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Abstract The levels of heavy metals that accumulated in

stemwood of mature trees grown for 20 years in a plantation

in an abandoned peat quarry in areas that were fertilized with

different amounts of domestic sewage sludge (180, 360, and

720 Mg ha-1 on a dry basis) were compared with trees

grown in a reference nonfertilized area. Included in the study

was a hybrid poplar (Populus tremula 9 Populus tremu-

loides) developed for use as an energy crop, three local tree

species and one introduced tree species. The concentrations

of Cd, Cr, Cu, Ni, Pb and Zn in the stemwood of the trees

grown in the fertilized and nonfertilized fields were deter-

mined, and found to be significantly lower than their

respective concentrations in the soil. Cd and Cr were found

only in several wood samples at concentrations close to the

limits of detection or qualification; therefore, they were not

analyzed further. A correlation analysis suggested that 75%

of the correlations between the concentrations of heavy

metals in the stemwood and the concentrations in the soil

were negative. The ability of trees to accumulate the metals

from soil inmost cases decreased forCu andNi; however, the

correlations were not as clear for Pb and Zn. The following

sequence for the levels of heavy metals found in the stem-

wood of the analysed trees was Zn[Pb[Ni[Cu[ (Cr,

Cd). The results of this study showed that the levels of heavy

metals in the studied wood would not exceed the permitted

limits of heavy metal pollution in the air and ash when used

for energy production.

Keywords Forest tree plantation � Accumulation factor �
Saturation limit � Biosolids � Heavy metals � Long-term
field experiments � Biofuels

Introduction

The cultivation of tree plantations for use as energy crops

has become particularly important because of the scarcity

and rapidly increasing expense of fossil fuels (e.g., oil,

coal, natural gas), and the continued growth of greenhouse

gas emissions. Fuels generated from biomass have

increased the potential uses of short rotation trees as an

alternative for energy production. Therefore, the develop-

ment of forest tree plantations has become a public policy

objective for countries bound by international conventions

for environmental protection.

Recently, the growing demand for wood fuel and

increasing quantities of sewage sludge have led to the

development of integrated solutions. One such solution is

the cultivation of forest tree plantations that are fertilized

with sewage sludge. However, the use of sewage sludge as

a fertilizer remains controversial because sewage contains

high levels of accumulated pollutants, including heavy

metals (HMs), which can pollute groundwater and soil and

may also be absorbed by plants and move up the food

chain. Studies have shown that the concentrations of HM

are distributed within the stemwood of trees in the
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following sequences: Zn[Cu[Cd[Ni[Pb[Cr

(Laureysens et al. 2004) and Zn[Cu[Cd[Ni (Pulford

et al. 2002). More detailed HM distributions in different

parts of trees are presented in a study by Chang et al.

(2014). When energy tree plantations are fertilized with

sewage sludge, the HM distributions within different parts

of the tree are nonhomogeneous. Long-term observations

and studies by Orlandi et al. (2002) and Lettens et al.

(2011) have shown that within the stemwood of Larix

decidua and the leaves of Populus trichocarpa 9 P. del-

toides, HMs tend to accumulate at a constant rate.

