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Abstract: Human activities have significantly altered the availability and
circulation of pollutants, impacting their concentrations in the environment. This
pollution notably affects trees. In this study, we conducted two separate
experiments (I and II) to investigate the uptake of lead, strontium, cobalt, and
nickel in spruce (Picea abies L.) and Douglas-fir (Pseudotsuga menziesii Mirb.)
seedlings. These seedlings were exposed to elevated levels of these metals by
adding them to the soil. Our field experiments provide insights into metal
accumulation in natural environments. We measured concentrations of these
elements, along with manganese and zinc, in the soil, wood, and bark using
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES). The
results showed increased levels of the added metals in the wood and bark of both
tree species. Notably, there was a significant increase in lead and nickel
concentrations in Douglas-fir wood. The lead concentration in Douglas-fir wood
was 7 and 4 times higher in experiments I and II, respectively, compared to the
control group of seedlings, while the nickel concentration was 18 and 10 times
higher. These findings suggest that Douglas-fir wood has potential for
phytostabilization of lead and nickel based on trace element concentrations and
transfer factors.
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INTRODUCTION

Modern development and urbanization have led to the production of various
pollutants, including trace elements, organic and inorganic compounds, and
pesticides, which can persist in the soil and harm the environment and human
health. Trace elements are particularly concerning due to their toxicity and
resistance to natural degradation, accumulating in plants, animals, and the
environment over time.! Vascular plants serve as valuable indicators of
environmental pollution. Different tree parts, such as leaves/needles, seeds, bark,
and tree-rings, are used to monitor trace element contamination.* ° Trees, with their
high biomass production, long vegetation periods, strong root systems, and ability
to tolerate and remediate pollutants, are effective in extracting trace elements.’
This process, known as phytoextraction, helps prevent these elements from
leaching into deeper soil layers and groundwater.

The bioavailability of metals to plants is influenced by their micronutrient
demand and their ability to exude and eliminate toxic elements. Metal
accumulation in plants is affected by the distribution of elements in different
tissues, the presence of elements with similar physiochemical properties in the soil,
the availability of elements in the soil, site conditions, and tree species.! Metals
with similar properties, such as ion size and charge, compete for binding sites in
plants, affecting their uptake, translocation, and accumulation.® Tree species also
influence soil pH, impacting trace element availability. The release of organic
acids and hydrogen ions from tree roots increases metal ion solubility and uptake.®
Plants absorb ‘trace elements through their roots and above-ground parts, like
leaves and bark, with root uptake being the primary pathway for metals to enter
trees.

Metal uptake generally increases as the concentration of metal ions in the
external solution increases.” However, excessive concentrations of trace element
in the soil can trigger protective mechanisms in plants that inhibit the absorption.'
Thetefore, the migration and accumulation of each metal within a tree involve
individual and sophisticated biochemical processes and various transportation
systems.'! While the biological function of elements like Pb and Sr in higher plants
is unknown and likely toxic, Ni is a part of the enzyme urease.'? and Co is essential
for several enzymes and coenzymes in higher plant systems.'* The accumulation
of trace elements in wood and bark has not been extensively studied, especially
through field experiments. Donnelly et al. (1990) investigated lead mobility in red
spruce seedlings, focusing on whether Pb ions remained in the xylem during
uptake.'* Numerous studies have focused on the uptake and translocation of
radionuclides in plants, with a majority of them have focused on the bark and foliar
surfaces.'>!'® Metal mobility in plants depends on their metabolic function,
background metal levels, and the dosage applied to foliar surfaces. Some studies
have examined the toxic effects of trace element salts on tree growth and their
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potential for phytoextraction and phytostabilization.'™!"2° However, there is-a
significant research gap in studying trace element accumulation in wood and bark
through field experiments. Furthermore, diverse trace elements accumulate at
varying degrees within distinct plant species and parts, emphasizing  the
significance of understanding the levels of trace elements in plants. The
investigation of Douglas-fir plant species in this regard remains insufficient.
Studies that are based on collecting data about the accumulation of specific trace
element in plants and their distribution among plant parts must be continued and
diversified.”!

The study aimed to investigate how elevated levels of Pb, Sr, Co, and Ni in
soil affect their accumulation in spruce and Douglas-fir trees under natural
conditions. This field experiment focused on trace element accumulation in wood
and bark, with soil metal concentrations as the only variable. The research sought
to understand how these metals are absorbed by the trees and to compare the
sensitivity of spruce and Douglas-fir to Pb, Sr, Co, and Ni, evaluating their
potential for trace element accumulation.

EXPERIMENTAL
Study site and experimental design

The field experiment was carried out in Kaluderica, Belgrade, Serbia, on Livada 1 Street
as depicted in Figure 1 (a) and (b). Five-year-old spruce (Picea abies L.) and Douglas-fir
(Pseudotsuga menziesii Mirb.) seedlings were obtained from the Institute of Forestry, Belgrade.
In May 2017, 24 seedlings were planted across 48 m? divided into six groups, with four
seedlings per group (Figure 1c). To prevent metal transfer, seedlings were spaced 1 meter apart.
After rooting until January 2018, they were watered five times between January and May 2018
with Pb, Sr, Co, and Ni in two experiments, with the I experiment having double the
concentrations of the II experiment. The third group of seedlings served as the control group.
In May 2019, the seedlings were harvested.

