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Abstract The Jizera Mountains area is affected by
natural and anthropogenic acidification processes.
The effect of acidification is reflected by presence
of elevated amount of different Al forms in soil
horizons. Changes of water extractable forms of Al
(total Aly,o, species: AI(X)'", AI(Y)** and AI**) and
other soil characteristics (e.g. DOC, pH) were inves-
tigated in forest soils from April to October 2008.
Seasonal changes of Al forms were identified in
organic F and H soil horizons. No significant effect of
the soil type on Al forms was documented. Neverthe-
less, influence of vegetation cover (beech and spruce
forest, clear-cut area) on Al(X)1+, Al(Y)2+ forms was
proved. The results show that binding and mobility of
Al forms are controlled mostly by pH and dissolved
organic carbon (DOC).
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Abbreviations

A Organomineral (humic) horizon

Aly,o Total amount of water extractable Al

ANOVA  Analysis of variance

B Subsurface mineral horizons (cambic or
spodic)

DOC Dissolved organic carbon

DOM Dissolved organic matter

et PZ Entic Podzols

F Fermentation surface organic horizon

H Humified surface organic horizon

H.G. Homogeneous groups

dy CM Dystric Cambisols

ha PZ Haplic Podzols

HPLC/IC High performance liquid
chromatography equipped with ionic
column

ICP-OES Inductively coupled plasma-optical
emission spectroscopy

LMMOA Low molecular mass organic acids

LSD Least significant difference

pHy,0 Active soil reaction in soil suspension
with water

PHkc Exchangeable soil reaction in soil extract
with KCl

WRB World Reference Base for Soil

Resources

@ Springer



152

Biogeochemistry (2010) 101:151-163

Introduction

Acidification is a soil degradation process that is
important for the forest soils worldwide (e.g. Krug
and Frink 1983; Moldan and Schnoor 1992; Likens
et al. 1996). The Jizera Mountains (north part of the
Czech Republic) represent an area strongly affected
by acidification processes due to high precipitation,
naturally acid bedrock (granite), high sulphuric and
nitric deposition and improper forest management
(spruce forests) (Mladkova et al. 2004; Bortivka et al.
2005; Drabek et al. 2007).

Acidification leads to Al mobilization (e.g.
Mulder and Stein 1994; Norton and Vesely 2003).
Long term Al exposure causes shoot growth inhibi-
tion, nutrition (Ca, Mg, P) and water deficiency, and
also other physiological stresses due to phyto-
hormone imbalances (e.g. Horst 1995; Puhe and
Ulrich 2001). However, recent field study by Nyg-
aard and de Wit (2004) documented that Al had
surprisingly low influence on spruce roots and tree
health. This phenomenon might be caused by “root
protection mechanism” (Jones et al. 2001) where
potentially rhizotoxic Al is bound to root exudates—
mainly organic acids such as citric and oxalic.
Nevertheless, water-soluble Al forms express a
certain degree of actual Al stress for ecosystem
(e.g. Lundstréom and Giesler 1995; Puhe and Ulrich
2001; Drabek et al. 2005). The content of Al in
water extract or soil solution comes from dissolving
amorphous Al (hydro)oxides or soluble Al-organic
complexes; main controlling mechanisms are pH and
soil organic matter (e.g. Mulder and Stein 1994;
Berggren and Mulder 1995; Lofts et al. 2001; Scheel
et al. 2007).

