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Abstract

This study comprehensively evaluates the elemental composition of soil and Pinus species

needle samples across 25 distinct plots established along the D825 highway in Kahraman-

maraş, Türkiye. Located at the confluence of the Mediterranean, East Anatolian, and

Central Anatolian regions, this area represents a critical ecological transition zone. A total

of 75 soil and 75 needle samples were analyzed in triplicate to assess heavy metal contami-

nation and potential toxicity risks across these elevation gradients. According to the results,

the Geoaccumulation Index (Igeo) values for all examined metals remained below zero,

categorizing the study area as “unpolluted.” Enrichment Factor (EF) analyses confirmed the

lithogenic origin of Cr, Mn, and Ni; however, Lead (Pb) and Cadmium (Cd) exhibited an

EF of 1.34. This ‘minimal enrichment’ could potentially be associated with anthropogenic

pressures, possibly stemming from traffic emissions on the highway. Although current

metal levels fall below global toxicity thresholds (WHO/FAO), the positive skewness and

high variation in Pb and Cd distributions suggest a likelihood of localized accumulation,

which may warrant systematic monitoring. The original contribution of this study lies in

its integrated assessment of plant–soil barrier mechanisms within this unique transition

zone, demonstrating how forest ecosystems maintain resilience capacity despite ophiolitic

parent material contributions. While soil Cr and Ni levels were elevated due to the ge-

ological structure, plant tissue concentrations remained within safe physiological limits,

suggesting effective stabilization within the soil-biomass matrix. The findings suggest that

these forest ecosystems play a key role in maintaining ecological health and environmental

sustainability against potential anthropogenic encroachment in this strategic intersection.

Keywords: heavy metals; soil-plant interface; biomonitoring; sustainable forest manage-

ment; ecological resilience capacity

1. Introduction

Forest ecosystems establish a critical equilibrium in global biogeochemical cycles by

functioning as both a reservoir and a filter for heavy metals. Industrial emissions, unregu-

lated mining, and atmospheric transport processes have rendered forest soils particularly

vulnerable to the accumulation of toxic metals such as Pb, Cd, Mn, and Ni [1]. However,

metal concentrations in forest soils are not solely dependent on external inputs; they are

also governed by complex interactions between the topsoil (soil horizons) and the bio-

logical activities of tree species. Current literature emphasizes that tree species alter soil

pH and organic matter composition through “species-specific” litter chemistry and root
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exudates, which directly impacts the bioavailability of metals [2]. For instance, while the

acidification induced by coniferous species increases metal mobilization, the high humic

acid content provided by broad-leaved forests facilitates the immobilization of metals by

forming chelates within the soil matrix. This phenomenon provides the scientific rationale

for utilizing forests as strategic tools in the reclamation of contaminated sites through

phytoremediation [3]. Highways, in particular, serve as primary anthropogenic corridors

for the transfer of heavy metals into ecosystems via exhaust emissions and mechanical

wear [4]. Pinus species (Black Pine and Turkish Pine) distributed along roadsides phys-

ically intercept atmospheric particles due to their morphological structures, mediating

the transmission of these pollutants into the soil profile [5]. To determine the source and

intensity of this accumulation, Enrichment Factor (EF) and Geoaccumulation Index (Igeo)

parameters are widely employed in the literature. EF analysis quantitatively reveals an-

thropogenic enrichment by normalizing metal concentrations against stable elements such

as iron (Fe) [6], while Igeo classifies pollution levels by comparing data against natural

background values [7,8]. Turkish Pine (Pinus brutia Ten.), a characteristic species of the

Mediterranean basin, and Black Pine (Pinus nigra J.F. Arnold), the dominant species of high

altitudes, are recognized as significant “biomonitors” due to their high particle retention

capacities [9]. While Black Pine is distinguished by its mineralization processes and specific

metal accumulation dynamics, Turkish Pine possesses the potential to stabilize metals

within the soil matrix through high litter input and organic matter accumulation [10].

In modern environmental monitoring, the focus has shifted from total metal concentra-

tions toward the spatial distribution of metals, the biochemical responses of species, and the

resulting risks to ecosystem health [11]. To address these complexities, this study aims to

evaluate the soil–plant system beneath Pinus nigra J.F. Arnold, Pinus brutia Ten., and mixed

stands (P. sylvestris L. + P. pinea L.) along an elevational gradient. Specifically, this research

seeks to: (i) differentiate between lithogenic and anthropogenic metal sources using EF

and Igeo indices; (ii) compare the roles of P. brutia and P. nigra in metal stabilization within

the soil-biomass matrix; and (iii) determine the effect of altitude on the bioavailability of

toxic metals. Unlike previous studies focused solely on soil contamination, this research

integrates plant tissue responses to assess ecosystem-level resilience capacity, thereby

providing a more holistic understanding of heavy metal dynamics in forest environments.

2. Materials and Methods

2.1. Description and Ecological Characteristics of the Study Area

This research was conducted along the Kahramanmaraş–Göksun highway (D825 State

Road) in the Eastern Mediterranean Region, specifically targeting roadside ecosystems

exposed to heavy traffic loads within the region’s strategic transportation network. The

study area serves as a transition zone located at the intersection of the Mediterranean and

Irano-Turanian phytogeographical regions [12]. The vegetation structure of the site consists

of P. brutia, a characteristic species of the Mediterranean climate, and P. nigra stands, which

become dominant in higher and cooler locations.

Climatologically, the site exhibits a transitional type between the Mediterranean

climate and the Central Anatolian continental climate. Characterized by hot, dry summers

and cold, snowy winters, the region maintains average annual temperatures between 10

and 14 ◦C, while annual precipitation fluctuates within the 600–800 mm band toward the

Göksun line [13,14]. Temperature and precipitation dynamics exhibit significant variations

depending on elevation. In this context, the study was conducted at elevations ranging

from 529 m to 1401 m.

The parent material of the region primarily consists of limestone and marly structures.

Due to rugged topography and active erosion processes, the soils are classified within
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the Inceptisol order according to the US Soil Taxonomy, exhibiting Ustept (suborder)

characteristics in areas with intensive calcium carbonate accumulation [15]. Characterized

by a slightly alkaline pH and high lime content, these soils play a buffering role in heavy

metal mobility and nutrient cycling within the region [1].

