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Abstract
The aim of this research was to assess the impact of forest site
types on the ionic composition of the soil sorption complex and soil
water extracts in a soil profile. Three forest site types: coniferous
forest (CF), coniferous-deciduous forest (CDF), and deciduousconiferous forest (DCF), were selected for the studies. Three
dominant soil types were distinguished on the studied plots: Haplic
Podzol, Dystric Arenosol, and Dystric Cambisol. Calcium (Ca),
magnesium (Mg), potassium (K), sodium (Na), and aluminium
(Al) in the soil sorption complex and soil water extracts were
determined. Ca is a dominant cation in the soil sorption complex in
organic horizon, while Al in mineral soil horizons. The differences
between forest site types in ionic composition of soil water extracts
were observed, mainly in the organic horizon and the horizons
below the rooting zone. The vegetation affected the Ca/Al and base
cations to Al molar (BC/Al) ratios. The Ca/Al and the BC/Al molar
ratios increased in the sequence of sites: CF < CDF < DCF.

Streszczenie
Celem pracy było ustalenie czy i na ile pokrywa roślinna oddziałuje na skład kompleksu sorpcyjnego i ilość kationów przechodzących do roztworów wodnych oraz wartości wskaźnika Ca/Al.
Badania przeprowadzono w trzech siedliskach: borze świeżym,
borze mieszanym świeżym i lesie mieszanym świeżym, w których
występują głównie gleby bielicowe typowe, rdzawe z cechami
bielicowania i brunatne z cechami bielicowania. Oznaczono Ca,
Mg, K, Na i Al w kompleksie sorpcyjnym i roztworach wodnych
gleb z poszczególnych poziomów genetycznych. W kompleksie
sorpcyjnym dominującym kationem w poziomie organicznym
jest Ca, natomiast w poziomach mineralnych Al. Zróżnicowanie
składu jonowego roztworów wodnych między siedliskami stwierdzono głównie w poziomie organicznym i dolnych poziomach
analizowanych gleb. Siedlisko wpływa na wartości wskaźników
Ca/Al i BC/Al. Wartości wskaźników zwiększają się w szeregu:
bór świeży< bór mieszany świeży < las mieszany świeży.

© IOŚ-PIB

1. Introduction
Impact of tree species on carbon and nitrogen cycles and on
soil properties, including soil pH, cation exchange capacity
(CEC), and soil solution chemistry was studied by many authors
[Fujinuma et al. 2005; Oulehle and Hruška 2005; Hansen et al.
2007; Bonifacio et al. 2008; Mareschal et al. 2010; Collignon et
al. 2011; Lindroos et al. 2011; Mueller et al. 2012; van der Heijden
et al. 2013; Lu et al. 2014].
Although different tree species have different effects on the chemical
properties of the soil and soil solution, it is difficult to separate the
tree species effect from the effect of natural soil factors prevailing
in a specific area, which, in turn, favour the growth of a certain tree
species. Pine stands are common on dry sandy soil with naturally
relatively low nutrient availability, while spruce and birch are
common on more moist site types with usually higher fertility than
on the dryer sites [Lindroos et al. 2011]. The stock of exchangeable
nutrients can be influenced by the seasonal variations, particularly
during the growing season when the nutrient uptake by the
vegetation is important [Collignon et al. 2011].
The impact of the vegetation on the soil processes and their
intensity is revealed in different way. Stand age and tree species