The establishment of common HM accumulation pat-

terns in trees that grow in polluted soil is complicated

because HM absorption and transportation to different parts

of the tree is a sophisticated biochemical process that

involves various transportation systems (Rascio and

Navari-Izzo 2011). Excess concentrations of HMs in the

soil can cause plants to develop a protection mechanism

that prevents the absorption of HMs, which suggests that

the migration and accumulation of each metal within the

tree is an individual process that occurs up to a certain

biological saturation limit (Chandra et al. 2016). Decreases

of HMs are caused by various factors, and the most influ-

ential include leaching under acidic conditions and

absorption by the roots, stemwood, bark, and leaves (Un-

terbrunner et al. 2007; Bramryd 2013). The bioavailability

of metals to trees and the subsequent accumulation of

metals in tree tissue can vary widely according to the

source of metal contamination and site conditions (Pulford

and Watson 2003). Despite the high sorption capacity of

the organic materials found in large concentrations in

sewage sludge, excess heavy metals can influence plant

growth. Further, pH parameters in the soil can influence

heavy metal absorption from sewage sludge. For example,

the mobility and accumulation of Cu and Zn in plants

increase as the pH decreases. Additionally, pH governs the

phytotoxic symptoms that determine plant growth (Plan-

quart et al. 1999). In conditions of high pH, the solubility

of chemical compounds is lower, which increases the dif-

ficulty of inactive element absorption by plants. The

accumulation of Cu, Zn and Ni by trees planted on slag

(Salt et al. 1996) was less than 1% of the metal contained in

the top 10 cm of the waste, thereby rendering phytoex-

traction unfeasible at this site. The low uptake of metals

was attributed to the high pH of the waste and the chemical

form of the slag’s metal contaminants. At a less-contami-

nated site, Watson (2002) reported a decrease at the end of

the growing season in the concentrations of Cd, Cu and Zn

in the leaves and bark, although a slight increase was

observed in the wood. Studies have reported that wood

accumulates only a certain quantity of HMs and showed

that the levels remain stable, regardless of the HM con-

centrations in the soil (Hossain et al. 2012; Reimann et al.

2007). Even at a constant soil concentration, HM accu-

mulation in trees does not follow a stable sequence. One

analysis of different birch (Betula pubescens) parts showed

that at lower soil concentrations, the HM levels in the wood

did not differ substantially from the levels observed in the

present study (Reimann et al. 2007).

Several models investigating the factors affecting the

HM uptake in trees have been described in McLaughlin

(2001) and Pinto et al. (2014). Most of these models have

been applied to Cd, Zn, Cu and Pb. The results of such

models are often relevant only for a particular tree species

growing in certain environmental conditions. Therefore, it

is difficult to determine the distribution of HM within

separate parts of forest plantations because of a lack of

controlling mechanisms (Evangelou Michael et al. 2012).

The studies of Reimann et al. (2007) and Hossain et al.

(2012) indicate that HM accumulation mainly occurs in the

leaves and to a lesser extent in the roots and stemwood.

Because energetic trees are mostly cut during winter, HM

accumulation within stemwood is extremely important.

A number of by-products are formed by incinerating

wood fuel, and some of these forms are undesirable as

bottom ash. The incinerated stemwood of trees grown on

soil fertilized with sewage sludge could contain more HM

than trees from nonfertilized plots. Consequently, the ashes

of trees fertilized with sludge cannot be used to fertilize

agricultural land, which might affect the potential of sludge

as a forest fertilizer. In certain cases, biomass combustion

causes a greater release of HM into the atmosphere (as fly

ash) compared with that remaining as bottom ash (Ma-

ciejewska et al. 2006: Berra et al. 2010; Hazrat et al. 2013).

The levels of HMs that accumulate in trees is dependent

on whether the sample is collected from a young or a

mature tree (Turner and Dickinson 1993). Mature trees

show a number of differences compared with young sap-

lings (3–4 years), such as their wood carbon content, the

biochemical plant cell resistance, the number of tissues

involved in photosynthesis. An analysis of the heavy metal

concentrations in various trees (maple, ash, pine, birch and

cottonwood) grown on sludge-amended mine spoils (Pul-

ford and Watson 2003) showed that in the first-year tree

samples, the metal accumulation patterns were high,

whereas in the 3rd-year harvest samples, significant

increases in the concentrations were not observed, although

this result does not necessarily indicate a decline in metal

assimilation over time. Rather, the concentrations were

attributed to dilution by higher biomass production and

metal accumulation in the litter layer.

Because of these differences, conclusions generated for

mature trees based on studies of young trees are prob-

lematic (Turner 1994; Labrecque et al. 1995). However,

most studies investigating HM accumulation from sewage

sludge are limited to short-rotation (up to 5 years) tree
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plantations. HM accumulation has been described in leaves

for 7-year rotations of Populus trichocarpa 9 P. deltoides

(Lettens et al. 2011) and in fine roots for 3-year rotations of

Salix sp., Picea abies (Dimitriou et al. 2006) and in Pop-

ulus tremula (Brunner et al. 2008). Also the accumulation

of HMs has been described in stemwood of Populus tri-

chocarpa 9 P. deltoides ‘Beaupré’ and Populus tri-

chocarpa ‘Trichobel’ (Moffat et al. 2001); and 2-year

rotations of Populus euramericana ‘Robusta’ in leaves and

stems (Smilde 1981). Less commonly, studies have been

performed with fast-growing trees (hybrids of the Populus

genus, birches, and grey alders), and the investigation

period is short compared with the entire growth period of a

tree (18–20 years). Trees that are not usually selected for

studies of metal tolerance can generally survive in metal-

contaminated soil, albeit with a reduced growth rate

(Dickinson et al. 1992). Even in contaminated soils, most

of these seedlings can survive for at least 3 years despite

impaired growth, suggesting a low level of innate toler-

ance; however, facultative tolerance, such as that observed

with a proliferation of fine roots in uncontaminated soil

zones, is important (Pulford and Watson 2003).

