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Abstract

Heavy metal pollution poses significant risks to ecosystems and human health, necessitating effective monitoring and
mitigation strategies. This study focused on the priority pollutant selenium (Se) content, evaluating five tree species (7ilia
tomentosa, Robinia pseudoacacia, Cedrus atlantica, Pseudotsuga menziesii, and Fraxinus excelsior) to assess their capac-
ity to biomonitor and mitigate Se in urban parks of Diizce (Tiirkiye). We quantified Se accumulation in the outer bark,
inner bark, and wood across the four cardinal directions of the stem. Results showed striking inter-species variation: R.
pseudoacacia and C. atlantica woods accumulated exceptionally high Se concentrations (91.9 and 77.4 mg-kg™?, respec-
tively), while P. menziesii and F. excelsior showed non-detectable levels. Strong directional effects were pronounced,
e.g., with the north aspect in C. atlantica accumulating 2.7x higher Se than the east aspect (77.40 vs. 28.09 mg-kg™).
Se was generally higher in bark than wood. C. atlantica is recommended for phytoremediation due to constrained inter-
tissue translocation (e.g., north-south differential: 45.39 vs. 36.10 mg-kg™). In comparison, R. pseudoacacia showed high
bioavailability but high variability by cardinal direction (66.40-91.92 mg-kg™). These findings reveal species-specific Se
accumulation patterns influenced by microenvironmental factors, emphasizing the targeted use of R. pseudoacacia and C.
atlantica for pollution monitoring and Se mitigation in urban areas.

Keywords Heavy metal - Selenium - Biomonitoring - Phytoremediation - Radial content

Introduction Environment Programme (UNEP) states that unhealthy
environments result in around 12.6 million deaths annu-
ally. Over 66% of them are caused by fine particulate mat-
ter charged with organic and inorganic pollution (Carvalho
2021; Sevik et al. 2024). These facts underscore the urgent

need for effective mitigation strategies to safeguard public

Atmospheric pollution under actual climate change is a
major global issue, especially in industrialized and urban
areas, affecting human and ecosystem health (Nechita et
al. 2021; Guney et al. 2023; Kog¢ et al. 2025a). The UN
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health and environmental sustainability (Yang et al. 2022;
Beloconi and Vounatsou 2023). Highly industrialized coun-
tries with advanced technology can find solutions to reduce
environmental pollution and recycle potentially toxic mate-
rials released into the environment (Jain 2024). In contrast,
underdeveloped and developing nations struggle to priori-
tize and adequately tackle this critical issue (Uncumusaoglu
and Mutlu 2021; Isinkaralar et al. 2025a, b). However,
studies worldwide indicate that the levels of heavy met-
als—considered the most hazardous pollutants for the envi-
ronment and human health—continue to rise in soil, water,
and air (Simsek and Mutlu 2023; Swain 2024; Aytegin and
Ozcan 2026) and have reached dangerous levels in many
urban zones (Mutlu et al. 2024; Sevik et al. 2024). Metro-
politan areas encounter elevated contamination levels from
toxic chemical elements due to increased waste generation
(Ziaeemehr et al. 2023). This contamination can be substan-
tially influenced by atmospheric urban heating, which alters
the behavior of chemicals under temperature variations
(Irfeey et al. 2023; Nechita et al. 2025a, b). These com-
bined effects lead to water and heat stress and various health
issues (Ali et al. 2019; Tordache et al. 2022; Saxena 2025).
The United States Environmental Protection Agency (U.S.
EPA) has established health guidelines for selenium (Se)
concentration in air at 0.02 mg/m>. Elevated selenium (Se)
concentrations in humans may lead to symptoms such as
fever and nausea, as well as adverse effects on the liver, kid-
neys, and heart. In severe cases of toxicity, cardiac and pul-
monary symptoms can occur and can lead to death (Hadrup
and Ravn-Haren 2020).

In soil, Se concentrations range from 0.01 to
2.00 mg-kg !, with a global average of 0.40 mg-kg . Soils
with Se concentrations between 1 and 5000 mg-kg ' are
considered seleniferous. Soil concentrations are highly vari-
able and depend on site-specific characteristics, and their
transfer to plants, animals, and humans depends on bioavail-
ability characteristics for each plant species and individual
(Liu et al. 2021). This is because heavy metals are uptake in
plants directly through the air via leaves via stomata, from
the soil through roots, or from stem sections (Cobanoglu et
al. 2023). Heavy metals enter living organisms primarily via
inhalation or the food chain (Gogoi et al. 2024).

Plant-based biomonitoring offers a low-cost, practical
alternative to expensive, error-prone instruments or meth-
ods for long-term monitoring of environmental pollution.
Annual tree rings are recognized as biomonitors since they
provide retrospective data regarding changes in heavy metal
concentrations over time (Nechita et al. 2025a; Pulatoglu et
al. 2025; Vasconcellos et al. 2025). However, each tree has
a different capacity to accumulate heavy metals in its radial
and axial profile. Therefore, suitable biomonitor species for
each heavy metal should be determined separately (Koc et
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al. 2024). Although numerous studies have been conducted
on tracking heavy metal pollution, more focus has been on
the more common elements such as Pb, Ni, Cr, Mn, and
Cu (Isinkaralar et al. 2024; Balraju et al. 2025). Thus, vari-
ous studies evaluated heavy metal content in various tree
species, organs, and organelles, showing significant differ-
ences in assimilation (Aricak et al. 2019; Sevik et al. 2019a,
b; Cesur et al. 2021; Erdem et al. 2023; Zeren Cetin 2024,
Kog 2025). Health agencies, including the Agency for Toxic
Substances and Disease Registry (ATSDR) and U.S. EPA,
underscore research on high-risk elements due to their pub-
lic and environmental risks, as is the case with Se (Sevik et
al. 2024). Se plays vital physiological roles in organisms,
and exhibits a dual behavior, ranging from beneficial to
toxic (Huang et al. 2019; Ullah et al. 2023). The Earth’s
crust releases Se naturally through weathering processes,
but human activities—particularly fossil fuel combustion,
metallurgical operations, and intensive agriculture—have
significantly amplified its environmental dispersion (Gan
et al. 2021; Zou and Mauter 2021). This balance between
nutritional needs and pollutant risks exists across ecosys-
tems, as increasing Se levels in air, soil, and water pose new
challenges for environmental and public health manage-
ment (He et al. 2018; Ullah et al. 2023).

