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Abstract Estonia is the only country in Europe that is active-
ly mining oil shale. Oil-shale-burning power plants have been
and still are the main sources of heavy metals in Estonia. In
order to establish how coniferous ecosystems are affected by
Zn, Cu, Cr, Ni, Cd and Pb, heavy metal content in current-year
and older needles, in litterfall needles and litterfall miscella-
neous fraction, in fine roots and in soil organic horizons was
analysed at six coniferous stands of ICP Forests and ICP
Integrated Monitoring networks. Root uptake, translocation
and accumulation indexes were calculated for each heavymet-
al. The highest concentrations of most of the heavy metals
were found in the soil organic horizons, with the exception
of Zn and Cu, the highest concentrations of which were found
in fine roots. The results showed that concentrations of the rest
of the heavy metals (Cr, Ni, Cd and Pb) were also higher in
fine roots compared to other plant material. Significant corre-
lations between the concentrations in soil organic horizons

and fine roots indicated that heavy metals had accumulated
in the soil organic horizon over time and, in some cases, they
may have been transported to above-ground living biomass of
coniferous trees.

Keywords Heavymetal . Fine roots . Soil organic horizon .

Needles . Oil shale . ICP programmes

Introduction

Oil shale is the most important mineral resource in Estonia. It
is a sedimentary rock containing kerogen that is used to pro-
duce shale oil and energy. Estonia has been at the forefront of
the oil shale industry since the 1960s, making the Baltic region
unique at a European level (Raukas 2010). Environmental
effects of industrial oil shale pollution were most significant
to Baltic and Nordic regions at the end of the 1980s. Political
change, followed by drastic economic changes during the
1990s resulted in an approximate 50% decrease in energy
production from oil shale and a similar decline in emitted solid
particle pollution. The mineral part of oil shale contains heavy
metals (e.g. chromium, nickel, lead and zinc) and therefore
local ecosystems have been subjected to long-term heavy met-
al exposure that has resulted in accumulation (Liiv and Kaasik
2004). More recently, the majority (96%) of heavy metal
emissions consist of solid particle emissions from NE
Estonia’s oil shale-fired electrical power producing plants
and other industries (Kohv et al. 2009). The Estonian govern-
ment is committed to reducing heavy metal pollution in ac-
cordance with the requirements of the Åarhus Protocol on
Heavy Metals (1998) under the Convention on Long-Range
Transboundary Air Pollution (CLTRAP).

Since 1990, heavy metal emissions have decreased signif-
icantly across Europe. Official data of the European
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Environmental Agency (EEA) show the most significant de-
cline in emissions—approximately 90% since the 1990s—has
occurred with lead (EEA 2015). Cadmium—the second most
declined contaminant—emissions have dropped by about
75% during the same period (EEA 2015).

The EEA has defined critical loads for different elements,
including heavy metals, whereby deposition above the critical
load value is likely to have harmful effects on the environment
(EEA 2013). Currently, critical loads of contaminants Pb and
Cd are typically not exceeded in the EU. However, some EU
ecosystems remain at risk due to long-term exposure to differ-
ent heavy metals and possible bioaccumulation of heavy
metals in plant material (EEA 2014). Therefore, continuous
monitoring of heavy metals in natural ecosystems is a priority
of several international programmes, e.g. the International Co-
operative Programme on Assessment and Monitoring of Air
Pollution Effects on Forests (ICP Forests) and the
International Cooperative Programme on Integrated
Monitoring of Air Pollution Effects on Ecosystems (ICP IM).

Further reductions in air-borne pollution from the oil shale
power production has been achieved via introducing new firing
technology and replacing old electrostatic precipitators at thermal
power plants with new ones (Hotta et al. 2005). During the
period 1990–2013, Pb and Cd emissions in Estonia dropped to
a similar degree as the European Union (EU) averages, i.e. in
Estonia by 81 and 79%, respectively. There has also been a
significant decrease in emissions of other heavy metals:
Ni = 76%, Cu = 50%, Cr = 42% and Zn = 42% (Kohv et al.
2015). According to a report by Hettelingh et al. 2007, total
heavymetal emissions in Estonia have decreased at a higher level
than the EU average. Current emissions in Estonia are within the
same range as neighbouring countries, e.g. Finland and Latvia.
Recent bulk deposition of heavymetals in Estonia was measured
to be approx imate ly : Cd = 0 .5 g ha− 1 yea r− 1 ,
Pb = 5.2 g ha−1 year−1, Zn = 387 g ha−1 year−1 and
Cu = 27 g ha−1 year−1 (Napa et al. 2015).

Within the framework of the monitoring programmes ICP
IM and ICP Forests, heavy metal concentrations of different
kinds of plant material and soil organic horizons were
analysed in Estonia at four Scots pine (Pinus sylvestris) and
two Norway spruce (Picea abies) natural stands, as these are
the most typical coniferous forests in the region. The monitor-
ing data of heavy metal concentrations showed very high var-
iability at both stand and tree level. Many studies have found
higher metal enrichment of topsoil organic layers compared to
deeper mineral layers (e.g. Alriksson and Eriksson 2001;
Ukonmaanaho et al. 2001; Bringmark et al. 2013), which
has been interpreted as an effect of deposition, litter decom-
position and biological uptake or a more passive uptake of
heavy metals by roots (Bringmark et al. 2013; Kraepiel et al.
2015). According to the ICP Forests and ICP IM Manuals of
soil sampling and analyses, all roots and large materials (e.g.
branches, stones etc.) need to be removed from soil samples

before chemical analyses. In environmental remediation arti-
cles, accumulation of heavy metals in fine roots has been
shown by several authors (e.g. Gordon and Jackson 2000;
Prapagdee et al. 2014). Given the relatively short life-span
of the fine roots of Scots pine and Norway spruce, the amount
of carbon and nutrients returned to the soil from turnover of
fine roots may be equal or even exceed that from leaf litter
(Joslin and Henderson 1987; Raich and Nadelhoffer 1989;
Gordon and Jackson 2000). We were interested in the role of
fine roots in terms of retention of heavymetals in forest topsoil
organic layers. Our main hypotheses was that heavy metals
are easily taken-up by fine roots, which means metals get into
the internal cycle of stands and thus prolongs their retention in
stands, thereby preventing soil purification of heavy metals.

