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Total concentrations and pools of Pb in the surface layers of mountain soils in the Karkonosze National Park
are presented and discussed in relation to site altitudes and soil properties. Soil samples were collected from
a forest floor and from the depths of 0–10 cm and 10–20 cm in 372 monitoring sites situated in a forested
zone of the Park. Particularly high concentrations of Pb (24–200 mg∙kg−1, most often over 100 mg∙kg−1),
potentially hazardous for soil biota, were found in forest litter. The concentrations of Pb in soil layers
0–10 cm and 10–20 cm were in the ranges 19–248 and 4–196 mg∙kg−1, respectively. Pb distribution indicat-
ed very high spatial variability, confirmed by geostatistical analysis. Calculated pools of Pb varied in a broad
range: 0.16–26.6 g∙m−2 (mean: 6.20 g∙m−2), and correlated strongly with the stocks of organic matter,
both being significantly higher in the lowest altitudinal zone (500–750 m a.s.l.) compared to the highest
zone (1250–1380 m a.s.l.). Nevertheless, there was no simple correlation of Pb pools vs. altitude. The largest
pools of Pb are stored in the layer 0–10 cm. The pools of accumulated Pb determined in this study are much
higher than those assessed on the basis of available data on former and present Pb deposition rates. These find-
ings may be assigned to a seeder–feeder effect and horizontal transport of pollutants. The highest amounts of
Pb were identified in three distinct areas (hot spots), in particular in the vicinities of mountain passes, which
may be explained by meteorological factors as well as by the influence of local pollution.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Lead belongs to the most widespread trace metals in the environ-
ment, abundant not only in urban and industrial regions, but also in
the remote areas (Johansson et al., 2001; Kabata-Pendias, 2009;
Nowack et al., 2001; Van der Gon and Appelman, 2009; Wang et al.,
2009). On a global scale, the anthropogenic emissions of Pb in 20th
century exceeded its natural emissions by several orders of magni-
tude (FOREGS, 2005; Nriagu and Pacyna, 1988; Pacyna and Pacyna,
2001; Steinnes et al., 1997). Long range atmospheric transport
has resulted in Pb deposition to forest ecosystems, as the forest cano-
py acts as receptor for various air-borne pollutants (Hernandez et al.,
2003; Kaste et al., 2005; Nowack et al., 2001; Steinnes and Friedland,
2006). This effect is particularly well expressed in the mountain
forests, because mountain ranges play the role of orographic barriers
against coming air masses (Błaś et al., 2008; Dore et al., 1999; Likuku,
2006; Zimmermann et al., 2006). Pb absorption by the forest canopy,
followed by litterfall and its decomposition, lead to inhomogeneous
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Pb-enrichment of forest floor and humus (Gandois et al., 2010;
Klaminder et al., 2005, 2008a,b; Takamatsu et al., 2010). Pb that accu-
mulates in surface organic layers of soils may consequently affect
their biological activity. High concentrations of toxic metals, including
Pb, in soils has been considered as an important factor of European
forest decline in the 1980s (Akselsson et al., 2004; Lamersdorf et al.,
1991; Manion, 1981; Zöttl and Hüttl, 1986). That phenomenon affect-
ed seriously the mountain ranges along a Polish–Czech border, in par-
ticular the Izerskie Mts. and Karkonosze Mts., that for several decades
received air-borne pollutants of both local and distant origin, includ-
ing those from “Black Triangle” (Dąbrowska-Prot, 1999; Dore et al.,
1999; Mazurski, 1986; Suchara and Sucharová, 2004). Although the
emissions have already been significantly reduced (Bindler, 2011;
Matschullat et al., 2000; Miller and Friedland, 1994; UNEP, 2010;
Von Storch et al., 2003), and Pb concentrations in forest floor tend
to decrease (Friedland et al., 1992; Huang et al., 2008; Watmough et
al., 2005), the content of Pb in soils is not likely to change significantly
within the following 200–300 years (Klaminder et al., 2008a,b).
Moreover, it has been proved that at present concentrations in soils,
Pb occurring in soil solution, particularly in the case of acidic soils
rich in organic carbon, may be toxic to plants (Lamersdorf et al.,
1991). Several authors reported unfavorable ecotoxicological effects
caused by Pb present in soils in the concentrations 200 mg∙kg−1

(Bååth, 1989; Johansson et al., 2001; Tyler et al., 1989) or even
much lower (de Vries et al., 2007). Soil microorganisms and
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mesofauna are assumed to be much more sensitive indicators of Pb
toxicity than are plants, and major research groups have estimated
the maximum Pb level tolerable for soil biota at 70–150 mg∙kg−1

(Rademacher, 2003). The lowest critical values for chronic exposure
of various terrestrial organisms are in the range of 50–60 mg∙kg−1,
a value that has been suggested by the EU's scientific committee
on environmental toxicology, CSTEE, as the Predicted No-Effect
Concentration (UNEP, 2010).

