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Sustainability of Picea abies of Istebna provenance
in Dupniański Stream catchment as dependent
on stand age class

Abstract: Ecochemical indexes such as soil buffer reaction (pH), acid neutralising capacity (ANCaq), alkalin-
ity (ALK), soil acidity (Ma%), basic cation saturation (BS), and molar ratios Ca:Al and BC:Al were used to
study the sustainability of Norway spruce of Istebna provenance in stands differing in age class. The data were
obtained from the research conducted in the Dupniański Stream catchment in the Silesian Beskid Mts. (Po-
land). The acid neutralising capacity, alkalinity, and soil acidity were found to depend on the age of spruce
stands. The increased acidification of deposits was due to the presence of sulphate and nitrate ions which
were washed out from the surface of plants. Passing through the canopy caused a decrease in the acid neutral-
ising capacity, alkalinity, and base cation saturation, and an increase in the soil acidity, with the values being
dependent on stand age. The soil acid reaction shifted to the range of the aluminium and iron bufferness, but
the Ca:Al and BC:Al ratios were still above the level when aluminium stress is probable. The washout of the
basic cations beyond the spruce root system, and the low levels of exchangeable Mg2+ and Ca2+, basic cation
saturation of soil water, and effective base saturation of soil may affect the vitality and health of spruce stands
in the future. To maintain the sustainability of Norway spruce stands of Istebna provenance in the
Dupniański Stream catchment it is necessary to increase the retention of basic elements, especially Mg2+ and
Ca2+, by means of stand conversion or fertilisation.
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Introduction
The Silesian Beskid Mts. are heavily polluted with

immissions coming from various sources, especially
from the Karvina and Ostrava regions in the Czech
Republic, and the Rybnik and Katowice regions in Po-
land (Staszewski et al. 1996, 1999; Godzik et al. 1997;
Bytnerowicz et al. 1999, 2002; Ma kovská et al. 2002;
Kulhavý et al. 2005; Małek et al. 2005, Florek et al.
2007; Małek and Astel 2007b). Both sulphur and ni-
trogen in the form of NH 4

+ contribute to soil acidifica-
tion, but the deposition of S tends to decrease,
whereas the N deposition seems to be constant or

slightly increasing (Małek and Astel 2007a, b, 2008).
Therefore, the role of N in forest dieback becomes a
cause for growing concern (e.g. van Breemen and van
Dijk 1987; Aber 1992; Hornung and Sutton 1995;
Flower et al. 2007; Małek and Astel 2007a; Sicard et
al. 2007).

Nitrogen is normally the nutrient which limits for-
est growth, the most distinctly in boreal forest eco-
systems (Tamm 1991), but when more N is available
through deposition, the growth improves and other
nutrients may become growth-limiting. Together
with the nutrient loss caused by canopy leaching of K,
Ca, Mn and Mg (Ulrich 1983; Bredemeier 1988;
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Draaijers and Erisman 1995; Draaijers et al. 1997;
Małek and Astel 2007a), the following properties of
precipitation, throughfall, and soil water become
modified: acid neutralising capacity (Reuss and John-
son 1986; Heinrichs et al. 1994; Jóźwiak and
Kozłowski 2004; Małek and Astel 2008), alkalinity
(Harriman et al. 1990; Block et al. 2000; Jóźwiak and
Kozłowski 2004; Małek and Astel 2008), soil acidity,
and basic cation saturation (Ulrich 1988;
Kowalkowski 2002) following soil acidification
(Falkengren-Grerup et al. 1987), as well as Ca:Al ra-
tio (Cronan and Grigal 1995) and BC:Al ratio
(Sverdrup and Warfvinge 1993). These processes
may increase the tree demand for mineral nutrients,
and may cause nutrient deficiencies in the trees and
change the relations between the elements (Cape et
al. 1990; Zwoliński 2003). The properties listed
above can be good ecochemical indicators of forest
soil conditions and stand damage from acidification
(Block et al. 2000; Kowalkowski 2002).