Our main aim was to compare concentrations of six heavy
metals—Cd, Cu, Cr, Ni, Pb and Zn—at the most typical for-
ested ecosystem of the region, coniferous forest, in different
organic material samples: living needles (separately current-
year and older needles), litterfall (separately needles and mis-
cellaneous fraction), fine roots and forest soil organic hori-
zons. Via concentration ratios of uptake/uplift, mobility, trans-
location and accumulation, we aimed to follow heavy metal
cycles in Scots pine (Pinus sylvestris) and Norway spruce
(Picea abies) stands, especially to examine retention and ac-
cumulation of heavy metals in fine roots.

Materials and methods

Study sites and sampling

Data were collected at two Norway spruce (Picea abies (L.)
Karst.) and four Scots pine (Pinus sylvestris (L.)) forest stands
across 2009–2013 (Table 1). The sites are part of the UN ECE
Convention on Long-Range Transboundary Air Pollution
International Co-operative programme monitoring networks
(ICP Forests and ICP IM). According to Paal (1997), forest
site types vary from nutrient-poor Cladina to fertile Oxalis.

Needles

Needle samples were collected during 2009–2013 (at ICP
Forests stands in 2009, 2011, 2013; at ICP IM stands in
2010, 2011, 2013). Cr and Ni for all sites was analysed in
2013 samples. All samples were analysed in accordance with
the ICP Forests and ICP IM Manuals (available online at
http://icp-forests.net/ and http://www.syke.fi/nature/icpim,
respectively). Five trees from the main species (Picea abies
or Pinus sylvestris) of the ICP Forests programme stands and
three trees from the ICP IM stands were sampled per site.
Needles were sampled from the upper third of the crown
during the dormant period. All collected needles were sorted
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by age, air dried and concentrations of heavy metals were
determined separately for the current-year and older needles.

Litterfall

Litterfall samples were collected per the ICP Forests and ICP
IM Manuals (http://icp-forests.net/ and http://www.syke.fi/
nature/icpim, respectively) using funnel-shaped traps. The
number of traps per stand varied from four to ten, but the total
collection surface (2.5 m2) was the same for all sites. Samples
were collected monthly during 2013 (except during the winter
period—December to April—when there was snow on the
ground). Litter needles were separated from the remaining fine
litter. Annual compound samples of both litterfall fractions
were analysed in parallel.

Fine roots

During the autumns of 2012–2014, fine root (<2 mm in diam-
eter) samples were collected from the 30-cm topsoil layer
using a soil core (∅ 40 mm). Only fine roots from the soil
organic layer (OL, OF and OH), which varied from 5 to 18-cm
depth (Table 1), were used. However, as at two sites (Tõravere
and Vilsandi), the organic layer was partly missing or less than

1-cm thick; roots from the organic-rich A layer were analysed
instead. Fine roots were separated from the soil by washing,
sorted into living and dead roots based on colour, elasticity
and toughness (Persson 1983), and dead roots were excluded
from analysis. Once cleaned of soil particles, the root samples
were dried at 65 °C for 48 h and weighed. Stand specific fine
root proportion was calculated based on the ratio of fine roots
in the soil organic layer or upper 10-cm layer for A horizons.
Fine root proportion in soil organic layers varied from 41%
(Vilsandi) to 62% (Vihula and Saarejärve) in the pine stands,
and from 77% (Saarejärve) to 78% (Tõravere) in the spruce
stands.

A pilot study was conducted at the Saarejärve pine stand to
assess the uptake and accumulation of heavy metals in
ectomycorrhizal mycelia. Samples of mycelia were collected
from root ingrowth nets installed in the soil during 2010 to
study annual production of fine roots. In 2011, after one
growth season, 15 nets were harvested. Root-associated
mycelia that had grown through the net were collected and
cleaned of soil particles.

Soil samples

Samples of soil organic and mineral horizons from the ICP
Forests Level II plots were collected during 2008–2010 per
the ICP Forests Manual of Soil Sampling and Analyses
(2004). Soil samples from the ICP IM stands were collected
during 2010 according to the ICP IMManual (2004). Mineral
layers were collected, as the soil sampling was part of a larger
study. As concentrations of heavy metals were significantly
lower in the mineral soil horizons, in this study data of only
the organic horizons were used (OL, OF and OH layers).
When OF and OH layers were missing, the uppermost
organic-rich soil layer—A horizon—was used in order to in-
clude all stands. OL, OF and OH layers were sampled with a
40x25x6 cm frame placed on the forest floor, after which all
the green parts and mosses were removed. The sub horizons
OL, OF and OHwere cut-out separately along the frame using
a sharp knife, and the thickness of each layer measured.
However, in the framework of this study, these layers were
dealt as a single soil organic horizon. The A horizon was
sampled from depths of 0–20 cm with a soil auger or spade.
Per layer one composite sample was made from five subsam-
ples collected from different pits. All roots and large materials
(e.g. branches, stones) were removed; samples were air dried
and sieved through a 2-mm mesh before chemical analyses.
Before chemical analyses, the soil organic layer samples were
also milled.

Chemical analyses

All samples used in this study were chemically analysed by
the laboratory of Estonian Environment Research Centre. The

Table 1 Characteristics of the six coniferous stands. Soil types were
determined per the World Reference Base for Soil Resources (IUSS
Working Group 2006) classification system

Stand and
coordinates

Dominant
tree
species

Soil type Thickness
of organic
layer (cm)

Average pH
(CaCl2) of the
soil organic
horizon

Saarejärve
58° 59′
03″ N 26°
45′ 36″ E

Picea
abies

Haplic podzol OL, OF,
OH
(0–10)

2.8

Tõravere 58°
16′ 30″ N
26° 27′
37″ E

Picea
abies

Haplic luvisol OL, A
(0–18)

4.6

Vilsandi 58°
23′ 13″ N
21° 50′
38″ E

Pinus
sylvest-
ris

Calcari-gleyic
leptosol

OL, A
(0–8)

5.2

Sagadi 59°
33′ 42″ N
26° 02′
46″ E

Pinus
sylvest-
ris

Haplic podzol OL, OF
(0–5)

3.5

Vihula 59°
34′ 42″ N
26° 07′
57″ E

Pinus
sylvest-
ris

Gleyic podzol OL, OF,
OH
(0–10)

3.3

Saarejärve
58° 39′
29″ N 26°
45′ 26″ E

Pinus
sylvest-
ris

Haplic podzol OL, OF,
OH
(0–10)

3.0
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laboratory holds a certificate of the ICP Programmes to con-
duct chemical analysis and is accredited by the Estonian
Accreditation Centre. Soil and plant material heavymetal con-
tent analysis parameters can be found in the official docu-
ments of the Estonian Accreditation Centre (available at
www.eak.ee).