Despite its recognized toxicity, Se remains less studied
than other heavy metals, underscoring the urgent need for
research on monitoring and reducing urban Se contamina-
tion. This study addresses this gap by examining tree spe-
cies’ ability to accumulate airborne Se in Diizce Province,
Tiirkiye, and by providing a nature-based method for envi-
ronmental assessment and remediation. Thus, the aim is to
(1) assess heavy metal assimilation pattern in radial transect
and under four cardinal directions in outer bark, inner bark,
and wood, (2) document temporal changes in metal con-
tent along tree rings, (3) identify the tree species with best
performance for monitoring and mitigating Se under urban
and environmental contamination. The current research
investigates variations in Se accumulation among tree spe-
cies under comparable soil and atmospheric conditions.
The study aims to fill a gap in understanding Se absorp-
tion in tree tissues and will contribute novel knowledge to
biomonitoring and phytoremediation in urban and industrial
environments.

Materials and methods
Study site
Diizce province, situated in a low-lying basin (40°.90" N,

31°.315" E, 140 m a.s.l.) within Tiirkiye Western Black Sea
region, experiences significant air quality challenges due
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to its unique geographical and meteorological conditions
(Kog 2021; Cevre, Sehircilik ve Tklim Degisikligi Bakanlig
2023). The area’s bowl-shaped topography, surrounded by
mountain ranges, restricts pollutant dispersion. This effect
is amplified by the local climate, which features mild win-
ters (average 12.5 °C), hot summers (maximum 30 °C in
August), and a mean annual precipitation of 540 mm since
1950 (Fig. 1). The climate extracted from the E-OBS v31.0e
climatic grid (Haylock et al. 2008) indicates that both tem-
perature and precipitation increased after 1985 in the region,
and the climatic diagram shows a typical Mediterranean
climate with winter rains. Since 1992, the mean tempera-
ture has risen from 12 to 14.7 °C. The precipitation pattern
shows a relatively flat trend from 1990 to 2010, with an
average of 576 mm/year, followed by a sudden increase to
694 mm/year.

Heavy metals in the air bind to particulate matter, thereby
serving as a sink for these pollutants. Therefore, as particu-
late matter levels rise in polluted areas, air concentrations
of heavy metals also increase (Liu et al. 2025; Matei et al.
2025). This contamination with heavy metals becomes most
severe in late autumn and winter, with PM2.5 concentrations
peaking at 47.7 ng/m* (November) and 49.9 pg/m? (Decem-
ber) (IQAir 2024). During these months, coal combustion
increases, and frequent temperature inversions occur, both
of which intensify pollution by disrupting the mixing and
dispersion of pollutants in the atmosphere. Autumn-winter
precipitation increases atmospheric deposition to soil and
vegetation, increasing the amounts while also enhancing
dilution and absorption. Combining these human-made and
natural factors creates an ongoing air quality issue that needs
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targeted mitigation strategies focused on emission sources
and the area’s specific weather vulnerabilities. The study
location, topographical features, and sample map location
are illustrated in Fig. 2.

Sample preparation and element analysis
Sample collection

The tree stem slice samples were collected from five spe-
cies, including Robinia pseudoacacia L., Tilia tomentosa
Moench, Cedrus atlantica (Endl.) Manetti ex Carriére,
Fraxinus excelsior L. and Pseudotsuga menziesii (Mirb.)
Franco. All the tree species mentioned are commonly used
in urban and natural landscaping in the Diizce region, where
they occur naturally and through human planting. Three trees
(and thus three stem discs) were sampled per species. The
sample size, although limited by the availability of appro-
priate mature samples within the urban park environment,
is justified for several reasons. The primary objective of
this study was to identify significant, species-specific differ-
ences in selenium accumulation potential under consistent
pollution exposure. The chosen trees were the only individ-
uals that met the strict criteria of similar age, health, and size
within the study site. They were growing in a homogeneous
stand with nearly identical soil characteristics, slope, and
aspect. This environmental consistency reduces variabil-
ity within species, making it easier to identify clear com-
parative trends. Additionally, the comprehensive sampling
approach offers significant intra-tree replication: from each
of the three trees, samples were collected from four cardinal
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Fig.1 Climatic data (mean monthly temperature and mean monthly precipitation) in the Diizce province since 1950 to the present (a) and climatic

diagram (b)
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Fig. 2 The study location (a) is
situated in the southeastern part
of Europe near the Black Sea, (b)
the topographical features, and
(c) the sample map location in 4
Diizce, Tirkiye g Black Sea
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directions and three tissue types, with wood further divided
into twelve age groups of five years each. The adopted
methodology was used to obtain a high-resolution dataset
comprising 2520 observational data points for robust sta-
tistical evaluation of patterns. This approach, which uses a
smaller number of intensively sampled individuals to assess
comparative accumulation, aligns with some dendrochemi-
cal studies (e.g., Cobanoglu et al. 2023; Sevik et al. 2024).

Selected trees were mature, healthy, spaced 5-10 m
apart within rows, and of similar age, height, and diameter
to ensure they were exposed to comparable levels of pollu-
tion. The age, diameter, and height range values of the trees
included in the study are given in Table 1. Log samples were
obtained from the stem at approximately 50+10 cm above
ground level after the vegetation season ended in 2022, with
a thickness of 10+£5 cm. The entire cross-sectional discs
were then used to measure along four compass directions
(East, South, West, and North). The trees were 2025 m tall,
had a diameter of 40—-55 cm, and were 60 years old. The
randomly selected trees were planted in rows approximately
20 m apart. This way, the trees’ branches and roots would
not interfere with one another or impede airflow between
them.