However, when considering trees for use as wood fuel,

studies of mature trees are more reasonable than those

conducted on young saplings. In addition, tree leaves and

roots are less relevant when trees are to be used as energy

resources. In plantations, trees are usually felled in winter

when they reach maturity or at their largest mass increase.

Therefore, the main objectives of this study are to evaluate

the accumulation of Cd, Cr, Cu, Ni, Pb and Zn in the

stemwood of trees cultured for 20 years in a peat quarry

fertilized with sewage sludge and to determine whether

such wood can be used as fuel in combustion processes

without causing environmental problems, i.e., environment

pollution through ash reuse.

Materials and methods

Plantation establishment and initial evaluation

The plantation was established by the Institute of Forestry

of the Lithuanian Research Centre for Agriculture and

Forestry in a high-moor peatland as part of a project con-

ducted between 1991 and 1996 (Gradeckas et al. 1998). In

1993, an abandoned peat quarry plot with an area of 0.2 ha

was selected for the cultivation of forest trees. A drained

plot that presented a cut-away upper-type high-moor

peatland with a 1 m deep peat layer was chosen. The

groundwater level was more than 1 m in depth. Sewage

sludge was spread over the entirety of the surface of the

plot in three layers with different thicknesses: 6, 12 and

24 cm. Each investigated plot was fertilized with different

amounts of sewage sludge: minimal (180 Mg ha-1),

moderate (360 Mg ha-1), maximal (720 Mg ha-1) of dry

matter. A nonfertilized plot was used as the control. The

plots were ploughed, and the sewage sludge was ploughed

up to peat. The plots were only fertilized once, in 1993.

The soil from the plots included in the experiment was

initially analyzed using the following instruments and

methods: the pHKCl was measured with a potentiometer;

the total nitrogen was measured with the Kornfield method;

the available phosphorus was measured with the Kirsanov

method; and the available potassium extraction was per-

formed with a flame photometer.

Five tree species were chosen for the tests. In every plot,

30 trees were planted in rows (1 9 3 m) at a planting

density of 3.3 9 103 ha-1, for a total of 600 trees. The

height of the saplings was 0.5–1.0 m.

In 2013, five samples of the mature trees (grey alder

[Alnus incana], silver birch [Betula pendula], common

aspen 9 American aspen [Populus tremula 9 Populus

tremuloides], European spruce [Picea abies] and box elder

[Acer negundo]) and plantation soil were collected. In total,

200 stemwood samples were collected from the stems (10

samples per tree species) at 1.3 m from the ground (Fig. 1)

using a Pressler drill.

Five soil samples were randomly collected between the

trees from the top 6–24 cm of the soil surface in each

separate plot (for a total of 20 samples).

Laboratory analysis

In the laboratory, the stemwood and soil samples were

dried for 18 h in a low temperature electrical furnace at

105�C. The dried samples were cooled in a desiccator to

room temperature. The stemwood samples were mechani-

cally chopped into 3–4 mm chips, and the soil samples

were quantitatively ground to the size of a 0.5 mm sieve.

The samples (approximately 0.2–0.4 g) were flooded

with 2 mL of concentrated fluoric acid and 6 mL of con-

centrated nitric acid. The samples were placed in a min-

eraliser and mineralised for 1 h 10 min (at 800 W, 6 MPa,

pRate: 50 kPa/s), with 10 min allocated for heating, 45 min

for mineralisation (in accordance with established param-

eters) and 15 min for cooling. After the first mineralisation,

the samples were flooded with 20 mL boric acid (H3BO3)

and again placed into a mineraliser for 1 h 10 min (at

800 W, 6 MPa, pRate: 30 kPa/s).

After the mineralisation, the solution was poured into

50 mL flasks and diluted to 50 mL using deionised water.

The solutions prepared from the different stemwoods and

soil samples were analyzed using an inductively coupled

plasma optical emission spectrometer (ICP-OES).

Soil were mixed for 5 min in 1 M KCl solution at a ratio

of 1:5 to measure soil pHKCl. The suspension was allowed
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to sit for 2 h to stabilize the ionic balance, and then the

hydrogen ion concentration was measured with a

potentiometer.