2.2. Soil Sampling and Analysis

Within the scope of the study, soil samples were collected from a total of 25 sampling

plots, comprising P. brutia (14 pieces), P. nigra (7 pieces), and mixed stands of P. sylvestris and

P. pinea (4 pieces). At each sampling point, three sub-samples were taken to represent the

topsoil layer (0–30 cm); three samples were taken independently from each sampling point,

and 75 soil samples were studied. In the determination of sampling points, the distribution

characteristics of environmental pollutants and the physical structure of the site were

taken as the basis. The distance from road criterion was standardized at 50 m to capture

a representative gradient of anthropogenic influence, consistent with the fact that traffic-

derived heavy metal emissions exhibit an exponential decline within the first 10–50 m

from the roadside [16,17]. Since the sampling areas consisted of open terrain without

buildings, exposure uniformity was ensured through topographical similarity. To enhance

the comparability of the data, representative areas were selected that possessed similar

slope characteristics and remained free of structural irregularities that could interfere with

pollutant deposition. Coordinate data for the sampling points were precisely recorded

using a Global Positioning System (GPS) (Figure 1). Prior to laboratory analysis, the

disturbed soil samples were air-dried at room temperature to determine their physical

and chemical properties. Once dried, the samples were ground and passed through a

2 mm sieve to prepare them for analysis [18]. Standard methods recognized in the relevant

literature were followed to determine the physicochemical properties and heavy metal

concentrations of the soil. The specific analytical protocols and methods employed are

detailed in Table 1. Analytical accuracy was validated using certified reference materials

(CRM), with recovery rates within ±10%. Duplicate samples and reagent blanks were also

analyzed to ensure data quality. Furthermore, the instrument’s limits of detection (LOD)

were maintained well below the environmental concentrations recorded, particularly for

Cd, to ensure the reliability of the enrichment assessments.

Table 1. Soil variables and the methods used for their analysis.

Parameters Method Reference

EC (%)
Measured via EC electrode
in 1:2.5 soil–water
suspension

Rhoades et al. (1999) [19]

pH
Measured via pH electrode
in 1:2.5 soil–water
suspension

Rhoades et al. (1999) [19]

CaCO3 (%)
Scheibler calcimeter
method

Gulcur (1974) [20]

OM (%)
Wet oxidation
(Walkley-Black method)

Nelson and Sommers
(1982) [21]

Total heavy metal (Cd, Cr,
Fe, Mn, Cu, Ni, Pb, and Zn)
(mg kg−1)

Digestion followed by
ICP-OES detection

Kloke (1980) [22]

Notes: EC, Electrical Conductivity; pH, Soil reaction; CaCO3, Total lime; OM, Organic Matter; Cd, Total cadmium;
Cr, Total chromium; Fe, Total Iron; Mn, Total manganese; Cu, Total copper; Ni, Total nickel; Pb, Total lead; Zn,
Total zinc.
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Figure 1. The work area map (A total of 25 primary sampling plots were established along the

transect. Within each plot, samples were collected from three independent sub-locations to ensure

representative data, totaling 75 samples per matrix).

2.3. Analysis of Calcium Carbonate (CaCO3)

The calcium carbonate (CaCO3) content of the soil samples was determined by the vol-

umetric method using a Scheibler calcimeter. Within the scope of the analysis, soil samples

weighing between 0.5 and 1 g were reacted with dilute hydrochloric acid (HCl), and the

volume of carbon dioxide (CO2) gas released as a result of this reaction was measured. The

obtained gas volume values were converted to standard conditions (Vo: 0 ◦C, 760 mm Hg)

in accordance with the Boyle–Mariotto law, taking into account the ambient temperature (t),

barometric pressure (b), and water vapor pressure (e). The following formulation, as speci-

fied by Gulcur (1974) [20], was used in the calculations, and the results were expressed as

the percentage (%) of lime by mass Equation (1).

Vo = [Vt × (b − e) × 273]/[760 × (273 + t)] (1)

% CaCO3 = [(Vo × 0.4464)/Sample Weight] × 100

2.4. Heavy Metal Analysis in Soil Samples

To determine the heavy metal concentrations (Cd, Pb, Zn, Fe, and Mn) in the soil,

a wet digestion method was applied to air-dried soil samples passed through a 2 mm

sieve. During the analytical process, a mineralization procedure was performed using

strong acid mixtures to facilitate the transition of elements within the soil matrix into the

solution [22]. The total heavy metal contents in the resulting filtrates were determined

using an Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES, Spectro

Analytical Instruments) device.

To verify analytical accuracy, blank samples were included in each measurement

series, and the instrument calibration was regularly monitored using standard reference

solutions. Heavy metal concentrations in soils primarily depend on the type and chemical

composition of the soil’s parent material. The average concentrations of certain heavy

metals found in the soils are presented in Table 2.
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Table 2. Pollution limits of the World Health Organization [23].

Elements As Cd Co Cr Cu Fe Mn Ni Pb Zn

WHO and FAO (mg kg−1) 20 3 50 100 100 50,000 2000 50 100 300

2.5. Enrichment Factor (EF)

An Enrichment Factor (EF) analysis was applied to distinguish whether the heavy

metal accumulation observed in the soils of the study area originated from natural geologi-

cal processes or anthropogenic activities [6]. The EF method is based on the principle of

normalizing measured metal concentrations relative to a reference element that exhibits

low mobility in the Earth’s crust and is chemically stable. In this context, Iron (Fe) was

selected as the reference element due to its abundance in the Earth’s crust, its high stabil-

ity in geochemical processes, and its dominant natural background concentration in the

studied area [6,7,24]. In the literature, Fe is considered a ‘conservative’ element that is

minimally affected by inputs from human activities (anthropogenic effects) and represents

the soil matrix [6]. Furthermore, the use of Fe allows for a more accurate and reliable assess-

ment of enrichment levels by normalizing variability arising from particle size differences,

particularly in sandy or clayey sediments.

EF values were calculated using the following formula Equation (2):

EF = (Cn/Cref)sample/(Bn/Bref)crust (2)

EF: Enrichment Factor

(Cn/Cref)sample: Represents the ratio of the metal concentration (Cn) to the reference

element (Fe) concentration (Cref) in the soil sample.

(Bn/Bref)crust: Represents the ratio of the same metal (Bn) to the reference element

(Bref) in the average upper continental crust values provided by Turekian and Wedepohl

(1961) [7].

The five-stage classification proposed by Sutherland (2000) [6] was utilized to interpret

the calculated EF values (Table 3). The average crust heavy metal values used as a reference

are given in Table 4.

Table 3. Enrichment Factor (EF) classification and pollution levels.

EF Value Enrichment Category

EF < 2 Deficiency to minimal enrichment
2 ≤ EF < 5 Moderate enrichment
5 ≤ EF < 20 Significant enrichment

20 ≤ EF < 40 Very high enrichment
EF ≥ 40 Extremely high enrichment

Table 4. Average crustal heavy metal values used as reference [7] (mg kg−1).

Elements Reference Values (mg kg−1)

Cd 0.3
Pb 20
Cu 45
Co 18
Ni 68
Zn 95
Cr 90
Mn 850

Notes: Cd, Total cadmium; Pb, Total lead; Cu, Total copper; Co, Total cobalt; Ni, Total nickel; Zn, Total zinc; Cr,
Total chromium; Mn, Total manganese.
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2.6. Heavy Metal Pollution Assessment

To determine the heavy metal pollution levels in the study area soils and the extent

of anthropogenic impacts, the Geoaccumulation Index (Igeo), developed by Müller et al.