Sample preparation and conducting Se analyses

To prepare the wood samples for analysis, cross-sectional
discs were sanded to enhance the visibility of annual growth
rings. The sanding process was conducted in a dedicated
clean area on a disposable plastic sheet to prevent con-
tamination from underlying surfaces. Residual dust gener-
ated during sanding was removed using clean, compressed
air and soft, non-abrasive brushes, working systematically
from the bark toward the pith to avoid redistributing surface
contaminants into the interior wood zones targeted for sam-
pling. The entire cross-sectional discs were subsequently
used to measure along four compass directions: East, South,
West, and North. Comparable studies have categorized tree
rings into age groups of 3, 5, and 10 years based on factors
such as tree age and ring width. In our case, this classifi-
cation was suitable for the 5-ring group, providing content
that supported the initiation of chemical analysis (Key et al.
2023; Sevik et al. 2024; Isinkaralar et al. 2024). A steel drill

Table 1 Age, diameter, and height range values of the trees included
in the study

Species Age Height (m) Diameter (d, 5,) (cm)
R. pseudoacacia 60 20-21 4042
T. tomentosa 60 20-22 3942
C. atlantica 60 20-21 50-52
F. excelsior 60 22-24 50-54
P. menziesii 60 24-25 53-55

was used to extract specimens from the wood (WD), inner
bark (IB), and outer bark (OB) of all age clusters. Thus, we
sampled five tree species, four directions, three stem slices
(from different trees), 14 categories (12 age groups WD+ 1
IB+1 OB), and three replicates. Three replicates were
obtained for each annual ring width, which were divided
into 5-year groups (a total of 12 age groups). Between each
sampling point (cardinal direction and tissue type), the drill
bit was meticulously cleaned with ethanol and dried to pre-
vent cross-contamination, and the disc surface was wiped
with a clean, lint-free cloth to remove any residual dust. The
complete sample collection dataset contains 2520 obser-
vations in triplicate and underwent a thorough diagnostic
evaluation (Fig. 3). This method has been used in previous
studies in this field (Erdem et al. 2024; Kog et al. 2025a;
Kulac et al. 2025; Sevik et al. 2025). The collected material
was ground into sawdust, stored in open glass containers,
air-dried for 15 days, and then oven-dried at 45 °C for an
additional week.

For elemental analysis, 0.5 g of dried sample was
digested with 6 mL of 65% HNOs and 2 mL of 30% H-0:
using microwave-assisted acid digestion (200 °C for 15 min
ramp and 15 min hold). The digested solutions were brought
to 50 mL with ultrapure water and analyzed by ICP-OES
(GBC Scientific Equipment Pty Ltd., Melbourne, Australia)
to quantify Se concentrations, adjusted for dilution factors.

Statistical analysis

The normality was tested using the Kolmogorov-Smirnov
test and one-way ANOVA with Levene’s test to confirm
variance homogeneity and differences between variances.
Following these validation steps, we conducted post hoc
Duncan tests to compare multiple means after the ANOVA
indicated a significant difference (p<0.05) between four
compass directions. The fitting model with ANOVA statistics
involves splitting total data variability (total sum of squares,
SST) into explained variance (model sum of squares, SSM)
and unexplained variance (error sum of squares, SSE) to
assess if predictors affect the response, using an F-test and
p-value, to investigate if the model fits better than a simple
mean. We also used trend analysis and analysis of variance
to assess whether the means of the four compass-direction
groups (patterns across ordered levels of concentration
and time) differed. This process involves rejecting the null
hypothesis if p<0.05 and conducting a polynomial contrast
to decompose the significant variance in trend components.
Notably, F. excelsior and P. menziesii samples showed Se
concentrations below the detection limit in their annual
rings (dry weight [d.w.] basis) and were therefore excluded
from the final statistical analysis. The statistical analysis
was performed using SPSS 22.0 environment. The ANOVA
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Fig. 3 Methodological flowchart
for the study, including samples
used, target tissues, elemental
analysis, statistical analysis, and
expected outcomes

Robinia pseudoacacia L. h
Tilia tomentosa Moench 1
Cedrus atlantica (Endl.) Manetti ex Carriére '
Fraxinus excelsior L. I

Pseudotsuga menziesii (Mirb.) Franco N

Diizce province, Tiirkiye, 2022

Contamination sources: Industrial, residential, trafic and transboundary pollution

Selenium (Se) quantification

5 species x 4 compass directions x 3 wood slices from different trees
x 14 categories (12 age groups + outer bark + inner bark) x 3 replicates = 2520 measurements

Target tissues

5 year ring group

Wood (WD)
Inner bark (I1B)
il Outer bark (OB)

Elemental analysis

Acid digestion: 0.5 g + 6 mL HNO; + 2 mL H,0, (Microwave: 200 °C, 15+15 min) i
Filled up to 50 mL with ultrapure water i
Instrument: GBC Integra XL-SDS-270 E
Inductively Coupled Plasma-Optic Emission Spectometer (ICP-OES) |

Kolmogorov-Smirnov test; one-way ANOVA; Levene's test; post-hoc Duncan tests; !

bioaccumulation factor and environmental risk assessment |

3 trend analysis for the 5-year ring groups of Se measurements;

model partitions into distinct, independent polynomial
trends, as summarized in Eq. 1.

Yij=np+ ait ey (1

were, Y;; are observed values modelled as the sum of the over-
all mean ( u ) the effect of a specific group (« ;) and random
error ( € ;5). The trend analysis with ANOVA involves the model
sum of squares (SSy;.q) decomposition into orthogonal trend
components. F-trend represents the mean square for the trend
divided by the error mean square (MSE) to test significance.

Results

Selenium content in tree organs and across cardinal
directions

Non-detectable Se levels in both IB and WD tissues were doc-
umented in eastern-facing 7. tomentosa samples (Table 2). The
mean Se content across all tissues and directions was extremely
low (0.87 mg-kg 1), and in the eastern direction in IB and WD,
it was below the detection limit. The OB exhibited directional
variability, with peak concentrations in the north, followed by
the south, and minimal accumulation in the western side of the
trunk. When evaluating mean content values, a significant gra-
dient emerged across tissues, with the lowest values in WD and
progressively higher values in IB and OB (Fig. 4).

@ Springer
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Content levels, which varied significantly when assessing
cardinal directions and across all plant tissues (p<0.05),
were observed in R. pseudoacacia (Table 2). This species
had the highest Se content among the species, with a mean
value of 77.04 mgkg' (across organs and directions)
(Fig. 4). The highest Se concentrations consistently occurred
in northern exposures, decreasing in the following order:
north>south>east>west. Se content across tree organs
shows distinct patterns of assimilation: OB>IB>WD (north),
IB>0OB>WD (east), OB>WD>IB (south), and IB>OB=WD
(west). Only the eastward direction showed distinct organ-
specific accumulation patterns; the other directions showed no
statistically significant differences among tissues. Based on the
mean Se concentration, there was no statistically significant
variation among tissues (p>0.05).