Statistics and calculations

The results of the chemical analyses were analysed using

Statistica 7 software (StatSoft, Tulsa, OK, USA). The mean

values and standard deviations (SDs) were calculated for

each species at each fertilization plot.

A bioconcentration factor or accumulation factor (AF)

was calculated (in %) according to the following equation

(Wilson and Pyatt 2007):

Accumulation factor (AF) ¼ Cwood�2013

Csoil�1993

� 100 ð1Þ

where AF is the accumulation factor (%); Cwood-2013 is the

metal concentration in the stemwood in 2013; andCsoil-1993 is

the metal concentration in the soil in 1993 after fertilization.

The significance of differences between the metal dis-

tribution in the stemwood and soil was evaluated using the

Pearson correlation coefficient (r); p\ 0.05 was consid-

ered sufficient for significance. For demonstrating a rela-

tionship between two variables, the relationship in most

cases was described as a linear function or as a second-

degree polynomial function for the accumulated Cu and Zn

concentrations in the stems of silver birch.

Results

Sewage sludge and soil parameters in 1993

Based on granulometric composition, sewage sludge,

composed mainly of sand with a high concentration

(16.4–30.2%) of organic matter, was applied to the

experimental plantation. Sludge moisture content was 55%.

Mean pH indices of sludge and nonfertilized soil were 6.6

and 3.4, respectively. The mean pH index of fertilized soil

was approximately the same as that of sludge; thus, the

sludge strongly reduced the acidity of the soil. The soil

contained a large concentration of humus (12.6–17.5%),

substantial quantities of total nitrogen (533–792 mg kg-1),

‘‘available phosphorus’’ (1470–1930 mg kg-1) and a small

concentration of available potassium (153–298 mg kg-1).

Leaching of HM during the 20-year period

Figure 2 shows the initial concentration of HM in the soil

as determined in 1993 after the plantation was fertilized

with sewage sludge (Gradeckas et al. 1998) and in 2013

after 20 years of growth.

As shown Fig. 2, the HM concentration in the nonfertil-

ized soil in 1993 was low: Cr * 48.9 mg kg-1, Cu *
8.6 mg kg-1, Ni * 13.5 mg kg-1, Pb * 10.3 mg kg-1

and Zn * 75.8 mg kg-1. Cd was not initially measured.

The application of sludge significantly increased the HM

concentrations in the soil, and the increments of HM con-

centrations in the soil were the largest at 180 Mg ha-1 input.

The Cu concentration increment was the largest and reached

up to 14-fold. Increases in the HM element concentrations

occurred in the following sequence: Cu[ Pb[Zn[Ni

and Cr.

As expected, as the intensity of fertilization increased

above 180 Mg ha-1, the rate of HM concentration incre-

ments in the soil gradually decreased and eventually

approached the HM concentration level of the sludge in the

upper ploughed layer of the soil. Thus, the Cu concentra-

tion increased by only 3.8 and 1.9 times when the fertil-

ization input increased from 180 to 360 Mg ha-1 and

720 Mg ha-1, respectively. Other HM concentrations

increased to a lesser degree. In the fertilization range of

360 to 720 Mg ha-1, the increment of HMs in the soil

increased by only 1.1–1.2 times.

Fig. 1 Forest plantation after 20 years. Sampling locations in left image are encircled in blue
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Fertilization also changed the sequence of HM elements

in terms of quantity from Cu[Ni[Cr[ (Pb, Zn) at a

fertilization level of 180 Mg ha-1 to Cu[Zn[ (Cr,

Pb)[Ni at a level of 720 Mg ha-1.

After 20 years, the HM concentrations in the soil sig-

nificantly decreased. However, the analysis shows that

these reductions are linked to the metal type. If the relative

averaged values of the HM concentration decreases in all

fertilized plots are excluded, then the values for Ni and Zn;

Cr and Pb; and Cu reach up to 30, 55 and 70%, respec-

tively. In most cases, especially between the nonfertilized

plots and the plots fertilized to 360 Mg ha-1, the HM

concentrations in the soil increased along with the fertil-

ization intensity, and the values followed a logistic curve.