Chemical analyses of Cd, Cr, Cu, Ni, Pb and Zn concen-
trations in needles, litterfall, fine roots and soil organic hori-
zons were performed using the ICP-AES method (inductively
via couples plasma spectroscopy, ISO 11885 STJnr.M/U91
for Cu and Zn; STJnr.M/U for Cd, Ni, Pb, SFS 5074,
certification verified by Eesti Akrediteerimiskeskus 2013);
pre-treatment was done using a microwave oven with Aqua
regia for soil organic horizon samples and with HNO3 for the
other plant material samples.

Indexes

Based on the data of heavy metal concentrations in fine roots,
soil organic horizons, litterfall and living needles, three differ-
ent indexes were calculated to characterise the movement and
retention of heavy metals in the pine and spruce stands.

Root uptake factor (RUF)

RUF ¼ CFR

.
CSO

The root uptake factor is the ratio of heavy metal concen-
tration in fine roots (CFR) to the soil organic horizon (or to A
horizon) (CSO). A similar bioconcentration factor has been
described by Prapagdee et al. (2014). The RUF shows the
ability of roots to obtain and or retain certain heavy metals
from the soil organic horizon. An RUF ˃1 indicates high
demand and or mobility of a certain heavy metal. An RUF
<1 equates to low mobility of a heavy metal and or its strong
attachment to soil organic horizons.

Translocation factor (TF)

TF ¼ CN Current

.
CFR

The translocation factor has been used by Yoon et al.
(2006) and Prapagdee et al. (2014) and is the ratio of heavy
metal concentration in shoots to that in fine roots, thus describ-
ing heavy metal translocation inside trees. A higher TF value
represents efficient transportation of heavy metals from fine
roots to needles. Using the data available from the ICP

programmes, TF in our study represents the ratio of heavy
metal concentrations in current-year needles (CN_Current) to
fine roots (CFR).

Accumulation index (AI)

AI ¼ CLF Needles

.
CN current

The accumulation index is the ratio of heavy metal concen-
trations in the litterfall needle fraction (CLF_Needles) to current-
year living needles (CN_current). AI represents heavy metal ac-
cumulation in older needles.

Statistical analyses

Statistical analyses were performed using STATISTICA 7.0
software, MS Excel 2010 and Canoco (Version 4.5) (Ter
Braak and Šmilauer 1998).

To detect any significant correlations between different
samples and heavy metals, Spearman’s rank order correlation
for non-parametric data was used. Only significant (p < 0.05)
results are presented (starting from correlation 0.8).

Redundancy analysis (RDA) of logarithmically transposed
data was used to illustrate and detect connections between
plant materials and soil organic layer samples, sites and heavy
metals. TheMonte Carlo permutation test available in Canoco
evaluates the significance of constrained ordination models
(Lepš and Šmilauer 2003) and was used to verify the signifi-
cance of each variable and ordination axis.

Results

Comparison of heavy metal concentrations in fine roots,
needles, litterfall and soil organic horizons

A comparison between the different types of samples revealed
highest concentrations of heavy metals in either fine roots or
soil organic horizons. On average, Zn had significantly higher
concentrations on average of all analysed heavy metals. Zn
and Cu—necessary micronutrients for plant growth (Tangahu
et al. 2011)—concentrations were on average highest in fine
roots (109mg kg−1 and 10mg kg−1, respectively) compared to
organic soil horizons and the other plant sample types (Fig. 1).
Of the other studied heavy metals (Pb, Cd, Cr and Ni), highest
average concentrations were found in soil organic horizons,
i.e. 24 mg kg−1 of Pb, 6 mg kg−1 of Cr, 4 mg kg−1 of Ni and
0.6 mg kg−1 of Cd. Furthermore, average concentrations of Zn
were higher in litterfall (56 mg kg−1 for the needle fraction and
52 mg kg−1 for the misc. fraction) and in older needles
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(48 mg kg−1) than in soil organic horizons (45 mg kg−1).
Average Pb, Cr, Ni and Cd concentrations in fine roots were
higher compared to average concentrations in litterfall or
needles (Fig. 1).

To complement the data in Fig. 1, a pilot study at Saarejärve
pine stand was carried out to collect ectomycorrhizal mycelia.
Chemical analysis revealed that concentrations of heavy metals
in ectomycorrhizal mycelia were the following (Table 2.): av-
erage Cu = 29 mg kg−1, Zn = 560 mg kg−1, Pb = 37 mg kg−1,
Cd = 0.4 mg kg−1, Cr = 14 mg kg−1 and Ni = 9 mg kg−1.

To provide an overview of the variability of heavy metal
concentrations, a variation coefficient (CV%) was calculated
for all the organic material samples (Fig. 1). Heavy metal
concentrations in current-year living needles exhibited the
most variability, especially Pb (CV% = 102%) and Cr
(CV% = 97%). Lowest variability characterised soil organic
horizon samples, where CV% varied between 29 and 50%.

To find similarities in the pathways of different heavy
metals in the different types of samples, Spearman’s rank or-
der correlation coefficient (rs) was calculated. Seven different
correlation variants were detected (Table 3.). In most cases,
the strongest statistically significant correlation was obtained
between fine roots and soil organic layers; this applied to Cu,
Pb, Cd, Ni and Cr (rs for all ~0.9). Zn had no statistically
significant correlations between any types of samples.

According to RDA, the stands and fractions of plant mate-
rials and the soil organic layer described 85.7% of total vari-
ation of heavy metal accumulation. Concentrations of Ni, Cr,
Pb and Cd correlated with the first axis, which was interpreted
to represent accumulation in both the soil organic layer and
fine roots; Axis 1 explained 69.3% of total variability. Axis 2
correlated with variation of Zn concentration in fine roots; the
Tõravere stand (Haplic Luvisol soil type) had low Zn concen-
trations in fine roots and the highest Ni and Cr concentrations
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Fig. 1 Mean concentration
(mg kg−1) of Zn, Cu, Cd, Cr, Pb
and Ni in: NCurrent current-year
living needles, LFNeedle litterfall
needle fraction, FR fine roots,
LFMisc. litterfall miscellaneous
fraction, NOld older living needles
and SO soil organic horizons.
Boxes indicate ± standard devia-
tion and whiskers indicate
mean ± 1.96*standard deviation
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in the soil organic layer. Geographical location of study sites
alone was not significant (Fig. 2).

Decreasing series of heavy metal concentrations in differ-
ent samples were compared to detect the same types of heavy
metal cycling patterns in a stand. The concentrations of two
main nutrient heavymetals (Zn and Cu) declined differently in
studied samples. The highest Zn and Cu concentrations were
found in fine roots, not soil organic layers, as occurred with
the other heavy metals. Zn concentrations in soil organic
layers were low compared to litterfall samples.