(1977) [8], was employed. This index classifies the degree of pollution by comparing current

soil concentrations with natural background values. The Igeo values were calculated using

the following equation:

The equation for the Geoaccumulation Index (Igeo) is as follows in Equation (3):

Igeo = log2 (Cn/1.5 × Bn) (3)

The parameters in the equation represent:

Cn: The measured concentration of the heavy metal in the soil samples (mg kg−1).

Bn: The geochemical background value (crustal average) for the same element

(mg kg−1) as reported by Turekian and Wedepohl (1961) [7].

1.5: The background matrix correction factor. This constant is used to minimize the

effects of potential variations in background values caused by lithogenic (natural) effects or

geological differences in the parent material.

The calculated Igeo values were evaluated according to the pollution classification

developed by Müller et al. (1977) [8], which is widely utilized in the literature (Table 5).

This classification represents seven distinct degrees of pollution ranging from 0 to 6:

Table 5. Geo-accumulation Index (Igeo) pollution grading scale according to the classification by

Müller et al. (1977) [8].

Igeo Value Pollution Class Pollution Intensity

Igeo ≤ 0 0 Unpolluted
0 < Igeo ≤ 1 1 Unpolluted to moderately polluted
1 < Igeo ≤ 2 2 Moderately polluted
2 < Igeo ≤ 3 3 Moderately to strongly polluted
3 < Igeo ≤ 4 4 Strongly polluted
4 < Igeo ≤ 5 5 Strongly to extremely polluted

Igeo > 5 6 Extremely polluted

2.7. Plant Sampling, Preparation, and Analysis

Sampling and Pre-treatment: At the soil sampling locations, healthy needles were

collected from the terminal portions of the tree crowns and placed in polyethylene zip-lock

bags. Upon arrival at the laboratory, the samples were washed with distilled water to

remove potential surface dust and contaminants, then dried in an oven at 70 ◦C until

reaching a constant weight. The dried plant materials were ground using a manual mill to

prepare them for analysis.

Microwave-Assisted Wet Digestion: A microwave-assisted wet digestion method was

employed for the mineralization of the plant samples. In this stage, 0.5 g of the ground

sample was weighed into high-pressure resistant Teflon (PTFE) vessels. To digest the

samples, 5 mL of concentrated HNO3 (65%) and 2 mL of H2O2 (30%) were added to

the vessels [25]. The prepared vessels were placed in a microwave digestion system and

subjected to the process for 30–45 min under a programmed temperature and pressure

gradient (180–200 ◦C and 20 bar) as specified in the literature [26,27].

Instrumental Analysis: After the digestion cycle, the vessels were cooled to room tem-

perature. The clear solutions were completed to a volume of 50 mL with ultrapure water and

filtered through filter paper. The Cu, Fe, Mn, Ni, Zn, and Pb contents of the samples were

determined using Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES).
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2.8. Calculation of Bioaccumulation Coefficient (BAC)

To evaluate the heavy metal accumulation capacity and phytoremediation potential of

the analyzed plant species, the Bioaccumulation Coefficient (BAC) was calculated. BAC

values were determined by the ratio of metal concentration in plant tissues to that in the

soil, according to the following formula [28]. Equation (4):

BAC = Cplant/Csoil (4)

where Cplant represents the metal concentration in plant tissues (mg kg−1) and Csoil repre-

sents the metal concentration in the respective soil sample (mg kg−1).

2.9. Statistical Analysis

Descriptive statistics of the data are presented using the mean, standard deviation,

skewness, and kurtosis coefficients. To determine whether statistically significant differ-

ences exist between pine soil groups and plant groups regarding the measured variables, a

One-Way Analysis of Variance (ANOVA) was applied. For variables showing statistically

significant differences, Duncan’s Multiple Range Test was used for post hoc comparisons.

Before conducting ANOVA, the assumption of normality was examined using Shapiro–

Wilk and Kolmogorov–Smirnov tests, while the homogeneity of variances was assessed

using Levene’s test. Logarithmic and square root transformations were applied to vari-

ables that did not meet the normality assumption. For variables that still failed to satisfy

normality after transformation, the Kruskal–Wallis H test, a non-parametric method, was

utilized. To identify the relationships between variables, Pearson correlation coefficients

were calculated, and the correlation matrix was visualized using a heatmap. Furthermore,

the distribution of variables across pine soil groups was presented using box plots. All

statistical analyses were performed using the SPSS 29.0 (IBM Corp., Armonk, NY, USA)

software package and the Python 3.9 (Python Software Foundation, Wilmington, DE,

USA) programming language within the Google Colaboratory environment. The level of

statistical significance was set at p < 0.05 [29].

3. Results

3.1. Assessment of Soil Samples

The heavy metal concentrations in the soil samples collected from the study area and

their enrichment levels relative to the average crustal values [7] are presented in Table 6.

Mean concentrations of Cr (50.49 mg kg−1), Mn (436.89 mg kg−1), Co (11.04 mg kg−1),

Ni (46.71 mg kg−1), Cu (13.85 mg kg−1), and Zn (69.18 mg kg−1) were found to be below

global reference values. Correspondingly, the calculated Enrichment Factor (EF) values

for Cr, Mn, Co, Ni, Cu, and Zn ranged between 0.46 and 1.08. On the other hand, the

concentrations of Cd (0.27 mg kg−1) and Pb (18.04 mg kg−1) were found to be very close

to the reference values, with an EF value of 1.34 calculated for both metals. An EF value

exceeding 1 indicates the minimum enrichment for these elements (Table 6), and the Igeo

values of all metals are below zero and fall within the non-polluted class (Table 7).

Table 6. Average heavy metal accumulation and EF in the study area.

Element
Turekian and

Wedepohl (1961) (mg
kg−1) [7]

Mean
Concentration

(mg kg−1)

Enrichment
Factor (EF)

Enrichment Category

Cr 90 50.49 0.84 No enrichment
Mn 850 436.89 0.76 No enrichment
Co 18 11.04 0.91 No enrichment
Ni 68 46.71 1.02 No enrichment
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Table 6. Cont.

Element
Turekian and

Wedepohl (1961) (mg
kg−1) [7]

Mean
Concentration

(mg kg−1)

Enrichment
Factor (EF)

Enrichment Category

Cu 45 13.85 0.46 No enrichment
Zn 95 69.18 1.08 No enrichment
Cd 0.3 0.27 1.34 Minimal enrichment
Pb 20 18.04 1.34 Minimal enrichment

Table 7. Igeo values for the investigated heavy metals.

Elements Pollution Class Igeo Value Pollution Intensity

Cr 50.49 −1.42 Unpolluted
Mn 436.89 −1.55 Unpolluted
Ni 46.71 −1.13 Unpolluted
Cu 13.85 −2.29 Unpolluted
Zn 69.18 −1.04 Unpolluted
Cd 0.27 −0.74 Unpolluted
Pb 18.04 −0.73 Unpolluted

3.2. Soil Physicochemical Properties and Heavy Metal Distribution

Descriptive statistics revealed significant variation among soil variables (Table 8).