Amount of added metals

In experiment I, spruce and Douglas-fir seedlings were watered monthly with a solution
containing 2 g L' of Pb and Sr, as well as 0.5 g L"'of Co and Ni. In experiment II, the solution
contained half of these concentrations. Seedlings were watered with tap water during the
experiment. Metal solutions were prepared monthly using nitrate salts (all purchased from
Merck: lead(IT) nitrate Pb(NOs),; strontium(II) nitrate Sr(NO;),; cobalt(IT) nitrate hexahydrate
Co(NO;),'6H,0 and nickel(Il) nitrate hexahydrate Ni(NO;),'6H,0) dissolved in tap water.
Seedlings were watered for five months with solutions achieving concentrations of 2 g L' Pb
and Sr, and 0.5 g L' Co and Ni for the first experiment, and 1 g L' Pb and Sr, and 0.25 g L”!
Co and Ni for the second experiment. Total metal added was 10 mg g"'of Pb and Sr and 2.5 mg
g of Co and Ni for experiment I, and half of that for experiment II, and those concentrations
are total amounts to which plants were exposed in this experiment. All trees survived with
normal growth and no signs of metal toxicity.
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Sample preparation and experiment

To simplify the results, spruce and Douglas-fir trees from the first experiment are labeled
'SI"and 'DI,' and from the second experiment, 'SII' and 'DII.' Control groups are labeled 'SC"and
'DC.

1 II

~
—

a) ) A control
experiment experiment
-] i i 1
s A9 4 4
i:c' 1 [} ] | 1
R | e | -
Serbia a } ? I% ;i - I1 I%
N Livada 1 Y Y . J \
i : Europe, NP Street g * *—: ? * * ?
‘ latitude ¥ E‘__ * - -‘ » b *
~ st Do (EE§ ¥ ¥
longitude % 1m 4 s IS S
2033 E

Figure 1. a) Sampling location of the performed field experiment, b) Google map of the
location with the red arrow showing the planted area, c) display of the planted seedlings with
two parallel field experiments and control and d) display of the wood sampling.

Four seedlings of each species were cut, and 1 cm stem disks were sampled from 10 cm
above the base (Figure 1 (d)), along with bark and soil samples taken from 0-20 cm depth. Most
of the fine roots of trees are found in the surface soil layer at this depth.? Soil before plantation
was also collected to obtain the amount of the metal content in the soil before the field
experiment. Tree wood, bark; and soil were digested using an Advanced Microwave Digestion
System (ETHOS 1, Milestone, Italy). Sample digestion in the Advanced Microwave Digestion
System (ETHOS 1) followed standard manufacturer-recommended programs, with the official
software optimizing chemical volumes, temperature, and pressure based on sample type and
mass. About 0.5 g of powdered oven-dried samples, of spruce and Douglas-fir, were precisely
weighed and mixed in the clean vessel with a mixture of 3 mL 30 % H,O, (Suprapur®,
Germany) and 5 mL 65 % HNO; (Suprapur®, Germany) and then heated with microwave
energy, (with parameters T=200 ‘C, KW= 1800 W, t= 15 min and p= 90 bar). The soil was first
dried at room temperature and then in order to ensure the homogeneity of soil samples, each of
the samples was divided into six equal parts from which the same amount of soil was taken.
This amount of soil was sieved through a plastic sieve, and then ground in a mortar to a powdery
particle size. The sample was then dried in an oven to constant weight at a temperature of 60
°C. Soil samples (0.5 g) from each part of the experiment were thoroughly mixed before analysis
to ensure a homogenous concentration, accurately measured, and placed in clean microwave
preparation vessels with 8 mL 65 % HNO; (Suprapur®, Germany) and 2 mL 36 % HCI
(Suprapur®, Germany). The parameters of the soil preparation program were the same as for
the preparation of plant tissues. The temperature was controlled with a predetermined power
program. After cooling and without filtration, the solution was diluted to a fixed volume of 25
mL. Quality control was assured by the use of procedural blanks. Precision and accuracy were
confirmed by repeated analysis of NIST pine needles (1575a) as standard reference material.

The content of elements (Pb, Sr, Co, Ni, Mn and Zn) in each sample, prepared as diluted
aqueous solutions, was quantified by inductively coupled plasma optical emission
spectrometry-ICP-OES using a Thermo Scientific iCAP 7400 duo analyzer (Thermo Fisher
Scientific Inc., USA). The calibration standard solutions were prepared from a Multi-element
ICP IV standard stock solution (Merck). For each element determined, calibration curves were
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constructed and used to determine the analyte concentrations. The data acquisition and
processing were performed by the Thermo Scientific Qtegra platform software.  All
measurements were carried out in triplicates. The pH of the soil was determined using a glass
electrode (1741, La Motte Tracer-PockeTester) ina 1:5 (volume fraction) suspension of soil in
deionized water. 2 g was precisely weighted, and 10 mL of deionized water was added. The
suspension was stirred on a stirrer for 30 min and left for another 30 min to stand before pH
measuring. The chemical analysis results were evaluated using One-Way ANOVA to compare the
three groups (I experiment, II experiment, and control) for both tree species, followed by Tukey's test
to identify specific group differences. Differences were considered statistically significant at the 0.05
level.