Enrichment of soil organic horizons by Ni, Cr and espe-
cially the contaminants Pb and Cd was observed; fine roots
also retained high concentrations of these heavy metals.
Translocation and or accumulation of Pb and Cd to/in older
needles were observed; concentrations of these heavy metals
were lowest in current-year living needles.

The series of similar decreasing concentrations of Ni and
Cr may indicate the same type of cycling pattern of these
heavy metals in the ecosystem.

Indexes: RUF, TF and AI

Three different indexes describing heavy metal cycling in co-
niferous stands were calculated: root uptake factor (RUF),
translocation factor (TF) and accumulation index (AI)
(Table 4).

The micronutrients Zn and Cu had the highest RUF
(RUFZn = 2.63 and RUFCu = 1.58, respectively; Table 4.).
The lowest RUF was measured for Pb, Ni and Cr
(RUFPb = 0.60, RUFNi = 0.40 and RUFCr = 0.23, respectively).
These results indicate higher mobility of the micronutrients Zn
and Cu and a strong attachment of Ni, Cr and Pb to soil organic
horizons.

Pb (TFPb = 0.02) and Cd (TFCd = 0.13) had the lowest
average TF compared to the biogenic elements Cu
(TFCu = 0.34) and Zn (TFZn = 0.42). The heavy metal most
efficiently translocated was Ni, the TF ratio for which was
0.77.

Pb had the highest accumulation index (AIPb = 4.16), with a
ratio several times higher than any other heavy metal.
Relatively high accumulation was characteristic of Cd, Cr and
Zn (AI ˃1). Ni and Cu had the lowest AI ratios, with a high
correlation between younger needles and older needles suggest-
ing low accumulation. Stands where Scots pine was the domi-
nant species had higher AICr compared to Norway spruce plots.
Spruce dominated plots had much lower AIs than the overall
averages (AICr pine = 1.64, AICr spruce = 0.50 and AICr
AVG = 1.26) (Table 4).

Discussion

Ecosystems in Estonia have been subjected to long-term
heavy metal exposure due to intense use of oil shale during
the previous decades. Levels of current and historical emis-
sions and heavy metal deposition can be found in different
plant materials and soil samples of natural coniferous stands.
Heavymetal concentrations are affected by various biological,
anthropogenic and site specific factors; therefore, high vari-
ability is characteristic of heavy metal data collected from
natural coniferous stands (Fig. 1).

High concentrations of Zn and low concentrations of Cd
characterised all the studied samples. Micro quantities of Zn,
Cu and Ni are necessary plant nutrients (Tangahu et al. 2011);
however, in higher amounts, they are toxic (Kamal et al.
2004). Our data revealed a distinct difference between con-
centrations of biogenic heavy metals (Zn and Cu) compared to
contaminant heavy metals (Pb, Cd and Cr). In the plant

Table 2 Average concentrations of heavy metals (±SE) in mg kg−1 in the soil organic horizon, ectomycorrhizal mycelia and fine root samples from
Saarejärve Scots pine test stand. Datasets from the Saarejärve stand consisted of soil organic horizons data from 2010 and 2015, fine roots data from 2013
and 2015 and mycelia from 2010 (single measurement)

Cu (±SE)
(mg kg−1)

Zn (±SE)
(mg kg−1)

Pb (±SE)
(mg kg−1)

Cd (±SE)
(mg kg−1)

Cr (±SE)
(mg kg−1)

Ni (±SE)
(mg kg−1)

Soil organic horizon 7 (2) 47 (3) 35 (4) 0.6 (0.4) 6 (1) 4 (1)

Mycelia 29 560 37 0.4 14 9

Fine roots 11 (1) 188 (48) 28 (5) 1.0 (0.3) 2 (1) 2 (<1)

Table 3 Correlations (Spearman’s rank order) between litterfall needles
and miscellaneous fraction (LFNeedle and LFMisc), current-year and older
living needles (NCurrent and NOld), fine roots (FR) and the soil organic
layer (SO). Only statistically significant (p < 0.05, marked with *) corre-
lation coefficients (rs) are shown

Cu Zn Pb Cd Cr Ni

FR-SO .880* – .886* .853* .943* .928*

FR-NCurrent – – – – .943* –

LFNeedles-NOld – – – – .900* –

NCurrent-LFMisc. – – – .886* – –

LFNeedles-LFMisc. – – – .900* – –

FR-LFMisc. – – – – – .928*

NCurrent-NOld .900* – .900* – – –
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material samples, especially fine roots, both biogenic elements
were always present in higher concentrations than the other
heavy metals, which probably indicate a biological demand
for Zn and Cu by pine and spruce trees. The highest concen-
trations of Cd, Pb and Cr were found in soil organic horizons
(Fig. 1). Our previous study of heavy metals in forest soils
revealed Zn cycling by pine and spruce from the soil litter
layer, as evidenced by concentrations of Zn in the litter layer
being higher than in the other soil organic layers, which was
not the case for the other heavy metals (Napa et al. 2015).

According to the RDA ordination, the Tõravere stand dif-
fered from other stands. Tõravere had higher Ni and Cr con-
centrations in the soil organic horizons and fine root samples
compared to the other studied stands. The Saarejärve spruce
and pine stands differed to the Tõravere and Vilsandi stands
and Vihula and Sagadi stands, by having three times and
~50% higher Pb concentrations in soil organic layer, respec-
tively. Although Cd concentrations were very low at all the
studied stands, the Saarejärve stands had Cd concentrations in
the soil organic horizons that were ~50% higher than at the

Fig. 2 RDA ordination biplot of
heavy metal concentration (solid
arrows) in litterfall needles and
miscellaneous fraction (LFNeedle
and LFMisc.), current-year and
older living needles (NCurrent and
NOld), fine roots (FR) and in soil
organic (SO) layer (dashed
arrows) across various coniferous
stands (dots with stand name, P
indicates pine and S spruce
stands). The samples of plant
materials, soil organic layer and
stands accounted for 85.7% of
total variability. Axis 1 describes
63.5% and Axis 2 16.9% of the
total variation in heavy metal
concentrations (at p value 0.001)

Table 4 Indexes (± SE) describing heavy metals cycling in coniferous
stands: root uptake factor (RUF) is the ratio of heavymetal concentrations
in fine roots compared to soil organic horizons (or to A horizons); trans-
location factor (TF) is the ratio of heavy metal concentrations in current-

year needles compared to fine roots; accumulation index (AI) is the ratio
of heavy metal concentrations in the litterfall needle fraction compared to
current-year living needles