C. atlantica Se content demonstrates significant varia-
tion across all tissues and within the order of assimilation
(38.84 mg-kg "), which is nearly half the amount observed
in R. pseudoacacia (Table 2). The mean Se content was
comparable across the east, west, and south directions,
whereas the north direction had a higher mean. Worth men-
tioning that in the north direction, the IB contained a value
comparable to R. pseudoacacia (78.61 mg-kg ), indicat-
ing a high potential of Se assimilation for this species. IB
exhibited the highest content compared to the WD and OB
(Fig. 4). While organ-specific differences were generally
not statistically significant between the east and west direc-
tions, differences were observed (p>0.05).
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Table 2 Mean (+standard deviation) and maximum selenium content (mg-kg ™' d.w.) in different organs of the five species across cardinal direc-

tions
Species Tissue North East South West F-value Mean
Mean Max Mean Max Mean Max Mean Max
T. tomentosa OB 1.96+£0.11cD 2.07 0.99+£0.03B 1.02 1.23+£0.08cC 1.29 0.58+£0.06 bA 0.63 179.5%** 1.19+£0.53 ¢
1B 0.96+0.10bB 1.05 <B.D.L. - 1.09+0.05 bC - 0.86+£0.07cA 093 6.7* 0.97+0.12 b
WD 0.38+0.10a 0.58 <B.D.L. - 0.38+0.09a 0.65 0.35+0.08a 0.54 0.5ns 0.37+0.09 a
F-value 393.8%**%* - 200.7*** 200.7*** - 134.4%%*
Mean 0.53+0.44 A 0.99+0.03 B 0.51+0.31 A 0.42+0.16 A 3.1* -
R. OB 88.02+£0.55C 88.34 74.04+£2.21 7644 76.48+2.70B 79  69.85£0.27 A 70.1 57.8%** 77.10+7.20
pseudoacacia aB
1B 87.77£0.01 C 87.77 77.85+£0.54 7847 74.52+2.89 773 71.41£1.46A 72.7 8.6* 77.89+6.56
bB AB
WD 86.17+£8.62D 94.15 72.86+£2.17 7637 75.62+233C 794 69.99+2.92A 76.5 74.6%** 75.49+7.23
aB
F-value 0.1 ns 7.8%* 0.5 ns 0.3 ns - 0.3 ns
Mean 87.32+7.80D 73.30+2.45B 75.60+2.35C 70.08+2.75 A 92.5%**
C. atlantica OB 35.19+1.05 3591 3445+0.51 B 34.84 36.86+£0.22  37.1 32.96+0.65A 33.7 17.2%** 34.87+1.58
aB bC a
1B 78.61+£0.49  79.08 32.75+0.69 A 33.19 34.63+0.39 349 34.56+1.18B 35.5 2638.7*** 45.14+20.21
bC aB b
WD 4348+15.43 78.83 32.67+x1.64 A 3446 36.16+1.16 37.6 33.77+3.08 A 36.3 13.0%** 36.60+8.99
aB bA a
F-value 8.7** 1.7 ns 3.4% 0.2 ns - 4.4%*
Mean  45.39+17.17 32.52+1.59 A 36.10+1.17 A 33.77+2.88 A 17.5%**
B
P. menziesii OB 0.52+0.10A 0.52 1.04+0.15bB 1.20 0.62+0.09A 0.71 0.70+£0.07 bA 0.77 14.2%* 0.72+0.22 b
1B <B.D.L. - 0.47+0.06a 0.52 <B.D.L. - 0.48+0.08a 0.56 0.0ns 0.47+0.06 a
WD <B.D.L. - <B.D.L. - <B.D.L. - <B.D.L. - - <B.D.L.
F-value — 25 3%** - 13.3* - 6.9%*
Mean  0.52+0.10 0.75+£0.33 0.62+0.09 0.59+0.14 0.9 ns -
F. excelsior OB 2.20+£0.04C 224 1.76+0.02bB 1.77 1.58+0.17B 176 0.43+0.11 A 0.56 163.5%** 1.49+0.69
1B <B.D.L. - 1.02+0.05a 1.06 <B.D.L. - <B.D.L. - - 1.02+0.05
WD <B.D.L. - <B.D.L. - <B.D.L. - <B.D.L. - - <B.D.L.
F-value — 11.4%%* — — - 0.4 ns
Mean  2.20+0.04 B 1.40+£0.41 A 1.58+£0.17 A 0.43+0.11 A 3.9% —

OB: Outer bark; IB: Inner bark; WD: Wood. B.D.L: Below detection limit. Statistical significance between mean values is highlighted by
different letters. Lowercase letters (a, b, c, ...) indicate significant differences between tissues, while uppercase letters (A, B, C, ...) indicate
significant differences between cardinal directions. The three levels of significance were presented as p<0.001 (¥**), p<0.01 (**), p<0.05 (¥),

and not significant (p>0.05 (ns).

A low Se content was assimilated by P. menziesii
regardless of organs and cardinal directions
(0.63 mg-kg '), noting that the content in WD tissues and
IB samples from northern and southern directions had
values below detection limits (Table 2). OB accumulation
was substantially lower than in other species (Fig. 4), with
maximum concentrations observed in eastern exposures.
Duncan’s grouping analysis (a=0.05) classified the
remaining directional exposures (north, south, west) into
a single homogeneous subset, indicating no statistically
significant difference in Se concentrations across these
directions.

A reduced Se accumulation capacity (1.39 mg-kg™")
and a higher proportion of values below the detection
limit across all species were also observed in F. excelsior

(Table 2). The northern direction showed an accumulation
peak of 2.20+0.04 mg-kg '. Se content in all WD tissues
and non-eastern IB samples remained below detection
limits. OB tissues showed values above the detection
limit (Fig. 4), whereas WD showed values below the
detection limit, with distinct western exposures exhibit-
ing the lowest concentrations.