affect the population of specific earthworms and the dynamics
of plant litter transformation to soil organic matter (SOM) [Crow
et al. 2009; Lu et al. 2012]. The SOM decomposition depends
on, among others, temperature, moisture, and plant species
activity, that is, root respiration and exudates production [Curiel
Yuste et al. 2007]. Although Lindroos et al. [2003] reported that
the weathering of minerals is the main factor shaping the soil
profile, more corrected seems be a statement that the formation
of the soil type is a result of a feedback between the minerals
weathering and the vegetation impact. The intensity of these
processes is determined by the quality of the SOM, the rate of
SOM mineralisation, and leaching of the dissolved organic matter
(DOM) with soil depth. Lindroos et al. [2003], however, have not
found systematic differences between the spruce, pine, and birch
stands depending on the presence of DOM in the soil solution,
and enhance the ability of DOM to weathering of soil minerals.
Generally, coniferous species produce and accumulate large
amounts of very acidic organic matter and have a smaller percentage
base saturation than hardwoods. Mareschal et al. [2010] stated,
however, that it was difficult to classify the coniferous species,
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as the differences between them were not significant. Lindroos
et al. [2011] showed that the tree species’ effect on the chemistry of
upper soil percolation water was small. On the contrary, the results
of Lu et al. [2014] showed a strong interaction between soil quality,
nutrient dynamics, and vegetation types.
Acidification of forest soils, especially in coniferous sites is a
natural process resulting from an interaction between the soil
and the vegetation. Soil acidification is measured, among others,
by a ratio of base to acidic ions in the soil sorption complex and
in the soil solution. Mostly, the Calcium/Aluminium (Ca/Al) molar
ratio has been used to assess soil acidity and Al stress in forest
ecosystems. Cronan and Grigal [1995] reported that the Ca/Al
molar ratios of less than 1.0 caused a 50% risk of Al stress,
whereas values less than or equal to 0.2 resulted in Al stress
100% of the time. Lower Ca/Al ratios indicate an increase in Al
solubility and lower base cation saturation in the soil. However,
it is known that tree species characterise different vulnerability
to Al stress [Boyce et al. 2013; Levia et al. 2015], and according
to Göransson and Eldhuset [2001], growth limitation of some
species may depend on the low content of nutrients.
This study focussed on the assessment of the distribution
of exchangeable and water-soluble cations and of the ionic
composition of the soil sorption complex and soil water extracts
in soil profiles of different forest site types. The objectives of the
study were to determine:
–
the differentiation among soil horizons occurring in selected
forest site types in terms of the ionic composition of soil
sorption complex and soil water extracts;
–
the differentiation of the Ca/Al and base cations to Al (BC/Al)
indicators among forest site types.

2. MATERIALS AND METHODS
The study was conducted on the three research plots:
Goleniowska Forest (the PG plot, 53o65’N, 14o76’E), Rajgrodzkie
Forest (the LR plot, 53o68’N, 22o67’E), and Borecka Forest
(the PB plot, 54o12’N, 22o06’E). On the PG plot, there were
the following forest types, according to Matuszkiewicz [1962]:

a coniferous forest (CF), a coniferous-deciduous forest (CDF), and
a deciduous-coniferous forest (DCF); on the LR plot, there was
mainly DCF sites with a small part of CF site; whereas on the PB
plot, there were DCF site and also a deciduous forest (DF). In the
CF site, the dominant species was Scots pine (Pinus sylvestris L.).
In the CDF sites, the dominant species were Scots pine (Pinus
sylvestris L.), Norway spruce (Picea abies (L.) Karst), and oak
(Quercus robur L.). In the DCF sites, the dominating species
included: oak (Quercus robur L.), beech (Fagus L.), hornbeam
(Carpinus betulus L.), and Scots pine (Pinus sylvestris L.). In
the DF site, the dominating species were hornbeam (Carpinus
betulus L.), oak (Quercus robur L.), and Norway spruce (Picea
abies (L.) Karst).
According to the World Reference Base for Soil Resources [WRB
2006], the following soil types were distinguished: Haplic Podzol
in the CF and CDF sites on the PG plot, Dystric Arenosol in the
DCF site on the LR and PB plots, Dystric Cambisol in the DCF
site on the PG plot and in the DF site on the PB plot.
The soils in the CF and CDF sites developed from fluvioglacial
or eolian sands, whereas the soils in the DCF and DF sites
emerged from glacial boulder clays. All soils were moderately to
strongly acidic. The characteristics of the sites are presented in
Table 1, and the characteristics of the soil were discussed in the
separable paper [Porębska and Ostrowska 2016].
On each plot, 10 to 12 soils profiles were dug, and soil samples
were taken from the individual horizons down to the depth
of the parent rock. For samples that had been air-dried and
sieved through a 2-mm mesh, the following was determined:
exchangeable base cations (Ca, Mg, K, and Na) in 1 M NH4OAc
extracts by the ICP-AES (Varian, VISTA-PRO, Australia),
exchangeable acidity by titration of 1 M KCl extracts, and
exchangeable Al in 1 M KCl extracts by the FAAS method (AA/
AE AAS-30, C.ZEISS JENOPTIC, Germany). The effective CEC
was calculated as Ca2+ + Mg2+ + K+ + Na+ + Al3+ in mmolc kg−1.
The soil water extracts were prepared by adding Mili-Q water (at
the 1:3 or 1:10 mass to volume ratio, respectively, for mineral
and organic soils) to soil samples that had been air-dried and
sieved, and then incubating the solutions for 10 days at 25oC.