Transfer factor

The capacity of trees to extract trace elements from soil and their translocation to
aboveground tissues can be evaluated by calculating the transfer factor, TF. Different
calculations for transfer factors can be seen in the literature and most of them divide the average
trace element concentration in the plant part by the concentration in soil.>*?* Most of them
showed only elevated concentrations of specific metals compared to soil or biogeochemical
comparison of metals in different media (plant and soil) that occur under the same
circumstances.” It does not show how the metal transfer from soil to plant changed on the
treated site compared to the control site.”” Including the control site (where natural processes
affect metal transfer from soil to plant) in the calculations, we can get information about changes
in transfer processes.”> To investigate the transfer of externally added metals-to-soil (TFy);
soil-to-wood transfer (TFye0q) and soil-to-bark transfer (TFy,y), for this experiment, TF was
calculated (in %) by the following equations:

TFsoi1 = (I-C)soit/(EA) x100 (%) (1)
TFwood= (I'C)wood/(l'c)soil x100 (%) (2)
TFpark = (I-C)park/(I-C)soit X100 (%) 3)

where I and C represent the mean Pb, Sr, Co, and Ni concentrations obtained in the first
experiment and control for two examined coniferous species (S and D), while EA is externally
added concentration of metals examined. The same equations were used for the II experiment.

RESULTS AND DISCUSSION

Concentration of Pb, Sr, Co, Ni, Mn, and Zn in soil, wood, and bark of spruce and Douglas-fir
seedlings

Mean Pb, Sr, Co, and Ni concentrations in soil, wood, and bark of spruce and
Douglas-fir seedlings were presented in Table I which were externally added in
this field experiment. Also, mean Mn and Zn concentrations in soil, wood, and
bark and the measured pH of the spruce and Douglas-fir corresponding soils can
be seen in Table I. Soil concentrations measured before plantation and
performed field experiment were 21+1 ug g™ for Pb, 78+4 pg g for Sr, 22+1
ug g for Co, 87+5 pg ¢! for Ni, 822+42 ug g for Mn, and 118+5 pg g’ for Zn.
Maximally allowed concentrations in the soil for Pb, Co, Ni, and Zn in the
Republic of Serbia are 85 pg g, 9 ug ¢!, 35 pg g, and 140 pg g'*® Soil
concentrations of Co and Ni, both before planting and in the control samples,
exceed the maximum levels permitted by the Regulation, likely reflecting the
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geochemical conditions of the experimental area. Additionally, air pollution
cannot be ruled out, given the moderate traffic, residential heating, and the
proximity to the largest waste dump in Vinca, which is the only landfill-in the
Belgrade city area.

Table I Mean Pb, Sr, Co, Ni, Mn and Zn (n=4) concentrations (ug g'') in soil, wood, and bark
seedlings of spruce first experiment-SI; second experiment-SII; control-SC; Douglas-fir first
experiment-DI; second experiment-DII and control-DC, as well as corresponding soil pH.

Pb Sr
soil wood bark soil wood bark
SI 827456  0.41+£0.05 4.73+0.55 680+51 101+7 256+13
S1I 505+30 <0.15 1.87£0.09 325+19 54.39+3.45  246+13
SC 21+1 <0.15 1.67+0.10 7544 31.53+1.89 81+£5
DI 634430 1.06+£0,10 2.44+0.13 [ 371+21 = 46.37+3.68  197+13
DII 369+19  0.61+£0,08 1.28+0.06 30115 44.3242.72 154+9

DC 23+1 <0.15 0.6840.05 774 15.85+1.07 26+2
Co Ni
soil wood bark soil wood bark
SI 97+6 <0.04 0.44+£0.04 278+16  0.34+0.03 2.71+0.16
SII 73+4 <0.04 0.32+0.02  199+9 0.29+0.04 1.78+0.09
SC 20+1 <0.04 0.12+0.02 88+4 0.24+0.03  1.09+0.09
DI 84+6 <0.04 0.27+0.04 226+11 0.73+0.06  1.13+0.06
DII 6343 <0.04 0.23+0.04 18249 0.40+£0.03  1.03+0.06
DC 2142 <0.04 <0.04 89+4 <0.04 0.36:0.04
Mn /n
soil wood bark soil wood bark

SI 950+43 8.23+0.46  18.7+1.4 128+6 18.0+0.9 67.9£3.9
SIL 923+42  8.41+0.49 23.4+1.9 12545 21.5+1.0 73.4+4.4
SC 823+42  9.2240.57 28.9+1.9 118+7 28.4+1.6 10045
DI 951+43  3.38+0.23  13.7+0.9 131+7 5.36+0.37  22.0+1.9
DII 954+43  2.63+0.20 12.0+0.6 12245 3.52+0.19  25.0+1.4
DC 852+46  5.00+0.27 8.71+0.44 11345 7.66£0.38  30.4+1.6
SI SII SC DI DI DC
Soil pH 6.7£0.05  6.6£0.05  6.8+£0.05 6.9+0.05  6.7+£0.05 7.0+£0.05

Soil concentrations before plantation were as control concentrations
(SC and DC) measured after metal addition in experiments [ and II (Table
I). Thus, levels of the metals of interest in the soil before additional metal
watering were as in control, excluding the possibility of metal transfer from
one experiment to another. Elevated concentrations in the soil (Table I)
externally added did not affect plant growth during this 2-year experiment.
Higher mean Pb, Sr, Co, and Ni concentrations for bark can be seen for both
examined tree species, than in their wood compartments (Table ).