Seasonal changes influence trees, ground flora,
soil chemistry and biological processes in forest
ecosystems. Seasonality shows its affect already on
weeks to months scale. Main seasonal processes are
growth and population dynamics (Puhe and Ulrich
2001). Soil biological activity and dissolved organic
matter (DOM) change during the year; also enzy-
matic activity increases through the growing season
(spring and summer) (Kaiser et al. 2002; Boerner
et al. 2005; Niemi et al. 2007). Seasonal changes in
the concentration of dissolved organic carbon (DOC)
and DOM are influenced by litter fall inputs and soil
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organic matter content (e.g. Kalbitz et al. 2000).
Production of organic acids in soils together with
anion atmospheric deposition control seasonal vari-
ations of soil solution acidity. Consequently, this
influence is expressed by DOC amount in stream
waters (Chapman et al. 2008). Stream waters are an
indicator of soil conditions and reflect seasonal
variation of many soil characteristic (e.g. DOC, pH,
cation and anion content) (Likens and Bormann 1995;
Dawson et al. 2008; Chapman et al. 2008). Soil
biochemical factors (microbial enzymes and total
activity) correlate with some chemical properties, e.g.
NH," and NO; ™~ contents, in beech and spruce forest
soils (Rastin et al. 1988, 1990). Turpault et al. (2007)
observed changes in the content of Al forms during
season and increased biological activity in soils
(March and June). Variations of exchangeable Al
due to complexation of Al with organic root exudates
and lower Al content were determined in the
rhizosphere interface between June and March.
Turpault et al. (2007, 2008) described increased
exchangeable Al amounts during June in conse-
quence of lower Al fixation by soil clay minerals in
bulk soil fraction. Degradation of soil organic matter
was referred as another factor controlling Al chem-
istry (Turpault et al. 2007). Amount of “free” Al
(prevailing AI’™ and AI(OH)*") was higher during
spring and summer and Al correlated with weather
conditions (precipitation and temperature). Lange
et al. (2006) have reported that high DOC production
and sea salt input, caused by wind storms, were major
driving forces of Al variations in soil water in
forested catchments in Norway. These authors
claimed that Al chemistry and availability was
influenced at first by cation exchange reactions
caused by sea salt. Secondly, great influence was
also ascribed to complexation ability of DOC.
Aluminium content was also affected by microbial
nitrification and pH decreasing (Umemura et al.
2003). Generally, composition of soil solution is
influenced mostly by the biological activity of soil
biota, season and actual weather (mainly temperature
and precipitation) (Vestin et al. 2008).

The aims of this work are (i) to describe seasonal
variation of water-extractable Al species, and (ii) to
determine principal factors controlling Al behaviour
under different soil vegetation cover.
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Materials and methods
Study area

The study was carried out on the locality Palicnik in
the Jizera Mountains (Fig. 1). The altitude of studied
plots ranged from 635 to 680 m and annual precip-
itation was approximately 1,705 mm. Vegetation
cover is formed mainly by acidophilic beechwood
(beech forest, Fagus sylvatica L.) and spruce mono-
culture (spruce forest, Picea abies [L.] Karst.) with
dominance of Calamagrostis and
Calamagrostis villosa in herbal layer; clear-cut area
is predominantly covered by Calamagrostis villosa.
Soils developed from medium-grained porphyric
granite to granodiorite of the upper carbon age. The
soils were classified according to the World Refer-
ence Base for Soil Resources (WRB 2006). Prevail-
ing soil types were Entic and Haplic Podzols (et PZ,
ha PZ) accompanied by Dystric Cambisols (dy CM).

arundinacea

Soil samples

Soil samples were collected on three adjacent areas
covered with beech forest, spruce forest and clear-cut
area (Fig. 1). Sampling was done monthly in the
period from April to October 2008, except the clear-

Fig. 1 Sampling sites of
the studied areas shown on
the map of the Czech
Republic

Jizera Mts.

°
Prague

e l

Czech Republic

cut area where the samples were collected every other
month only. Each time, three new soil pits were dug
on each area, two pits closer to the opposite edges,
one close to the centre of the area. Following this
rule, the particular place for each pit was selected
randomly. The distance between the pits was at least
20 m in all cases.

Soil samples were collected from all horizons with
sufficient thickness. In all cases, samples were
collected from surface fermentation (F) and humified
(H) organic horizons and subsurface B horizons
(cambic or spodic). Where possible, samples from
the surface organomineral (humic, A) were also
collected. In total, 54 soil pits were described and
sampled during the sampling period and 208 samples
were collected.