Samples were slightly alkaline (pH: 7.664) with low salinity (EC: 0.012%). Average CaCO3

and organic matter (OM) contents were 4.81% and 3.674%, respectively. High Coefficients of

Variation (CV) were observed for lime (90.52%) and organic matter (61.72%). Among metals,

Fe (32,540.49 mg kg−1) and Mn (456.71 mg kg−1) exhibited the highest concentrations.

Notably high CV values were detected for Zn (116.61%), Pb (87.68%), and Cd (71.34%),

accompanied by positive skewness values (Zn: 4.55, Pb: 1.42, Cd: 1.08). In contrast, Cr, Co,

Ni, and Cu showed lower variability and kurtosis values.

Table 8. Descriptive statistical analysis of physicochemical properties and heavy metal contents of

soil samples (n: 75).

Parameters Mean Std. Dev. Skewness Kurtosis Minimum Maximum CV (%)

EC (%) 0.012 0.005 0.117 0.963 0.001 0.030
pH 7.664 0.277 −0.529 −0.705 7.100 8.160 3.65

CaCO3 (%) 4.814 4.378 0.990 −0.415 0.010 14.60 90.52
OM (%) 3.674 2.244 0.614 −0.696 0.160 8.660 61.72

Cr (mg kg−1) 52.066 21.662 0.350 0.259 15.415 113.781 41.60

Mn (mg kg−1) 456.712 196.594 1.196 4.277 44.774 1192.300 43.09

Fe (mg kg−1) 32,540.493 10,065.856 0.392 −1.145 18,847.543 53,293.171 30.93

Co (mg kg−1) 10.958 4.162 0.308 −1.176 4.475 18.486 37.98

Ni (mg kg−1) 46.304 21.443 0.155 −0.520 10.652 90.064 46.31

Cu (mg kg−1) 13.768 6.362 0.539 −1.344 6.665 25.287 46.21

Zn (mg kg−1) 63.901 74.516 4.553 20.038 32.645 434.545 116.61

Cd (mg kg−1) 0.279 0.199 1.087 0.210 0.056 0.796 71.34

Pb (mg kg−1) 17.790 15.599 1.420 0.619 3.406 55.426 87.68

Std. Dev., Standard Deviation; Min, Minimum; Max, Maximum; CV, Coefficients of Variation; EC, Electrical
Conductivity; pH, Soil reaction; CaCO3, Total lime; OM, Organic Matter; Cd, Total cadmium; Cr, Total chromium;
Fe, Total Iron; Mn, Total manganese; Co, Total cobalt; Cu, Total copper; Ni, Total nickel; Pb, Total lead; Zn,
Total zinc.

Statistical analysis indicated significant differences in soil parameters based on stand

type (Table 9). Cr and Fe concentrations were significantly lower in P. brutia stands
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(39.33 mg kg−1 and 26,210.2 mg kg−1, respectively; p < 0.01) compared to P. nigra and

mixed stands. Distinct statistical groups (a, b, c) were identified for Cu and Co across the

three stand types. OM content was highest in P. brutia sites (4.55%) and lowest in P. nigra

(2.11%; p < 0.01). CaCO3 content was highest in P. nigra stands. No significant differences

were observed for pH, EC, Mn, and Pb (p > 0.05) among species. The distribution of Cr

and Fe by species is illustrated in Figures 2 and 3, respectively. Figures 4 and 5 display the

species-based distribution for Cu and Co, respectively.

Table 9. Statistical comparison of selected soil properties and elemental concentrations across different

stand types (P. brutia, P. nigra, and P. sylvestris + P. pinea).

Parameters P. brutia (mean ± SE) P. nigra (mean ± SE)
P. sylvestris + P. pinea) 1

(mean ± SE)
p-Value

Cr (mg kg−1) 39.333 ± 2.398 a 69.714 ± 3.734 b 65.750 ± 5.048 b <0.01

Mn (mg kg−1) 451.620 ± 20.420 497.413 ± 66.443 400.218 ± 40.233 0.7251

Fe (mg kg−1) 26,210.2 ± 885.585 a 41,938.679 ± 948.517 b 38,249.603 ± 3733.969 b <0.01

Co (mg kg−1) 8.780 ± 0.462 a 14.544 ± 0.469 c 12.307 ± 1.583 b <0.01

Ni (mg kg−1) 40.538 ± 2.770 a 59.966 ± 3.633 b 42.577 ± 8.606 a 0.002

Cu (mg kg−1) 9.315 ± 0.345 a 22.794 ± 0.280 c 13.562 ± 1.267 b <0.01

Zn (mg kg−1) 69.939 ± 15.232 a 53.266 ± 2.036 b 61.383 ± 6.529 a 0.003

Cd (mg kg−1) 0.263 ± 0.029 a 0.218 ± 0.008 a 0.440 ± 0.086 a 0.059

Pb (mg kg−1) 19.395 ± 2.526 10.727 ± 0.340 24.534 ± 6.314 0.346
EC (%) 0.0125 ± 0.0006 0.0122 ± 0.001 0.0104 ± 0.001 0.471

pH 7.6557 ± 0.036 7.6595 ± 0.086 7.7041 ± 0.046 0.866
CaCO3 (%) 3.8852 ± 0.648 a 6.3051 ± 0.908 b 5.4564 ± 1.400 ab 0.038

OM (%) 4.5536 ± 0.362 b 2.1169 ± 0.171 a 3.3228 ± 0.609 ab <0.01

1 Kruskal–Wallis H Test was applied for non-normally distributed variables. Different lowercase letters in the
same row indicate statistically significant differences between groups (Duncan’s multiple range test (p < 0.05).

Figure 2. Distribution of soil Cr concentrations across different stand types (P. brutia, P. nigra,

and mixed stands (P. sylvestris + P. pinea) (mg kg−1). The letters a and b indicate statistically

significant groups.
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Figure 3. Distribution of soil Fe concentrations across different stand types (P. brutia, P. nigra,

and mixed stands (P. sylvestris + P. pinea) (mg kg−1). The letters a and b indicate statistically

significant groups.

Figure 4. Distribution of soil Cu concentrations across different stand types (P. brutia, P. nigra,

and mixed stands (P. sylvestris + P. pinea) (mg kg−1). The letters a, b, and c indicate statistically

significant groups.

Figure 5. Distribution of soil Co concentrations across different stand types (P. brutia, P. nigra,

and mixed stands (P. sylvestris + P. pinea) (mg kg−1). The letters a, b, and c indicate statistically

significant groups.

https://doi.org/10.3390/su18052289

https://doi.org/10.3390/su18052289


Sustainability 2026, 18, 2289 11 of 19

Altitude significantly influenced all soil parameters (p < 0.001) except EC (p = 0.309)

(Table 10). Metals such as Cr, Fe, Ni, and Pb showed non-linear distribution, with significant

increases at the highest altitude (1401 m) for Ni (89.08 mg kg−1) and Cr (78.30 mg kg−1).

pH values fluctuated between 7.13 and 8.15 across the gradient, while CaCO3 peaked at

737 m, 938 m, and 1401 m. The highest OM accumulations occurred in the 720–766 m

altitudinal band.