The present work aims at determining the
sustainability of Norway spruce of Istebna prove-
nance as dependent on stand age class by using
ecochemical indexes such as soil buffer reaction (pH),
acid neutralising capacity (ANCaq), alkalinity (ALK),
soil acidity (Ma%), basic cation saturation (BS), and
molar ratios Ca:Al and BC:Al, studied over the period
1999–2003 in the Dupniański Stream catchment in
the Silesian Beskid Mts.

Material and methods

Site description
The catchment of the Dupniański Stream has an

area of 1.68 km2 and is located in southern Poland in
the Silesian Beskid Mts. (49°34’N, 18°50’E). The
catchment is covered with stands of Norway spruce
(Picea abies (L.) Karst.) of Istebna provenance growing

on dystric cambisols developed from Istebna sand-
stones. The stands of 1st, 2nd, 5th, and 6th age classes
(the only age classes found in this catchment) were
11, 24, 91, and 116 years old in 1999. Their descrip-
tive characteristics are provided in Table 1, and the
characteristics of the soils are shown in Table 2. The
equipment for measuring bulk precipitation,
throughfall, and soil water in pure spruce stands (one
monitored plot in each age class) was set up in 1998.

Sampling
The studies were conducted in the years

1999–2003 using methods described in the ICP-For-
est Manual (1998) and in Małek (2004). Water sam-
pling was performed on the first day of each month. A
bulk precipitation (BP) sampler was installed in the
central part of the catchment at an elevation of 725 m
a.s.l., within 500 m of the throughfall sampling point.
During the vegetation season, i.e. from the 1st May to
the 30th October, samples of bulk precipitation di-
rectly reaching the ground were collected from special
collectors (5 units with 15 cm inlet diameter each) in-
stalled in an open area 0.5 m above ground level, and
connected to a plastic tube with an outlet joining a
container and a measuring device installed in a
bunker. In winter, from the 1st November (the previ-
ous year) to the 30thApril (the following year) six col-
lectors (plastic, chemically neutral snow bags with
15 cm inlet diameter each) were installed at 1.3 m
above ground level in an open area at a distance of
120–150 m from the forest edge.

In order to evaluate the volume and quality of
throughfall (TF), water was sampled from a sampling
system (this time the number of collectors was 15,
each with a 15 cm inlet diameter) installed under the
canopy, similar to the one installed in the open area
during the vegetation season. In winter, six collectors
(plastic, chemically neutral snow bags with 15 cm in-

Table 1. Descriptive characteristics of Norway spruce stands in Dupniański Stream catchment

Age class Age
(years)

Elevation
(m a.s.l.)

Diameter
(m2)

Height
(m)

Number
of trees
per ha

Defoliation
(%)

Discoloration
(%)

1999

1st 11 720 2.2 1.5 20150 10 5

2nd 24 700 11.7 12.6 2611 30 15

5th 91 660 39.7 37.8 382 31 16

6th 116 700 42.1 36.6 414 33 19

2003

1st 16 3.6 5.0 13758 15 10*

2nd 29 14.7 16.2 2070 34 22*

5th 96 42.1 39.1 350 35 23*

6th 121 45.5 38.8 330 36 24*

* differences between 2003 and 1999 statistically significant at p = 0.05
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let diameter each) were installed at 1.3 m above
ground level in the spruce stands to be studied.

Water percolating through the soil was sampled
using four gravity lysimeters (L-(20)) isolated from
horizontal water penetration, situated at a depth of
20 cm. Soil water penetrating horizontally and verti-
cally was sampled with four lysimeters (L-20) not iso-
lated from vertical penetration, placed in the soil at
the same depth in the stands.

In August 1999 and 2003, thirty permanently
numbered trees from I, II, and III canopy classes ac-
cording to the Kraft system were examined for defoli-
ation and discoloration following the ICP-Forest
Manual (1998). Each tree was assessed in 5% inter-
vals (classes) of defoliation and discoloration relative
to a healthy tree with full foliage of the same crown
type.