Soil analysis

Soil samples were thoughtfully collected during
sampling process to represent actual soil conditions
as closely as possible. The collected samples were
immediately treated and analysed in the laboratory.
Each sample was thoroughly mixed and then divided
into two parts—first part was analysed under “raw”
conditions representing actual soil moisture. All
stones, roots and undecomposed organic material

‘ ’ [#7] Beech forest
[T Spruce forest

[ Clear-cut area

~~~~~ Sampling area

®
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were removed prior sample analyses. The method
using fresh unsieved soil samples was adopted from
works of Jones and Willett (2006) and Chantigny
et al. (2008). Soil moisture content was determined
by drying of soil samples to constant weight. Fresh
samples were extracted by deionised water (ratio
soil/water 1:10 w/v, 24 h extraction on a reciprocal
shaker at stable laboratory temperature). The sus-
pensions were then centrifuged at 4,000 rpm for
15 min; finally, extracts were filtrated through
0.45 pm nylon membrane filter (Cronus Membrane
Filter Nylon, GB). In these aqueous extracts we have
determined:

1. Major inorganic anions (F~, C17, NO3™, PO43_
and SO,>7). These anions were determined by
means of ion-exchange chromatography with
suppressed conductivity. The ion chromatograph
ICS 90 (Dionex, USA) equipped with IonPac
AS14A (Dionex, USA) guard and analytical
columns was used. The eluent composition was
8.0 mM Na,CO3/1.0 mM NaHCO; and flow rate
was set to 1 mL min~'. To suppress eluent
conductivity the AMMS 300—4 mm suppressor
(Dionex, USA) and 25 mM H,SO, reagent was
used. The eluent conductivity was even further
suppressed by carbon removal device CRD
300—4 mm (Dionex, USA) and 0.2 M NaOH
solution.

2. Total amount of Al (Aly,0). This was done by
means of inductively coupled plasma-optical
emission spectrometer (ICP-OES, An iCAP
6500 Radial ICP Emission spectrometer; Thermo
Scientific, GB) under standard conditions.

3. The Al speciation was carried out under con-
trolled stable temperature 25°C by means of high
performance liquid chromatography equipped
with ionic column (HPLC/IC) technique. The
instrument consisted of GP50 gradient pump,
Thermostated column compartment TCC 100
and PC Pneumatic controller for post column
derivatization (Dionex, USA), UV/VIS detector
Deltachrom UVD200 (Watrex, Prague, Czech
Republic) and automated sampler Triathlon
(Sparks Ltd., Netherlands). The IC column used
was an Alltech cation R (USA), with the use of
an old column as a guard column. The mobile
phase used was 100 mM Na,SO, (pH 2.40) in
7.5 mM H,S0,. For post-column derivatization,
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an agent 3 x 10™* M tiron in 1 M ammonium
acetate (pH 7.05) was used. Detection of created
Al-tiron complexes was done at 310 nm. This
chromatographic method enables separation of Al
forms into three different groups mainly according
to their charge (Drabek et al. 2005). These groups
are assigned as follows: AI(X)'"™ {Al(OH,™),
Al(SO)™, AIE,™, Al(org)='", etc.}; Al(Y)*"
{AI(OH)**, (AIF)*, etc.} and AIPT {AI’" and
transformed hydroxyl Al polymers}.

4. Content of DOC was done by a modified wet
dichromate oxidation method according to Yak-
ovchenko and Sikora (1998) and Zbiral (2004).
Generally, DOC is oxidized by dichromate-
sulphate solution in preheated (140°C) tempera-
ture controlled oven for 20 min. This DOC
digestion causes dichromate consumption; this
dichromate consumption is determined spectro-
photometrically at 340 nm (Hewlett Packard 8453
UV/VIS spectrophotometer, USA). Pure glucose
(p-a.) was used as calibration standard for model
digestion. Used concentrations were 0, 5, 10, 20,
30, 40 and 50 mg C L™".

All analyte contents and soil characteristics deter-
mined on fresh samples were recalculated to dry soil
mass.

The second part of each soil sample was air dried
and sieved through 2 mm sieves. Active and
exchangeable pH (pHy,, and pHkcy) were deter-
mined potentiometrically (pH meter inoLab pH Level
1 WTW, Germany); ratio soil/water or 0.2 M KCI
