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a b s t r a c t

Soil acidification was assessed in the Eastern Sudetes Mountains (Czech Republic) between 1941 and
2003, i.e. before and after the period of major industrial pollution (1950se1990s). The twenty sites
included in our study were distributed along a gradient of altitude ranging 1000 m. Values of pH have
decreased in 80e90% of the pairs of samples after the six decades, on average by 0.7 for pH-H2O and 0.6
for pH-KCl. Organic matter increased in the topsoil, probably reflecting a change in decomposition
conditions. The most important finding is that the acidification varies along the joint gradient of altitude/
tree layer composition, and displays a changing pattern in three soil horizons (A, B and C). Contrary to
expectations, most acidified were soils in beech forests at lower elevations.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Soil acidification is a complex of changes in soil properties
including pH decrease, release of base cations from the sorption
complex (e.g. Porębska et al., 2008) and changes in distribution
patterns of aluminium ions (Bor�uvka et al., 2005). Anthropogenic
acidification has deeply affected soils in large areas in Europe and
North America (Federer et al., 1989; Likens et al., 1996; Berge et al.,
1999). It has had far-reaching consequences not only for the
chemistry of soils but also for that of surface waters (Veselý et al.,
1998). It has caused changes in biodiversity, which were docu-
mented in particular for vegetation (e.g., Falkengren-Grerup, 1989;
Baeten et al., 2009). Species sensitive to higher acidity and base
cation leaching are especially prone to extinction of local pop-
ulations (Falkengren-Grerup and Tyler, 1993; Hédl, 2004a).

Acidification largely resulted from the sulphur dioxide and
nitrogen oxides emissions from brown coal burning. It peaked
between the 19(40s)e50s and the 1990s (Hru�ska and Cienciala,
2003; Kopá�cek and Veselý, 2005). The most severely affected area
was the “Black Triangle” in the PolisheGermaneCzech borderland,
where the enormously high loads of acidifiers and other pollutants
resulted in vast forest die-off (McNeill, 2000). After the decline of
heavy industry and the desulphurization of emissions from coal
All rights reserved.
power plants since the early 1990s, the sulphur loads rapidly
decreased. There was an almost 90% reduction in SO2 emission
between 1990 and 2006 resulting in sulphur deposition decrease
by 75% (Hru�ska, 2007; see also www.chmi.cz). Nitrogen deposition,
however, remained at the same level further contributing to envi-
ronmental acidification.

Besides airborne depositions, management practices represent
the second main group of factors responsible for acidification in
forest ecosystems (Yanai et al., 1999). Tree species composition is of
great importance (Van Dobben and de Vries, 2010). In highly
acidified areas of Central Europe, the widespread forestry practice
of planting Norway spruce has probably largely contributed to soil
acidification (Oulehle and Hru�ska, 2005). The removal of base
cations from ecosystems through timber extraction is another
important acidifying factor (Dahlgren and Driscoll, 1994; Hru�ska
and Cienciala, 2003). As much as one-third of the long-term base
cations loss can be in timber (Hru�ska et al., 2002). Finally, acidifying
compounds of nitrogen are released from decomposing biomass.
Acidification thus occurs during ecosystem succession, in other
words forest ageing is associated with a decrease in soil pH even
under pollution-free conditions.

Using mathematic models, the acidification/recovery process
can be effectively reconstructed in the past and forecasted for the
future (Krám and Bishop, 2001). However, current anthropogenic
acidification has been a decades-long process and despite the fact
that modelling and biological proxy-data (e.g. Vrba et al., 2003) can
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provide indirect insights, within-site re-measurements remain the
only direct evidence of the long-term changes in soil chemistry
(Hru�ska and Cienciala, 2003). The usage of repeated measurements
is therefore twofold: for the calibration of models and as the direct
evidence.