Fig. 2 Cr, Cu, Ni, Pb and Zn concentrations in the soil in 1993 and relationship to sewage sludge input (I) rates in 2013. The Cd concentration

was measured only in 2013
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However, with increases in the fertilization intensity from

360 to 720 Mg ha-1, the HM concentrations increased at a

declining rate (Fig. 2). These differences were not depen-

dent on the absolute concentration values but rather on the

metal type. The biggest change in the concentration of Cu

may have been caused by its high mobility and dependence

on soil alkalinity.

In 2013, the soil pH indices in the fertilized plots varied

from 6.6 to 5.6, and these values were dependent on vari-

ations in the fertilization intensity from 720 to

180 Mg ha-1. These pH values were close to the values

observed for the sludge. The pH value of the nonfertilized

soil remained practically the same at 3.3.

HM accumulation in the stemwood of trees

Figure 3 shows the concentrations of separate metals (Cu,

Ni, Pb and Zn) that were measured in the stemwood of all

of the investigated tree species after 20 years. Cd and Cr

were only found in several wood samples and at concen-

trations close to the limits of detection or qualification;

therefore, they were not subjected to further analysis.

The sampled trees grown in fertilized soil did not exhibit

visible symptoms of toxicity. However, in all of the fer-

tilized plots, the accumulated HM concentrations showed

exceptional tendencies for individual metal concentrations

and tree stems. The results showed that different plants

have different levels of susceptibility to the accumulation

of various HMs, which is related to differences in the

bioavailability of heavy metals/metalloids in soil. HMs can

be distributed into three categories: readily bioavailable

(Cd, Ni, Zn, As, Se, Cu), moderately bioavailable (Co, Mn,

Fe) and least bioavailable (Pb, Cr, U) (Hazrat et al. 2013).

Figure 3 shows that Zn presented the highest accumu-

lation in all of the investigated tree stems relative to Cu, Ni

and Pb. According to Pesonen et al. (2014), Zn may have

occurred in more a bioavailable form than the other metals,

which might explain the strong accumulation of Zn in all of

the tree samples. In our study, the Zn concentrations in all

of the tree stems varied in the nonfertilized plot from 8.3 to

41.4 mg kg-1 and in the fertilized plots from 0.7 to

63.2 mg kg-1.

For the individual tree species, the Zn concentrations in

the stems of the grey alder, silver birch, and the common

aspen 9 American aspen hybrid were nearly the same and

varied from 34.3 to 44.7 mg kg-1. The accumulated Zn

concentrations in the European spruce stems were lower at

approximately 20.3 ± 3.7 mg kg-1, and box elder accu-

mulated the lowest concentration of Zn at approximately

5.0 ± 0.3 mg kg-1.

Independent of the fertilization intensity, the Pb concentra-

tion was highest in the grey alder stems (6.1 ± 0.2 mg kg-1)

and lowest in the box elder (4.9 ± 0.4 mg kg-1), and it

declined progressively in the following sequence: grey

alder[ common aspen 9 American aspen[ silver birch[
European spruce[ box elder.

The highest accumulated Ni concentrations independent

of the fertilization intensity were observed in grey alder and

common aspen 9 American aspen hybrid stems, values that

varied close to 2.0 mg kg-1, and the lowest accumulated Ni

concentrations in all of the fertilization plots was found in the

silver birch stem at 1.6 ± 0.07 mg kg-1.

The accumulated Cu concentrations independent of the

fertilization intensity were highest in the grey alder stems

(3.1 ± 0.1 mg kg-1) compared with the other investigated

trees (between 0.6 and 1.1 mg kg-1), and the difference

was significant.

In terms of the metal type, the stemwoods in the non-

fertilized and fertilized areas generally accumulated HMs

in the following sequence: Zn[Pb[Ni[Cu. This ten-

dency became even more noticeable when the variation of

accumulation factors was analysed. These factors were

calculated according to Eq. (1) and are presented in Fig. 4.

In the nonfertilized areas, the accumulation factors of Pb

and Zn for all of the trees were high at more than 40%. The Pb

accumulation factor was the highest, and its values varied

from 44.8 to 82.9%. The Zn accumulation factor was nearly

the same for all of the trees and varied between 40.1 and

44.2%. The only exception was box elder, for which the Zn

accumulation factor was 13.8 ± 1.4%. The accumulation

factors for Cu and Ni were less than those of Pb and Zn, and

their values did not exceed 25%. In addition, the accumulation

factor for Cu in the box elder was 54.8 ± 19.4%. Equivalent

accumulation factor values were calculated for Cu and Ni for

the silver birch (Cu, 7.7 ± 2.3%; Ni, 8.4 ± 0.6%) and

European spruce (Cu, 16.2 ± 3%; Ni, 17.1 ± 2.6%).