It should be stressed that Pb solubility in acidic organic soil hori-
zons is usually much higher relative to the overall mineral soils.
Soil–liquid partitioning coefficients (Kd) predicted by Sauvé et al.
(2000, 2003), who compiled numerous data from the literature,
when normalized to pH 4.4, are in the case of Pb by over fifty-fold
higher in mineral soils than in organic horizons of forest soils (mean
Kd: 171214 vs. 3357). Furthermore, the values of Kd tend to decrease
significantly with increasing DOM, which indicates that the risk of Pb
mobilization, and therefore the overall environmental risk, should be
considered as much higher in the case of organic horizons relative to
mineral soils with comparable total Pb concentrations.

In order to control environmental conditions in the most precious
and fragile ecosystems, the authorities of the Karkonosze National
Park established a system of environmental monitoring (Danielewicz
et al., 2002; Karczewska et al., 2006a). Several previous studies, carried
out in Karkonosze Mts., confirmed that the soils in this mountain range
contained enhanced concentrations of heavy metals (Dradrach, 2002;
Drozd et al., 1996; Grodzińska et al., 1990; Kocowicz, 2002). Several
studies proved that Pb concentrations in those soils locally exceeded
200 mg kg−1 (Dradrach, 2002; Kocowicz, 2002), whereas the average
Pb concentrations in European soils, according to FOREGS (2005), are
at the levels: 40.7 mg kg−1 in humus (forest floor or peat soils),
22.6 mg kg−1 in top soil layers, and 17.2 mg kg−1 in mineral subsoil.

The data reported from Karkonosze Mountains by various authors
were in fact highly inconsistent, most likely because of high spatial var-
iability typical for mountain soils. Therefore, the data based on existing
literature could not be used to construct a general model of Pb concen-
trations in soils of the Karkonosze nor to identify the factors governing
Pb concentrations or indicate the zoneswith the highest pollution. Total
concentrations and distribution of heavy metals in mountain soils de-
pend not only on natural factors: parent rock, bioaccumulation and
the effects of soil forming processes, and external factors, such as
input of air-borne pollutants and changing chemistry of dry and wet
precipitation, but are also strongly modified by site-specific factors
like forest canopy, forest edge effect, and microrelief, including tree
logs, rocks and local depressions (Bergkvist et al., 1989; Chawla et al.,
2010; Friedland et al., 1984; Karczewska et al., 2006b; Liptzin and
Seastedt, 2010; Moyse and Fernandez, 1987;Weathers et al., 2000). Al-
though the geology of soil parent rock is almost homogeneous in the
whole area, as the mountain range is built mainly of granite, with the
exception of its very eastern part, where metamorphic shists are
predominating rocks, and that of local mineralization in the contact
zone in some valleys (Mazur, 2002), the other factors that determine
trace metals accumulation in soils vary significantly. Site altitude has
been indicated by various authors as an important factor that influences
absorption of air-borne pollutants and their concentrations inmountain
soils. Increasing concentrations of trace metals, particularly of Pb, at
higher elevations were described by Friedland et al. (1984) in Vermont
GreenMts., Bogle et al. (1987) in Great SmokyMts., Lovett and Kinsman
(1990) in Appalachian Mts., Ragsdale and Berish (1988) at Coweeta, as
well as by Smidt and Herman (2004) and Zechmeister (1995) in the
Alps. Other authors, however, found the highest depositions and accu-
mulation of metallic pollutants at low altitudes (the case of Central
Pyrenees, reported by Bacardit and Camarero, 2010), or at medium ele-
vations (Gerdol and Bragazza, 2006). Several other reports proved that
there was no evident relationship between the altitude and Pb accumu-
lation (Liptzin and Seastedt, 2010; McNulty et al., 1991; Petty and
Lindberg, 1990).
The main objective of this study was to provide actual information
on the concentrations and pools of Pb accumulated in the surface
layers of soils in the Karkonosze Mts., in order to identify the most
contaminated areas and assess a potential ecological risk caused by
Pb presence in the soil environment. Another important purpose of
the work was to recognize the main factors that affect Pb spatial dis-
tribution in mountain soils, in relation to contradicting conclusions
from the literature.