With fewexceptions (Falkengren-Grerup,1987; Hédl and Rej�sek,
2007), the usual time span of repeated studies is not longer than
a decade or two (e.g., Dahlgren and Driscoll, 1994; Jönsson et al.,
2003; Oulehle et al., 2006). Only a handful of studies extending
the 50 year-period of high pollution impact were published from
Sweden (Hallbäcken and Tamm, 1986a,b; Tamm and Hallbäcken,
1986, 1988), Finland (Ahokas, 1997), Belgium (De Schrijver et al.,
2006), and the Ukrainian Carpathians (Hou�ska and Schejbalová,
2004; Oulehle et al., 2010); potentially see also a study by Billett
et al. (1990). Their results convincingly showed the patterns in
long-term acidification. However, they describe areas under rela-
tively low loads of acidifying pollutants, and possess some impor-
tant constraints (data only from topsoil, a narrow environmental
range, or only indirect comparison). Moreover, the focus of most
acidification research projects is on small territories with homo-
geneous conditions, such as small catchments or water bodies (e.g.
Veselý et al., 1998; Oulehle et al., 2006). An integral survey from
a heavily acidified larger region has been missing so far.
Fig. 1. Study area. Hatched cut-off (right map) delimits the area on the CzechePolish bound
of study sites. White squares denote sites with assessment of the potential relocation bias (re
Czech Republic (lowland, colline, submontane, montane, supramontane, subalpine).
In the present study, we aim to identify patterns in soil acidifi-
cation after six decades, repeating a soil acidity survey from the
early 1940s. We hypothesize that (1) acidification increases with
altitude, where in higher elevations higher precipitation and acid-
litter producing vegetation have enhanced the acidification
process, and that (2) acidification was more intensive in the topsoil
than in the subsoil where bedrock material helps to buffer acidifi-
cation. In addition, we assessed the potential bias produced by the
not exactly known position of the original soil pits.

2. Material and methods

2.1. Study area

Our study area includes two orographical subunits of the Czech part of the
Eastern Sudetes mountain range, the Hrubý Jeseník Mountains (Altvatergebirge)
and the Rychlebské hory Mountains (Reichensteiner Gebirge). It adjoins the area
affected by high airborne acidifier deposition in the past decades, however, without
a resulting forest die-off in the study area itself (Fig. 1).

The total area is about 1200 km2, geographical delimitation is 50�270e49�530 N
and 16�500e17�260 E. Elevations range from about 350 to 1492 m a.s.l. (Mount
Prad�ed/Altvater). Average annual air temperatures range about 1e8 �C from top to
foothills, average annual precipitation varies roughly between 800 and 1200 mm.
Geologically the prevailing bedrock is metamorphic siliceous rocks e gneiss, schist,
mica-schist, phyllite, amphibolite. Soils are moderately acidic cambisols
(¼inceptisols), podzols (¼spodosols) and their mutual transitions (Appendix 1).
ary with resampled soil pits. Numbers in the left map correspond to the serial numbers
cent pH heterogeneity). Elevation ranges correspond to the vegetation belts used in the
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Forests are the prevailing land cover type. The Jeseníky Protected Landscape
Area, representing about 3/4 of the study area, is ca. 80% forested (www.nature.cz).
Most forests are commercially managed for timber production. This concerns all
sampling sites except for the one at the highest elevation (Fig. 1), which is a part of
the nature reserve founded in 1903. Tree composition varied in the past millennia
and human impact can be traced back to prehistory (Rybní�cek and Rybní�cková,
2004; Treml et al., 2008). Without forestry interventions, the main tree domi-
nants would be European beech (Fagus sylvatica L.), Silver fir (Abies alba Mill.) and
Norway spruce (Picea abies (L.) Karsten). Climax spruce forests are usually assumed
to be natural in the upper forest belt at elevations from about 1100e1200 to 1350 m
a.s.l. (upper tree-line), however, according to palynological evidence spruce forests
are relatively recent and anthropogenic in origin potentially enhanced by a colder
oscillation in the Little Ice Age (Rybní�cek and Rybní�cková, 2004). Nowadays forests
at all altitudes are mainly Norway spruce plantations. However, there is still a rela-
tively high proportion of European beech averaging about 20% and locally reaching
twice that percentage.

2.2. Reference dataset

In the 1930se60s, the German forest ecologist Friedrich K. Hartmann carried out
an extensive study devoted to the variability of forest types in the mountainous
areas of Central Europe (Hartmann and Jahn, 1967). The geographical range of this
study extends from the Rhine to the western edge of the Carpathians. This by now
half-forgotten monograph constitutes an outstanding source of high-quality
primary data on forest ecosystems in Central Europe from before the major pollu-
tion impact. The species composition and structure of vegetation was recorded in
several hundred sites. Soils from selected sites were pedologically characterized
using classical soil pits. Profiles were described and in most cases samples taken
from soil horizons were denoted A, B and C, reflecting the stratification typical of
forest soils (Appendix 1).