In the fertilized areas, regardless of the fertilization

intensity, the accumulation factors decreased significantly

compared with that of the nonfertilized areas. The accu-

mulation factors of Pb and Zn in the fertilized areas

reached nearly the same level in all of the trees. In this

case, the accumulation factor for Pb varied from 6.0% (box

elder) to 11.0% (grey alder), and for Zn, it varied from

4.4% (European spruce) to 14.0% (silver birch). For the

box elder, the Zn accumulation factor was low and varied

from 1.3 to 1.4%. The Ni accumulation factor was between

the values for Pb, Zn and Cu. A consistent decrease was

observed in the accumulation factors for the common

aspen 9 American aspen hybrid, silver birch and box

elder. For the grey alder and European spruce, the accu-

mulation factors at a fertilization intensity of 720 Mg ha-1

were higher than those at a fertilization intensity of

360 Mg ha-1, although the difference was not significant.

A considerable decrease in the Cu accumulation factor was

observed with increases in the fertilization intensity,

although a significant decrease in the accumulation factor
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Fig. 3 Cu, Ni, Pb and Zn

concentrations (mean value,

mg kg-1 ± SD) in the

stemwood of the investigated

tree species in 2013 and the

heavy metal concentrations in

the fertilized soil in 1993
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for the grey alder, common aspen 9 American aspen

hybrid and silver birch stems was observed in all of the

fertilization plots.

Relationship between HM concentrations

in the stemwood and soil

Figures 5, 6, 7 and 8 present the results of the regression

analyses on the relationships between the Cu, Ni, Pb and

Zn concentrations in the stemwood of all of the tree species

and their concentrations in the soil after fertilization.

As shown in Fig. 5, the accumulated Cu concentrations

in the stemwood of three species decreased as its concen-

tration in the soil increased. For the common

aspen 9 American aspen hybrid, a moderate negative

correlation was observed (r = -0.54, p\ 0.05), and for

European spruce and box elder, very strong and strong

negative correlations were observed, respectively

Fig. 4 Relation of the accumulation factors for Cu, Ni, Pb and Zn (mean ± SD) on the intensity of fertilization for all types of trees
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(r = -0.84, p\ 0.05; r = -0.73, p\ 0.05). For the grey

alder, a moderate positive correlation was observed

(r = 0.59, p\ 0.05), and for silver birch, a quadratic

relationship was observed.

The accumulated concentrations of Cu in the nonfertil-

ized soil (Cu 8.6 mg kg-1) and soil fertilized at an intensity

of 720 Mg ha-1 (Cu 845.3 mg kg-1) were nearly the same

for silver birch at 0.66 ± 0.02 and 0.74 ± 0.37 mg kg-1,

respectively. In areas fertilized with intensities of

180 Mg ha-1 (Cu 121.8 mg kg-1) and 360 Mg ha-1 (Cu

459 mg kg-1), the accumulated concentrations of Cu in the

stemwood of silver birch were 1.26 ± 0.22 and

Fig. 5 Regression analyses of the Cu concentrations (mg kg-1) in the stemwood of investigated trees, which were dependent on the Cu

concentration in the soil after fertilization (mg kg-1)
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1.23 ± 0.23 mg kg-1, respectively. In this case, the linear

relationship of the results does not imply a lack of rela-

tionship between the variables. This correlation between the

Cu concentration in the soil and the silver birch stemwood is

described as a quadratic relationship.

The Ni concentration in four tree species (Fig. 6)

decreased as its concentration in the soil increases. These

correlations were negative and weak for grey alder

(r = -0.3, p = 0.05) and moderate for common

aspen 9 American aspen hybrid (r = -0.58, p\ 0.05),

Fig. 6 Regression analyses of the Ni concentrations (mg kg-1) in the stemwood of investigated trees, which were dependent on the Ni

concentration in the soil after fertilization (mg kg-1)
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European spruce (r = -0.49, p\ 0.5) and box elder

(r = -0.54, p\ 0.5). However, in the silver birch stem-

wood, the Ni correlation coefficient was positive and

moderate (r = 0.58, p\ 0.05).