was 1:10 w/v. Remaining part of each soil sample
was archived.

Statistical analysis

The effect of horizons, soil unit, vegetation type, and
sampling month was assessed using multifactor
analysis of variance (ANOVA). This approach was
used as the factors affect the soil conditions together
and their effect can be mutually enhanced or elim-
inated. Mutual relationships between soil character-
istics were analysed using simple correlation and
regression. Factor analysis enabled presenting of all
the mutual relationships between determined soil
properties at the same time. Analyzing the whole data
set instead of individual characteristics corresponds
better to the real situation in soil. All statistical
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analyses were performed using Statgraphics XV
Centurion and Statistica 9.

Results and discussion
General description of results

The contents of water-extractable Al forms (Aly,o,
AIX)', AI(Y)*F, AIPT) were significantly different
between surface organic horizons (F, H) and organo-
mineral (A) and mineral (B) horizons (p < 0.001).
The organic horizons were therefore further analyzed
separately from other horizons. Higher contents of Al
species were determined in organic horizons than in
the A and B horizons (Fig. 2). The same results were
reported also by Giesler et al. (2000), Drabek et al.
(2005) and Dlouha et al. (2009). Markewitz and
Richter (1998) reported accumulation of Al in forest
floor due to higher biological DOC and Al inputs
(mainly litter accumulation and degradation) to these
horizons. Litter fall is considered as the major
external Al input (69%) into forest floor under
coniferous trees, complemented by precipitation;
however, mass balance of Al fluxes indicated that
the primary Al sink even in the organic horizons is
mineral weathering (Rustad and Cronan 1995).

Table 1 summarises basic statistical parameters of
soil properties for organic horizons group (horizons F
and H), Table 2 for organomineral and mineral
horizons (A and B). Both organic types of horizons
were acid, pHy,o in soil ranged from 3.17 to 5.10,
and pHyc values ranged from 2.55 to 3.88 (Table 1).
The A and B horizons were less acid than the organic
ones (pHy,o 3.51-4.51; pHkc 2.77-4.12). In the
organic horizons, DOC strongly correlated with
AIX)'"™T (r=0752, p<0.001) and AI(Y)*"
(r=0.803; p <0.001) (Fig.3). Species AIX)'F
and Al(Y)2Jr can contain organic forms, as for
example Al ions bound on LMMOAs and/or humic
substances. van Hees et al. (2001) modelling behav-
iour of Al with low molecular mass organic acids
(LMMOA) and humic substances predicted that the
major part of Al in acid soil solution was organically
complexed by humic substances and by LMMOA:s. In
accordance with this, we determined particular
organic acids (formic, acetic and oxalic) using ion-
exchange chromatography in the forest floor samples
from the same area collected in 2009 (data being
prepared for publication). We suppose that Al species
are complexed with these organic acids, as it was
reported e.g. by McColl and Pohlman (1986) or van
Hees et al. (1996, 2000) and also suggested by
Drabek et al. (2005). Nevertheless, Strobel (2001)
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Fig. 3 Regression analysis 150 F'
for Aly,0 and Al species in
organic horizons (F, H)
under different vegetation
covers (mg kg’l, g kg’l;
102 samples)

r=0.378; p = 0.0001

90l

Al (Mg kg™)

30;

Al = 0.011 DOC + 46.56

= 0.0238 DOC + 34.9237
=0.752; p < 0.0001
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AI(Y)* = 0.0045 DOC + 2.17
r= =0.803; p < 0:0001

] 30t AI* = 0.00093 DOC + 8.18
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AI* (mg kg™

0 1 2

DOC (g kg")

showed that LMMOAs constitute a maximum of 10%
of total DOC in forest soils under different vegetation
cover. AI’T species is not correlated to DOC
(p = 0.162) as it is not bound on organic substances;
it is formed only by AI’* and transformed hydroxyl
Al polymers (Drabek et al. 2005). The correlation
between Aly,o measured by means of ICP-OES and