2.3. Resampling methodology

Each one of Hartmann’s sites was described in a standardized way and localized
by the number of the forestry compartment in which it lay. Boundaries of forest
compartments have not changed since the 1940s, but their numbers have. Old
forestry maps deposited in the Opava and Olomouc archives were consulted and
Hartmann’s original plots localized. For determination of the resampling area, data
on elevation, slope exposition and inclination were used, as well as notes on local
topography. Tree species composition had to match the original description, i.e. the
beech vs. spruce proportion had to be in accordance with the composition 60 years
ago (Appendix 1). Sampling areas delimited in this way were sized about one
hectare [see Fischer and Stöcklin (1997) for another example of this approach].

Twenty sites fulfilling the criteria were re-visited in autumn 2003. The sites are
evenly distributed in the study area. One soil pit was dug at each site reaching the
depth indicated by Hartmann (usually 1 m). The stratigraphy of the soil horizons
described by Hartmann was carefully confronted with the field situation at present.
Fifty-seven new soil samples were taken, each corresponding with the individual
horizon type and the depth of sampling described in the 1940s.

2.4. Relocation bias assessment

Due to inexact re-localization of the original soil pits, spatial heterogeneity could
have obscured temporal changes in the soil chemistry observed. The bias assessment
consists of the comparison of variability of values detected at present and related to
the old ones. For approaches to assess the relocation bias, see Fischer and Stöcklin
(1997) and Ross et al. (2010). We assessed this bias in six sites, where two tran-
sects in horizontal and vertical directions regarding the slope orientation were
established, starting from the soil pit. The basic idea was that if the old values were
within the range of the values from transects, this would indicate that either acid-
ification did not take place or there really is a bias due to spatial heterogeneity in soil
pH higher than the rate of potential soil acidification. As pH varies mostly in upper
horizons, soil samples only from A-horizons were taken in increasing distances of 2,
8, 15, 30, 60, ending at 100 m from the soil pit, following the maximum uncertainty
of relocation. This resulted in 72 samples (see Appendix 2). It has to be noted that
“distance” on transects is a relative variable as it has no relation to the real position
of the old soil pit, which remains, after all, unknown within the 1 ha area (see also
Section 2.7).

2.5. Soil horizons

Three types of soil horizonswere distinguished. They follow the denotation used
by Hartmann and correspond to basic concepts used today (ISSSeISRICeFAO, 1998).
Horizon types were consistent between old and new samplings within a soil pit (see
Appendix 1 for description). First, “horizon A” was the topsoil organic-mineral
horizon underneath the humus layers. Second, “horizon B” was the subsoil
mineral horizon, which includes various horizon types and subtypes. In this study,
they were cambic, spodic and occasionally gleyic horizons (site 14). Third, “horizon
C”was the subsoil mineral horizon of weathered bedrock, i.e. usually very skeleton-
rich. Occasionally gleyic featureswere observed in the subsoil (sites 12,14,16,17, 20).

2.6. Laboratory analyses

Soil samples were air-dried and sieved to 2 mm fraction and were subjected to
measurements of three soil acidity parameters: i) pH inwater suspension (pH-H2O),
ii) pH in KCl solution suspension (pH-KCl), iii) exchangeable acidity. In addition, the
analysis of total carbon content changes was performed, as this parameter can be
influenced by acidification. We followed the methodology originally used by Hart-
mann 60 years ago (Hartmann and Jahn, 1967, pp. 275e280). For pH measurements,
they used glass electrodes. The original measurements were done after the Second
WorldWar from the dry-stored samples (for validity of this approach see Blake et al.,
2000). From each sample, 10 g of soil was suspended in 25 ml of distilled water or in
1 N KCl solution. The exchangeable acidity was measured using 100 g of soil and
250 ml 1 N KCl solution, and after one hour of stirring, sedimentation and filtration,
the 125 ml of the resulting solution was titrated by Methyl red and 0.1 N NaOH per
100 g of dry mass. The total carbon content was analysed in a dry way, by weighing
the dry samples, burning them at 800 �C for half an hour in a furnace, cooling and
weighing again. Other soil parameters provided by Hartmann (content of Ca, Mg, K
and P) were not re-analysed because of unavailable equipment and unclear analytic
procedures. All measurements were carried out in the Laboratory of the Department
of Geology and Pedology at the Mendel University of Agriculture and Forestry in
Brno.

