horizontalis, Olea
europaea, Eucalyptus gomphocephala, Nerium oleander, Fraxinus excelsior, Eucalyptus
globulus, Tamarix gallica, and Acacia cyanophylla. Similarly, Acacia horrida accumulates Cd,
but only in the bark. For most species, accumulation is higher in the leaves. According to [88],
depending on their capacity to accumulate trace metals, plant species can be classified into two
major groups : "excluders,” which preferentially accumulate trace metals in roots with limited
translocation to aerial parts, and "hyperaccumulators,” which are capable of tolerating and storing
high levels of trace metals in their tissues. The potential for trace metal accumulation depends on
multiple internal and external factors. Internal factors include root and stem structure, xylem
density, antioxidant defense responses, the physiological state of the plant, and the presence of
chelating molecules. External factors include soil pH and electrical conductivity, organic matter
content, soil texture, topography, the concentration and speciation of trace metals in the soil,
sources of pollution, the type of area, and the season (wet or dry), which influence deposition
patterns, as well as wind direction [89,90,91,92].

In the study area, the main factor contributing to contamination is the presence of a dense road
network and the proximity of the highway, which experiences relatively high traffic for the city of
Constantine. A second significant factor is the transport of pollutants from external sources by
wind. In this region, prevailing winds blow mainly from the northwest and north, carrying air
masses from mountainous areas. Additionally, southerly winds occur primarily in summer and late
autumn, often carrying substantial amounts of sand, silt, and particulate matter containing various
types of pollutants. Thus, the studied species exhibit a remarkable capacity to accumulate HMs
(Cd, Cu, Pb, and Zn). Therefore, selecting these species for air quality monitoring, particularly in
urban areas, is highly relevant. According to [42], species with high MAI and BCF values, as
observed in this study, represent suitable candidates for planting in cities and urban zones where
metal contamination poses a concern [93],. Moreover, these species can serve as vegetative
barriers between polluted areas and vulnerable zones [43,82]. Compared to lower plants, trees have
a higher potential for HM accumulation due to their larger leaf surface area, greater biomass, and
longer lifespan.
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Figure 7. Mean bio-concentration factor (BCF) for leaves and barks for Populus alba and Melia
azedarach.

4. Conclusion

The objective of this study was to assess the concentrations of four heavy metals (Cd, Cu, Pb, and
Zn) in the leaves (washed and unwashed) and bark of two tree species, Populus alba and Melia
azedarach, growing in a contaminated area with intense road traffic and in a non-contaminated
area distant from any anthropogenic disturbances. The study also aimed to evaluate their capacity
to accumulate these metals and their potential use in phytoremediation.

Different metal concentrations were observed between the studied species as well as among the
various plant parts within the same species. Indeed, all concentrations recorded in unwashed leaves
were higher than those in washed leaves (UL > WL), regardless of the species. For Cd and Cu,
Populus alba exhibited higher concentrations in unwashed leaves than in bark (UL > BK), whereas
in Melia azedarach, bark showed greater accumulation (BK > UL). Lead (Pb) concentrations were
higher in bark than in leaves for both species (BK > UL). Zinc (Zn) was more accumulated in
unwashed leaves of Melia azedarach (UL > BK), while in Populus alba, it was more concentrated
in bark (BK > UL). Moreover, heavy metal concentrations in the urban area were consistently
higher than those in the control area (UA > CA), regardless of the species or plant part analyzed.
This variation is mainly attributed to anthropogenic activities and the intensity of road traffic,
which represent the primary sources of metal pollution in urban atmospheres. Consequently,
Populus alba and Melia azedarach were identified as effective bioindicators of atmospheric metal
pollution. The values of the Metal Accumulation Index (MAI) varied depending on both the
species and the plant parts analyzed. Melia azedarach exhibited the highest MAI value (MAI =
14.64), indicating a greater capacity for heavy metal accumulation compared to Populus alba
(MAI = 14.25). Similarly, bark tissues were found to be efficient accumulators of heavy metals.
The obtained Bioconcentration Factor (BCF) values suggest that both species can be effectively
used in biomonitoring programs to accumulate and/or extract heavy metals, as well as to identify
ecological disturbances and their impacts on ecosystems. Melia azedarach demonstrated a stronger
ability to accumulate trace metals, whereas Populus alba showed greater efficiency in excluding
metals from its tissues.

Based on these findings, although herbaceous plants may accumulate higher concentrations of
metals and exhibit greater bioconcentration factors than woody species, an environmentally

https://hautpeerreview.top/Page No :93



Haut | ISSN: 0938 - 2216 | Vol. 23, Issue 11 | 2025 https://doi.org/10.5281/Zenodo.17569328

sustainable approach to remediate contaminated areas involves the use of woody trees
characterized by their strong pollutant accumulation capacity and high biomass production.

In general, trees are considered suitable candidates for phytoremediation purposes due to their
rapid and substantial biomass production, significant economic value, broad genetic variability,
well-established cultivation practices, high public acceptability, and their contribution to site
stabilization by limiting the migration of trace metals through leaching, erosion, or wind
dispersion.

This study provides valuable insights that could inform future urban planning strategies and
vegetation management in the region.
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