Mean differences of Pb, Sr, Co, and Ni for soil and bark of both examined
species were significant, at the 0.05 level, between parallel experiments and
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control (One-Way ANOVA), except for the Pb concentration in SII for bark. In the
case of wood, means differences were significant for Pb, Sr, and Ni, except
between Ni SII concentration and control. For some soil, wood, and bark mean
differences between the I and II experiments weren’t significant (Tukey test). For
the pH, mean differences were significant, at the 0.05 level, between the II
experiment and control for both tree species. Means differences of Mn and Zn for
soil, wood and bark of both examined species were significant, at the 0.05 level,
between parallel experiments and control (One-Way ANOVA, Tukey test), except
for the Douglas-fir DII and DC and spruce SI and SII soil Zn concentration. In
some cases, for soil, wood and bark the mean differences weren’t significant
between the I and II experiment.

Pb and Sr concentration

From Figure 2 (a), it can be seen, for spruce, that the Pb content in the soil
increases, and the increase is about 40 (SI) and 24 (SII) times, compared to the
control soil sample. This implies an elevation of Pb concentration in the ST wood
and barks for SI and SII, compared to the control (Table I). The increase was 2.8
times for SI wood and 2.8 and 1.1 times for SI and SII in the bark, respectively
(Figure 2 (a)). Comparing the concentrations of SI and SII (Figure 2 (b)) for Pb in
soil, wood, and bark we obtain an increased concentration in the SI experiment of
about 1.6, 2.8, and 2.5 times, respectively. Increased St content in the soil from 75
ng g to SI-680 pg gl and SII-325 pg g’ (9 and 4 times higher compared to
control) directly influences the increase of Sr concentration in the spruce wood and
bark (Table I; Figure 2 (a)). The concentration of St in the soil was about twice as
high if we observe the ratio between the I and II experiment (Figure 2 (b)). Also,
the concentration of Sr in wood is almost twice as high, ie. about 1.9 times (86 %).
In the bark, this increase between the I and II experiment is about 4 % (Figure 2

(b))-
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Fig. 2. Concentration ratios in soil, wood and bark a) between the I and II experiment
compared to the control.and b) between the first-I and second-II experiment, for spruce-S and
Douglas-fir-D. (Black lineindicates a ratio of 1, representing no change in concentration, gray

line represents a ratio of 2, suggesting that accumulation aligns with the two times higher
externally added concentration for the I experiment; Concentration ratios for cases where the
detection limit was measured in the control-C were calculated using the value of the detection
limit.).

In the case of Douglas-fir, it was noticed that with the increase of Pb
concentration in the soil of 28 (DI) and 16 (DII) times, compared to control, the
content in wood (7 and 4 times) and bark (4 and 2 times) also increases (Figure
2(a), Table I). An increase in the soil Pb content of 72 % between parallel
experiments contributes to the increase of Pb in the wood of about 74 %, and the
bark of about 91 %. The higher content of Sr in the soil (Table I) parallel
experiments (5 and 4 times compared to control), as well as in the case of spruce,
implies the higher content in Douglas-fir wood (3 times for both experiments) and
bark (8 and 6 times). An increase of the Sr concentration in the soil for the I
experiment of about 23 % (1.2 times) compared to the II experiment indicates that
Sr content in wood is increased by about 5 % and in the bark by 28 %.

Co and Ni concentration

Elevated Co content in soil samples (5 and 4 times higher compared to control
in the case of spruce, and 4 and 3 times for Douglas-fir) had an effect on increasing
the concentration in the bark (4 and 3 times compared to control for spruce, and 7
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and 6 times in the case of Douglas-fir) but not on wood where Co concentration
was below the detection limit (Figure 2 (a), Table I). Therefore, based on this
experiment, the wood of spruce and Douglas-fir are not a good choice for Co.
Increased Ni concentration in soil samples (3- SI and 2- SII times; 2.5~ DI and 2-
DII times compared to control) also have a direct effect on increasing the
concentration (Figure 2(a), Table I) in both wood (1.4- ST and 1.2- SII times; 18-
DI and 10- DII times compared to control) and bark (2.5- ST and 2- SII times; 3-
DI and 3-DII times compared to control). About 40 % higher content of Ni in the
soil was detected and about 14 % higher concentration for wood and about 52 %
for the bark compared to the II experiment in the case of spruce. For Douglas-fir,
it was 24 % for soil, 83 % for wood and 10 % for bark.

Mn and Zn concentration

Mn and Zn were examined because they are, among other elements, essential
for higher plants and have several functions in plants.” As these elements weren't
added in this experiment, differences compared to control are minimal, with most
ratios near 1 (Figure 2(a)). Some phenomena can be seen in this experiment for
examined tree species. Their concentrations in wood and bark compared to control
(Table I; Figure 2(a)) which slightly decreased (except for the Mn concentration
in Douglas-fir bark, which increased), despite slightly higher soil concentrations
(Table I).