DOC was weaker than the correlation between DOC
and AI(X)'™ and AI(Y)*" species. The ICP-OES
method determines the sum of Al species in the
solution, including AIPT, which might be the reason
of weaker relationship.

AIX)'™" species correlated also with both pHy ¢
(r=—-0.490, p <0.001) and pHgc (r= —0.590,
p < 0.001). Moreover, pH values showed relation-
ship with DOC (pHy,o: r= —0.334, p <0.001;
pHkcri: r = —0.537, p < 0.001). This is in agreement
with the results of Tipping and Woof (1990) who
calculated increasing DOC mobility by more than
50% when pH increased by about 0.5. Negative
correlation of pH with DOC and Al forms is shown
also by the results of factor analysis (Fig. 4). The
influence of soil organic acids to pH and soil acidity
was published in many works, for example Pohlman
and McColl (1988) and van Hees et al. (2001).

In factor analysis, three major factors accounting
for 67.66% of the variability in the original dataset

3

DOC (g kg")

r NQ, moisture 1
0.8 - B
ALY AI(X) ]
I AP DOC ]
0.2 o
L pH.p0 Al ]

[ Cr

Factor 2

r pHKC\
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0.56 [ ]
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L PHe

L pH q

-0.04 k. . . !
4 07 04 -01

Factor 1

0.2 0.5

Fig. 4 Factor analysis for all soil samples (organic, organo-
mineral and mineral horizons); three factors account for
67.66% of the variability in the original data

were selected (Fig. 4). The first factor shows a
significant relationship between Al forms and DOC
and a negative correlation of Al forms and both pHs
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(pPHy,0, PHkc)- Similarly, Walker et al. (1990)
showed that solubility of Al was increased when
the pH was decreasing. The second factor describes a
strong relationship between the content of NO;™ in
water extract and determined soil moisture. The
relationship between NO;3;~ content and actual dry or
wet conditions is described for example by Prechtel
et al. (2000) and Umemura et al. (2003). The third
factor highlights correlation of Aly,o and AP with
the concentration of SO4>~. Sulphate dynamics plays
an important role in Al behaviour. Higher sulphate
content affects soil acidity and transforms hydroxyl-
ated Al species to AI’" (Norton and Vesely 2003).
The contributions of various factors, namely soil
unit, horizon, locality and sampling period, to the
variation of soil properties were assessed by means of
analysis of variance. All measured Al species in the
organic horizons were significantly influenced by the

sampling month (Table 3). The content of Al(X)1+
and AL(Y)*" species in the organic horizons was
influenced by the type of horizon (F vs. H) and
vegetation cover. The effect of vegetation cover on
the content and behaviour of Al forms in soils was
reported also by Herbert and Bertsch (1995) and
Dlouha et al. (2009). Soil classification unit did not
show any significant effect on measured Al species in
the organic horizons; however, it influenced signif-
icantly the pH values (Table 4). Nevertheless, the
effect of horizon, vegetation cover, and sampling
month was more pronounced than the effect of soil
unit and, moreover, it influenced also the content of
DOC and SO,*". DOC content in spruce forest soils
(1,905 + 147 mg DOC kg™ ') differed significantly
from its content in soils under beech forest (902 +
166 mg DOC kg_l) and clear-cut area (1,121 +
154 mg DOC kg™ '). The NO; ™~ content was influenced

Table 3 Multifactor ANOVA of water-extractable Al species of organic soil horizons

Factor Alp,o Al Al(Y)* APt
F test )4 F test )4 F test )4 F test )4

Soil type* 1.23 0.3032 0.71 0.5488 1 0.3966 0.56 0.6397
Horizon" 0.03 0.8674 6.29 0.0139 8.97 0.0036 1.92 0.1689
Vegetation cover® 1.72 0.1839 11.05 <0.001 10.18 <0.001 2.87 0.0619
Month? 4.24 <0.001 2.75 0.017 2.95 0.0113 15 <0.001
* et PZ, dy PZ, ha CM
" F H
¢ Beech and spruce forest, clear-cut area
4" April-October
Bold indicates significant differences at 0.05 confidence level
Table 4 Multifactor ANOVA of other determined parameters of organic soil horizons