2.7. Data analysis

Paired analysis was applied to old and new samples regardless horizons.
Differences were statistically tested by a two-sample test for dependent observa-
tions. Assumptions for normality of distributions were found valid using the
BrowneForsythe test for homogeneity of variances. Old and new values within the
four parameters were correlated in order to test for the evenness of change in
particular pairs of samples. Moreover, the four parameters were correlated using
changes in old-new pairs of values. Regressions of pH-H2O values against altitude for
old and new values were constructed in order to visualize the altitude-dependent
acidification patterns then and now. This was done separately for the three types
of horizons. All the testing and graph drawings were performed in the statistical
program STATISTICA, version 9 (�StatSoft, Inc. 1984e2010).

Next, a GLM analysis was performed to test for complex influences of the main
factors and their interaction with time. The following independent (explanatory)
variables were used in repeated measurements ANOVA provided in STATISTICA 9:
altitude (in metres above sea level) and horizon (categories by types of horizons A, B
and C). Tree composition (beech to spruce proportion) was strongly correlated with
altitude (Fig. 2); confounding of the two factors was confirmed with regression
analysis (R2¼ 0.75, p< 0.001). We therefore decided to omit tree composition from
GLM keeping in mind that its net effect remained undistinguished. The four soil
parameters were dependent (explained) variables, each with two repetitions
(original and repeated values).

Bias by spatial variability due to the not exactly known position of the original
soil pits was assessed visually. We argued that the distance-basedmethod by Fischer
and Stöcklin (1997) was not applicable as the actual position of the old pit was
unknown within a 1 ha area. We therefore treated each new value as equal,
regarding its distance from the soil pit. Distribution of values in all old measure-
ments (N¼ 19), newmeasurements from soil pits (N¼ 19), and from the transects at
the six sites (N¼ 68) were compared using boxplots constructed using STATISTICA 9.
To see the individual profile patterns, values of pH-H2O and pH-KCl from both
horizontal and vertical transects were visually related to the old and new values
from respective soil pits (see Appendix 2).

3. Results

3.1. Relocation bias assessment

Due to the not exactly known position of the original soil pits,
the potential bias by erroneous placement of the new soil pits was
assessed using six of the sampling sites. The old values were
generally higher than values of both types of new samples. The
latter did not differ much from each other (Fig. 3). Looking at
profile-specific patterns, no clear pattern could be observed in
relation to the distance from the soil pit both for pH-H2O and pH-
KCl (not shown). Except for site 20 all recent values are lower
than the old ones, which is congruent with the conclusion on
general pH decrease. We may assume that potential error in plot
relocationwas negligible and did not bias the observed acidification
patterns.

http://www.nature.cz


Fig. 2. Twenty sampling sites are distributed along a joint gradient of altitude and dominant tree species. European beech Fagus sylvatica (light grey bars) is gradually replaced by
Norway spruce Picea abies (dark grey bars). Site numbers correspond to those in Appendix 1.
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3.2. Changes in soil parameters

Soil acidity has decreased in 80e90% of compared pairs of soil
samples across horizons both in pH-H2O and pH-KCl (Fig. 4). The
mean decrease was 0.69 for pH-H2O and 0.56 for pH-KCl (cf.
Table 1), with the maximum individual decrease at site 13 (2.78 for
pH-H2O and 2.28 for pH-KCl). Exchangeable acidity did not change
significantly in general; only in the A-horizon a weak increase was
detected. Organic matter content increased significantly (Table 1).
Pairs of old and new pH values were positively correlated (corre-
lation coefficient¼ 0.53 for pH-H2O at p¼ 0.001 and 0.39 for pH-
KCl at p¼ 0.01) indicating evenness of the acidification process
and proving the robustness of resamplingmethodology at the same
time. Moreover, changes in pH seem to be positively correlated
with changes in organic matter content in horizon A (Fig. 5),
Fig. 3. Estimation of relocation error relating distribution of pH-H2O values in A-
horizon. Distribution of 1941/42 values related to soil pits (old-P), 2002/2003 values
from soil pits (new-P), and 2002/2003 values from transects in sampling areas of six
sites (new-T). Means and 95% confidence intervals are shown.
however the trend is not significant (R2¼ 0.24; p¼ 0.07). A similar
pattern could not observed in horizons B and C.