Index Cu (± SE) Zn (± SE) Pb (± SE) Cd (± SE) Cr (± SE) Ni (± SE)

Scots pine RUF 1.67 (0.22) 2.65 (0.53) 0.55 (0.06) 0.98 (0.05) 0.21 (0.03) 0.31 (0.07)

TF 0.40 (0.06) 0.50 (0.11) 0.03 (0.02) 0.17 (0.04) 0.28 (0.10) 0.96 (0.27)

AI 0.81 (0.68) 1.29 (0.17) 4.31 (1.60) 1.46 (0.18) 1.64 (0.36) 0.67 (0.35)

Norway spruce RUF 1.39 (0.33) 2.58 (0.58) 0.71 (0.35) 1.03 (0.41) 0.28 (0.03) 0.58 (0.06)

TF 0.24 (0.04) 0.27 (0.05) 0.01 (<0.01) 0.05 (<0.01) 0.51 (0.01) 0.39 (0.01)

AI 0.70 (0.11) 1.41 (0.38) 3.85 (1.74) 1.52 (0.81) 0.50 (0.35) 0.71 (0.05)

Average RUF 1.58 (0.17) 2.63 (0.37) 0.60 (0.10) 1.00 (0.11) 0.23 (0.03) 0.40 (0.07)

TF 0.34 (0.05) 0.42 (0.08) 0.02 (0.01) 0.13 (0.04) 0.36 (0.08) 0.77 (0.21)

AI 0.77 (0.07) 1.33 (0.15) 4.16 (1.11) 1.48 (0.24) 1.26 (0.34) 0.68 (0.22)
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other stands. The most likely cause for the contrast between
Tõravere and the other stands was the effect of soil type.
Tõravere had a thin mull organic layer and humus-rich A
layer. The effect of location and distance of stands from in-
dustries using oil shale (locatedmainly in NE Estonia) was not
assessed in the current study, although the heavy metal stores
at stands are most likely connected to the consequences of
pollution from intense oil shale use over the past decades.
Today, the importance of stand location is rather insignificant
compared to oil shale usage-related air pollution per se and the
amount of heavy metals deposited in the past; air pollution
from oil shale has decreased significantly since the 1980s,
which is a very positive achievement.

The accumulation index (AI) showed heavy metal concen-
trations were higher in litterfall needles than current-year liv-
ing needles (Table 4). Accumulation of heavy metals in older
parts of trees (e.g. older needles and bark) has been well de-
scribed in previous studies (Alriksson and Eriksson 2001;
Ukonmaanaho et al. 2001; Asi et al. 2009). In the current
study, the AI suggests that contaminant heavy metals, espe-
cially Cd and Pb, accumulate in older needles that are then
withdrawn from the tree via litterfall. When investigating dif-
ferences between tree species, it must be considered that ac-
cording to the ICP IM and ICP Forests data, the maximum age
of older needles varies from 3 to 4 years for Scots pine and 6 to
9 years for Norway spruce. Therefore, it was rather surprising
that in spruce dominated stands the accumulation index for
some heavy metals (Ni, Cr and Cu) was especially low com-
pared to pine dominated stands, indicating lower retention and
favourable translocation of these heavy metals from older
spruce needles.

Despite the highest concentrations of Cr, Ni, Cd and Pb
occurring in soil organic horizons, concentrations of these
heavy metals were high in fine roots, especially compared to
needles and litterfall. For example, mean concentrations of Pb
in fine roots were approximately 99% higher than in current-
year living needles and 84% higher than in older living
needles (Fig. 1). This kind of passive uptake of heavy metals
by fine roots was also reflected in the correlation analysis,
which showed that the most frequent and strongest correlation
occurred between fine roots and soil organic horizons for Cu,
Pb, Cd, Ni and Cr (Table 3). Again, the only exception was
Zn, for which no statistically significant correlations were de-
tected. Hence, there is reason to suggest that Zn is a growth
element in high demand by conifers. That heavy metal con-
centrations in soil organic layers and fine roots were especially
high compared to recent average loads of heavy metal depo-
sition (Napa et al. 2015) indicates previous high deposition
levels and retention of the pollutants in the soil organic hori-
zons of coniferous forests.

Fine roots and current-year living needles are short-lived in
the context of coniferous ecosystems; therefore, heavy metals
contained in these materials return to the cycle relatively

quickly. Roots regulate the biological availability of heavy
metals mainly through phytostabilisation or risofiltration
(Tangahu et al. 2011). Differences in decomposition rates,
for example of fine roots and needle litter, can also affect
and enhance the retention of heavy metals in soil organic
layers, especially in terms of fine roots litter (McClaugherty
et al. 1984; Kriiska et al. 2015). Even in areas with relatively
low heavy metal deposition, e.g. Scandinavia or Estonia, the
retention of heavy metals could slow the decomposition pro-
cess (Lomander and Johansson 2001), inducing the further
accumulation of heavy metals in soil organic horizons where
heavy metals can stay bound for decades (Froberg et al. 2011).

The root-soil complex affects both heavy metal concentra-
tions in soil layers and roots (Jobbagy and Jackson 2004). For
example, the role of mycelia in the heavy metal concentrations
of the fine roots of conifers is rather poorly documented in the
literature. In the current study, chemical analyses of the root-
associated mycelia at one test site—the Saarejärve pine
stand—revealed that Ni, Cr, Cu and Zn concentrations in
mycelia were several times higher than in litterfall, living
needles, fine roots and soil organic horizon samples
(Table 2). Higher concentrations of these heavy metals in
mycelia may be connected to their higher absorption area in
comparison to e.g. fine roots (Clarholm and Skyllberg 2013).
Nevertheless, the highest concentrations of the contaminants
Cd and Pb occurred in the soil organic horizons.

The higher concentrations of heavy metals in mycelia
might be connected to root exudates or the symbiotic re-
lationship between mycelia and roots, whereby the former
obtains necessary heavy metals (Tangahu et al. 2011). The
study by Tangahu et al. (2011) supports the theory that
one role of mycelia might be to increase the availability of
necessary micronutrients to plants in cooperation with soil
microorganisms.