Slight soil concentration increases for Mn (15 %, 12 %) and Zn (9 %, 6 %) in
spruce and Mn (12 %, 12 %) and Zn (15 %, 7 %) in Douglas-fir soil in I and II
experiments compared to control that was observed could be the consequence of
the soil pH change.” Other factors, such as the impact of specific tree species on
soil pH ‘and the addition of heavy metals to the soil, can also influence the
adsorption dynamics of essential elements by competing with or altering the total
organic content (TOC) during root uptake. Externally added heavy metals can
interact with TOC, affecting the behavior and availability of Mn and Zn. The effect
of TOC on Mn and Zn uptake may differ between tree species due to variations in
root systems, uptake mechanisms, and tolerance to nutrient imbalances. However,
these aspects were not measured in this study. In SI and SII the pH decrease was
0.1 and 0.2; and in DI and DII it was 0.1 and 0.3, respectively, compared to the
control pH value. The decrease of Mn for spruce in parallel experiments (SI and
SII) expressed as a percentage compared to control was 11 %, 9 % for wood, and
35 %, 19 % for bark, respectively. In the case of Zn, it was 37 %, 24 %, and 32 %,
27 %, respectively. For Douglas-fir wood, the decrease of Mn concentration was
32 %, 48 %, and the decrease of Zn concentration was 30 %, 54 % for wood and
27 %, 18 % for bark, respectively.

Studies indicate that trace elements move differently between tree organs
accross different tree species,™”2”% and plants retain trace elements at varying
levels.® Traffic is a significant source of Pb, Ni, and Zn pollution, 2"** with Ni
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entering the atmosphere through fuel combustion, mining, and urban waste
burning, while Co is mainly used in rechargeable batteries for electronics.’' The
elevated Ni levels at the control site in our experiment may be due to these factors.
Pb concentration in the control soil were below regulatory limits in Serbia and
similar to road dust levels in areas with moderate traffic and residential heating
contributing to pollution.*® Thus, observed elevated Pb and Ni in wood and bark
from both species are direct outcomes of our experiments suggesting that bark and
wood, especially of Douglas-fir, can collect and remediate these metals. The wood
samples examined came from seedlings (with stem disks of 1 cm height and a
volume of about 3.14 cm?®). If we scale this to mature trees (with 10 times the
volume), we estimate that about 4.1 and 3.4 ug g"' of Pb and Ni could be collected
by spruce and 10.6 and 7.3 pg g”' by Douglas-fir, with higher values possible when
considering the full trunk. Several studies have shown elevated levels of trace
elements in plants and soil in areas affected by air pollution, >**! but there is limited
information on the trace element accumulation potential of many plant species.
Research on Scots pines in Finland showed that Ni accumulates in wood,” while
most elements are stored in roots.'”'*** Although roots were not examined, trace
elements clearly moved from soil to wood and bark. Given the toxicity of Pb, Ni,
and Co, and their detrimental health effects with prolonged exposure,’' it is crucial
to extract these elements from the environment. Spruce and Douglas-fir could be
used to phytostabilize trace elements in soil, reducing their mobility and leaching.
An indication is that the addition of other metals to the soil and their accumulation
in the body of wood and bark influence essential elements, and lead to a decrease
in their plant parts. Higher Mn concentrations in background trees compared to
those grown on sludge were found in tree seedlings.*® Similarly, in beech roots a
decrease in mineral cations (K, Ca, Mg, and Mn) was observed with increasing Pb
and Cd in soil.* Prolonged exposure to elevated heavy metal levels, as suggested
by our findings, could further reduce nutrient levels in plants and potentially lead
to plant death over time. However, this conclusion requires further research beyond
this experiment. The observed decrease in Mn and Zn may also result from
competition between metals during root uptake, as Ni** and Zn?" have similar
physical and chemical properties,'? leading to reduced Zn levels in wood and bark
due to elevated Ni in the soil.

The impact of tree species on soil pH is important, as it influences trace
elements availability to plants. The effect of different tree species on soil pH is
most significant in the first ten centimeters of the topsoil.** Topsoil pH was lower
under P. abies, while P. menziesii appeared to be intermediate.*® In this study,
spruce (P. abies) had lower pH values than Douglas-fir (P. menziesi) in both
control and parallel experiments (Table I). As a result, higher soil metal
concentrations were observed for spruce (Figure 2 (a)). However, this did not



FIELD STUDY OF METAL UPTAKE 1 1

translate into higher metal accumulation in wood and bark, as Douglas-fir showed
greater accumulation, particularly for Ni and Pb (Figure 2 (a)).
Transfer factors

The capacity of trees to extract trace elements from soil and their translocation
to aboveground tissues can be evaluated by calculating the transfer factor, TF.
Three calculated ratios were presented in Figure 3.
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Fig. 3. Calculated transfer factors for Spruce (S) and Douglas-fir (D), TF,
a) for soil- TFei1, b) wood- TFy004 and ¢) bark- TFpark, expressed as a

percentage.