The results of repeated measurements ANOVA (Table 2) showed
that the effects of the three factors (time, altitude and horizon)
were largely independent. Soil horizon had a statistically highly
significant effect on all four parameters. Altitude had a significant
influence on pH-H2O and organic matter but not on pH-KCl and
exchangeable acidity. Time as a factor statistically significantly
contributed to pH change but not to the other two parameters.
Interaction between time and either altitude or horizon was
statistically significant in organic matter, where an increase in the
A-horizon could be observed, while in B- and C-horizons the
changes were not distinct.

Altitudinal patterns in pH-H2O and pH-KCl differed concerning
the three horizon types (Figs. 6 and 7). In topsoil A-horizons, pH
decreased sharply at low altitudes with beech forests (500e850 m,
Fig. 2), while it did so less at higher elevations and remained the
same in the highest-elevated site with a natural spruce forest
(1000e1400 m). In mineral B-horizons this pattern was similar but
less pronounced (pH-H2O, Fig. 6) or dissipated (pH-KCl, Fig. 7). The
soil-forming C-horizons have been acidified about evenly at all
altitudes (pH-H2O, Fig. 6) or showed a reversed acidification
pattern (pH-KCl, Fig. 7) compared to A-horizons.

4. Discussion

4.1. Patterns in soil acidification

Acidification studies combining long-term comparison (over
five decades) before and after pollution impact, landscape scale,
and relatively long environmental gradients are rare (cf. Tamm and
Hallbäcken, 1986, 1988). There are a number of variables that can
potentially modify acidification patterns. The most important
finding of our study is that the observed strong acidification varies
with a combination of the joint gradient of altitude/tree composi-
tion and soil horizontal stratification.

Hypothesis 1 on the differing rate of acidification along the
altitudinal gradient is partly supported by the results. However,



Fig. 5. Correlation between change in pH and change in organic matter content (OM;
%) from the pairs of old (1941/42) and new (2002/03) samples of A-horizons. Crosses
and solid regression line denote pH-H2O, diamonds and dashed lines denote pH-KCl.
General increase in OM is positively linked with pH change.Fig. 4. Changes in pH values for pairs of old (1941/42) and new (2002/03) samples

regardless of horizons. In most cases, pH decreased. Statistical values are for pH-H2O:
N¼ 58, average¼�0.6909, SD¼ 0.6478, Max¼ 0.75, Min¼�2.78; for pH-KCl: N¼ 57,
average¼�0.5635, SD¼ 0.6417, Max¼ 0.88, Min¼�2.28.
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acidification was more pronounced at lower sites with beech-
woods, while in coniferous habitats at high elevations it tended to
dissipate. This is very much contrary to expectations. We interpret
this as the effect of naturally low pH of sites at high elevations
already before the pollution impact. Long-term influence of conif-
erous forests was considered a factor co-forming strongly acidified
soils by Earl-Goulet et al. (1998) or Carnelli et al. (2004). Similarly,
we assume that the presence of acidic soils in the high-elevated
sites in the Eastern Sudetes is connected with the long-lasting
natural acidification by spruce dominating the vegetation for at
least three to four centuries (Rybní�cek and Rybní�cková, 2004;
Treml et al., 2008).

Hypothesis 2 on the various magnitude of acidification between
the soil horizons is supported. Differences in acidification patterns
for topsoil were more pronounced than in different layers of
subsoil. This demonstrates that considering soil acidification we
need to “think vertically” (e.g. Brahy et al., 2000; Hédl and Rej�sek,
2007). The least affected soil parameter, exchangeable acidity,
increased reflecting acidification in the A-horizon, while remaining
stable in both subsoil horizons. It seems that the acidification
processes interfered again in the A-horizon, as increased organic
matter contentmay be due to less severe pH decrease or its possible
increase. Changes in acidity influence the content of base cations
(namely that of Ca) which in turn affects humus accumulation in
the topsoil (Likens et al., 1998).