3.3. Assessment of Coniferous Plant Samples

Descriptive statistics for needle samples are shown in Table 11. Fe (183.45 mg kg−1) and

Mn (24.40 mg kg−1) exhibited the highest mean values and widest variation, with positive

skewness (Fe: 1.99; Mn: 2.89). Conversely, Pb (2.14 mg kg−1) and Cu (14.35 mg kg−1)

distributions were closer to normal. Zn (18.78 mg kg−1) was the only parameter with

negative skewness. The correlation matrix between the examined elements is shown in

Figure 6.

Figure 6. Correlation matrix among the investigated elements. The upper right triangle displays

Pearson correlation coefficients (r), while the lower left triangle presents statistical significance (p)

values. The color scale represents the direction and intensity of the correlation (Red: Positive, Blue:

Negative). ** and * denote significance at the p < 0.01 and p < 0.05 levels, respectively.
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Table 10. Statistical Analysis of Changes in Soil Physicochemical Properties and Elemental Concentrations Along Different Altitudinal Gradients.

Altitude
(m)

Cr (mg
kg−1)

Mn 1 (mg
kg−1)

Fe (mg
kg−1)

Co (mg
kg−1)

Ni (mg
kg−1)

Cu (mg
kg−1)

Zn (mg
kg−1)

Cd (mg
kg−1)

Pb (mg
kg−1)

EC (%) pH
CaCO3
(%) OM (%)