Chemical analyses
The soil reaction in H2O and KCl, hydrolytic acidity

(in 1 M Ca(CH3COOH)2×H2O), exchangeable cat-
ions (in 1 M CH3COONH4), sum of exchangeable cat-
ions, sorptive capacity, and effective base saturation
were determined using an atomic absorption spectro-
photometer Varian AA-20 (Ogner et al. 1991;
Ostrowska et al. 1991). Water was analysed by ion
chromatography (Dionex-320) to determine the con-
centrations of NO3

– ,SO4
2 −

, NH 4
+ , Na+, K+, Ca2+, Mg2+,

Mn2+, Fe2+, and Al3+. A low-pH acid rain sample from
southern Ontario (Canada), RAIN.97 - No 409 served
as a certified reference material (CRM) and was ana-
lysed as well. When the concentration of analytes was
below the limit of detection (LOD) of the analytical
technique, the value of one-third LOD was used in

Table 2. Descriptive characteristics of soils under Norway spruce stands of different age classes in Dupniański Stream catch-
ment

Soil depth
(cm)

Soil
horizon

pH Hydrolytic
acidity, HA
(me 100g–1)

Exchangeable cations
in CH3COONH4 (me 100g–1)

Sum of ex-
changeable
cations, EC
(me 100g–1)

Sorptive capacity
SC (me 100g–1)