Selenium variability in time in wood and across
cardinal directions

Analysis of 7. tomentosa WD revealed that Se content from
IB to pith in the east direction differs significantly from
the other three cardinal directions (Fig. 5). The propor-
tion of variance explained by the ANOVA model is high
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Fig. 5 Temporal distribution of selenium content (mean=standard deviation) for 5-year groups in (a) 7. tomentosa, (b) R. pseudoacacia, (¢) C.

atlantica wood, and (d) average value for each species
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(R-squared=0.73), indicating that the cardinal directions
significantly account for the variation in Se content. The
content in the radial profile of the stem, measured from
the eastern side toward the pith, was below the detection
limit. Trend analysis reveals a significant downward trend
from the IB to the pith, specifically in the south direction
(»<0.05). In the north direction, the mean value for all
decades (0.33+0.09 mg-kg ') was comparable with the
south (0.33+0.13 mg-kg '), but the pattern of assimila-
tion varied since 1992, when it increased in the north and
decreased in the south. While directional variations were
statistically insignificant (p>0.05) in most sampling peri-
ods, significant differences (p<0.01) did emerge during cer-
tain intervals, particularly between northern and southern
exposures (Table 3). The overall stability of Se concentra-
tions throughout the six-decade study suggests either limited
atmospheric deposition or effective physiological regulation
of Se uptake in woody tissues.

R. pseudoacacia showed no significant difference in mean
Se content across various cardinal directions (F-value=0.68,
prob>F=0.56). However, the pattern of assimilation

differs significantly, explaining the significant difference
between cardinal directions variances (F-value=29.00,
prob>F<0.0001) (Fig. 5). In this case, the model fits the
data poorly (R-squared=0.04), indicating that the cardinal
directions do not account for significant variability in Se
content. The trend analysis revealed a significant upward
trend from the IB to the pith and a downward trend to the
west. The Se content in the west and south directions had no
significant trends. Even so, measurements remained below
detection limits in all north-direction samples from 2008
to 2022, whereas the highest value among all directions
was observed between 2008 and 1973 (Table 4). Despite
a general decreasing trend from West (69.99 mg-kg™) <
East (72.86 mg-kg ') < South (75.62 mg-kg ') < North
(86.17 mg-kg ') in mean values, a wide range was noted
between extreme concentrations (max=91.92 mg-kg ' vs.
min=66.40 mg-kg ).

The Se content in C. atlantica WD samples, when
evaluated under cardinal directions, was found to vary
significantly for both means west vs. north and east vs.
north (F-value=4.25, prob>F<0.01) and variance

Table 3 Temporal and directional variations in selenium concentrations (mg-kg ! d.w) in Tilia tomentosa wood tissues

Age cluster North East South West F-value Mean
2018-2022 0.45+0.06 cdAB <B.D.L. 0.55+0.09 eB 0.30£0.01 aA 12.7%* 0.4440.12 bed
2013-2017 0.29+0.05 a <B.D.L. 0.4+0.09 bed 0.30+0.61 aA 4.1ns 0.33+0.07 ab
2008-2012 0.26+0.01 aA <B.D.L. 0.47+0.07 deB 0.30+0.05 aA 16.4%** 0.34+0.11 a
2003-2007 0.35+0.04 abc <B.D.L. 0.34+0.02 abc 0.36+0.04 ab 0.2 ns 0.35+0.03 ab
1998-2002 0.31£0.06 ab <B.D.L. 0.31+£0.01 a 0.36+0.10 ab 0.7 ns 0.33+0.06 a
1993-1997 0.40+0.02 bedB <B.D.L. 0.30+0.02 aA 0.29+0.04 aA 15.6%* 0.33+0.06 a
1988-1992 0.27+0.02 aA <B.D.L. 0.32+0.02 abAB 0.42+0.05 bcB 14.6%* 0.34+0.07 a
1983-1987 0.45+0.05 cd <B.D.L. 0.42+0.01 cd 0.52+0.03 ¢ 6.7* 0.46+0.05 cd
1978-1982 0.47+0.07 d <B.D.L. 0.35+0.04 abc 0.37+0.08 ab 3.4ns 0.39+0.08 abc
1973-1977 0.45+0.06 cdB <B.D.L. <B.D.L. 0.32+0.02 abA 12.6* 0.3940.08 abc
1968-1972 0.36+0.10 abc <B.D.L. 0.32+0.09 ab 0.33+0.07 ab 0.2 ns 0.34+0.06 a
1963-1967 0.50+0.09 d <B.D.L. <B.D.L. <B.D.L. - 0.50+0.09 d
F-value 6.3%%* - 9.1%** 4.8%* 3.4%*

Table 4 Temporal and directional variations in selenium concentrations (mg-kg ™' d.w) in Robinia pseudoacacia wood tissues

Age cluster North East South West F-value Mean
2018-2022 <B.D.L. 75.09+1.58 75.81+2.65 73.43+1.97 ¢ 1.0 ns 74.78+2.11
2013-2017 <B.D.L. 71.36+1.98 75.89+2.06 74.01+£3.98 ¢ 1.9 ns 73.75+3.14
2008-2012 <B.D.L. 71.87£1.70 75.56+3.01 71.3+2.48 be 2.6 ns 72.914+2.92
2003-2007 73.59+25.38 73.23+2.00 76.77+2.45 73.78+1.75 ¢ 0.0 ns 74.34+11.03
1998-2002 87.06+0.94 C 72.3142.04 AB 75.47+2.67 B 69.01£1.16 abA 54.9%%* 75.96+7.27
1993-1997 91.9243.23 C 73.53+1.81 AB 76.06+2.97 B 69.75+0.54 abA 50.0%** 77.81+9.06
1988-1992 88.53+2.51 C 70.25+2.07 A 75.00+£2.03 B 68.40+0.87 abA 64.0%*** 75.54+8.40
1983-1987 86.57+0.94 C 73.243.15 AB 74.51+£3.38 B 68.68+1.06 abA 30.0%*** 75.74+7.21
1978-1982 86.70+1.01 C 73.46+1.82 B 76.48+2.58 B 69.12+1.39 abA 51.8%** 76.44+6.93
1973-1977 87.08+0.65 C 72.75+2.40 B 74.73+£2.75 B 68.33+1.01 abA 52.3%%* 75.72+7.44
1968-1972 87.20+£0.65 C 72.75+2.76 B 74.75£1.95 B 66.40+2.42 aA S51.0%%* 75.27+8.08
1963-1967 86.91+0.64 C 74.51£1.41 B 76.39+£3.15 B 67.62+1.11 aA 56.5%%* 76.36+7.30
F-value 1.0 ns 1.1 ns 0.2 ns 5.4%%% 0.3 ns
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(F-value=10, prob>F<0.0001) (Fig. 5). The ANOVA
fit model indicates low variability in metal content,
with the cardinal directions accounting for 22% of the
variance (R-squared=0.22). The content from the IB
to the pith exhibited an upward trend in the south and
east directions, a downward trend in the north, and no
significant trend in the west (p<0.05). Temporal trends
were segregated into two distinct groups using Duncan’s
test: pre-2012 and post-2013 periods, indicating a notable
increase in Se accumulation in recent years (Table 5).
Directional data were similarly clustered into two groups,
with northern exposures forming a separate, higher-
accumulation group (43.48 mg-kg™!) distinct from other
orientations (32.67-36.16 mg-kg '). The range between
extreme concentrations was highest among all analyzed
species (max=77.40 mgkg'; min=2647 mgkg").
Particularly striking was the 2.7-fold disparity between
adjacent north (77.40 mg-kg ') and east (28.09 mg-kg ')
exposures during 2013-2017, demonstrating pronounced
microenvironmental sensitivity and high potential to
assimilate Se metallic content.