2. Materials and methods

2.1. Site description and soil sampling

The study was carried out in the Karkonosze Mts, a range in the
western Sudetes, SW Poland (Fig. 1). Soil samples for analysis of
trace elements were collected from the depths of 0–10 cm and
10–20 cm, as well as from the forest litter (O), in 372 of 630 monitor-
ing sites situated in a forested zone of the Karkonosze Mts., that
covers an area of 4,400 ha. Sampling localities were situated possibly
uniformly within the whole area of the Park, represented the broad
spectrum of altitudes in the range 500–1350 m a.s.l. (Fig. 1), and
were considered as representative for the whole array of monitoring
sites. The samples of forest litter (ectohumus) were collected if only
that layer was present on the surface of mineral soil. The depth of for-
est litter was measured and reported. The types of forest litter
depended on local conditions and the kind of forest stands (mainly
spruce and beech stands), and in most sites represented either a
mor or moder type. The depth of forest litter varied in a broad
range 0.3–13 cm. Soil coverage with rocks and large stones was
assessed in each sampling site. Detailed description of sampling pro-
cedure was presented elsewhere (Karczewska et al., 2006a).

2.2. Laboratory analyses

All the samples were air dried and homogenized prior to laborato-
ry analyses. The basic soil properties, including grain size distribution,
soil pH (in 1 mol∙dm−3 KCl) and organic matter (OM) content, were
determined according to the methods described by Tan (2005).
Oxidometric method was used for organic carbon determination in
mineral samples, whereas in organic samples OM was determined
by loss on ignition. Total concentrations of Pb were determined by
FAAS after microwave digestion with “diverse” aqua regia. Three cer-
tified reference materials: WEPAL RSM 2709 (San Joaquin Soil), RSM
2711 (Montana Soil) and CMI 7004, as well as internal standards,
were used for validation of analytical methods.

On the basis of Pb and OM concentrations, the pools of Pb accumu-
lated in the surface soil layers, down to the depth of 20 cm, were
calculated for each sampling site. Soil bulk density was assessed
basing on the model by Prevost (2004), worked out on the basis the
Canadian boreal forest, that predicts soil density from organic matter
content. The suitability of this model for the conditions of forest soils
in the Karkonosze Mts. was checked for a series of samples and the
prediction error was assessed as lower than 20%. Soil bulk density
in the forest litter and in the layers 0–10 cm and 10–20 cm varied
in the ranges: 0.16–0.42, 0.17–1.05, and 0.17–1.56 g∙cm−3, respec-
tively Soil coverage with rocks and large stones, evaluated in the
field, was taken into account in calculations of Pb and OM pools.

2.3. Data analysis and statistics

Analysed were both the concentrations of Pb in soil layers:
ectohumus (O), 0–10 cm and 10–20 cm, and pools of Pb accumulated
in soils down to 20 cm. In order to check a dependence of Pb concen-
trations and pools in soils on the altitude, all the sites were divided
into four operationally defined altitudinal zones: b750, 750–1000,
1000–1250, and >1250 m a.s.l. The data were analyzed using basic



Fig. 1. Location of sampling sites in the Karkonosze National Park.
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statistical methods: a one-way factorial analysis of variance (ANOVA)
with Tukey's post hoc test, P=0.05, as well as by linear regression.
For each group of sites, the mean values and confidence ranges
were calculated at the 0.05 probability level. Statistical analysis was
performed using Statistica 9.0 (StatSoft Inc.) software package.

Additionally, an approach has been made to use geostatistical
methods to analyze the spatial distribution of the data and to estimate
the Pb concentrations and pools at unsampled locations. The statistical
theory behind this analysis is the theory of regionalized variables,
whichmeans that the variance between two realizations of the random
function depends only on the step width between those locations and
not on the absolute location in space (Nielsen and Wendroth, 2003;
Schaefer et al., 2010). Geostatistical analysis was carried out using the
application Geostatistical Analyst in the software ESRI Arc Editor 10.0.
Raster maps of Pb concentrations in separate layers (O, 0–10 cm, and
10–20 cm) and Pb pools in soils were created by data processing with
the method of ordinary kriging, after their logarithmic transformation
performed to obtain lognormal distribution. Empirical semivariograms
were calculated at different lags and fitted with theoretical models by
approximation with spherical models.