Some heavy metals, e.g. Zn and Cu, are more mobile in
ecosystems than others (Bergkvist et al. 1989). In the current
study, the root uptake factor showed higher mobility of Zn and
Cu, but also Cd. The mobility of heavy metals depends on
several soil-related factors, such as pH, level of dissolved or-
ganic carbon content and the presence of organic ligands in
leachate (Bergkvist et al. 1989). PH <5.5–6.0 increases heavy
metal leaching and availability; hence a soil pH ˃6 decreases
the availability of some heavy metals, e.g. Pb (Kabata-Pendias
2011; Hale et al. 2012). Per our data, low pH of the upper
organic topsoil layers was characteristic of the studied podzol
soils (Table 1). A continuous statistically significant down-
ward trend in the pH of soil water at the Saarejärve pine stand
has been recorded over the past decades (Frey and Frey 2015),
indicating run-off of alkaline ions and thereby acidification of
the upper soil organic layers. The significant decrease in oil
shale usage-related alkaline particle air pollution since the
beginning of the 1990s is almost certainly one reason for the
acidification of the studied conifer stands, which has resulted

2118 Ü. Napa et al.



in the mobility of previously retained heavy metals in the
upper soil organic layers. When heavy metals are taken-up
by rather passive below-ground uplift processes, the subse-
quent translocation process from roots to needles—described
by the translocation factor TF—is slow. Consequently, the
studied species—Scots pine and Norway spruce—rather mod-
estly accumulate heavy metals in needles (Table 4). However,
it should be noted that our study did not cover the whole
uptake process, for example a significant proportion of
uplifted heavymetals are accumulated in stemwood, branches
and especially bark (Alriksson and Eriksson 2001; Opydo
et al. 2005; Danesino 2009). Translocation of heavy metals
from soil to plant and inside trees depends on both the metal
and tree species (Kabata-Pendias 2011). Norway spruce tends
to translocate some heavy metals (e.g. Ni) more efficiently
than Scots pine (Table 4). Simultaneous antagonistic or syn-
ergistic behaviour of heavy metals may affect the uptake of
heavy metals. Antagonistic/synergistic interactions may occur
inside the plant and around and or on the roots (Kabata-
Pendias 2011). Cu, Zn and Cr have been found to have the
most antagonistic interactions (Kabata-Pendias 2011).

The translocation factor (TF) of Cd and Pb was especially
low for all studied stands, indicating that despite the high
concentrations of these heavy metals in fine roots, Pb and
Cd were inefficiently transported from the fine roots to
above-ground living biomass of the studied trees. Another
interesting observation was that the TF for Ni was as high as
or higher than the TF for Cu and Zn, suggesting that Ni is a
necessary plant micronutrient and easily translocated to
needles. The mobility of different heavy metals is dissimilar
within different plants (Alloway 1995). According to Chaney
and Giordano (1977), Zn and Cd are easily translocated within
plants, Ni and Cu are translocated to some extent and Cr and
Pb are not prone to translocation. This would explain the high
TF for Cu, Zn and Ni and low TF for Pb in trees found during
the current study (Table 4). The low TF for the otherwise
easily mobile Cd might be due to antagonism between Zn
and Cd (Kabata-Pendias 2011).

Conclusions

High concentrations of heavy metals in fine roots, and signif-
icant correlations between heavy metal concentrations in soil
organic horizons and in fine roots, indicate that heavy metals
accumulated during the peak oil-shale-usage period have left
their mark on soil organic layers, and that in some cases they
may still be transported to above-ground living biomass of
coniferous trees. However, a distinction has to be made be-
tween biogenic heavy metals (Zn and Cu) and contaminant
heavy metals (Pb, Cd, Cr and Ni) as not all heavy metals were
accumulating in the same parts of the ecosystem to an equal
extent. Our data showed a distinct difference between

concentrations of the main biogenic heavy metals compared
to the contaminant heavy metals in litterfall, living needles,
fine roots and soil organic horizon samples. Concentrations of
both of the biogenic elements were higher than those of the
contaminant elements in plant material samples, which is like-
ly to indicate a biological demand for Zn and Cu for growth.
The accumulation of Zn and Cu in fine roots and particularly
in root-associated mycelia should be emphasised as this indi-
cates active root uptake of these microelements from soil or-
ganic layers. Therefore, it is evident that fine roots prolong the
stay of heavy metals in coniferous stands and slow down the
natural purification process of coniferous ecosystems.

Acknowledgements The authors would like to thank all of the field-
work and laboratory work teams, especially Endla Asi, Vladislav
Apuhtin, Tiiu Timmusk, Eve Kaur and Heino Õunap from the Estonian
Environmental Agency’s forest monitoring group for advice and help in
data provision, and Anu Jalas, Kristi Jänesmägi, Siim Kaasik, Kaarel
Kukk, Laura Luide, Marta Mõistus and Piret Põldver from the fine root
laboratory of the University of Tartu, for their dedicated and continuous
work and Dr. Linet Frey-Toompere and Keelekord OÜ for proof-reading
the paper in English. We especially acknowledge the two reviewers and
editors whose valuable recommendations were greatly appreciated.

This study was supported by the target projects SF0180025s12 and
IUT2-16 of theMinistry of Education and Research of Estonia and by the
EU via the European Regional Development Fund (Centre of Excellence
ENVIRON). Fine root and soil organic horizon chemical analyses were
supported by the Environmental Investment Centre projects No. 3793 and
6250.

References

Alloway BJ (ed) (1995) Heavy metals in soils, 2nd edn. Blackie
Academic and Professional, an imprint of Chapman and Hall,
Glasgow, pp 28–29

Alriksson A, Eriksson HM (2001) Distribution of Cd, Cu, Pb and Zn in
soil and vegetation compartments in stands of five boreal tree spe-
cies in N.E. Sweden. Water Air Soil Pollut 1:461–475. doi:10.1023/
A:1017586406593

Asi E, Napa Ü, Frey J (2009) Concentrations of trace metals in epigeic
moss Hylocomium splendens and needles of Scots pine andNorway
spruce on Estonian ICP Forests sites. Finnish Forest Research
Institute, 6th International Symposium on Ecosystem Behaviour
BIOGEOMON 2009 Conference Programme and Abstracts. Vantaa

Bergkvist B, Folkeson L, Berggren D (1989) Fluxes of Cu, Zn, Pb, Cd,
Cr, AND Ni in temperate forest ecosystems—a literature-review.
Water Air and Soil Pollut 47:217–286. doi:10.1007/bf00279328

Bringmark L, Lundin L, Augustaitis A, Beudert B, Dieffenbach-Fries H,
Dirnboeck T, Grabner MT, Hutchins M, Kram P, Lyulko I, Ruoho-
Airola T, Vana M (2013) Trace metal budgets for forested catch-
ments in Europe—Pb, Cd, Hg, Cu and Zn. Water Air Soil Pollut
224:1502. doi:10.1007/s11270-013-1502-8