It is observed that some species undergo sudden
fluctuations at different times (Fig. 5). For example,
in C. atlantica, the Se concentration in the westward
direction increased with age, with values during periods
1973-1977>1978-1982>2008-2012>2013-2017
(26.47<35.27~35.09<49.57 mgkg !, respectively).
The Se content on the eastern side ranged from 32 to
33 mg'kg !, indicating a decline during 2013-2017
(28.09 mg-kg ). In comparison, in the north, it increased
from 41.03 mg'kg ' (2008-2012) to 77.40 mgkg!
(2013-2017). The R. pseudoacacia ring groups had a Se
concentration of 73.59 mg-kg™' during the 2003-2007
period, but remained below the detection limit in
subsequent periods.

Discussion

The study aimed to evaluate the capacity of five tree spe-
cies to monitor and comprehend their ability to assimilate
selenium (Se) in their organs from four cardinal directions.
Statistical analysis revealed substantial differences in Se
content between woody and bark tissues, underscoring
their distinct sequestration capacities. It was demonstrated
that the OB, IB, and WD of T. tomentosa, P. menziesii,
and F. excelsior do not accumulate higher Se levels; fur-
thermore, measurements were below the detection limit in
some cases. The results suggest reduced atmospheric Se
uptake or enhanced exclusion mechanisms in all three spe-
cies (Liu et al. 2007; Winkel et al. 2015; Yuan et al. 2024).
Particularly for P. menziesii, the highest Se accumulation of
1.04 mg-kg ! was observed in OB tissues oriented eastward,
indicating limited uptake capacity and reduced atmospheric
deposition retention compared to other species. Further-
more, the Se content of 7. fomentosa was below detectable
levels in the eastern direction. In contrast, R. pseudoacacia
and C. atlantica showed high potential for Se absorption
and assimilation.

The wood Se concentrations (max and min) measured in
R. pseudoacacia and C. atlantica (66.40-91.92 mg-kg™' and
26.47-77.40 mg-kg™', respectively) provide critical context
for local pollution levels. These concentrations far exceed
the specific threshold values (generally<1-2 mg-kg™) in
plant tissues and are consistent with the ranges reported for
vegetation in Se-rich or industrially affected areas (Winkel
et al. 2015; Gan et al. 2021). The U.S. EPA health guideline
for Se threshold in the air is 0.02 mg/m?, underscoring its
potency as a hazardous airborne pollutant. The high concen-
trations bioaccumulated in tree tissues suggest that histori-
cal atmospheric deposition in the area has been substantial.
Therefore, the high bioaccumulation factors observed here

Table 5 Temporal and directional variations in selenium concentrations (mg-kg™' d.w) in Cedrus atlantica wood tissues

Age cluster North East South West F-value Mean
2018-2022 77.13£1.64 eB 33.33+0.64 efA 33.40+1.17 aA 34.66+1.42 cA 872.6%** 44.63+£19.64 b
2013-2017 77.40£1.90 eB 28.09+0.93 bcA 35.2440.04 bA 36.07+0.32 cA 1408.3*** 49.57+20.90 b
2008-2012 41.03+0.40 dC 32.28+0.17 aA 35.56+0.34 bcB 35.68+0.34 cB 272.3%** 35.09+4.83 a
2003-2007 37.71£1.38 cC 32.4140.16 bcA 35.92+0.47 bedB 34.96+0.34 cB 27 1#%* 352242.15a
1998-2002 37.36+0.93 cC 32.074+0.18 bedA 35.88+0.66 bcdB 35.70+0.86 cB 25.2%%** 35.34+1.98 a
1993-1997 37.11+0.75 beC 32.984+0.36 bA 36.39+0.39 cdefBC 35.5340.60 cB 54.2%%* 35.27+2.07 a
1988-1992 36.29+0.69 abcC 33.70+0.24 cdeA 36.24+0.28 bedeC 34.84+0.93 cB 18.7%* 35.09+1.51 a
1983-1987 36.22+1.12 abcB 33.08+0.22 efA 36.91+0.56 defB 35.65+0.36 cB 13.0%* 35.62+1.37 a
1978-1982 36.18+0.08 abcC 33.514+0.30 deA 37.00+0.19 efD 35.27+0.20 cB 260.8%** 35.38+1.53a
1973-1977 35.04+0.97 aBC 33.96+0.13 efB 36.74+0.93 defC 26.47+1.77 aA 48.4%** 32.94+4.19 a
1968-1972 35.24+0.88 abB 33.98+0.53 fB 37.39+0.07 fC 29.96+1.63 bA 33.9%** 34.14+£2.94 a
1963-1967 35.02+0.82 aB 33.33+0.64 fB 37.24+40.23 efC 30.48+0.67 bA 65.5%%* 34.18+2.60 a
F-value 651.8%** 45.7*** 11.9%** 31.6%** 3.7k
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indicate significant historical Se input. From a mitigation
perspective, the phytoremediation capacity of these species
is significant. A mature tree containing wood with a Se con-
centration of ~70-90 mg-kg™' acts as a reservoir, allowing
the long-term sequestration of grams of this pollutant and
serving as a permanent sink. Therefore, although tree uptake
does not directly reduce real-time air concentrations, strate-
gically planting species with high Se accumulation capacity,
such as R. pseudoacacia and C. atlantica, in highly polluted
areas can make a significant contribution to nature-based
mitigation strategies at the ecosystem level.