Table 1. Description of studied area
Plot

Site type

Forest floor

Soil type

PG
plot

CF - Coniferous forest, Leucobryo-Pinetum

mosses, herbs, grasses

Haplic Podzol

CDF - Coniferous-decidous forest, Fago-Quercetum with pine

spruce, rowan-tree, bracken

Haplic Podzol

DCF - Deciduous-coniferous forest, Fago-Quercetum with pine

mosses, wood sorrel

Dystric Cambisol

CF - Coniferous forest, Leucobryo-Pinetum

mosses, herbs, grasses

Dystric Arenosol

DCF - Deciduous-coniferous forest, Querco-Pinetum

herbs, grasses, oak, spruce, hazel

Dystric Arenosol

DCF - Deciduous-coniferous forest, Querco roboris-Pinetum

spruce, oak, hornbeam, mosses,
herbs

Dystric Arenosol

DF - Decidous forest, Tilio-Carpinetum

hornbeam, maple, hazel, spruce,
herbs

Dystric Cambisol

LR plot

PB
plot
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After centrifuging (6,000 rpm.) the water extracts, the contents
of Ca, Mg, K, Na, and Al were determined by the FAAS method.
The sum of Ca + Mg + K + Na + Al in soil water extract (S-ss) in
mmolc kg−1 was calculated.
The results were presented as the mean values, for the individual
horizons of the soils occurring in a given forest site type. The ion
composition of soil sorption complex and soil water extracts, that
is, shares of analysed elements in their sum in the soil (S-ex)
and water extracts (S-ss) were considered. The mean values
and standard deviations (SD) of the basic parameters were
calculated.

3. RESULTS
As already described in the previous paper, the ionic composition
of soil sorption complex and soil water extracts were differentiated
within a soil type and among soil types [Porębska and Ostrowska
2016]. In this paper, we focussed on the differentiation between
forest site types.
The S-ex value was significantly higher in the O horizons of
soils in the DCF sites than in the soils of the CF and CDF sites
(Table 2). The S-ex was dominated in all the sites by Ca, followed
by Al and Mg in the organic horizons of the CF and CDF sites,
and by Mg in the DCF sites (Fig. 1). In the soil water extracts from
the O horizons, the S-ss values were the highest in the DCF sites

and the lowest in the CF sites. In the S-ss, K dominated, followed
by Ca and Na in the CF and CDF sites, while in the DCF sites, the
dominant element was Ca, followed by K and Mg (Fig. 1).
In the A (A + AE) horizons, the S-ex values and their ionic
composition were similar, irrespective of the site, with Al
substantially prevailing over the base cations (Table 2, Fig. 1).
The soil water extracts from these horizons in all the sites were
dominated by Al, wherein the share of Al was the largest in the
CF sites and the smallest in the DCF sites (Fig. 1). The second
largest share in the S-ss in the CF and DCF sites was Na, and so
was Ca in the CDF sites. The share of Ca in the S-ss in the DCF
sites was twice higher than in the CF and CDF sites. Mg had the
smallest share in the S-ss in all the sites.
The group of B horizons (Bhs, Bv, and Bws) varied depending on
the soil type. However, the S-ex was dominated by Al, regardless
of the horizon and forest site, and its shares in the S-ex were
apparently higher than in the S-ss (Fig. 1).
The S-ex and S-ss values in the group of BC and BvC horizons,
as well as in the C horizon, were significantly higher in the DCF
site than in the CDF and CF sites, wherein the variability of these
horizons, expressed as its SD, were high (Table 2). Al was the
dominant element of the S-ex and S-ss in BC + BvB horizons in
all the sites, and its share in the S-ex was larger than in the S-ss.
In the C horizons, a larger share of Ca than Al was observed in
the S-ex in the CDF and DCF sites, whereas, conversely, in the

Table 2. Sum of exchangeable Ca, Mg, K, Na, and Al (mean ± SD) in soil (S-ex) and soil water extract (S-ss), Ca/Al-ex, Ca/Al-ss, BC/Al-ex (BC - base cations: Ca +
Mg + K + Na) and BC/Al-ss ratios in the soil and soil water extract, respectively, for soil horizons occuring in the coniferous forest (CF), coniferous-deciduous forest
(CDF), and deciduous-coniferous forest (DCF) site types
Site