This relationship between the accumulated Pb in the

stemwood and its concentration in the soil was very weak

or weak in most cases (grey alder, European spruce and

box elder) (Fig. 7), which is partially explained by Pb

having the lowest bioavailability to plants (Hazrat et al.

2013). Strong and moderate correlations were observed

only for the common aspen 9 American aspen hybrid

(r = -0.78, p\ 0.05) and silver birch trees (r = 0.53,

Fig. 7 Regression analyses of the Pb concentrations (mg kg-1) in the stemwood of investigated trees, which were dependent on the Pb

concentration in the soil after fertilization (mg kg-1)
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p\ 0.05). Although the correlation was negative for the

common aspen 9 American aspen hybrid, which is con-

sistent with the observations for Cu and Ni, it is positive for

the silver birch.

The relationships (Fig. 8) for Zn between the stemwood

and soil were nearly the same as for those for Cu (Fig. 5),

although the statistical significance for the common

aspen 9 American aspen hybrid (r = 0.13, p = 0.4) and

grey alder (r = 0.2, p = 0.2) was weak. For the European

spruce and box elder, the correlations were negative and

moderate (r = -0.57, p\ 0.05) and strong (r = -0.67,

p\ 0.05), respectively. Moreover, a nonlinear correlation

Fig. 8 Regression analyses of the Zn concentrations (mg kg-1) in the stemwood of investigated trees, which were dependent on the Zn

concentration in the soil after fertilization (mg kg-1)
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was observed for silver birch, which is consistent with the

results for Cu (Fig. 5).

The correlation analyses showed that the levels of

dependence of the Ni and Pb concentrations in the stem-

wood on the concentrations in the soil were different. In the

case of Ni, this relationship was significant (p\ 0.05) for

all of the investigated species, whereas for Pb, the rela-

tionship was only significant for the common

aspen 9 American aspen hybrid and silver birch trees. The

weak correlation between soil Pb and tree Pb was

explained by Hazrat et al. (2013), who indicated that Pb is

one of least bioavailable metals to plants. Moreover, the

correlation coefficient for Pb for the other tree species

(Fig. 7) was considerably smaller than that for Ni (Fig. 6),

and the sign of the correlation coefficient was different for

grey alder and European spruce. In Figs. 5–8, the correla-

tion between the HM concentrations in the stemwood and

soil was generally strong and statistically significant,

especially for Cu and Ni. Less reliable correlations were

observed for Pb and Zn in the stemwood and soil. The

correlation analyses suggested that 75% of the correlations

between the HMs in the stemwood and their concentrations

in the soil were negative and the differences were signifi-

cant, whereas only 25% of the HMs showed positive cor-

relations between their concentration in the stemwood and

the soil.

In general, the correlation analyses confirmed that the

HM accumulation factors in the stemwood of the investi-

gated tree species decreased with increases in the fertil-

ization intensity. However, changes in the attributes of

accumulation that were dependent on the tree species, soil

content and metal type were obvious and are discussed

below.

Discussion

The analyses of the HM accumulation in the studied

stemwoods in relation to the HM concentrations in the soil

generated several interesting results. First, all of the

investigated trees can be divided according to their sus-

ceptibility to the HM, with three species (common

aspen 9 American aspen hybrid, European spruce and box

elder) demonstrating decreasing HM accumulation rates

with increases in the application of sewage sludge, which

was observed in almost all of the investigated cases, and

the two local tree species (grey alder and silver birch)

demonstrating an increased likelihood of accumulating

HM, although the correlation was significantly weaker.

Second, the individual HM accumulation tendency differed

among the tree species. For example, the Pb and Zn cor-

relations were weak for all of the studied trees, although

these metals accumulated to the highest concentrations.

The results of the investigation showed that when more

sewage sludge was applied, the soil pH index also

increased. Sewage sludge is rich in humus and nutrients.

Moreover, the sludge presents a generally neutral reaction

and can neutralize the acidity of peaty soils. According to

Watson (2002), the alkalinity of the soil can influence

metal sorption. Moreover, alkalinity can tend to limit the

uptake of HM by trees because HMs are immobilized in an

alkaline soil matrix, thereby reducing their uptake.

According to the results of this study, the decreased HM

values in the stems under increases in the amount of

sewage sludge used as fertilizer were generally significant.