Effective base
saturation, EBS

(%)H2O KCl Na+ K+ Ca2+ Mg2+

1st age class

0–2 Ol 3.1 2.4 4.04 0.04 0.21 3.17 0.31 3.73 7.77 48.01

2–9 Ofh 3.7 2.9 5.49 0.04 0.08 1.11 0.04 1.27 6.76 18.79

9–14 AEes 3.7 2.9 3.26 0.01 0.09 1.02 0.02 1.14 4.40 25.91

14–36 Bbrfe 4.3 3.5 3.11 0.01 0.09 0.55 0.01 0.66 3.77 17.51

36–51 Bbr 4.0 3.2 3.70 0.02 0.06 0.28 0.01 0.37 4.07 9.09

51–105 B/C 4.3 3.5 2.73 0.02 0.10 0.23 0.01 0.36 3.09 11.65

105–130 C 4.2 3.4 2.78 0.01 0.07 0.15 0.01 0.24 3.02 7.95

2nd age class

0–1 Ol 3.2 2.4 10.36 0.07 0.25 1.47 0.29 2.08 12.44 16.72

1–7 Ofh 3.8 3.0 8.24 0.01 0.09 0.34 0.01 0.45 8.69 5.18

7–18 AEes 3.7 2.9 6.01 0.01 0.11 0.38 0.02 0.52 6.53 7.96

18–40 Bbrfe 4.1 3.4 2.80 0.01 0.08 0.40 0.01 0.50 3.30 15.15

40–72 Bbr 4.3 3.5 3.70 0.01 0.07 0.27 0.01 0.36 4.06 8.87

72–110 BC 4.5 3.7 6.42 0.01 0.09 0.19 0.01 0.30 6.72 4.46

5th age class

0–2 Ol 3.0 2.1 14.72 0.02 0.33 2.14 0.29 2.78 17.50 15.89

2–6 Ofh 3.6 2.7 4.56 0.01 0.04 0.27 0.02 0.34 4.90 6.94

6–13 AEes 3.5 2.6 3.97 0.02 0.07 0.27 0.01 0.37 4.34 8.53

13–36 Bbrfe 4.2 3.5 2.84 0.04 0.11 0.28 0.02 0.45 3.29 13.68

36–71 Bbr 4.3 3.5 3.72 0.02 0.05 0.16 0.01 0.24 3.96 6.06

71–120 B/C 4.2 3.4 3.54 0.01 0.07 0.21 0.01 0.30 3.84 7.81

6th age class

0–3 Ol 3.1 2.2 5.80 0.02 0.19 1.57 0.20 1.98 7.78 25.45

3–9 Ofh 3.6 2.7 5.86 0.01 0.05 0.36 0.04 0.46 6.32 7.28

9–18 AEes 3.5 2.6 3.50 0.02 0.06 0.23 0.01 0.32 3.82 8.38

18–36 Bbrfe 4.1 3.2 2.93 0.02 0.04 0.21 0.01 0.28 3.21 8.72

36–97 Bbr 4.5 3.6 3.63 0.01 0.08 0.11 0.01 0.21 3.84 5.47

97–120 B/C 4.2 3.1 6.60 0.04 0.15 0.21 0.01 0.41 7.01 5.85

SC = HA + EC, EBS = EC/SC · 100
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the data set due to statistical requirements (Astel et
al. 2004).

Calculation of acid neutralising capacity,
alkalinity, soil acidity, and basic cation
saturation

The acid neutralising capacity, ANCaq (Reuss and
Johnson 1986; Schlesinger 1991; Warfvinge and
Sverdrup 1992, 1995; Heinrichs et al. 1994; Lorz
1999; Becker et al. 2000), alkalinity, ALK (Harriman
et al. 1990; Reuss 1991; Block et al. 2000), soil acid-
ity, Ma% (Ulrich 1988), basic cation saturation, BS
(Kowalkowski 2002), molar ratio Ca:Al (Cronan and
Grigal 1995), and molar ratio BC:Al (Sverdrup and
Warfvinge 1993) were calculated from the following
equations:
ANCaq (meq L–1) = K+ + Na+ + 2Mg2+ + 2Ca2+ –
– Cl– – SO4

2 −

ALK (mmol L–1) = (K+ + Na+ + Mg2+ + Ca2+) –
– NO3

– + Cl– + SO4
2 −

)
Ma% = (Ma + H+)/(Ma + Mb + H+)·100
Ma (mmol L–1) = (Mn2+ + Fe2+ + Al3+)
Mb (mmol L–1) = (K+ + Na+ + Mg2+ + Ca2+)
BS (%) = (K+ + Na+ + Mg2+ + Ca2+)/(K+ + Na+ +
+Mg2+ + Ca2+ + Mn2+ + Fe2+ + Al3+)·100
Ca:Al = Ca2+/Al3+

BC:Al = (K+ + Mg2+ + Ca2+)/Al3+

Statistical analyses
The results were analysed using the STATISTICA

6.0 program (Łomnicki 2002; L. Rutkowska and J.
Socha – personal communication). The t-Student
test, and the U-Mann-Whitney test in the case of
non-normal distribution, at significance level p =
0.05 (n = 60 for BP and TF, n = 30 for L-20 and
L-(20)) were employed to compare the average values
of ecochemical indexes: acid neutralising capacity
(ANCaq), alkalinity (ALK), soil acidity (Ma%), basic
cation saturation (BS), as well as molar ratios Ca:Al
and BC:Al, in four groups of spruce stands, i.e. 1st, 2nd,
5th, and 6th age classes, and for different kinds of water
(bulk precipitation, throughfall, soil water). The de-
foliation and discoloration indexes were compared
between stand age classes, and between years (1999
and 2003).

Results

Acid neutralising capacity (ANCaq)
and alkalinity (ALK)

As follows from the calculations performed for the
period under research (1999–2003), the precipitation
water immediately reaching the Dupniański Stream
catchment had a positive average value of ANCaq

(0.047 meq L–1), which indicates that its acid neutral-
ising capacity was high. The water which passed

through the canopy of a spruce stand became acidic,
and the average annual value of ANCaq of throughfall
water decreased significantly to negative values rang-
ing from –0.002 in stands of 1st age class to –0.046 in
those of 6th age class (Table 3). Statistically significant
differences in the throughfall water ANCaq were
noted between the youngest age class and the other
classes (Table 4).