Current acidification trends in Europe demonstrate the
amelioration of soil and surface water chemistry due to a decrease
Table 1
Descriptive statistics and results of t-tests for dependent samples comparing old and
newpairs of samples. Statistically significant changeswere found for pH (decrease in
both pH-H2O and pH-KCl) and organic matter content (increase); p< 0.05 are in
bold.

Parameter Mean SD t-Test for dependent samples

Old New Old New N pairs t-Statistics p-Value

pH (H2O) 5.1 4.4 0.6 0.5 58 8.12 <0.001
pH (KCl) 4.4 3.8 0.6 0.5 57 6.63 <0.001
Exchangeable acidity

(ml 0.1 N NaOH)
17.8 20.5 20.2 17.1 50 �0.86 0.396

Organic matter content
(%)

8.9 12.6 6.2 10.1 44 �3.21 0.002
in acid pollution, of sulphur in particular (Woodin, 1989; Evans
et al., 2001; Navrátil et al., 2007). Ecosystems have been slowly
recovering from long-term acidification, whichmay be indicated by
increasing concentration of dissolved organic carbon in stream
waters (Evans et al., 2005). However, ongoing anthropogenic
acidification can still be observed even in natural forests far from
the main sources of pollution (Oulehle et al., 2010). Only
a substantial reduction of acidic depositions could lead to a signif-
icant recovery of heavily damaged soils and ground waters (Hru�ska
et al., 2002). Monitoring the properties of acidified soils including
comparisons of their current state with historical data thus remains
an important direction of environmental pollution research.

4.2. Relocation bias assessment

The observed soil changes include both real changes (i.e.
temporal variability) and the influence of relocation errors (i.e.
spatial variability). These two cannot be separated, only the latter
can be minimized by restricting the area within which the old pits
were most probably located. Analyzing the data, one can only
assess whether the relocation error could have distorted the results
or not (e.g., Ross et al., 2010). In this study, we showed that the
relocation errors did not distort the observed temporal changes (at
least concerning the soil pH in A-horizons). It was not possible to
tell which of the pits were actually wrongly relocated because each
pit had the same chance to be imprecisely relocated within its own
area. It is therefore methodologically correct not to exclude any site
from the dataset a posteriori, because the observed change could be
equally due to the real change and relocation error at each site.

The size of forest units (compartments) into which Hartmann’s
plots were assigned is relatively small, estimated to about one
hectare at most. Possible error is thus within a few dozen metres
considering the delimitation by the size of forest compartment,
altitude, slope and orientation, as well as information on local
topography. Our results however quite clearly indicated that the
influence of the relocation error was most probably negligible
regarding the temporal changes in soil parameters. We observed
rather large current variation in pH (about 1 unit) within an area of
about 1 ha, yet it often remains within half a unit of pH. Tamm and
Hallbäcken (1986, 1988), who used data by Hesselman from the
1920s, were able to re-localize their soil pits with a precision of up
to several hectares. We consider our study to be its methodological
analogy and the spatial bias comparable.



Table 2
Results of the repeated measurements ANOVA for the four soil parameters. Test statistics are represented with F and p values, effects with p< 0.05 are printed in bold.

Effect pH (H2O) pH (KCl) Exc. acidity Org. matter

F p F p F p F p

Altitude 12.15 0.001 0.53 0.470 0.00 0.953 7.80 0.008
Horizon 31.34 <0.001 28.56 <0.001 31.69 <0.001 51.97 <0.001
Time 15.31 <0.001 6.16 0.016 0.32 0.575 0.010 0.940
Time� altitude 3.12 0.083 0.55 0.464 0.10 0.754 1.15 0.289
Time� horizon 0.42 0.661 0.69 0.508 1.20 0.312 10.67 <0.001
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We would like to comment on two extreme outliers from the
observed distributions. First, pH values have increased at site 14 the
A-horizon by 0.7 and 0.8 for pH-H2O and pH-KCl, respectively; and
by about 0.1e0.2 in subsoil horizons for pH-H2O only. The soil pit at
site 14 in was both in the 1940s and 2000s in a water-logged slope
with a gleyic soil, which could have undergone a different process
than the rest of the sites. Second, an exceptionally large pH-H2O
Fig. 6. Acidification patterns follow a combination of altitudinal gradient and hori-
zontal soil stratification, as revealed in regressions of pH (H2O) values on altitude.
Values from 1941/42 are in black and solid regression lines, values from 2002/03 are in
open symbols and dashed regression lines.
decrease (more than 2 units) was observed for site 13 (see
Appendix 1). The historical soil pit may have been located within
a small base-rich patch, while the recent pH values were in pre-
vailing base-poor conditions. The recent value from the pit sample
did not depart from the transect values.