3. Results and discussion

3.1. Pb concentrations — general assessment

Particularly high concentrations of Pb were found in forest litter,
where they varied in the range: 24–200 mg∙kg−1 (mean value:
Table 1
Statistical parameters characterizing variability of Pb concentrations in soils and their depe
relations at P=0.05 are marked with asterisks.

Analysis Parameter Pb concentrations, mg∙kg−1

O 0–10 cm

Descriptive statistics Minimum 24 18.5
Maximum 200 248
Mean 112 82.8
Median 105 68
Standard deviation 35.3 42.1
Variability coeff., % 31.6 50.8

Correlation coefficients Altitude, m a.s.l. 0.11 0.12
Organic matter, % 0.02 0.30*
112 mg∙kg−1), and only rarely remainedbelow100 mg∙kg−1. The ranges
of Pb concentrations in the layers 0–10 cm and 10–20 cm were 18.5–
248 mg∙kg−1 (mean: 82.8 mg∙kg−1), and 3.8–196 mg∙kg−1 (mean:
46.3 mg∙kg−1), respectively (Table 1). Those data refer to both mineral
soils and organic ones, i.e. those developed from peat, considered togeth-
er as a common set. When excluding the organic soils (those containing
over 30% organic matter), Pb concentrations in the mineral layers 0–10
and 10–20 cm appeared lower, in the ranges of: 26.3–149 mg∙kg−1

(mean: 72.5 mg∙kg−1), and 4.0–119 mg∙kg−1 (mean: 43.0 mg∙kg−1),
respectively. High values of standard deviation (SD) and variability coef-
ficient (Table 1) proved a high diversity of Pb concentrations, particularly
in the deeper soil layers, i.e. 0–10 cm and 10–20 cm.

Pb concentrations in most samples of forest litter, and in the layer
0–10 cm, considerably exceeded a value of Polish soil quality standard
for protected areas, established at the level of 50 mg∙kg−1 (Decree by
Ministry, 2002). Similar, i.e. 50–60 mg∙kg−1, are the values proposed
by CSTEE as critical for chronic exposure of terrestrial organisms
(UNEP, 2010). According to the current legislation, the cases of excessive
pollutant concentrations in soils within protected areas, such as national
parks, may be acceptable under the condition that they do not pose any
detrimental effects on biological processes and do not cause any risk on
ecosystem. Such a requirement, however, imposes a need of further
research to be carried out, firstly in identified sites with the highest Pb
concentrations in soils. The value of 50 mg∙kg−1 was exceeded in 98%
samples of forest litter, as well as in 77% and 29% samples collected
from 0–10 cm and 10–20 cm. The concentration of 150 mg∙kg−1,
defined as maximum Pb level torelable for soil biota (de Vries et al.,
ndence on site altitude and organic matter concentrations. The cases of significant cor-

Pb pools, g∙m−2

10–20 cm O 0–10 cm 10–20 cm Total

3.8 0.06 0.10 0.02 0.16
196 4.29 14.6 14.7 26.6
46.3 0.91 3.13 2.70 6.20
41.8 0.88 2.81 2.47 5.92
26.1 0.51 2.43 2.08 4.32
56.4 56.1 77.6 77.0 69.7
0.00 −0.37 −0.06 −0.12 −0.16
0.40* not determined 0.89*
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2007; Rademacher, 2003), was exceeded in 14%, 9%, and 1% of the sam-
ples collected from forest litter, 0–10 cm, and 10–20 cm layers, respec-
tively. Those high concentrations of Pb, combined with acidic soil
reaction (mean pH values in the layers: 2.93, 3.15, and 3.41), described
in another paper (Szopka et al., 2010), as well as high content of organic
Fig. 2. Kriging maps of Pb concentrations (mg∙kg−1) in 3 soil
matter, may indicate enhanced risk of Pb mobilization and ecotoxicity,
as elucidated by Sauvé et al. (2000, 2003). On the other hand, however,
similar Pb concentrations in forest litter and surface soil layers were
reported by other authors in other mountain ranges (FOREGS, 2005;
Friedland et al., 1984, 1992; Reimann et al., 2009).
layers: a) ectohumus (O), b) 0–10 cm and c) 10–20 cm.

image of Fig.�2
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3.2. Spatial distribution of Pb concentrations