Horizon

n

S-ex

S-ss

Ca/Al-ss

BC/Al-ss

Ca/Al-ex

BC/Al-ex

mmolc kg

-1

CF

CDF

DCF

O

8

145.66±37.21

6,46±1.71

3,0

20,1

6,4

9,9

AE

6

32.31±12.64

1.16±0.51

0,2

1,0

0,1

0,3

E

2

7.04±3.23

0,55±0.01

0,2

1,0

0,2

0,4

Bhs

8

18.48±2.51

0.95±0.24

0,2

0,9

0,2

0,4

Bv

10

9.44±1.67

0,55±0.65

0,2

1,0

0,4

0,9

BC + BvC

8

5.95±2.18

0.27±0.18

0,7

3,1

0,7

1,6

C

8

6.41±3.63

0,36±0.30

0,3

1,4

0,9

2,1

O

15

122.45±30.78

9.65±4.65

4,0

16,2

7,4

11,2

A + AE

11

35.61±17.27

1.12±0.37

0,5

2,2

0,2

0,4

E

2

16.64±7.50

0.84±0.22

0,0

0,8

0,2

0,4

ABv

4

23.03±6.35

1.14±0.24

0,7

1,8

0,2

0,6

Bhs

8

16.31±8.44

0.83±0.28

0,4

1,3

0,2

0,5

Bv

10

11.18±2.75

0.42±0.11

1,5

4,5

0,4

1,0

BC + BvC

15

9.69±6.78

0.52±0.30

0,6

2,2

0,6

1,3

C

15

7.68±5.83

0.37±0.11

0,8

3,1

2,1

4,0

O

2

269.00±20.07

24.81±2.21

19,3

60,7

32,4

47,9

A + AE

5

35.88±19.34

1,53±0.80

0,7

3,1

0,2

0,5

AB

2

53.40±6.65

1.74±1.73

26,2

65,1

1,0

1,6

Bws

4

48.05±41.73

1.13±0.78

0,7

2,9

1,0

1,4

Bv

2

10.96±1.76

0.52±0.49

0,7

2,3

0,2

0,5

BC + BvC

7

43.69±55.84

1.64±1.80

1,2

4,6

2,2

3,2

C

7

41.30±51.66

1.00±0.96

1,7

6,6

4,1

5,8

n - number of samples; SD - standard deviation
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Figure 1. Ionic composition of the soil sorption complex (S-ex) and soil water extract (S-ss) for soil horizons in coniferous forest (CF),
coniferous-deciduous forest (CDF), and deciduous-coniferous forest (DCF) site
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CF site, a larger share of Al than Ca was stated. In turn, the S-ss
in the C horizons in all the sites was dominated by Al, although
Mg was found to have a significantly larger share in the DCF site
than in the CDF and CF sites (Fig. 1).
Both, in the soil and in the soil water extracts of all groups of soil
horizons, the values of the Ca/Al and BC/Al ratios increased in
the sequence: CF < CDF < DCF (Table 2).