529.08 16.069 ±
0.329 a

220.772 ±
4.072 b

21,371.886 ±
268.869 b

5.486 ±
0.034 ab

14.149 ±
0.089 b

7.304 ±
0.083 ab

33.957 ±
0.370 ab

0.133 ±
0.009 d

6.299 ±
0.041 b

0.0166
±
0.0012

7.8666 ±
0.0333
ghi

2.91 ±
0.0321 de

3.5376 ±
0.0594 fg

685.13 53.031 ±
1.001 g

661.232 ±
3.570 i

39,864.529 ±
899.666 i

12.449 ±
0.089 hi

56.371 ±
0.521 i

12.480 ±
1.288 ef

43.892 ±
0.361 c

0.349 ±
0.005 k

18.565 ±
0.576 ı

0.0173
±
0.0044

7.6733 ±
0.0371 ef

2.0723 ±
0.0761
bcd

6.7466 ±
0.2764 ij

719.88 75.545 ±
0.577 j

477.905 ±
4.963 g

46,479.655 ±
600.388 j

17.076 ±
0.201 mn

89.097 ±
0.549 l

16.400 ±
0.578 g

75.725 ±
0.321

0.652 ±
0.035 o

43.719 ±
0.004 k

0.004 ±
0.003

7.8433 ±
0.012 gh

1.3523 ±
0.3013
abc

2.698 ±
0.4522
cdef

720.49 38.313 ±
0.227 c

431.336 ±
3.754 f

22,404.323 ±
473.252 bc

4.607 ±
0.086 a

32.290 ±
0.318 d

7.079 ±
0.033 ab

38.458 ±
0.320 b

0.056 ±
0.001 a

7.122 ±
0.072 b

0.0133
±
0.0016

7.5 ±
0.0577 c

1.1333 ±
0.0333
abc

7.8436 ±
0.1856 j

727.16 58.894 ±
0.347 h

422.075 ±
3.845 e

25,757.582 ±
349.301 de

9.198 ±
0.110 fg

63.132 ±
0.577 j

8.608 ±
0.101 bc

52.186 ±
0.335 de

0.560 ±
0.002 m

54.836 ±
0.302 m

0.0126
±
0.0026

7.83 ±
0.0152 gh

1.891 ±
0.4416
bcd

3.3836 ±
0.6124 fg

731.72 36.339 ±
0.171 bc

462.488 ±
12.796 f

23,822.915 ±
1072.031 cd

7.873 ±
0.057 cdef

34.373 ±
0.870 e

13.010 ±
1.262 f

420.452 ±
7.046 i

0.098 ±
0.002 c

11.329 ±
0.699 de

0.008 ±
0.0036

7.1333 ±
0.0333 a

0.2633 ±
0.2183 a

5.1283 ±
0.2114 hi

733.32 87.980 ±
1.221 k

578.742 ±
11.694 i

52,959.835 ±
333.333 k

17.978 ±
0.468 n

11.349 ±
0.349 a

18.398 ±
0.491 h

88.057 ±
1.152 ı

0.792 ±
0.002 o

47.152 ±
0.346 l

0.0123
±
0.0008

7.87 ±
0.0057
ghi

0.8676 ±
0.11 ab

6.591 ±
0.6037 ij

737.13 34.044 ±
1.069 b

513.014 ±
3.913 gh

21,913.263 ±
658.809 bc

9.863 ±
0.057 g

31.656 ±
0.283 d

10.764 ±
0.690 d

37.100 ±
0.127 b

0.083 ±
0.004 b

15.959 ±
0.407 h

0.0116
±
0.0003

7.2566 ±
0.0296 ab

0.0616 ±
0.0268 a

5.8206 ±
0.6187 i

737.96 15.968 ±
0.410 a

339.140 ±
6.993 d

19,446.876 ±
343.268 a

5.695 ±
0.060 ab

13.787 ±
0.881 b

6.769 ±
0.061 a

34.399 ±
0.579 ab

0.103 ±
0.008 c

6.299 ±
0.033 b

0.0143
±
0.0033

7.7666 ±
0.0333
fgh

13.286 ±
0.2234 jk

0.9886 ±
0.0253 ab

741.57 105.843 ±
3.979

112.212 ±
5.254 j

46,264.129 ±
400.000 j

18.153 ±
0.333 n

74.276 ±
0.296 k

23.781 ±
0.493 ij

68.805 ±
0.605 g

0.262 ±
0.002 i

11.611 ±
0.130 e

0.0136
±
0.0021

7.2966 ±
0.012 b

4.2016 ±
0.5772 ef

1.075 ±
0.0675 ab

752.58 35.513 ±
0.363 c

555.617 ±
5.786 hi

22,719.586 ±
392.227 bc

6.697 ±
0.034 bcd

28.664 ±
0.669 c

9.165 ±
0.040 c

44.073 ±
0.382 c

76.668 ±
0.002 b

6.636 ±
0.045 b

0.0113
±
0.0003

7.6666 ±
0.1333 def

1.05 ±
0.0057
abc

5.6226 ±
0.5495 i

758.52 65.819 ±
0.410 i

353.418 ±
18.226 d

28,667.655 ±
493.289 f

8.758 ±
0.065 efg

63.056 ±
0.371 j

8.792 ±
0.130 bc

56.149 ±
0.319 ef

0.575 ±
0.010 n

53.804 ±
0.379 m

0.0116
±
0.0006

7.7466 ±
0.0033 def

4.5733 ±
0.2781 fg

2.404 ±
0.0726
cdef

760.75 34.987 ±
0.333 bc

455.381 ±
18.286 f

33,821.169 ±
859.464 g

8.123 ±
0.025 def

52.225 ±
0.463 g

11.276 ±
0.449 de

35.886 ±
0.825

0.279 ±
0.007 j

13.333 ±
0.665 f

0.0086
± 0.004

7.5333 ±
0.0333 fg

3.0266 ±
0.1233
bcd

6.5826 ±
0.5776 ij

766.74 48.907 ±
0.116 ef

647.353 ±
4.679 i

32,743.627 ±
995.278 g

11.203 ±
0.331 h

54.081 ±
0.434 h

11.936 ±
0.245 def

45.785 ±
0.926 c

0.348 ±
0.003 k

14.669 ±
0.057 g

0.0136
± 0.003

7.7333 ±
0.0666 fg

2.059 ±
0.0443 gh

7.66 ±
1.001 j
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Table 10. Cont.

Altitude
(m)

Cr (mg
kg−1)

Mn 1 (mg
kg−1)

Fe (mg
kg−1)

Co (mg
kg−1)

Ni (mg
kg−1)

Cu (mg
kg−1)

Zn (mg
kg−1)

Cd (mg
kg−1)

Pb (mg
kg−1)

EC (%) pH
CaCO3
(%) OM (%)

769.26 16.245 ±
0.301 a

236.866 ±
25.068 bc

21,255.108 ±
609.009 b

7.641 ±
0.086 cde

14.605 ±
0.141 b

7.540 ±
0.159 bc

34.327 ±
0.501 ab

0.102 ±
0.007 c

5.993 ±
0.010 b

0.0113
±
0.0003

7.7666 ±
0.0881
fgh

13.483 ±
0.06 k

0.5776 ±
0.2344 a

788.62 54.614 ±
0.311 g

575.686 ±
6.024 i

26,545.557 ±
577.350 e

16.209 ±
0.881 cd

56.154 ±
0.850 i

7.504 ±
0.078 bc

54.963 ±
0.347 ef

0.353 ±
0.006 l

21.705 ±
0.245 i

0.0136
±
0.0027

7.8633 ±
0.0145
ghi

5.5666 ±
0.4977 gh

4.198 ±
0.4214
egh

802.35 41.918 ±
0.240 d

448.301 ±
17.901 f

26,609.084 ±
520.672 e

9.124 ±
0.058 hı

52.989 ±
0.881 gh

8.177 ±
0.090 bc

47.517 ±
0.575 cc

0.568 ±
0.003 mn

34.983 ±
0.446 j

0.012 ±
0.000

7.8433 ±
0.012 gh

3.0166 ±
0.2699 de

3.257 ±
0.2298 efg

804.35 54.428 ±
1.588 g

440.113 ±
0.608 f

46,012.536 ±
1705.121 j

12.246 ±
1.276 i

35.628 ±
0.272 e

21.845 ±
0.577 i

56.647 ±
0.236 ef

0.175 ±
0.001 gh

13.271 ±
0.655 f

0.012 ±
0.007

7.8933 ±
0.0088 hi

2.2806 ±
0.3185 cd

2.816 ±
0.2214 def

938.49 47.657 ±
1.588 e

269.672 ±
8.772 c

21,162.996 ±
318.004 b

7.534 ±
0.033 cde

34.197 ±
0.317 e

7.690 ±
0.087 bc

33.312 ±
0.333 a

0.168 ±
0.006 fg

3.793 ±
0.024 a

0.0116
±
0.0012

7.55 ±
0.0057
cde

11.691 ±
0.5029 i

2.016 ±
0.2682
bcde

984.32 65.406 ±
1.634 i

45.229 ±
0.227 a

45,342.046 ±
577.382 ij

13.690 ±
0.607 ij

57.432 ±
0.666 i

22.646 ±
0.392 i

47.641 ±
0.507 c

0.187 ±
0.002 h

11.061 ±
0.560 de

0.0083
±
0.0038

7.1866 ±
0.0066 ab

5.318 ±
0.6203
fgh

2.9943 ±
0.2866
defg

1004.23 55.102 ±
0.432 g

429.361 ±
8.808 ef

36,597.897 ±
333.333 h

12.863 ±
1.283 i

57.298 ±
0.449 i

21.874 ±
0.271 i

38.333 ±
0.138 b

0.160 ±
0.003 ef

10.832 ±
0.583 de

0.017 ±
0.0035

8.15 ±
0.0057 i

5.895 ±
0.1821 h

2.8173 ±
0.1993 def

1050.12 51.817 ±
0.692 fg

274.553 ±
1.999 c

32,395.925 ±
995.890 g

6.640 ±
0.088 jk

35.664 ±
0.528 e

11.759 ±
0.394 def

48.436 ±
0.335 cd

0.151 ±
0.003 e

3.472 ±
0.047 a

0.0136
± 0.002

7.5533 ±
0.0176
cde

7.914 ±
1.1658 i

1.9863 ±
0.5062
bcde

1078.28 62.605 ±
0.232 i

551.960 ±
14.529 hi

36,059.242 ±
333.333 h

15.411 ±
0.333 jk

59.767 ±
0.577 i

24.401 ±
0.520 j

47.011 ±
0.119 c

0.240 ±
0.011 i

8.813 ±
0.080 c

0.0143
± 0.003

7.9066 ±
0.0635 hi

12.474 ±
1.0652 ijk

1.9966 ±
0.024
bcde

1304.54 66.308 ±
1.299 i

433.335 ±
3.842 f

43,399.098 ±
1049.083 i

14.414 ±
0.324 jkl

46.278 ±
0.413 f

23.086 ±
1.106 ij

57.525 ±
0.581 f

0.251 ±
0.008 i

9.093 ±
0.053 c

0.015 ±
0.005

7.1933 ±
0.0088 ab

1.946 ±
0.0406
cde

1.4166 ±
0.3187
abc

1401.89 78.303 ±
0.287 j

459.766 ±
19.797 f

39,895.804 ±
333.333 i

15.027 ±
0.120 klm

89.082 ±
0.375 l

21.925 ±
0.3601 i

56.903 ±
0.480 ef

0.250 ±
0.002 i

10.412 ±
0.331 d

0.0053
±
0.0021

7.99 ±
0.036 i

12.021 ±
0.3126 ij

1.7026 ±
0.148
aabcd

p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.309 <0.001 <0.001 <0.001

1 Kruskal–Wallis H Test was applied to analyze non-normally distributed variables. Different lowercase letters in the same column indicate statistically significant differences between
groups (p < 0.05).
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Species-specific differences were significant for Ni, Zn (p < 0.01), and Cu (p = 0.05)

(Table 12). Cu accumulation was highest in mixed stands (16.05 mg kg−1), while Ni was

highest in P. brutia (2.03 mg kg−1) and mixed stands (1.93 mg kg−1). Zn concentrations

peaked in P. brutia (20.03 mg kg−1) and P. nigra (18.44 mg kg−1). No significant differences

were detected for Fe, Mn, and Pb (p > 0.05) among species.