The analysis of maps illustrating Pb concentrations in soil layers:
ectohumus, 0–10 cm and 10–20 cm (Fig. 2a, b, c) indicated several
areas where soils are particularly enriched in Pb. Those areas are
very distinct in the case of ectohumus and 0–10 cm, however, similar
patterns of spatial differentiation can also be recognized for the layer
10–20 cm. Closer examination of the matter let us identify those
areas as situated in the vicinities of mountain passes, with relatively
gentle slopes, preferential for the inflow of air masses. Higher concen-
trations of pollutants in bottom parts of the clouds, as well as high
contribution of fog and rime to total deposition of pollutants (Błaś
et al., 2008; Dore, et al., 1999) should be considered as important
factors governing such a spatial distribution of Pb concentrations.
Additionally, soils situated in such localities are usually very rich
in organic matter, classified as Histic Leptosols or Skeleti-Histic
Regosols. The layers 0–10 cm and 10–20 cm in those soils are often
built of ombrothrophic peat material that strongly accumulates Pb.
It should be stressed, however, that soil properties in those areas
show extremely high local variability, caused mainly by rough
microrelief and different coverage with rocks. Soil enrichment in Pb
(particularly in the layers 0–10 cm and 10–20 cm), in the most east-
ern locality, may additionally be attributed to the kind of parent rock
and possible local mineralization of rocks in that part of the mountain
range (Mazur, 2002).

The results of statistical analysis did not indicate any simple
relationships between the site altitude and Pb concentrations in any
of the layers examined (Table 1). The concentrations of Pb in the
0–10 cm soil layer were in the highest altitudinal zone significantly
higher than those in lower zones (Fig. 3a), but in the case of forest lit-
ter (O) and the layer 10–20 cm, a similar trend has not been found.
Such an increase of Pb concentrations in the 0–10 cm layer with
increasing altitude may be explained by an abundance of organic
soils at the highest elevations, confirmed by the highest concentra-
tions of organic matter in the 0–10 cm layer in the altitudinal
zone >1250 m a.s.l. (Fig. 3b). Higher Pb concentrations in the layer
0–10 cm compared to forest litter result partly from natural processes
of leaf and needle decomposition and transformation, in which or-
ganic matter-Pb compounds are usually stabilized via complexing,
humification and adsorption to minerals, such as clay minerals and
iron oxides (Laskowski et al., 1995; Lomander and Johansson, 2001;
Sauvé et al., 2000, 2003; Scheid et al., 2009). In effect, the concentra-
tions of Pb in the soil layer 0–10 cm, that contains well humified
organic matter, are higher compared to freshly deposited forest litter.
Fig. 3. Lead concentrations (a) and organic matter concentrations (b) in four altitudinal zon
ranges, P=0.95 (determined by Tukey's post-hoc test).
This effect is additionally strengthened by the facts that 1) atmo-
spheric deposition gives a major input of Pb to forest litter compared
with internal circulation through root uptake, translocation and
litterfall (Hovmand et al., 2009), and 2) the amounts of Pb deposited
onto the land in this part of Europe, decreased substantially in recent
decades, both in a regional and in the local scale (Liana, 2010; RIEP,
2011; Twarowski et al., 2007; UNEP, 2010; von Storch et al., 2003).

3.3. Pb pools — general assessment

The values of Pb pools in the Karkonosze Mountains remain in a
broad range of 0.16–26.6 g∙m−2 and with the mean of 6.20 g∙m−2

(Table 1) and should be considered as relatively high compared
with the values reported by other authors (Table 2). It should be
stressed, however, that the attempts to compare our findings with
the data from the literature face some difficulties, because the other
authors either reported the amounts of Pb accumulated in various
horizons without supplying the details on their thickness (Klaminder
et al., 2006), or calculated Pb pools accumulated within soil profiles of
various depths. The depth of analyzed soil layer is in fact of crucial im-
portance for data interpretation, as it has been proved that the pools
of lithogenic Pb present in deeper soil horizons may be considerably
high or even higher than those of air-borne origin (Table 2).