4. DISCUSSION
The relationships between forest site types and the soil are shaped
by an interaction of the soil-forming materials, tree species in the
stand, and the forest floor vegetation. It is hard to separate the
impact of individual factors on soil properties, and it seems to be
one reason for the inconsistency of the results obtained by the
authors. Our results showed that the S-ex values in the upper
soil horizons, with the exception of E horizon, were higher than
in the deeper soil horizons. The S-ex values for soils of the main
rooting layer, to the depth of 40–50 cm, were increased in the
order: CF < CDF < DCF. The ionic composition of the soil sorption
complex was under the influence of the vegetation for O and A
horizons, while under the soil-forming processes for BC/BvC
and C soil horizons. The differences between forest site types
were occurred both, in the size of the soil sorption complex as
well as in its ionic composition. The most acidic soils occurred
in the CF sites. A higher share of Al in the soil sorption complex
of coniferous than of mixed sites was related to the progressive
depletion of soil Ca during acidification in the CF site.
The Ca/Al ratio in soil solution is used as an indicator of soil
acidification and tree growth disturbance [Cronan and Grigal
1995]. Our previous research [Ostrowska et al. 2006, Ostrowska
et al. 2008] as well as the data presented in this paper
documented a relationship between the quality of the forest site
and soil acidification. In the most depleted CF site, the values
of the Ca/Al in the soil water extracts and soil sorption complex
were the lowest, and in the most richest DCF site, the Ca/Al ratios
were the highest.
According to Bonifacio et al. [2008], the water-extractable element
concentrations did not show any significant difference between
spruce and mixed coniferous-deciduous sites in organic layer or
in mineral horizons. Our results indicated the impact of the forest
site type in soil water extracts, mainly for the O horizons. The
S-ss values increased in the order: CF < CDF < DCF, which was
associated with an increase of foliage and herbaceous contribution
in the forest floor and then in the litter. In the S-ss, K was dominated,
easily leached from the organic matter. The share of Ca and Al in
the S-ss were related to their content in the litter and the rate of its
decay. In the CDF and DCF sites, the contribution of deciduous
trees and herbaceous was increased. The organic matter of these
species was more abundant in Ca and mineralised faster than
needles, which was confirmed by the increasing share of Ca in the
S-ss in the O horizon from CF to DCF. Similarly, increased share of
Ca and decreased share of Al in the S-ss from A/AE horizons were
observed from the CF to DCF sites.
Jung and Chang [2013] demonstrated a remarkable difference
in the spatial pattern of soil chemistry and that the distance from
tree boles affected the water-soluble base cation concentrations

and Ca/Al ratio, but not exchangeable base cation contents. Our
results indicated that the sum of exchangeable cations in organic
horizon of the DCF site was twice higher than in the CF and CDF
sites, while the S-ex in AE horizon was similar, regardless the
forest sites.
The results of the ionic composition of soil sorption complex
indicated a distinct Ca depletion and Al mobilisation for all
mineral horizons in coniferous and mixed stands. Even in the
homogeneous forest sites, different soil types occurred, while the
shares of the particular types determined the so-called mean soil
quality in a given site, including the soil sorption complex and
the soil solution. The coniferous sites were dominated by soils
undergoing a more or less advanced podzolisation process, while
Dystric Cambisols, which were more abundant, particularly in Ca,
prevailed in the DF sites. Thus, the abundance of base cations in
soils and the values of the Ca/Al and BC/Al in the soil and the soil
water extracts increased in the sequence: CF < CDF < DCF.
The differences in base cations in the mineral soil under different
tree species Fujinuma et al. [2005] explained by differences in
the cation fluxes, such as canopy exchange, mineralisation, and
weathering. The dominant base cation from mineralisation and
weathering was Na, followed by Ca and Mg for all tree species.
According to Fujinuma et al. [2005], K may be fixed by clay
minerals in the soil, as indicated the low content of K in deep
leachates. Our results showed the largest share of K in the soil
water extracts from the O horizon in the CF and CDF sites and
the second one in the DCF site. In the deeper soil horizons, a
relatively small share of K was observed.
Litter quality affected the Ca/Al ratio apparently in organic
horizon. SanClements et al. [2010] found in the O horizons under
hardwood stands the Ca/Al ratio ranged from 13.0 to 13.8, while
under softwood stands from 2.8 to 3.4. Our results also showed
lower value of the Ca/Al ratio in the CF sites (6.4) than the DCF
sites (32.4).
Both, in the soil and in the soil water extract, the largest values
of these indicators were found in the O horizon, followed by the
parent rock, with the lowest values in the AE and E horizons. As
an exception, for the AB horizon in the DCF site, a very low Al
content in soil water extract was observed, and therefore, the
Ca/Al ratio was even higher than for O horizon.

5. CONCLUSIONS
–

–

–

–

The differentiation of the size of the soil sorption complex
and its ionic composition as well as the quantity and quality
of soil water extracts was related to the site types and the
soil-forming processes.
The vegetation affected the values of S-ex and S-ss in the
soil horizons of the plant rooting layer, while soil building
material in the deeper soil horizons.
In mineral soil horizons, the S-ex and S-ss values were
dominated by Al; its share decreased from the CF to DCF site
and the share of base cations, mainly Ca was increased.
Both, in the soil and in the soil water extracts of all groups
of soil horizons, the values of the Ca/Al and BC/Al ratios
increased in the sequence of CF < CDF < DCF sites.
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