The average annual value of alkalinity (ALK) in the
bulk precipitation was –0.009 mmol L–1. The ALK
value in the throughfall was significantly lower, be-
tween –0.015 in the 1st age class and –0.059 in the 6th

age class (Table 3). There were statistically significant
differences in the alkalinity of throughfall water be-
tween the youngest age class of stands and the other
classes (Table and 4).

The water which passed vertically through the
20 cm layer of top soil under spruce stands became
more acidic in each age classes, except the youngest
one, with the differences relative to the throughfall
water being statistically significant. The average an-
nual value of the acid neutralising capacity of soil wa-
ter was positive only for the 1st age class of stands
(0.068), and was negative in the older age classes
(–0.133 in the 2nd age class to –0.182 in the 5th age
class; Table 3). Also the alkalinity of soil water had a
positive value in the 1st age class (0.041) and negative

Table 3. Five-year (1999–2003) average values of acid neu-
tralising capacity (ANCaq, in meq L–1) and alkalinity
(ALK, in mmol L–1) of bulk precipitation, throughfall,
and soil water in Norway spruce stands of different age
classes in Dupniański Stream catchment

Kind of water ANCaq ALK

BP 0.047 –0.009

1st age class

TF –0.002 –0.015

L-(20) -0.068 -0.041

L-20 -0.085 -0.041

2nd age class

TF –0.042 –0.043

L-(20) –0.133 –0.099

L-20 –0.033 –0.027

5th age class

TF –0.042 –0.046

L-(20) –0.182 –0.173

L-20 –0.071 –0.040

6th age class

TF –0.046 –0.059

L-(20) –0.127 –0.137

L-20 –0.143 –0.123

BP – bulk precipitation, TF – throughfall, L-(20) – soil water at
20 cm depth penetrating vertically,
L-20 – soil water at 20 cm depth penetrating horizontally and verti-
cally
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values in the other classes (–0.099 in the 2nd age class
to –0.137 in the 6th age class; Table 3). The differences
between the youngest age class and the other classes
were statistically significant (Table 4).

The water which passed horizontally and vertically
through the 20 cm layer of top soil under spruce
stands (L-20) showed significantly higher average an-
nual values of acid neutralising capacity and alkalin-
ity, except the 6th age class, than the water percolating
vertically (L-(20)). Compared to the latter, ANCaq in-
creased in the 1st, 2nd, and 5th age class to the values
ranging between 0.085 (1st class) and –0.071 (5th

class), but decreased in the 6th age class to –0.143 (Ta-
ble 3). The alkalinity index remained the same in the
1st age class, and increased in the other age classes to
the values of –0.027 (2nd class) to –0.123 (6th class;
Table 3). Statistically significant differences were
noted between all age classes (Table 4).

Soil acidity (Ma%) and basic cation
saturation (BS)

The average annual value of soil acidity (Ma%) for
water penetrating vertically the 20 cm layer of top soil
(L-(20)) was high in all groups of spruce stands, from
52% in the 1st age class to 67% in the 6th age class, so
the soil under the stands can be regarded as acid
(Ulrich 1988). A statistically significant difference ex-
isted between the oldest and the youngest age class.
The water that passed horizontally and vertically
through the 20 cm layer of top soil (L-20) decreased
soil acidity in all age classes, to 34 and 38%, respec-
tively, in the younger stands (statistically signifi-
cantly) and to 53 and 57% in the older stands. The dif-
ferences in the Ma% values for L-20 were statistically
significant between two older age classes and two
younger age classes. Soil acidity tended to rise with
the increasing age of spruce stands (Table 5).

The average annual value of basic cation saturation
(BS) for the soil water penetrating vertically (L-(20))
was low in all age classes, from 47% in the 1st age
class to 33% in the 6th age class. Again, the difference
between the older and the younger age classes was
statistically significant. The BS values for the water
penetrating horizontally and vertically (L-20) ex-
ceeded those for L-(20) in all groups of spruce stands,
and were from 66% in the 1st age class to 43% in the
6th age class, with the increase being statistically sig-
nificant for two younger age classes. The differences
in the BS values between the two older and two youn-
ger age classes were statistically significant. The basic
cation saturation decreased with the increasing age of
stands (Table 5).