Factor NO;~ S0, DOC pHy0 pHkar

F test )4 F test )4 F test )4 F test )4 F test )4
Soil type* 1.56 02052  0.32 0.811 0.42 0.7373 4.13 0.0085 4.02 0.0097
Horizon" 1.09 02999  5.15 0.0255 18.91 <0.001 7.5 0.0074 23.08  <0.001
Vegetation cover® 17.77 <0.001 6.04 0.0034 17.52 <0.001 43.99 <0.001 105.1 <0.001
Month® 1.93 0.0846  3.74 0.0023 7.84  <0.001 10.06  <0.001 2.89 0.0126

* et PZ, ha PZ, dy CM

"FH

¢ Beech and spruce forest, clear-cut area
4" April-October

Bold indicates significant differences at 0.05 confidence level
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significantly only by the vegetation cover. The effect of
these factors in the organomineral and mineral horizons
was less pronounced.

Seasonal variability

As it was mentioned above, the sampling period was
identified as the factor significantly affecting all the
measured Al species (Table 3), as well as other soil
chemical parameters—DOC, SO42_, pHy,o0. PHkal
(Table 4). Only the amount of NO3~ was not changed
significantly during the monitored period.

Highest contents of all Al species determined by
means of ICP-OES were observed in summer and late
summer; the maximum amount of total water-
extractable Al was measured in July and reached
81.3 mg kg~ (Table 5). Also AI(X)'" and AI(Y)*"
species showed maximum values in July, while AI*"
content increased in autumn months. This relates to

the development of DOC in soils (Table 6). Decom-
position processes due to higher microbial and fungal
activity produce DOC in forest floor during summer
and autumn (Rastin et al. 1990; Boerner et al. 2005).
Chemical composition of this DOC enables binding
metals on both aromatic and aliphatic DOC com-
pounds (Kaiser et al. 2001, 2002). Major part of the
AIX)'™ and AI(Y)*" species is supposed to be
organically bound. The decline of DOC during late
summer and autumn is thus followed by a decline
particularly of AI(X)'" species and increase of AI**
content (Fig. 5). A different situation is in the spring.
Though the DOC content is the highest in April, Al
species, including the Al(X)' and AI(Y)*" and total
Aly,0, are rather low in this month. Low contents of
soluble Al forms in spring can be caused partially by
runoff due to snow melting (Vestin et al. 2008).
Nevertheless, the principal cause of lower content of
water soluble Al forms can be ascribed to higher

Table 5 Seasonal variations of water-extractable Al species of soil organic horizons (mg kg™, F test, mean and 95% LSD interval)

Months Alp,o AlX)H Al(Y)* APt

LS mean LS sigma H.G. LS mean LS sigma H.G. LS mean LS sigma H.G. LS mean LS sigma H.G.
April 49.8 6.67 ab 64.0 6.76 a 9.23 1.19 be 4.5 1.22 a
May 67.9 7.60 cd 536 7.54 a 5.89 1.33 a 5.7 1.22 ab
June 429 6.54 a 62.2 6.79 a 6.70 1.19 ab 6.2 1.36 ab
July 81.3 8.01 89.5 7.94 b 11.60 1.40 c 7.7 1.22 b
August 69.5 6.72 cd 62.2 6.88 a 6.35 1.21 a 11.7 1.24
September  65.1 8.34 bed 652 8.29 a 7.85 1.46 ab 14.5 1.49 cd
October 573 6.84 abc  70.3 6.81 a 7.20 1.20 ab 16.2 1.43 d

H.G. homogeneous groups

Table 6 Seasonal variations of other determined parameters (NO5 ™, SO427, DOC, pHy, o, pHkcr) of tested organic soil horizons

(mg kg_l, F test, mean and 95% LSD interval)

Months  NO;~ N DOC pHy,0 pHkar
LS LS HG. LS LS HG. LS LS HG. LS LS HG. LS LS H.G.
mean 51gma mean 51gma mean 51gma mean 51gma mean 51gma
April 231 488 bc 104 149 ab 1949 180 d 394 004 303 004 b
May 186 553  abc 151 169 ¢ 1008 205 ab 397 005 d 309 004 b
June 230 499 be 104 153 ab 603 179 a 372 004 ab 290 004 a
July 284 598 ¢ 124 183 bc 1694 216 ed 368 005 ab 300 005 b
August 102 491 a 145 150 ¢ 1421 181 bc 383 004 ¢ 299 004 ab
September 123 60.1 ab 107 184  abc 1430 225 bc 363 005 a 307 005 b
October 152 487 abc 743 149 a 1062 190 ab 377 004 bc 303 004 b

H.G. homogeneous groups
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Fig. 5 Seasonal variation of water-extractable Al species,
DOC and active pH (pHy,o) from forest organic (F and H)
horizons with all vegetation covers (beech and spruce forest,

pHy,o values in the spring months compared to the
later months. Higher pH leads to lower Al dissolution