The pools of accumulated Pb determined in this study are by
several-fold higher than those assessed on the basis of available
meteorological data on former and present Pb deposition rates. Assum-
ing that a significant part of Pb accumulated in the surface soil layers has
derived from airborne deposition from the period 1950–2000, we
estimated total amount of Pb deposited in those years, basing on
the data from the literature and from meteorological stations situated
at the foothills of the Karkonosze Mountains and on their highest
peak, Śnieżka (IMGW, 2011; RIEP, 2011; Schulte-Rentrop et al., 2005;
Twarowski et al., 2007;UNEP, 2010; von Storch et al., 2003). Reported an-
nual Pb depositions varied in this period in the range of 5–50 mg·m−2,
reaching the highest values in the 1960s, 1970s and 1980s, while they
presently remain at the level of 0.2–1.5 mg∙m−2. The data from thewest-
ern part of the mountain range are by 30–50% higher than those from its
central part. Total amount of Pb deposited in the years 1950–2000, calcu-
lated on the basis of meteorological data, has been assessed as 0.9–
1.5 g∙m−2. The results of our study yielded much higher values, with
the mean pool of Pb accumulated in the layer down to 20 cm estimated
as 6.2 g∙m−2. Such adiscrepancymayhave resulted froma seeder–feeder
effect (Dore et al., 1999) that makes the concentrations of pollutants in
rime and fog much higher than those in rain and snow water, as well as
es: b750, 750–1000, 1000–1250, and >1250 m a.s.l. Whiskers stand for the confidence

image of Fig.�3


Table 2
The pools of anthropogenic and lithogenic Pb in the surface layers of mountain forest soils, according to various authors.

Site localities N Depth, cm Horizon Mean Pb pools, g∙m−2 Comments Source

Northeastern US No data Anthropogenic Pb accumulated
in soil

1.7>3.0 At lower elevation
At higher el. (>1200 m)

Miller and Friedland (1994)

Down to 90 cm 0.7–3.1 From pollution Brännvall et al. (2001)*
1.9–7.9 Natural

Sweden, Boreal forests 11 in that amount: Ectohumus (O)
Eh+Bs (to 15–35 cm)

0.1–1.0 (100% from pollution)

1.13–3.92 (45–90% from pollution)
Germany, Fichtelgebirge,
Lehstenbach

3 Ectohumus (O)
Mineral soil 0–60 cm

1.75
22.2

Mean, wetland and upland granitic soils,
elevation 700–700 m

Huang and Matzner (2004)

Germany, Fichtelgebirge,
Coulissenhieb

1 Ectohumus (O)
Mineral soil 0–30 cm

2.39
11.34

Elevation: 800 m Huang et al. (2008)

North Sweden 1 Down to 35 cm 0.67
3.54

From pollution
Geogenic

Klaminder et al. (2005)

North Sweden: Kulbäcksliden 11 Ectohumus (O)
Ah
E
Bs

0.28±0.07
0.14±0.03
0.36±0.20
0.55±0.32

O and E layers – of different thickness.
Bs=upper 4 cm of B-horizon

Klaminder et al. (2006) ⁎

Japan, Kanto 17 Down to 14 cm 0.98±0.40
−1.49±0.62

Anthropogenic Pb Takamatsu et al. (2010)

Northern England ~40 Peat: 10 / 20 cm
(wetter & drier sites)

0.96–22.8 0.1 M HNO3-soluble Pb
(geochemically active )

Tipping et al. (2010)

⁎ Approximate data read from the figures.
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fromhorizontal precipitation thatmay be by several-fold higher thanwet
deposition (Błaś et al., 2008; Dore et al., 1999).
3.4. Effect of altitude on Pb pools

The tendency of increasing Pb concentrations in soils with grow-
ing altitudes, described above, was not reflected by the increase of
Pb pools accumulated in all layers down to the depth of 20 cm,
which, in fact, decreased with increasing elevations (Fig. 4a). The
mean values of Pb pools were: 8.02, 6.75, 5.80, and 4.04 g∙m−2, re-
spectively, in the zones ordered according to increasing altitudes.
The significance of differences between the mean Pb pools in the
highest and lowest altitudinal zones has been confirmed statistically
at the probability level of P=0.05.

A similar relationship referred also to the stocks of organic matter
which were in the highest altitudinal zone significantly lower than
those in the lowest zone (Fig. 4b). Such dependence was different from
our first expectations, as severe environmental conditions at higher alti-
tudes were supposed to suppress organic matter decomposition and
Fig. 4. Lead (a) and organic matter (b) pools accumulated in soils (down to 20 cm) in four alt
confidence ranges, P=0.95 (determined by Tukey's post-hoc test).
favour its accumulation in the form of thick mor layers, typical for sub-
alpine soils (Kirschbaum, 1995; Reichstein et al., 2000). However, sev-
eral authors pointed out that large stocks of humified organic matter
may accumulate also in mineral horizons of forest soils situated in
lower altitudinal zones, where biomass production is usually much
more intensive (Garten and Hanson, 2006; Kammer et al., 2009;
Sheikh et al., 2009; Zhang et al., 2011; Zhu et al., 2010). Therefore, the
net balance of organic matter accumulation / decomposition in subal-
pine environments depends on site specific conditions and cannot
be simply predicted (Davidson and Janssens, 2006; Drewnik, 2006;
Garcia-Pausas et al., 2007). The stocks of soil organic matter accumulat-
ed in the highest part of the forested Karkonosze zone, turned out to be
lower compared to its lower parts.
3.5. Pb pools as related to organic matter