Table 11. Descriptive statistics of heavy metal contents in plant samples (n = 75).

Parameters
(mg kg−1)

Mean Min. Max. Std. Dev. Skewness Kurtosis

Cu 14.3520 9.04 19.97 2.66125 0.244 −0.747
Fe 183.4524 84.60 434.84 77.14828 1.997 3.911
Mn 24.4009 11.55 77.48 12.81990 2.892 9.612
Ni 1.9090 1.07 3.53 0.44883 1.032 1.904
Pb 2.1426 0.99 3.45 0.62695 0.048 −0.924
Zn 18.7834 10.32 24.54 3.53278 −0.633 −0.403

Table 12. Statistical comparison of element concentrations among plant groups.

Parameters
(mg kg−1)

Turkish Pine
(P. brutia)

Black Pine (P.
nigra)

Mixed Stand p-Value

Cu 13.97 ± 0.426 a 14.15 ± 0.410 a 16.05 ± 0.865 b 0.050
Fe 201.33 ± 14.818 165.84 ± 8.021 151.71 ± 4.980 0.066
Mn 27.07 ± 2.503 20.03 ± 1.204 22.72 ± 0.495 0.106
Ni 2.03 ± 0.084 b 1.65 ± 0.028 a 1.93 ± 0.050 b <0.01
Pb 2.13 ± 0.102 2.09 ± 0.135 2.29 ± 0.155 a 0.650
Zn 20.03 ± 0.385 b 18.44 ± 0.829 b 15.00 ± 1.028 a <0.01

Different lowercase letters in the same column indicate statistically significant differences between groups
(p < 0.05).

To quantitatively express the potential of plant species to accumulate heavy metals

present in the soil, Biological Accumulation Coefficients (BAC) were calculated. The average

BAC values obtained are presented in Table 13. Analysis of the BAC values revealed

that all species studied had the highest accumulation capacity for Cu. In particular, the

detection of BAC values above 1 (BAC > 1) in the P. brutia (BACCu = 1.57) and mixed stand

(BACCu = 1.22) groups indicates that these species are extremely effective in transporting

copper from the soil into the plant body. On the other hand, the very low BAC values

obtained for Fe (<0.01) prove that plants form a strong biological barrier against this metal.

Table 13. Average biological accumulation coefficients (BAC) for the analyzed plant species.

Plant Species BAC (Mn) BAC (Fe) BAC (Ni) BAC (Cu) BAC (Zn) BAC (Pb)

P. brutia 0.078 0.009 0.064 1.574 0.443 0.162
P. nigra 0.042 0.004 0.032 0.654 0.358 0.225

P. sylvestris + P. pinea 0.064 0.004 0.045 1.225 0.268 0.103

4. Discussion

When the heavy metal dynamics in the research area are evaluated alongside Enrich-

ment Factor (EF) and Geo-accumulation Index (Igeo) parameters, it is observed that the

ecosystem largely preserves its natural geochemical structure. The fact that all obtained

Igeo values remained below zero confirms that the soils are categorized as “unpolluted”

(Class 0) according to the classification by Müller et al. (1977) [8]. This situation verifies that

the metal accumulation observed throughout the profile is shaped by natural pedogenic

processes and parent rock weathering in the topsoil layer rather than external inputs [30].

In the literature, low Igeo values in forest ecosystems are considered a primary indicator

that the site is isolated from industrial activities and intensive urban waste [31].
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EF provides a specific framework for distinguishing between the natural geogenic

background and anthropogenic inputs of metals. In this study, iron (Fe) was selected as the

reference element due to its low anthropogenic mobility and stability in the Earth’s crust.

According to the classification proposed by Sutherland (2000) [6], EF values less than 2 are

defined as ‘no enrichment’ or ‘minimal enrichment’. The low EF values (EF < 2) determined

for Cr, Mn, Co, Ni, Cu, and Zn elements suggest that the presence of these metals in the field

is largely of lithogenic origin. This stable and likely natural distribution is further supported

by the lower variability and kurtosis values exhibited by these specific metals. However, the

calculated EF of 1.34 for Cd and Pb should be considered an ecological potential warning

signal. When compared to similar roadside studies, these values are lower than those

reported in highly industrialized zones (e.g., EF values between 4.8 and 12.6 for Pb in

roadside soils of major highways in China [16] but are notably higher than pristine forest

soils (where EF values typically remain below 1.1) [17], indicating a subtle but detectable

shift from natural baselines. The high coefficients of variation detected especially in Zn

(116.61%), Pb (87.68%), and Cd (71.34%) indicate that these metals are not homogeneously

distributed across the site and are concentrated at specific points. Furthermore, the positive

skewness values determined for Zn (4.55), Pb (1.42), and Cd (1.08) serve as evidence that

external anthropogenic factors or regional accumulations are influential in the distribution

of these elements. The location of the study area along the D825 highway points toward

a plausible link between this accumulation and traffic emissions. Similar studies have

suggested that Pb and Cd levels in roadside forest soils often correlate with traffic intensity

and atmospheric transport [32,33]. This observed increase suggests that anthropogenic

influence, potentially originating from the roadway, warrants consideration for long-term

monitoring, especially within the proximity of the road.

Examination of the physicochemical properties of the soils revealed that the pH

values reflect the slightly alkaline character commonly seen in calcimorphic soils under the

influence of calcareous parent material [34]. The high variation in lime content (90.52% CV)

can be explained by micro-topographic irregularities and parent material heterogeneity.

Meanwhile, the variability in organic matter (OM) content (61.72% CV) is thought to stem

from different stand types, reflecting differences in litter decomposition rates [15]. In

particular, the high coefficients of variation and positive skewness values detected for Zn

(4.55), Pb (1.42), and Cd (1.08) verify that lithogenic processes in the distribution of these

metals are manipulated by external factors [35]. Conversely, the stable course exhibited by

elements such as Cr, Co, and Ni indicates a natural distribution inherited from the parent

material [31].

The effect of stand type on soil chemistry has been decisive, especially in terms of

heavy metal accumulation and OM dynamics. The higher concentrations of Cr and Fe in

Anatolian black pine and mixed stands compared to Turkish pine indicate that species

differentiate mineral mobilization through root exudates and decomposition processes.

This specific effect of coniferous species on soil acidity and mineral solubility is consistent

with the literature [36]. The most striking differentiation was observed in Cu and Co; while

Anatolian black pine stood out in copper accumulation, it exhibited extremely low values

for cobalt, revealing the species’ selective absorption mechanism in the biochemical cycle.

The fact that the OM amount in Turkish pine sites is more than double that of Anatolian

black pine (4.55% vs. 2.11%) shows that Turkish pine promotes soil carbon enrichment more

effectively through its faster-decomposing litter structure and higher biomass input [15].