Chaney RL, Giordano PM (1977) Microelements as related to plant de-
ficiencies and toxicities. In: Elliot LF, Stevenson FJ (eds) Soils for
management of organic wastes and waste waters. American Society
of Agronomy, Soil Science Society of America, Madison, pp 233–
279

Clarholm M, Skyllberg U (2013) Translocation of metals by trees and
fungi regulates pH, soil organic matter turnover and nitrogen

Biogenic and contaminant heavy metal pollution in Estonian coniferous forests 2119

http://dx.doi.org/10.1023/A:1017586406593
http://dx.doi.org/10.1023/A:1017586406593
http://dx.doi.org/10.1007/bf00279328
http://dx.doi.org/10.1007/s11270-013-1502-8


availability in acidic forest soils. Soil Biol Biochem 63:142–153.
doi:10.1016/j.soilbio.2013.03.019

Danesino C (2009) Environmental indicators for heavy metal pollution:
soils and higher plants. Sci Acta 3:23–26

Eesti Akrediteerimiskeskus (2013) Accreditation certificate No L008 of
Estonian Environmental Research Centre. Tallinn. http://www.eak.
ee/dokumendid/pdf/kasitlusala/L008_annex_2.pdf. Accessed 21
March 2016

European Environment Agency (EEA) (2013) Air quality in Europe—
2013 report. Copenhagen. doi:10.2800/92843

European Environment Agency (EEA) (2014) Air quality in Europe—
2014 report. Copenhagen. doi:10.2800/22775

European Environment Agency (EEA) (2015) Indicator assessment. Data
and Maps. Heavy metal emissions. Copenhagen. http://www.eea.
europa.eu/downloads/6c911c9793084d958a11937071cc8d80/
1451496131/assessment-5.pdf. Accessed 02 November 2015

Frey T, Frey J (2015) Kompleksseire Saarejärvel Aruanne 2014. TÜ IM
Saare, Tartu http://seire.keskkonnainfo.ee/index.php?option=com_
content&view=article&id=3218:kompleksseire-vilsandil-
2014&catid=1273:kompleksseire-2014-&Itemid=5783. Accessed
26 October 2016

Froberg M, Hansson K, Kleja DB, Alavi G (2011) Dissolved organic
carbon and nitrogen leaching from Scots pine, Norway spruce and
silver birch stands in southern Sweden. For Ecol Manag 262:1742–
1747. doi:10.1016/j.foreco.2011.07.033

Gordon WS, Jackson RB (2000) Nutrient concentrations in fine roots.
Ecology 81:275–280. doi:10.1890/0012-9658(2000)081[0275:
ncifr]2.0.co;2

Hale B, Evans L, Lambert R (2012) Effects of cement or lime on Cd, Co,
Cu, Ni, Pb, Sb and Znmobility in field-contaminated and aged soils.
Journal of Hazardous Materials 199-200:119-127. Doi:10.1016/j.
jhazmat.2011.10.065

Hettelingh JP, Sliggers J, Bolcher MVH, Denier van der Gon H,
Groenenberg JE, Ilyin I, Reinds GJ, Slootweg J, Travnikov O,
Visschedijk A, de Vries W (2007) Heavy metal emissions, deposi-
tions, critical loads and exceedances in Europe. The Hague. http://
www.rivm.nl/media/documenten/cce/Publications/MoreReports/
COMBINED%20HM%20REPORT.pdf. Accessed 17 October
2016

Hotta A, Parkkonen R, Hiltunen M, Arro H, Loosaar J, Parve T, Pihu T,
Prikk A, Tiikma T (2005) Experience of Estonian oil shale combus-
tion based on CFB technology at Narva power plants. Oil Shale 22:
381–397

ICP IM Programme Centre (2004) Manual for integrated monitoring.
Helsinki, ICP IM Programme Centre

IUSS Working Group (2006) World reference base for soil resources.
Food and Agriculture Organization of the United Nations, Rome

Jobbagy EG, Jackson RB (2004) The uplift of soil nutrients by plants:
biogeochemical consequences across scales. Ecology 85:2380–
2389. doi:10.1890/03-0245

Joslin JD, Henderson GS (1987) Organic-matter and nutrients associated
with fine root turnover in a white oak stand. For Sci 33:330–346

Kabata-Pendias A (2011) Trace elements in soils and plants. CRC Press,
Florida

Kamal M, Ghaly AE, Mahmoud N, Cote R (2004) Phytoaccumulation of
heavy metal by aquatic plants. Environ Int 29:1029–1039. doi:10.
1016/s0160-4120(03)00091-6

Kohv N, Link A, Mandel E, Purik NB (2009) Õhku eraldunud
saasteainete heitkogused paiksetest saasteallikatest aastail 2004–
2007. Eesti Keskkond. Keskkonnaministeeriumi Info- ja
Tehnokeskus, Tallinn

Kohv N, Heintalu H, Mandel E, Link A, Oravas M (2015) Estonian
informative inventory report 1990–2013. Estonian Environment
Agency, Tallinn

Kraepiel AML, Dere AL, Herndon EM, Brantley SL (2015) Natural and
anthropogenic processes contributing to metal enrichment in surface
soils of central Pennsylvania. Biogeochemistry 123:265–283. doi:
10.1007/s10533-015-0068-5

Kriiska K, Frey J, Napa Ü, Kabral N, Ostonen I (2015) Forest below-
ground carbon cycle—linkages between soil respiration, fine root
and litter production and decomposition rates in varying stand fer-
tility and moisture conditions in Estonia. Sustaining ecosystem ser-
vices in forest landscapes. Book of Abstracts. IUFROLE WG
Conference in Tartu, Estonia, 2015. 2015 IUFROLE WG
Conference, Tartu

Lepš J, Šmilauer P (2003) Multivariate analysis of ecological data using
CANOCO. Cambridge University Press, New York

Liiv S, Kaasik M (2004) Trace metals in mosses in the Estonian oil shale
processing region. J Atmos Chem 49:563–578. doi:10.1007/
s10874-004-1266-z

Lomander A, Johansson MB (2001) Changes in concentrations of Cd,
Zn, Mn, Cu and Pb in spruce (Picea abies) needle litter during
decomposition. Water Air Soil Pollut 132:165–184. doi:10.1023/a:
1012035620480

McClaugherty CA, Aber JD, Melillo JM (1984) Decomposition dynam-
ics of fine roots in forested ecosystems. Oikos 42:378–386. doi:10.
2307/3544408