Only a small amount (less than 10 %) of the externally added elements (EA)
in the soil were in a form that is available and can be absorbed by roots and
translocated throughout the plant (Figure 3 (a)) in these experiments. The smallest
percentage of TF,,; was for DI Co concentration and the highest was in the case of
SII Pb concentration (Figure 3 (a)). Generally looking, the second experiment had
greater TF,; probably due to the greater change in soil pH for both species. Lower
pH increases the metal availability due to competition between hydrogen ions and
metal ions at the uptake sites in the roots.’ In wood and bark (Figure 3 (b) and (c)),
TE’s are less than 1 % (except for Sr) and the highest TFs are for St, in both species.
The Sr is chemically related to Ca and plant roots normally do not discriminate
between absorption of Ca*" and Sr** from nutrient solutions.” This could be the
reason for elevated TF in wood and bark for Sr (Figure 3 (b) and (c)). Higher
available Sr concentration in the soil in these experiments probably competes with
the Ca concentration (a very important macronutrient for higher plants). Calculated
TFyo0q are greater in Douglas-fir than in spruce wood for examined elements and
Ni and Pb in Douglas-fir stand out. Nickel is attributed to mobile elements,*** and
Ni uptake in our experiments confirm its high mobility. Pine, birch and black alder
most efficiently took up Zn and Ni.>* Although available soil concentrations of Pb
compared to control (Figure 2(a)) are higher than for Ni, transfer factors in wood
for Ni are greater. In the case of bark, transfer factors are more pronounced than in
wood. The highest TFy, is for Sr, then Ni, Co and Pb. Also, small differences
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between spruce and Douglas-fir transfer factors for bark can be seen (Figure 3 (¢)).
The bark is intensively used as a bioindicator of atmospheric pollution but uptake
of Pb, Sr, Co and Ni by tree root in these experiments indicate to their translocation
from the soil to the bark. This pathway has to be taken into consideration in the
highly polluted areas like the one where the elements are incorporated into the
bark, especially in the case of Co which couldn’t be traced in spruce and Douglas-
fir wood.

These experiments showed that metals added to natural soils were absorbed
by tree roots and transferred to wood and bark within two years under normal
conditions. Despite the soil concentration in the first experiment being double that
of the second, the increase in metal content in soil, wood, and bark was not
proportional. The second experiment had higher soil transfer factors (TF ) than
the first, leading to a ratio of less than 2 between the experiments. Such studies
provide valuable insights into heavy metal accumulation and distribution in tree
species. Since plants can significantly reduce air pollution, expanding green spaces
is a highly effective solution.

CONCLUSIONS

All spruce and Douglas-fir trees survived and grew normally during the two-
year experiment. The general response of the two coniferous species was an
increase of elements in wood and bark compared to controls, with only a slight
decrease in Mn and Zn. Sr and Ni were absorbed most efficiently. While uptake
wasn't directly proportional to soil metal concentrations, both species responded to
elevated levels, indicating environmental pollution. Bark was also influenced by
the added. concentrations in the soil which has to be taken into consideration in
highly polluted areas as the significant pathway. Bark, especially for Co, also acted
as a-useful indicator, unlike wood where Co was not detected. Thus, Douglas-fir
wood can serve as a better bioindicator of Pb and Ni than spruce. Despite higher
soil metal levels in spruce, Douglas-fir accumulated more Ni (18 and 10 times
higher) and Pb (7 and 4 times higher), making it a better bioindicator for these
metals. Expanding green spaces is a highly effective way to reduce air pollution,
as plants play a significant role.
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U3BO[J

TEPEHCKH EKCITEPUMEHT O YCBAJAKY OJIOBA, CTPOHIIMJYMA, KOBAJITA U HUKJIA
Y OPBETY U KOPU CMPYE (Picea abies L.) U OYTJIABWUJE (Pseudotsuga menziesii Mirb.)

WBAHA P. MUIOILEBUR", CAA KMBKOBWR?, MUJTOLLI MOMUYWJIOBUR?, XKEJBKA BU LU R-JEOTUR’,
MHJIOPAJl BECETMHOBHUR?, UBAHA JI. MAPKOBUR®, IPATAH M. MAPKOBHR '

"Uncmuiuyiw 3a ¢pusuxy y Beoipagy, Yrnusepsuiueiu y Beoipagy, ITpeipesuya 118, 11080 Beoipag, Cpduja,
’Huciiuiiy 3a HyKneapHe Hayke ,Bunua, Ynusepsuitein y beoipagy, Muxe Ilewiposuha Anaca 12-14,
11351 Beoipag, Cpduja, SHucuwywi 3a MyTGUJUCUUTITUHAPHA UCTAPANUBAA, YHUBep3uiiew y Beoipagy,
Knesa Buwecnasa 1, 11090 Beoipag, Cpduja, *‘Huciuuiayin 3a wymapcimso, Kneza Buwecnasa 3, 11090
Beoipag, Cpduja, *Worldwild Clinical Trials, Omladinskih brigada 90b, 11070 Beoipag, Cpouja.