Ca:Al and BC:Al ratios
The average Ca:Al ratio in the soil water penetrat-

ing vertically (L-(20)) was high in all groups of spruce
stands, from 2.0 in the 5th age class to 5.4 in the 6th age
class, and differed significantly between the oldest
age class and the other age classes. The water pene-
trating horizontally and vertically (L-20) increased
the Ca:Al ratio in each age class, most substantially in
two younger classes, to 4.7 and 5.7, respectively (sta-
tistically significantly), and nonsignificantly in two
older classes (Table 5).

The average BC:Al ratio in the soil water penetrat-
ing vertically (L-(20)) was high in each age class, from
3.3 in the 5th age class to 8.7 in the 6th age class. The
oldest class differed significantly from the other age
classes. The water penetrating horizontally and verti-
cally (L-20) increased the BC:Al ratio in all groups of
spruce stands: more than twofold (to 8.8 and 12.5;
statistically significantly) in two younger age classes,
and nonsignificantly in two older groups of stands
(Table 5).

Table 4. Statistical significance of differences (“*” yes or “–” no; p = 0.05; n = 60 for BP and TF; n = 30 for L-20 and L-(20))
in 1999–2003 average values of acid neutralising capacity (ANCaq) and alkalinity (ALK) of water between age classes of
Norway spruce stands in Dupniański Stream catchment and between water kinds

Age class
of stand Kind of water ANCaq ALK Kind of water ANCaq ALK Kind of water ANCaq ALK

1st BP–TF * * TF–L-(20) * * L-20–L-(20) * -

2nd BP–TF * * TF–L-(20) * * L-20–L-(20) * *

5th BP–TF * * TF–L-(20) * * L-20–L-(20) * *

6th BP–TF * * TF–L-(20) * * L-20–L-(20) – –

1st–2nd TF * * L-(20) * * L-20 * *

1st–5th TF * * L-(20) * * L-20 * *

1st–6th TF * * L-(20) * * L-20 * *

2nd–5th TF – – L-(20) – – L-20 * *

2nd–6th TF – – L-(20) – – L-20 * *

5th–6th TF – – L-(20) – – L-20 * *

BP – bulk precipitation, TF – throughfall, L-(20) – soil water at 20 cm depth penetrating vertically, L-20 – soil water at 20 cm depth penetrat-
ing horizontally and vertically
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Discussion
The nitrogen deposition to the Dupniański Stream

catchment over the period 1999–2003 was above the
critical load for coniferous trees (Małek and Astel
2007a, 2008), which may have changed the
N:macronutrients ratios, decreased K+ and Mg2+, and
increased the N concentration in foliar tissue (Hall
2004).

A low magnesium content of spruce needles is
closely connected with a relatively low level of avail-
able Mg in the soil (Table 2), and with its being
leached beyond the reach of the root system of trees
(Nihlgård 1972). The Mg deficiency, which is consi-
dered a prime cause of the yellowing damage of Nor-
way spruce, typical of this part of Europe, manifested
itself in the discoloration of needles, which increased
significantly in all stand age classes between 1999 and
2003, and exceeded 20% in the older stands (Table 1).
The sudden occurrence of this symptom may be at-

tributed to a series of dry years which reduced the Mg
mineralisation and uptake, as well as to the more in-
tensive tree harvesting (shorter rotation) and the
leaching of soils by acid rain (Adams et al. 2000). As
demonstrated by studies made in spruce stands in the
Central German Uplands (Roberts et al. 1989), the
Mg deficiency in needles may to a greater degree be
caused by the reduced level of Mg in the soil, resulting
from wood harvesting and soil leaching by acid rain,
than by the direct washing of Mg from the needles in
connection with air pollution (Małek 2004; Małek
and Astel 2007a, 2008).