Our results confirm that the amounts of Pb accumulated in the
very upper layers, i.e. in a forest litter (O) and in 0–10 cm layer,
undoubtedly of predominant air-borne origin (Brännvall et al., 2001;
itudinal zones: b750, 750–1000, 1000–1250, and >1250 m a.s.l. Whiskers stand for the
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Hovmand et al., 2009), depend strongly on organic matter storage. Re-
gression analysis based on Pearson correlation coefficient, indicated
that the concentrations of Pb in the layers 0–10 cm and 10–20 cm
were linearly dependent on the content of organic matter in soil
(Table 1), similarly as reported by several authors from other mountain
ranges (Donisa et al., 2000; Kaste et al., 2005; Wang et al., 2009), al-
though the correlation coefficients were relatively low: R=0.30 and
0.40, respectively. Particularly strong was, however, the dependence
of Pb and organicmatter pools in soils (R=0.89; R2=0.791), illustrated
in the scatter-plot (Fig. 5a). It turns out that the pool of stored organic
matter is a key factor governing the amounts of Pb accumulated in
soils of the Karkonosze Mts. A 3D-chart illustrating the variability of
Pb pools depending on the amount of OM and altitude (Fig. 5b), con-
firms that the importance of altitude was in fact negligible, whereas
the pools of Pb depended strongly on the stocks of organic matter.
Calculated ratio of Pb to OM pools varied in a relatively broad range
29–401 mg Pb g−1 OM, with an average value of 148 g Pb g−1 OM,
and was considerably higher than the values reported by Liptzin and
Seastedt (2010) for the Rocky Mts, assessed at the level 23.6–43.6 mg
Pb g−1 OM. This difference should probably be attributed to the higher
amounts of anthropogenic depositions in industrialized regions of
central Europe, compared to central United States (Bindler, 2011;
Huang et al., 2008; UNEP, 2010).
Fig. 5. Dependence of Pb pools accumulated in soils on OM pools in soils. a) scatterplot
based on all sampling sites, b) 3D graph considering OM and altitude as the factors
governing Pb spatial distribution in soils.
3.6. Pb accumulation in soil layers

We have found that the largest amounts of Pb were present in the
layer 0–10 cm (19–92% of the total pool down to 20 cm), with its
mean share of 51%. The contributions of Pb present in forest litter
were much lower, in the range 1.2–38% (the mean 15%). Those contri-
butions corresponded to the amounts of 0.06–4.29 g∙m−2 (mean
0.91 g∙m−2) Pb accumulated in forest litter, and considerably higher
Pb pools stored in the layers 0–10, and 10–20 cm: 3.13, and
2.70 g∙m−2, , respectively. The question should be asked now wheth-
er, and to which extent, Pb deposited to the soil surface has been
translocated or leached from soils. Some authors reported high mo-
bility of Pb in acidic forest soils, attributed to the strong affinity of
Pb to dissolved or colloidal organic matter (Luster et al., 2006;
Sauvé et al., 2003). On the basis of general knowledge on Pb biogeo-
chemistry and its strong binding with humified organic matter
(Adriano, 2001; Huang and Matzner, 2004; Kabata-Pendias, 2009;
Scheid et al., 2009), we can suppose that the low pools of Pb accumu-
lated in O layer reflect a reduced Pb deposition from the atmosphere,
in comparison with previous periods, rather than the effects of Pb
leaching. This will, however, remain only an assumption, as this
study did not involve direct examination of Pb solubility and mobility.