Jbyncke akTMBHOCTH Cy 3Ha4yajHO NPOMEHW/IE AOCTYNHOCT W LMpKyJIauujy 3arahyjyhux
marepyja, yTHdyhy Ha BUXOBE KOHILIEHTpallMje Y KUBOTHOj cpenuHu. OBo 3araleme mocedHO
yTtuue Ha gpsehe. Y 0BOj CTynuju, CIIpOBENIX CMO [1Ba 01BOjeHa excriepumenTa (I u I1) na ducmo
WCIATAA aKyMYyJIall|jy 0JIOBA, CTPOHLUjyMa, KoDaITa W HUK/IA Y CamHUIIamMa cmpue (Picea abies
L.) u nyrnasuje (Pseudotsuga menziesii Mirb. ). OBe camuuie cy Suse u3noxxeHe NOBHUIIEHOM HUBOY
OBHX METaJla JofaBakeM y 3eMsby. Haliy TepeHCKY eKCIIepMMEHTH NPy Kajy YBUA Y aKkyMyJTaLiujy
MeTal1a y NPUPOOHOM OKpY’Kewy. Mepuau CMO KOHIIEHTpalMje OBHX €leMeHara, 3ajedHo ca
MaHTaHOM U JMHKOM, Y 3€MJBUILTY, IPBETY U KOpH KOpUCTehH MHAYKTHBHO CIPErHYTY MIa3Ma-
onTuuky emucuoHy cnekrpometpujy (MCII-OEC). Pesyntatd cy nokasaau nosehane HHBOE
IOlaTUX MeTasla y IpBEeTy M kopu o0e BpcTe npseha. [[puMeTHO je fa je mouuio A0 3Ha4ajHOT
noBehama KOHIIEHTpaldje 0710Ba U HUKJIA Y ApBeTy Iyriasuje. KoHIeHTpalyja 010Ba Y APBETY
nyrnasuje je duna 7 1 4 myta Beha y ornenyma I v 11y omHOCY Ha KOHTPOJTY, 10K je KOHLIeHTpaluja
Huia Ouna 18 u 10 myra Beha. OBM pesynTaTH, HAa OCHOBY KOHIIEHTpalHWja ejlemMeHara y
TparoBuMa Hu TpaHcdep (akropa, Cyrepully fAa ApBO AyIjasdje MMa MOTEHUWjal Ka
(purocrabwinzauujy 010Ba U HUKIIA.

(ITpumsseHo 25. cenrembpa 2024; pesunupano 13. nenembpa 2024; npuxsaheHo 12. janyapa 2025.)

REFERENCES

1. W. Liu, J. Ni, Q. Zhou, Mater. Sci. Forum 743-744 (2013) 768
(https://dx.doi.org/10.4028/www.scientific.net/MSF.743-744.768)

2.  D. M. Markovi¢, I. R. Milosevié, D. Viloti¢, Environ. Sci. Pollut. Res. 20 (2013) 136
(https://dx.doi.org/10.1007/s11356-012-1024-8)

3. M. Yousaf, K. L. Mandiwana, K. S. Baig, J. Lu, Water Air Soil Poll. 231:382 (2020)
382 (https://dx.doi.org/10.1007/s11270-020-04758-w)

4.  W. Kusiak, J. Majka, I. Ratajczak, M. Gorska, M. Zborowska, Forests 11:746
(2020) 746 (https://dx.doi.org/10.3390/F11070746)

5. H. Sevik, M. Cetin, A. Ozturk, H. B. Ozel, B. Pinar, Appl. Ecol. Env. Res. 17 (2019)
12843 (https://dx.doi.org/10.15666/acer/1706 1284312857)

6. A. Turkyilmaz, H. Sevik, K. Isinkaralar, M. Cetin, Environ. Sci. Pollut. R. 26 (2019)
5122 (https://dx.doi.org/10.1007/s11356-018-3962-2)

7. L. Gémez, A. Contreras, D. Bolonio, J. Quintana, L. Ofiate-Sanchez, I. Merino, Adv.
Bot. Res., 89 (2019) 281 (https://doi.org/10.1016/bs.abr.2018.11.010)

8. H. Marschner, Mineral nutrition of higher plants, Academic Press, London, UK, p.
313, 1995. (https://doi.org/10.1016/C2009-0-02402-7)



https://dx.doi.org/10.4028/www.scientific.net/MSF.743-744.768
https://dx.doi.org/10.1007/s11356-012-1024-8
https://dx.doi.org/10.1007/s11270-020-04758-w
https://dx.doi.org/10.3390/F11070746
https://dx.doi.org/10.15666/aeer/1706_1284312857
https://dx.doi.org/10.1007/s11356-018-3962-2
https://doi.org/10.1016/bs.abr.2018.11.010
https://doi.org/10.1016/C2009-0-02402-7

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.

29.

30.

MILOSEVIC ez al.

M. N. V. Prasad, J. Hagemeyer, Heavy metal stress in plants: From molecules to
ecosystems, Springer-Verlag, Berlin Heidelberg New York, 1999, p. 1 (ISBN:
3662077450)

M. Praspaliauskas, N. Pedisius, A. Gradeckas, J. For. Res. 29 (2018) 347
(https://doi.org/10.1007/s11676-017-0455-y)

N. Rascio, F. Navari-1zzo, Plant Sci. 180 (2011) 169181
(https://doi.org/10.1016/j.plantsci.2010.08.016)

I. V. Seregin, A. D. Kozhevnikova, Russ. J. Plant Phys. 53 (2006) 257
(https://doi.org/10.1134/S1021443706020178)

B. J. Alloway, Heavy metals in soils, Springer Science & Business Media, Berlin
Heidelberg New York, 2013, p. 196 (https://doi.org/10:1007/978-94-007-4470-7)
J. R. Donnelly, J. B. Shane, P. G. Schaberg, J. Environ. Qual. 19 (1990) 268-271
(https://doi.org/10.2134/jeq1990.00472425001900020012x)

Z. Q. Lin, N. N. Barthakur, P. H. Schuepp, G: G. Kennedy, Environ. Exp. Bot. 35
(1995) 475 (https://doi.org/10.1016/0098-8472(95)00039-9)