4.3. Effects of vegetation on acidification and vice versa

We were not able to distinguish the influence of the two
dominant tree species due to their strong correlation with altitude.
Fig. 7. Patterns in pH (KCl) values on altitude. For explanation see Fig. 6.
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However, considering altitude and tree composition as a joint
factor, our results contradict the conclusions on the higher acidi-
fication effect of Norway spruce in comparison with European
beech (Oulehle and Hru�ska, 2005; Berger et al., 2006). In congru-
ence with the long-term acidification in naturally spruce-domi-
nated forests discussed above, our opinion is that over the
historically relatively short period of industrial pollution, the
acidification effect by spruce did not much differ from the
undoubted acidification by beech (e.g., Kuehne et al., 2008).
Focussing on forest understory, Van Dobben and de Vries (2010)
reported the high importance of tree composition and the rela-
tively low effect of acidification on understorey species composi-
tion in monitoring plots across Europe including the Czech
Republic. We argue that the results of this study may report of only
short-term differences by tree species, but they are not applicable
to long-term processes including overall acidification of the forest
cover, regardless of tree species. Airborne pollution then further
increases acidification at the scale of about a century.

Forestry management applied between the two surveys could
be the second main factor linked with acidification. The observed
acidification may be at least partly due to forest ageing (e.g., Hédl,
2004b; Durak, 2010). Relating the forest age, composition and
structure between the surveys, we concluded that no larger
management actions took place at any of the sites. We further
assumed that the effect of small-scale disturbances which may
have occurred at some of the sites was negligible. Our conclusion,
however, supports the hypothesis on concurrent acidification by
forest ageing. This may explain the rather severe decrease of soil
pH.

Soil acidity (effectively the soil calcium content) is one of the
best predictors for patterns in vegetation (e.g., Falkengren-Grerup
et al., 1995; Ewald, 2003). In recent years, one of the most impor-
tant topics has been the effects of nitrogen deposition on plant
diversity (Gilliam, 2006; Bobbink et al., 2010). As shown by studies
examining the effects of atmospheric depositions on vegetation,
acidification and eutrophication are among the most important
factors responsible for diversity losses in the long term (Thimonier
et al., 1994; Dupré et al., 2010; Maskell et al., 2010). However,
nutrient-rich habitats may have experienced eutrophication but
not acidification by nitrogen inputs (Maskell et al., 2010). In forests,
acidification is often a combined result of airborne pollution and
forest management actions and generally causes decline in species
richness (e.g., Baeten et al., 2009; Durak, 2010).

Concerning our study area with the substrates constituted of
nutrient poor siliceous bedrocks, long-term exposition to high
sulphur and nitrogen deposition loads has resulted in a composi-
tional shift in beechwood vegetation (Hédl, 2004b). Biodiversity
decrease in the Eastern Sudetes Mountains is likely to have been
caused by base cations depletion, which particularly affected the
distribution of sensitive forest plant species (Fabiszewski and Brej,
2000; Hédl, 2004a). Eutrophication by nitrogen may also have
occurred, but this was not indicated by the indirect evidence of
vegetation changes. Plant species may not reflect environmental
changes in straightforward ways.

5. Conclusions and outlook

Strong acidification was the major soil chemistry change in the
study area since the 1940s. It was larger at lower (500e1000 m)
than at higher (1000e1400 m) altitudes. This contradicts expecta-
tions based on other studies from Central Europe, where acidifi-
cation is enhanced at higher elevations due to higher precipitation
and more intense soil cation leaching than at lower sites. Effects of
industrial pollution and forest ageing could have acted jointly while
the two factors could not have been separated in this study.
Especially sensitive to acidification is topsoil, which has a strong
message for forestry management. Foresters should avoid actions
leading to the further deterioration of soil conditions (i.e. large
clear-cuts, use of harvesters, excessive plantations of coniferous
species) in order to mitigate adverse environmental changes in the
future. From a methodological point of view, we support the utili-
zation of historical soil data representing valuable information on
soil parameters before the major pollution impact.
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