The values of the acid neutralising capacity of bulk
precipitation on the Saint Cross Mt. (Świętokrzyskie
Mts., Poland; 50°51’20’’N, 21°03’10’’E) were nega-
tive and lower than those noted in the Dupniański
Stream catchment. This indicates that precipitation
waters in the Świętokrzyskie Mts. have a smaller acid
neutralising capacity, which means that this region
receives a greater load of sulphates (Jóźwiak and

Table 5. Five-year (1999–2003) average values of soil acidity (Ma%), basic cation saturation (BS), and Ca:Al and BC:Al ra-
tios of soil water at 20 cm depth penetrating vertically (L-(20)) and horizontaly and vertically (L-20), and statistical sig-
nificance of differences (“*” yes or “–” no; p = 0.05; n = 30 for L-20 and L-(20) in average values between age classes of
Norway spruce stands in Dupniański Stream catchment and between soil water kinds

Age of stand Ma% BS Ca:Al BC:Al

L-(20)

1st 52.47 47.23 2.48 3.99

2nd 62.98 37.02 2.27 4.07

5th 58.93 41.07 2.04 3.33

6th 66.88 33.12 5.43 8.74

1st–2nd – – – –

1st–5th – – – –

1st–6th * * * *

2nd–5th – – – –

2nd–6th – – * *

5th–6th – – * *

L-20

1st 34.18 65.82 4.67 18.78

2nd 38.42 61.58 5.72 12.49

5th 52.92 47.08 2.47 15.27

6th 57.03 42.97 5.86 10.45

1st–2nd – – – –

1st–5th * * * *

1st–6th * * – –

2nd–5th * * * *

2nd–6th * * – –

5th–6th – – * *

Statistical difference between L-20 and L-(20)

1st * * * *

2nd * * * *

5th – - – –

6th – - – –
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Kozłowski 2004). Negative values of ANCaq were also
observed in Central Europe, in the Lysina catchment
in the Czech Republic (Hruška et al. 2002). The acid
neutralising capacity as well as alkalinity and soil
acidity dropped as water passed the stand canopy
both in the Dupniański Stream catchment and the
Świętokrzyskie Mts., which means a greater load of
sulphates being washed out (Jóźwiak and Kozłowski
2004).

In the Świetokrzyskie Mts., water penetrating acid
soils at 15 cm depth showed a decrease in acid neu-
tralising capacity and alkalinity, and an increase in
soil acidity, compared to throughfall water (Jóźwiak
and Kozłowski 2004). The same pattern was observed
for the Dupniański Stream catchment. The slight in-
crease in the acid neutralising capacity, alkalinity, and
basic cation saturation of water penetrating vertically
and horizontally the soil under spruce stands in the
Dupniański Stream catchment, and the decrease in
soil acidity can be explained by the leaching of the ba-
sic cations from the chemical decomposition of soil
mineral particles (Kowalkowski 2002), which could
have compensated for the acidic anions. The results
suggest that the soils in the Dupniański Stream catch-
ment, especially under the spruce stands of younger
age classes, are exposed to very strong acidification
but with a low concentration of Al, whereas those un-
der the older spruce stands are exposed to moderate
acidification (Block et al. 2000).

The potential effects of N saturation include in-
creased soil acidification (van Breeman et al. 1982),
aluminium mobility (Johnson et al. 1991), increased
nitrate leaching (Aber et al. 1989), and elevated base
cation leaching (Fenn et al. 1998). As the highly mo-
bile nitrate anion moves through the soil solution,
base cations are removed from the soil exchange sites
and leached from the soil. The nitrate pulses can also
result in considerable increases in aluminium in the
soil solution, to the levels that may affect the base cat-
ion uptake (Johnson et al. 1991; Raynal et al. 1992;
Cronan and Grigal 1995). Since the N deposition is
expected to increase, the N saturation has become a
concern. The sulphate anion also plays an important
role in altering the flux of other ions, especially acidic
and basic ions, in soil solutions (Reuss and Johnson
1986). Soils that do not adsorb sulphate are most sus-
ceptible to base leaching (Cronan et al. 1978). Acidity
is the aspect of atmospheric chemistry which may af-
fect soil productivity. The addition of strong mineral
acids (e.g. H2SO4 and HNO3) in wet and dry deposi-
tion was hypothesised to reduce soil pH and base sat-
uration, with other possible detrimental effects rela-
tive to the elevated H+ activity in soil solutions. The
base cation depletion occurs as a result of leaching
with counterbalancing sulphate and nitrate, and as a
result of fewer cation exchange sites due to lower pH,
and decreased base saturation due to higher alu-