The study revealed that, in contrast to WD, Se levels in
the OB were detectable across all examined species. This
observation is predominantly attributable to the structural
characteristics of the OB and its ability to accumulate par-
ticulate matter contaminated with heavy metals. Elevated Se
concentrations in the OB indicate substantial Se pollution
in the region under investigation (Cobanoglu et al. 2023;
Kulac et al. 2025). Following contamination with heavy
metals, airborne particulate matter roughens and cracks the
OB surface, thereby facilitating particle adhesion.

In addition, Diizce province, where the study was con-
ducted, is the 5th most polluted city in Europe (Koc et al.
2024). Studies conducted in the region have determined that
the concentrations of heavy metals that can pose a threat
to human health, such as Pb (Kog et al. 2025a), As (Yasar
Ismail et al. 2024), Sb (Canturk et al. 2024), Pd (Sevik et
al. 2024), Bi (Isinkaralar et al. 2024), Cr (Pulatoglu et al.
2025), and Al (Kog et al. 2025b) are at very high levels.
Moreover, it is stated that there is a robust and positive
correlation between Se accumulated in wood and heavy
metals such as Ag, Tl, Sb, As, Pb, and V, which induce
adverse effects on human health even at low concentrations
(Sevik et al. 2024). Thus, hazardous Se can be monitored
using trees, a fact which is extremely important since their
amounts can be evaluated retrospectively for decades, and
long-term exposure can pose a threat to the environment and
human health in the region (Sevik et al. 2024; Ulusoy and
Mol 2022; Yabanli and Tay 2021).

The study findings generally indicate that the highest
Se concentrations are observed in the northern direction.
An explanation is that the samples from the north cardinal
direction were collected near a major highway and an urban
area in Tirkiye. These findings suggest that Se pollution
may be attributable to traffic or urban settlements (Sevik et
al. 2024). Indeed, various studies have demonstrated that
urban areas and vehicular traffic are among the primary
sources of heavy metals. For example, in a survey con-
ducted in Monte Carlo, it was determined that mixed metal
smelting and transportation (30.72%) and coal combustion
(25.21%) have more than 50% share in heavy metal pollu-
tion (Shi et al. 2024). In a study conducted in China, it was

determined that the sources of heavy metals with the highest
share were mixed (24.5%), industrial (24.8%), and building
(24.7%) (Du et al. 2024). In Nanjing, it was determined that
the primary sources of heavy metals/metaloids in particulate
matter are traffic and industrial emissions, and these consti-
tute 79.6% of the total variance (Ren et al. 2024). Based on
our findings, the increased Se concentrations in the northern
direction may be ascribed to traffic and urban influences.

Previous studies have demonstrated that the lowest con-
centrations of heavy metals are typically observed in WD
compared with other organs, such as bark, leaves, and roots
(Kuzmina et al. 2023; Akanbi et al. 2024). According to
our study, the pattern of assimilation in urban parks may
differ, as values were found in WD comparable to those in
IB and OB. A relationship exists between WD location and
heavy metal transfer. Wood is not connected to the exter-
nal environment, but it absorbs chemical elements from
the soil solution or transfers them between different tree
organs through translocation (Pisarek et al. 2022). In indus-
trial settings, less heavy metal accumulation occurs in WD
sections than in bark or leaves, which are directly exposed
to contamination. This is because metal transfer is time-
dependent, and environmental factors can influence metal
absorption (Dinh et al. 2019). The transport of elements in
the WD is primarily mediated by the sapwood cell structure,
particularly the cell wall (apoplastic pathway). The apoplas-
tic membrane barrier is a flexible structure that detects and
transmits signals in response to metal and metalloid stress
(Chao and Chao 2025). Ion exchange capacity determines
the number of metal ions that can be adsorbed onto bioma-
terials, which is strongly dependent on the valence of the
metal species. (Pulatoglu et al. 2025). The potential of each
tree to accumulate different heavy metals in its organs is dif-
ferent (Nechita et al. 2025c; Yigit 2024).

Our study found that R. pseudoacacia WD
showed consistent Se accumulation across directions
(66.40-91.92 mg-kg "), suggesting either regulated physio-
logical uptake mechanisms or uniform atmospheric deposi-
tion. Similar to R. pseudoacacia, the C. atlantica assimilated
high amounts of Se in WD. Wood samples reached approxi-
mately 91.9 mg-kg ! in R. pseudoacacia and 77.4 mg-kg '
in C. atlantica, with northern exposures accumulating higher
Se than eastern direction, suggesting either enhanced depo-
sition or species-specific physiological uptake mechanisms.
The pronounced directional variation in Se accumulation,
particularly in C. atlantica (north>south=west=east), may
also reflect wind-driven deposition patterns. Considering
Diizce’s dominant northeast-southwest winds and its bowl-
shaped topography, it is probable that airborne Se-contam-
inated particulates tend to accumulate preferentially on
windward-facing surfaces. The significantly higher Se con-
centrations in northern exposures (77.40 mg-kg ') vs. east
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(28.09 mg-kg ') suggest that pollutants are transported and
deposited by northeasterly winds, which dominate during
high-pollution periods (late autumn/winter). These findings
align with studies indicating that wind direction and speed
significantly affect the deposition of particulate-bound
metals on tree surfaces, especially where bark textures are
rougher (e.g., C. atlantica), trapping more particulates (Liu
et al. 2022; Cobanoglu et al. 2023; Pulatoglu et al. 2025).
Conversely, the lower Se levels observed in eastern and
western exposures may indicate leeward sheltering or the
resuspension of finer particles under weaker winds. These
dynamics highlight that local microclimatic conditions—
rather than emission sources alone—determine the spatial
variability in tree-based Se accumulation.

High Se concentrations in R. pseudoacacia and C. atlan-
tica woods contrast with values reported for other tree spe-
cies, as they slightly exceed 4.7 mg-kg ! in Pinus nigra WD
(Sevik et al. 2025) and are around 3.7 mg-kg ! in Pinus bru-
tia roots (Cebi Kilicoglu 2024). According to these results,
R. pseudoacacia and C. atlantica are suitable species for
reducing Se pollution, as they assimilate the highest Se con-
centrations. Moreover, they exhibit the lowest variability in
metal deposition directionality, indicating that metals can be
deposited relatively homogeneously within the wooden tree
structure. Wood is the largest organ of trees and can absorb
and accumulate heavy metals for decades or throughout a
tree’s entire lifespan, thereby substantially mitigating heavy
metal pollution. Research has shown that heavy metals
trapped in wood remain until the wood decays (Sevik et al.
2024).