S. A. Watmough, T. C. Hutchinson, Environ. Pollut. 121 (2003) 39
(https://doi.org/10.1016/S0269-7491(02)00208-7)

A. Bonet, G. Pascaud, C. Faugeron, M. Soubrand, E. Joussein, V. Gloaguen, G.
Saladin, Int. J. Phytoremediat. 18 (2016) 559
(https://doi.org/10.1080/15226514.2015.1086297)

C. Astier, V. Gloaguen, C. Faugeron, Int. J. Phytoremediat. 16 (2014) 790
(https://doi.org/10.1080/15226514.2013.856849)

M. S. Giinthardt-Goerg, P. Vollenweider, R. Schulin, Plants 11 (2022) 523
(https://doi.org/10.3390/plants11040523)

O. P. Zhivotoysky, Y. A. Kuzovkina, C. P. Schulthess, T. Morris, D. Pettinelli, /nt. J.
Phytoremediat. 13 (2011) 731 (https://doi.org/10.1080/15226514.2010.525555)
H. Cobanoglu, H. Sevik, 1. Kog, Water Air Soil Poll. 234:65 (2023) 65
(https://doi.org/10.1007/s11270-023-06086-1)

S.-O. Borgegard, H. Rydin, J. Appl. Ecol. 26 (1989) 585
(https://doi.org/10.2307/2404084)

D. Butkus, E. Baltrénaité, Ekologija 53 (2007) 29 (ISSN: 0235-7224)

N Mirecki, R. Agi¢, L. Sunié, L. Milenkovi¢, Z. S. 1lié, Fresen. Environ. Bull. 24
(2015) 4212 (ISSN: 1018-4619)

E. Baltrénaité, A. Lietuvninkas, P. Baltrénas, Water Air Soil Pollut. 223 (2012) 4297
(https://doi.org/10.1007/s11270-012-1192-7)

Official Gazette of the Republic of Serbia 64/2019 (2019) 1

H. Sevik, M. Cetin, H. Ucun Ozel, H. B. Ozel, M. M. M. Mossi, I. Zeren Cetin,
Environ. Sci. Pollut. R. 27 (2020) 2423 (https://doi.org/10.1007/s11356-019-06895-
0)

G. Saladin, Phytoextraction of Heavy Metals: The Potential Efficiency of Conifers,
in Soil Biology, 44, Springer Science & Business Media, Berlin Heidelberg New
York, 2015, p. 333 (https://doi.org/10.1007/978-3-319-14526-6_18)

K. Saarela, L. Harju, J. Rajander, J. Lill, S. Heselius, Sci. Total Environ. 343 (2005)
231 (https://doi.org/10.1016/j.scitotenv.2004.09.043)

S. N. Istanbullu, H. Sevik, K. Isinkaralar, O. Isinkaralar, B. Environ. Contam. Tox.
110:78 (2023) 1 (https://doi.org/10.1007/s00128-023-03720-w)



https://doi.org/10.1007/s11676-017-0455-y
https://doi.org/10.1016/j.plantsci.2010.08.016
https://doi.org/10.1134/S1021443706020178
https://doi.org/10.1007/978-94-007-4470-7
https://doi.org/10.2134/jeq1990.00472425001900020012x
https://doi.org/10.1016/0098-8472(95)00039-9
https://doi.org/10.1016/S0269-7491(02)00208-7
https://doi.org/10.1080/15226514.2015.1086297
https://doi.org/10.1080/15226514.2013.856849
https://doi.org/10.3390/plants11040523
https://doi.org/10.1080/15226514.2010.525555
https://doi.org/10.1007/s11270-023-06086-1
https://doi.org/10.2307/2404084
https://doi.org/10.1007/s11270-012-1192-7
https://doi.org/10.1007/s11356-019-06895-0
https://doi.org/10.1007/s11356-019-06895-0
https://doi.org/10.1007/978-3-319-14526-6_18
https://doi.org/10.1016/j.scitotenv.2004.09.043
https://doi.org/10.1007/s00128-023-03720-w

31.

32.

33.

34.

35.

FIELD STUDY OF METAL UPTAKE 15

M. Cetin, A. M. O. Aljama, O. B. M. Alrabiti, F. Adiguzel, H. Sevik, 1. Zeren Cetin,
Water Air Soil Pollut. 233:163 (2022) 1 (https://doi.org/10.1007/s11270-022-05638-
1)

D. Butkus, E. Baltrénaité, Ekologija 53 (2007) 68 (ISSN: 0235-7224)

S. W. Breckle, H. Kahle, Vegetatio 101 (1992) 43
(https://doi.org/10.1007/BF00031914)

L. Augusto, J. Ranger, D. Binkly, A. Rothe, Ann. Forest. Sci. 59 (2002) 233
(https://doi.org/10.1051/forest:2002020)

K. Isermann, Handbook of Stable Strontium, Springer-Verlag, Berlin'Heidelberg
New York, 1981, pp. 65 (https://doi.org/10.1007/978-1-4684-3698-3 5).



https://doi.org/10.1007/s11270-022-05638-1
https://doi.org/10.1007/s11270-022-05638-1
https://doi.org/10.1007/BF00031914
https://doi.org/10.1051/forest:2002020
https://doi.org/10.1007/978-1-4684-3698-3_5