minium availability. When the base saturation is low,
Al3+ is the dominant cation available for exchange,
which results in the release of aluminium in response
to acidic deposition. These processes can lead to in-
creased aluminium toxicity or nutrient imbalances
(Cronan and Grigal 1995). The values obtained for
Ca:Al and BC:Al in the Dupniański Stream catchment
were above the level when aluminium stress is proba-
ble (Sverdrup and Warfvinge 1993; Cronan and
Grigal 1995). On the other hand, according to Cronan
and Grigal (1995) and Urlich (1988), these soils at a
depth of 20 cm belonged to the acidic horizon with
possible Al-stress on sensitive plants.

Despite large reductions in emissions, the
Dupniański Stream catchment still suffers from very
high loads of acidifying inputs deposited during the
past decades. The results obtained in this study con-
firm that there is an additional inflow of the anions of
strong acids. As precipitation water passes through
the canopy, the latter components are washed out
from the surface of needles, shoots, and branches. Al-
kaline cations, even if leached from assimilatory or-
gans in considerable amounts, are unable to neutral-
ise an increased acid inflow from the air (Małek and
Astel 2007a, 2008). Considerable amounts of ions,
especially sulphur and alkaline cations, are carried be-
yond the reach of the main mass of the root system
and then out of the catchment, which may adversely
affect the development and health of spruce stands.
When the soil reaction in KCl falls below 3.0 (Table 2),
the roots are likely to get damaged (Rost-Siebert
1985; Murach 1994). The low effective base satura-
tion (around 10%; see Table 2) observed in the Dup-
niański Stream catchment and the Świętokrzyski Na-
tional Park (Kowalkowski 2002), can be considered
as a small flexibility in the response to acidic deposi-
tion. The sustainability of soils and spruce stands de-
pends on future emissions, especially on the deposi-
tion of base cations and NH 4

+ (Ulrich et al. 1979). The
recovery will even be slower if the base cation deposi-
tion continues to decrease (Małek et al. 2005).

Conclusions
The acid neutralising capacity, alkalinity, soil acid-

ity, and basic cation saturation were found to depend
on the age of spruce stands. The variability indicators
showed an increasing share of the acidic component
in throughfall and soil water. The increased acidifica-
tion of deposits results from the presence of sulphate
and nitrate ions which were washed out from the
plant surface.

The acid deposition transformed in throughfall
caused a decrease in the acid neutralising capacity, al-
kalinity, and basic cation saturation, and an increase
in soil acidity with the increasing age of spruce
stands, which confirms its negative effect.
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Long-lasting considerable acidic emissions caused
an increase in soil acidity and a decrease in basic cat-
ion saturation as well as a shift in the soil acid reac-
tion to the range of aluminium and iron bufferness,
but the Ca:Al and BC:Al ratios were above the level
when aluminium stress is probable.

The washout of the basic cations beyond the tree
root system and the low levels of exchangeable Mg2+

and Ca2+, basic cation saturation of soil water, and ef-
fective base saturation of soil may have an effect on
the future vitality and health of spruce stands. In or-
der to preserve the sustainability of Norway spruce of
Istebna provenance in the Dupniański Stream catch-
ment it is necessary to improve the retention of basic
elements, especially Mg2+ and Ca2+, by stand conver-
sion or fertilisation.
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