and consequently lower absolute Al amount, though
the proportion of Al(X)'" from the sum of Al(X)'T,
Al(Y)*" and AI’" (determined by HPLC/IC) remains
high (around 80%). As pHy,o declines starting in
June, the Al amounts in the solution tend to increase.
The negative correlation between pHy,o and APt
(r = —0.327; p < 0.001) and results of factor anal-
ysis support this statement. The speciation of the
released Al is then controlled mainly by DOC.
Decline of pH, higher productivity of LMMOA by
biological activity in soils in summer months, and
also pH decline through the influences of LMMOA
was reported by Fox (1995).

Influence of vegetation cover
As it was shown above, the vegetation cover influence

most monitored soil properties particularly in the organic
horizons (Tables 3 and 4). The effect of vegetation

@ Springer

A M J J A S o
Sampling months

clear-cut area) and soil types (et PZ, ha PZ, ha CM) (mg kg_l;
mean and 95% LSD intervals; 102 samples)

cover on Al species, DOC and pH (pHy,() in organic
horizons is shown in Fig. 6. pH was the lowest under
spruce forest, compared to beech forest and clear-cut
area. The acidifying impact of spruce cover on soil
(for example Matzner and Prenzel 1992; Mladkova
et al. 2000) is clearly apparent here. In the contrast, the
DOC content was significantly highest under spruce.
Contents of mono- and divalent Al species were in
significantly higher amount under spruce forest than
on the clear-cut area and under the beech forest. In
contrast, the highest content of trivalent, the most
toxic Al form was found under beech forest, though
the difference was not statistically significant. This
phenomenon is caused most probably by lower DOC
content under beech forest (Fig. 6). In other words,
soil under spruce is more acid compared to soil under
beech, but the production of complexing compounds
of DOC is greater and therefore more Al is bound
into less toxic forms. Under beech, the acidity is
lower, but the content and metal-complexing ability
of DOC is smaller. We can hypothesize that the



Biogeochemistry (2010) 101:151-163

161

Fig. 6 Influence of 76 F B 98 F 3
vegetation cover (clear-cut b ] ]
area, beech and spruce ~ 8¢ 1
forest) on Al species, DOC “-3, 66 - 1 2 -
and pHy,( in foreist organic 2 ok ] g 8 E
horizons (mg kg™ '; mean £ gl 1
and 95% LSD intervals; 102 S sef X
samples) < a1l i < 5t ]
46 £ ] 48 =
beech clear-cut spruce beech clear-cut spruce
Vegetation cover Vegetation cover
128 q 13.2 F B
122+ B
o, 108 1 -
< "o 11.2F -
E’ X
L 4 ()] L 4
(g_, 8.8 £ 10.2
= & 92f 1
< 68 1 <
8.2 - -
48 3 72 ¢
beech clear-cut spruce beech clear-cut spruce
Vegetation cover Vegetation cover
4F ] 2200 [ =
39 I ]
I 1800 I 1
Q 3.8 1 _@ 1
£ ()] - 4
T 2 1400 '
3.7 1 ]
8 ]
a6k I 1 8 1000 - I 1
35k ] 600 -
beech clear-cut spruce beech clear-cut spruce

Vegetation cover

actual toxicity of Al under spruce is smaller. Never-
theless, we have to take into account also the higher
sensitivity of spruce and the level of potential toxicity
represented by low base saturation and high Al
saturation of soil sorption complex (data not shown).

Conclusion

Seasonal variation in Al contents and forms was
studied for a particular time period (April-October
2008). Crucial factors affecting Al forms and their
mobility during the monitored period were pH and
DOC. Production of DOC in summer and following
decline of its content in autumn control water-soluble
Al speciation in soils strongly. The influence of soil
type and vegetation cover on AlI>" content in soil was

Vegetation cover

generally not significant. However, significantly dif-
ferent contents of AI(X)'" a Al(Y)*" species were
observed in soils with different vegetation cover.
Though soils under spruce forest are more acid
compared to soils under beech forest, they have higher
content of less toxic AI(X)'™ and Al(Y)*" species and
lower content of AI’" thanks to complexing with
DOC. The results confirm the positive effect of DOC
in decreasing actual Al toxicity in forest soils.
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