Only small concentrations of HMs from the soil accu-

mulated in the tree stems (Fig. 3). The distribution of HM

concentrations within the stems of hybrid poplars was

Zn[Cu[Cd[Ni[ Pb[Cr according to Laureysens

et al. (2004) and Zn[Cu[Cd[ Pb[Cr[Ni accord-

ing to Pesonen et al. (2014); however, different results

were obtained in this investigation for the common

aspen 9 American aspen hybrid, with Zn[ Pb[Ni[Cu

(in all of the fertilization plots). The same distribution of

HMs were observed in all of the fertilization plots for the

silver birch stems. According to results obtained by Peso-

nen et al. (2014), the concentrations were ordered from

Zn[Cr[Ni[Pb[Cu[Cd, whereas in the results

presented here, Zn and Ni accumulated in the same

amounts. The results of this study showed that in almost all

of the investigated trees, the sequence of accumulated

metals was the same regardless of the fertilization level.

Most associated studies have ordered the accumulated

concentrations of HMs in different trees by the age distri-

bution and land applications, although in all of the studies,

the Zn concentration was almost always highest. For

example, Lorenc-Plucinska et al. (2013) found that the

accumulated Zn concentrations in young grey alder were

highest. The main factors that control the mobility of Zn in

soil are the pH, soil organic matter, redox potential, cation

exchange capacity, ionic species type and concentration,

carbonate content, particle-size distribution and the pres-

ence of oxide and hydroxide species (Pinto et al. 2014).

The levels of the HMs in the trees were also dependent on

the influence of these individual variables, and a strong

influence of one of these factors can change the distribution

of the accumulated HMs in plants.

This study showed low Cu concentrations in the stem-

woods, which was likely related to the large decrease in Cu

from the soil over the 20 years from 1993 to 2013 com-

pared with that of the other metals (Fig. 4). According to

other investigations, a low uptake of Cu can limit the

biological processes of trees; however, Cu is toxic at high

concentrations (Pinto et al. 2014). Despite the large

decrease in Cu in the soil, the concentration was still high.

High concentrations of Cu in the soil can be influenced by
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the alkalinity of the soil because increases in pH decrease

the solubility of Cu in the soil (Wang et al. 2013). This

study showed that as the amount of sewage sludge

increased, the soil pH also increased. This dependency

could have the largest influence on Cu accumulation in

stemwood. Additionally, the speciation of trace metals in

waste appears to be of greater environmental concern than

their total concentrations. Potentially relevant risks include

the mineralization of organic matter and the release of trace

metals into more soluble complexes (Perez-Esteban et al.

2013). This study confirms that the total concentration of

heavy metals in sewage sludge and the soil pH are insuf-

ficient criteria for the control of plant metal accumulation.

The assessment of the levels of HM in wood after

application of sewage sludge shows that does not result in a

significant increase in stemwood HM concentration in the

energy tree plantations because the largest proportions of

HMs are leached into the ground. Therefore, the use of

such wood as fuel in combustion processes will not create

environmental problems related to high-HM concentration

air pollution or problems related to the use of the ash as

fertilizer. However, the use of sewage sludge as a fertilizer

for energy tree plantations is controversial because of the

potential to increase groundwater pollution, which could be

toxic for plants and microorganisms (Perez-Esteban et al.

2013). Thus, additional information and investigations on

the leaching of HM into deeper soil layers and groundwater

are required.

Conclusions

The ability of wood to accumulate HM generally decreased

when the intensity of sewage sludge fertilization increased,

and the correlation analyses showed that 75% of the results

presented a significant negative correlation between the

HM concentration in the stemwood and the soil. At the

same fertilization intensity, different trees tend to accu-

mulate certain concentrations of different HMs, which

remain at the same level. HM accumulation in mature tree

stems is not significant relative to the overall metabolic

balance of harmful materials because in most cases, the

concentration of HM in stemwood differs by several orders

of magnitude from the concentration in the soil. The levels

of HM in the trees showed that there were significant

decreases for Cu and Ni, whereas less reliable correlations

were determined for Pb and Zn. Cd and Cr were found only

in a few wood samples at concentrations close to the limits

of detection or qualification.

The findings of this study show that the accumulated

concentrations of Zn, Pb, Ni and Cu in the tree stems in the

plots fertilized with sewage sludge were significantly lower

than in the nonfertilized plots. The export of HM to the

aboveground biomass only accounted for a small propor-

tion of these metals contained in high-moor peatland soil;

therefore, the use of this wood for energy production will

not exceed the permitted limits of heavy metal pollution in

the air and ash.
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