Through our investigation, it was determined that Se
concentrations in woods generally remained below detect-
able limits, as in 7. fomentosa, P. menziesii, and F. excelsior,
or varied within a narrow range. In contrast, Se concentra-
tions between neighboring age clusters in R. pseudoacacia,
which accumulate the highest Se levels in its WD, did not
differ significantly, indicating high bioavailability, transfer,
and translocation. This result suggests that Se can be relo-
cated in WD from soil and air via root and foliar systems
and bark deposition.

Although Se is not an essential element for plants, it
is a semi-metallic element that can have beneficial effects
on growth, antioxidant defense, and stress tolerance at
low concentrations, but may become toxic at high levels.
Se exists in inorganic and organic forms in nature. Inor-
ganic forms include selenate (Se02_4), selenite (Se02_3),
selenide (Se, ), and elemental Se. The major organic
forms are SeCys and SeMet. Plant uptake of Se from soil
depends largely on soil properties, the chemical form of
Se, redox conditions, pH, and microbial activity in the rhi-
zosphere. Plants primarily uptake Se from the soil through
their roots, and the solubility and anionic form of Se play
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a decisive role in this process. While selenite taken up by
the root is rapidly transported to the leaves via xylem flow,
selenite is generally retained more in root tissues, and its
transport to the xylem is more limited (Li et al. 2008; Haw-
rylak-Nowak 2009; Gupta and Gupta 2017; Schiavon and
Pilon-Smits 2017; Hasanuzzaman et al. 2020). The trans-
port of elements within the WD portion of plants is related
mainly to the cell structure and, in particular, the cell wall
(apoplastic pathway). The apoplast, located between the
cell wall and the plasma membrane in plants, serves not
only as an apoplastic membrane barrier but also as a flex-
ible structure that senses and generates signals in response
to metal/metalloid stress. The extent to which metal ions
adsorbed to the sapwood remain available in these tissues
likely depends on the ion exchange capacity of the xylem,
and this capacity varies significantly by tree species (Pula-
toglu et al. 2025).

Furthermore, it is challenging to observe high variability
in tree-ring sections from the IB to the pith. A transloca-
tion jump between sapwood and hardwood is not evident
for R. pseudoacacia, but can be discussed in the case of
C. atlantica and T. tomentosa. Both R. pseudoacacia and
C. atlantica are suitable for biomonitoring because they
are sensitive to changes in atmospheric heavy metal pollu-
tion, accumulate metals in their tissues, and persist despite
exposure to contaminants (Cobanoglu et al. 2023; Koc et
al. 2024).

Our results indicate a significant difference in Se con-
centrations between neighboring cell groups in C. atlan-
tica. C. atlantica, even if it absorbs lower amounts of metal
in WD sections than R. pseudoacacia, can be considered
the best species for biomonitoring changes in Se concentra-
tion resulting from the air deposition. Therefore, according
to C. atlantica data, a sudden increase was observed in the
west between 1978 and 1982 and again between 2013 and
2017, with this increase being much more pronounced in
the north. Residential areas and highways are located in the
north of the study area, while agricultural areas are located
in the west. The migration and accumulation of Se in nature
are complex processes that create a closed cycle among
land, ocean, air, and organisms. Whether from human
activities (e.g., coal combustion and mining) or from natu-
ral processes (e.g., volcanic eruptions and dust removal),
Se is released into the atmosphere as selenium dioxide
(SeO,) and transported to other regions via precipitation
and atmospheric deposition. Coal combustion is a primary
source of Se. Other significant sources of Se include metal
mining and smelting, coal, oil, and wood-burning, indus-
trial activities, waste treatment, agricultural activities, car
tires, engine wear, and incineration (Guo et al. 2024). This
explains the sudden increase in Se concentration in the
north after the 2013—2017 period, as observed in our study.



Urban Ecosystems (2026) 29:73

Page 13 0of 16 73

Because Diizce gained provincial status after the 1999
earthquake, and its population increased rapidly (Kog et al.
2025b). The increase to the west between 1978 and 1982
is attributed to agricultural activities. For R. pseudoaca-
cia, micro-environmental conditions, such as wind-driven
deposition, may predominate over tissue-specific uptake
mechanisms; therefore, the accuracy of depicting Se metal
retention in WD depends on the direction. 7. tomentosa, P.
mencziesii, and F. excelsior have absorbed and retained low
metal content in their tissues, making them unsuitable for
phytoremediation.

Conclusion and recommendations

This study provides critical insights into the use of urban
trees for Se pollution management, demonstrating signifi-
cant species-specific variation in accumulation capacity. C.
atlantica is the only suitable biomonitor, showing distinct
directional accumulation (45.39 mg-kg ! in northern expo-
sures versus 32.52 mg-kg ! in eastern direction) and mini-
mal inter-tissue translocation — essential traits for reliable
pollution tracking. R. pseudoacacia proves most effective
for phytoremediation with consistently high WD Se concen-
trations (66.40-91.92 mg-kg ') across all directions, while
C. atlantica also shows promise (peak of 77.40 mg-kg
in the north direction on age clusters). In north exposures,
the OB of 7. tomentosa (1.96 mg-kg™') and F. excelsior
(2.20 mg-kg ") effectively indicate pollution levels, though
their WD tissues accumulate minimally. Based on these
findings, we recommend: (1) using C. atlantica exclusively
for biomonitoring due to its directional sensitivity and
stable sequestration, (2) planting R. pseudoacacia in high-
pollution areas like highways for maximum Se uptake, (3)
avoiding P. menziesii (OB: 0.52—1.04 mg-kg ') and F excel-
sior for mitigation due to poor accumulation, and (4) inves-
tigating microclimatic factors behind the 2.7-fold north-east
concentration difference in C. atlantica to optimize future
urban planning strategies. These evidence-based recom-
mendations leverage the quantified accumulation patterns to
address monitoring and mitigation needs in polluted urban
environments.
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