Napa U, Kabral N, Liiv S, Asi E, Timmusk T, Frey J (2015) Current and
historical patterns of heavy metal pollution in Estonia as reflected in
natural media of different ages: ICPVegetation, ICP Forests and ICP
Integrated Monitoring data. Ecol Indic 52:31–39. doi:10.1016/j.
ecolind.2014.11.028

Opydo J, Ufnalski K, Opydo W (2005) Heavy metal in polish forest
stands of Quercus robur and Q-petraea. Water Air Soil Pollut 161:
175–192. doi:10.1007/s11270-005-3522-5

Paal J (1997) Eesti taimkatte kasvukohatüüpide klassifikatsioon. UNEP
and Estonian Ministry of the Environment, Tallinn

Persson HA (1983) The distribution and productvity of fine roots in
boreal forests. Plant Soil 71:87–101. doi:10.1007/bf02182644

Prapagdee S, Piyatiratitivorakul S, Petsom A, Tawinteung N (2014)
Application of biochar for enhancing cadmium and zinc
phytostabilization in Vigna radiata L cultivation. Water Air Soil
Pollut 225. doi:10.1007/s11270-014-2233-1

Programme Coordination Centre of ICP Forests and the Task Force of
ICP Forests (2010) ICP Forests monitoring manual. ICP Forests
manual on methods and criteria for harmonized sampling, assess-
ment, monitoring and analysis of the effects of air pollution on
forests. Programme Coordination Centre of ICP Forests, Hamburg

Raich JW, Nadelhoffer KJ (1989) Belowground carbon allocation in for-
est ecosystems—global trends. Ecology 70:1346–1354. doi:10.
2307/1938194

Raukas A (2010) Sustainable development and environmental risks in
Estonia. Agron Res 8:351–356

Tangahu BV, Abdullah SRS, Basri H, Idris M, Anuar N, Mukhlisin M
(2011) A review on heavy metals (As, Pb, and Hg) uptake by plants
through phytoremediation. Inst Chem E 2011:1–31. Doi:10.1155/
2011/939161

Ter Braak CJF, Šmilauer P (1998) CANOCO reference manual and user’s
guide to Canoco for Windows: software for canonical community
ordination (version 4). Microcomputer Power, Ithaca

Ukonmaanaho L, Starr M, Mannio J, Ruoho-Airola T (2001) Heavy
metal budgets for two headwater forested catchments in background
areas of Finland. Environ Pollut 114:63–75. doi:10.1016/s0269-
7491(00)00207-4

Yoon J, Cao XD, Zhou QX, Ma LQ (2006) Accumulation of Pb, Cu, and
Zn in native plants growing on a contaminated Florida site. Sci Total
Environ 368:456–464. doi:10.1016/j.scitotenv.2006.01.016

2120 Ü. Napa et al.

http://dx.doi.org/10.1016/j.soilbio.2013.03.019
http://www.eak.ee/dokumendid/pdf/kasitlusala/L008_annex_2.pdf
http://www.eak.ee/dokumendid/pdf/kasitlusala/L008_annex_2.pdf
http://dx.doi.org/10.2800/92843
http://dx.doi.org/10.2800/22775
http://www.eea.europa.eu/downloads/6c911c9793084d958a11937071cc8d80/1451496131/assessment-5.pdf
http://www.eea.europa.eu/downloads/6c911c9793084d958a11937071cc8d80/1451496131/assessment-5.pdf
http://www.eea.europa.eu/downloads/6c911c9793084d958a11937071cc8d80/1451496131/assessment-5.pdf
http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=3218:kompleksseire-vilsandil-2014&catid=1273:kompleksseire-2014-&Itemid=5783
http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=3218:kompleksseire-vilsandil-2014&catid=1273:kompleksseire-2014-&Itemid=5783
http://seire.keskkonnainfo.ee/index.php?option=com_content&view=article&id=3218:kompleksseire-vilsandil-2014&catid=1273:kompleksseire-2014-&Itemid=5783
http://dx.doi.org/10.1016/j.foreco.2011.07.033
http://dx.doi.org/10.1890/0012-9658(2000)081%5B0275:ncifr%5D2.0.co;2
http://dx.doi.org/10.1890/0012-9658(2000)081%5B0275:ncifr%5D2.0.co;2
http://dx.doi.org/10.1016/j.jhazmat.2011.10.065
http://dx.doi.org/10.1016/j.jhazmat.2011.10.065
http://www.rivm.nl/media/documenten/cce/Publications/MoreReports/COMBINED%2520HM%2520REPORT.pdf
http://www.rivm.nl/media/documenten/cce/Publications/MoreReports/COMBINED%2520HM%2520REPORT.pdf
http://www.rivm.nl/media/documenten/cce/Publications/MoreReports/COMBINED%2520HM%2520REPORT.pdf
http://dx.doi.org/10.1890/03-0245
http://dx.doi.org/10.1016/s0160-4120(03)00091-6
http://dx.doi.org/10.1016/s0160-4120(03)00091-6
http://dx.doi.org/10.1007/s10533-015-0068-5
http://dx.doi.org/10.1007/s10874-004-1266-z
http://dx.doi.org/10.1007/s10874-004-1266-z
http://dx.doi.org/10.1023/a:1012035620480
http://dx.doi.org/10.1023/a:1012035620480
http://dx.doi.org/10.2307/3544408
http://dx.doi.org/10.2307/3544408
http://dx.doi.org/10.1016/j.ecolind.2014.11.028
http://dx.doi.org/10.1016/j.ecolind.2014.11.028
http://dx.doi.org/10.1007/s11270-005-3522-5
http://dx.doi.org/10.1007/bf02182644
http://dx.doi.org/10.1007/s11270-014-2233-1
http://dx.doi.org/10.2307/1938194
http://dx.doi.org/10.2307/1938194
http://dx.doi.org/10.1155/2011/939161
http://dx.doi.org/10.1155/2011/939161
http://dx.doi.org/10.1016/s0269-7491(00)00207-4
http://dx.doi.org/10.1016/s0269-7491(00)00207-4
http://dx.doi.org/10.1016/j.scitotenv.2006.01.016

	Biogenic and contaminant heavy metal pollution in Estonian coniferous forests
	Abstract
	Introduction
	Materials and methods
	Study sites and sampling
	Needles
	Litterfall
	Fine roots
	Soil samples

	Chemical analyses
	Indexes

	Root uptake factor (RUF)
	Translocation factor (TF)
	Accumulation index (AI)
	Statistical analyses

	Results
	Comparison of heavy metal concentrations in fine roots, needles, litterfall and soil organic horizons
	Indexes: RUF, TF and AI

	Discussion
	Conclusions
	References