3.7. Spatial distribution of Pb pools

The map illustrating a spatial distribution of Pb pools in the
Karkonosze Mts. (Fig. 6) confirms great local variability of this param-
eter. Since the amounts of organic matter accumulated in the forest
soils, particularly in the mountains, indicate a strong local variability,
caused by well developed microrelief, various conditions of water
stagnation and snow melting, and other factors governing litter accu-
mulation or decomposition (Bruckner et al., 1999; Conen et al., 2005;
Liski, 1995; Schulze et al., 2009; Spielvogel et al., 2009), therefore,
consequently, a spatial distribution of Pb pools shows similar, strongly
heterogeneous patterns. The attempts to apply simple geostatistical
methods to examine Pb distribution in the soils of Karkonosze Mts.
were in fact unsuccessful, because of documented extremely high
local variability of the parameters examined. Semivariograms of Pb con-
centrations and pools proved their high differentiations and lack of clear
spatial relationships. Assessed local influences were lower than 10 m,
i.e. bymanifold smaller than the spans between the neighbouring sam-
pling sites in the monitoring network. Similar effects of high variability
in Pb distribution in the mountain or forest soils were also reported by
other authors (Bacardit and Camarero, 2010; Schaefer et al., 2010;
Schöning et al., 2006; Spielvogel et al., 2009). Many authors have point-
ed out the importance of microrelief, soil type, diversity of snowpack
properties, the effects of the canopy, filtering effect of forest edge and
upper treeline, as well as several other local factors, that may consider-
ably affect the annual deposition of Pb from the atmosphere, particular-
ly at higher elevations (Chawla et al., 2010; Gandois et al., 2010;
Hernandez et al., 2003; Kobler et al., 2010; Likuku, 2006; Liptzin and
Seastedt, 2010; Weathers et al., 2000). In spite of high local variability,
we have distinguished some areaswith the highest amounts of Pb accu-
mulated in soils. Such areas were identified as wide and relatively flat
mountain passes (in the central and western parts of the mountain
range), as well as northern, low-lying areas of the Park, subject to
local emissions of air-borne Pb. Any comprehensivemodel for the trans-
port of air masses has not been worked out for the KarkonoszeMts. yet,
but several available meteorological data confirm that south-western
winds bring round 50% of air borne pollutants (Liana, 2010), and the
mountain range acts as an orographic barrier that makes contaminant
depositions much larger in the south-western, wind-exposed, part of
the mountains than in the other parts. Several papers confirmed that
the greatest amounts of pollutants were deposited in the western part
of the Karkonosze range (Błaś et al., 2008; Hůnová et al., 2004;
Suchara and Sucharová, 2004). Themechanisms of seeder–feeder effect
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Fig. 6. The pools of Pb (g∙m−2) accumulated in forest litter and soil layers down to 20 cm (a kriging map). The areas indicated with dotted lines as (a), (b) and (c) are the hot spots
with the highest Pb pools. Related discussion — in the text.
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and horizontal precipitation (Błaś et al., 2008; Dore et al., 1999) may be
responsible for particularly high Pb deposition in the areas of vast
mountain passes compared to wind-protected slopes, situated at the
same altitude and hidden behind the mountain tops.

Our study confirms a well established knowledge about strong
heterogeneity and high local variability of Pb distribution in the
mountain forest soils, caused both by the large heterogeneity of or-
ganic matter accumulation, and most likely also by local differences
in deposition of air-borne Pb. Such a high variability should be always
taken into account when conducting research on biogeochemistry of
trace metals, in particular Pb, in other forested mountainous areas.

4. Conclusions

Lead concentrations in surface soil horizons, both in the ectohumus
(forest litter) and in the 0–10 cm layer of soils in the Karkonosze Mts.,
exceed considerably the value of 50 mg∙kg−1 set up as a soil quality
standard for the areas of protected nature, and therefore more detailed
examination of those soils will be needed, particularly in the areas with
identified high Pb accumulation. Pb concentration of 150 mg∙kg−1,
often referred to as maximum tolerable for soil biota, is exceeded in
14% of sites examined, and this fact, together with acidic soil reaction
and high content of soil organic matter, indicates enhanced risk of Pb
ecotoxicity. The highest pools of Pb are accumulated in the layer
0–10 cm. The total Pb pools down to 20 cm are several times higher
than those assessed on the basis of available metheorological data.

Lead concentrations and pools in soils depend significantly on soil
organic matter content, and both indicate high variability and mosaic
patterns. Therefore, their spatial distributions cannot be described and
predicted by simple geostatistical models. The study indicated, howev-
er, some areas with particularly high pools of accumulated Pb, namely
the wide mountain passes, as well as several low locations situated
close to residential areas. In such areas, a further study is needed to de-
termine Pb speciation in soils and tomore precisely assess the risk of Pb
mobilization and potential harmful effects on ecosystems.
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