High OM content creates a chelation effect that limits vertical transport by holding heavy

metals in the form of organic complexes [34].

The fluctuation of soil pH values within slightly alkaline limits across the elevation

proves that the region’s soils possess a high buffering capacity [35]. The CaCO3 content was
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one of the most elevation-sensitive parameters, showing extreme increases at altitudes of

737 m, 938 m, and 1401 m. OM content showed a non-homogeneous distribution along the

elevation, with the highest accumulations (7.84% and 7.66%) concentrated in the 720–766 m

band. This aligns with literature suggesting that the balance of moisture and temperature

at middle elevations maximizes organic matter decomposition and accumulation [37]. In

contrast, the fact that EC values were not affected by the altitude factor (p = 0.309) proves

that the region’s soils are stable and low-risk in terms of soluble salts.

The statistical distribution of element concentrations detected within the plant body

provides critical information about the ecosystem’s biochemical cycle and external pres-

sures. The high positive skewness (Skewness > 1.9) observed for Fe and Mn in descriptive

statistics indicates that the uptake of these micronutrients is not homogeneous across the

site and is likely suppressed by the extreme increase in lime at high altitude zones (1401 m).

Literature reports that alkaline pH and high calcium carbonate presence limit plant avail-

ability by reducing the solubility of microelements, but local heterogeneities in the parent

material lead to outliers in some samples [15,35].

On the other hand, the variation in Ni and Zn distribution is thought to be directly

related to the stand type. The more dominant performance of Turkish pine stands in Ni

and Zn accumulation compared to Anatolian black pine is the primary ecophysiological

factor explaining the Ni skewness (1.03) and the left-skewed (negative) distribution of

Zn. This confirms that the metal load within the plant depends not only on soil concen-

tration but also on the BAC of the species and specific organic acid secretions in the root

zone [31,36]. The homogeneous and low-variability distribution exhibited by Pb and Cu

values (Skewness ≈ 0) proves that these metals have not yet created an anthropogenic pres-

sure level that would strain plant physiology or create significant interspecies differences.

The fact that the “minimal enrichment” level detected for Pb in the soil is not reflected in

plant tissues at a similar rate reveals the effectiveness of the barrier mechanisms devel-

oped by forest trees against toxic metals at the root–soil interface and shows that current

accumulation is largely fed by the natural geochemical background [34]. The BAC values

obtained in this study indicate that the capacity of plants to absorb and accumulate heavy

metals from the soil varies significantly depending on the type of metal and plant species.

In particular, BAC values calculated for Cu being above 1 are considered an indicator

of the metal accumulation potential of these species. The literature confirms that a BAC

value greater than 1 indicates that the plant effectively absorbs the relevant metal from

the soil and can be reliably used in biomonitoring studies [38]. The low Fe and Ni transfer

coefficients observed in P. brutia and P. nigra samples are consistent with recent findings

that coniferous species develop a selective barrier mechanism against certain metals at

the root–soil interface [28]. This reflects the ability of plants to maintain homeostasis even

under environmental pollution pressure.

This study has certain methodological limitations that should be acknowledged. First,

the research employs a cross-sectional design, providing a snapshot of soil quality at a

single point in time. The absence of long-term time-series data limits the ability to track

seasonal fluctuations or decadal trends in metal accumulation. Therefore, the observed

enrichment levels should be viewed as current indicators rather than definitive long-term

trajectories. Future longitudinal studies covering different seasons and longer periods

would provide a more comprehensive understanding of the anthropogenic deposition

dynamics in this region.

Implications for Sustainable Forest Management and Roadside Planning

The findings of this study provide a baseline for integrating environmental health

indicators into sustainable forest management, particularly for ecosystems adjacent to

https://doi.org/10.3390/su18052289
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high-traffic corridors like the D825 highway. Although current EF values (mean EF = 1.34

for Pb and Cd) indicate that heavy metal concentrations remain below toxic thresholds,

this detected “minimal enrichment” suggests the necessity of implementing proactive

management strategies to preserve the current resilience capacity.

Forest Edge Management and Roadside Planning: Managing forest–road interfaces is

a primary strategy for mitigating atmospheric deposition associated with traffic emissions.

The establishment of “vegetative buffer belts” composed of species with high Biological

Accumulation Coefficients (BAC) can facilitate natural filtration. Priority should be given to

selecting resilient species that stabilize metals within the root zone or biomass, thereby pro-

tecting the inner forest core from the potential “edge effect” of road-sourced contaminants.

Long-Term Monitoring and Adaptation: Transitioning from static conservation to dynamic

monitoring is essential for long-term ecological sustainability. Based on the observed

variability in Zn, Pb, and Cd concentrations, the following actions are proposed:

Establishment of Permanent Monitoring Plots: Systematic soil and plant tissue analy-

ses every 5–10 years are recommended to quantify anthropogenic pressure trends, particu-

larly in response to potential increases in traffic volume.

Soil Amendment Strategies: In zones where Pb and Cd enrichment is detected, silvicul-

tural interventions aimed at increasing soil organic matter can enhance the soil’s buffering

capacity, subsequently reducing the bioavailability of these metals.

Infrastructural Integration: Roadside planning should incorporate drainage systems

designed to intercept potentially contaminated runoff from the D825 highway, preventing

its direct infiltration into the sloped forest terrains.

Linking these site-specific findings to broader ecological sustainability frameworks

ensures that forest roadside management functions as a core component of long-term

terrestrial ecosystem protection rather than a reactive measure.

5. Conclusions

This study quantifies the geochemical and biological status of forest soils and vege-

tation in relation to parent material, altitude, and stand types. The Igeo and EF indices

indicate that the study area maintains a predominantly natural geochemical structure,

with most heavy metal concentrations being consistent with lithogenic origins (EF < 2).

However, Cd and Pb showed a mean EF of 1.34 near the highway, representing a potential

early warning signal of anthropogenic influence on natural background levels. Analysis

by stand types revealed that Pinus brutia sites exhibit the highest soil organic matter and

carbon sequestration potential, while also contributing to ecosystem resilience through

the stabilization of Ni and Zn. Along the altitudinal gradient, organic matter peaked at

mid-altitude zones (720–766 m), highlighting these areas as key zones for carbon storage.

The uptake of micronutrients in plant tissues was found to be limited by alkaline pH and

high lime content; nevertheless, toxic metal accumulation remained below established

safety thresholds, supported by root–soil barrier mechanisms.

In conclusion, the forest cover serves as a functional matrix for heavy metal sta-

bilization. Based on these findings, it is suggested that future infrastructure planning

should consider the implementation of roadside vegetative buffers and drainage filtration

systems to mitigate runoff-related pollution. To ensure long-term monitoring of these

trends, periodic sampling at 5 to 10-year intervals and the inclusion of emerging pollutants,

such as platinum-group elements from catalytic converters, are proposed for sustainable

forest management.
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