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Ca/Al ratio in Norway spruce fine roots on monitoring
plots in the Czech Republic

V. SRAMEK, V. FADRHONSOVA, L. JURKOVSKA
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ABSTRACT: This article is focused on the evaluation of the Al/Ca ratio in fine roots of Norway spruce on the plots
belonging to the ICP Forests monitoring programme in the Czech Republic. In total 122 fine root samples were col-
lected from twenty plots from two soil layers of 0-10 and 10-20 cm and then analysed. The mean Ca/Al molar ratio
in the fine roots from the 0-10 cm topsoil layer is higher than in the lower 10-20 c¢m soil layer, which corresponds
to the distribution of fine roots — on average 80% of fine roots were found in the topsoil. 6% of the samples in the
lower soil layer strongly indicate aluminium stress (Ca/Al < 0.1) and 30% of the samples may demonstrate the adverse
effects of aluminium (< 0.2). On the other hand, no relationship was found between the Ca/Al ratio in the fine roots
and the fine root biomass and vitality or crown condition. These results suggest that the potential aluminium toxicity

is not the driving factor of the crown condition in Norway spruce and the Ca/Al ratio itself does not pose a risk to

forest health in the region.
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Central European forests were significantly influ-
enced by the impact of air pollution during the sec-
ond half of the 20" Century. Apart from regions in
which extreme concentrations of sulphur dioxide
had caused a mass dieback of forest stands like in the
Krus$né hory Mts. and Jizerské hory Mts. (KUBELKA
1993; LomskyY et al. 2002, 2012), the acidic atmo-
spheric deposition played the role of the main an-
thropogenic stressor. The measured mean depo-
sition of sulphates was more than 40 kg-ha=l.yr!
in open field (bulk) deposition and more than
100 kg-hat.yr! in throughfall deposition to Nor-
way spruce stands at the turn of the 1980’s and
the 1990’s in the Czech Republic (LocHMAN et al.
2008). During the 1990’s the acid deposition load in
the Central European countries decreased signifi-
cantly with the increasing importance of nitrate de-
position as compared to strongly reduced sulphates
(HONOVA et al. 2004; LocHMAN et al. 2008; VicHA
etal. 2012, 2013). On the one hand, critical loads of
sulphur and nitrogen deposition are still exceeded
in some regions of Central Europe (SRAMEK et al.
2008a; REINDS et al. 2008), on the other hand the

long-term acid deposition led to adverse changes in
forest soils including the leaching of base cations,
which contributes to nutrient deficiency in forest
stands (VANOEHE 1992; HOTTL, SCHAAF 1997; No-
VOTNY et al. 2008). While on the European scale
the deciduous trees exhibit a higher level of dam-
age than do conifers (ICP Forests 2012), Scots pine
and Norway spruce are the most defoliated species
in the Czech Republic (FABIANEK et al. 2012). The
shallowly rooted Norway spruce in particular could
be negatively influenced by a lack of base nutrients
both on heavily acidified mountain sites and also
at lower altitudes where the input of nutrients is
limited during periods of drought (EwALD 2005;
Musio et al. 2007; SRAMEK et al. 2008b; LomsKY
etal. 2012).

The adverse effect of forest soil acidification does
not consist solely in the depletion of base cations
but also in the increased concentrations of ionic
aluminium which is potentially toxic to plants
(BALSBERG PAHLSSON 1990; BouDpoOT et al. 1994,
PERSSON, MAJDI 1995; KINRADE 2003). The Ca/Al
molar ratio as an indicator of aluminium toxicity
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was first applied by LUND (1970) in his study of soy-
bean root elongation. HUTTERMAN and ULRICH
(1984) suggested the Ca/Al molar ratio as the most
significant indicator of the aluminium toxicity be-
ing associated with forest decline. The reliability of
the Ca/Al molar ratio as a stress indicator in soil
solution, fine roots and tree biomass was thorough-
ly discussed in reviews by CRONAN and GRIGAL
(1995), ALVAREZ et al. (2005) and VANGUELOVA
et al. (2005).

According to the results of the Second European
Forest Soil Survey (BioSoil) (DE Vos, CooLrs 2011)
the forest soils in the Czech Republic exhibit defi-
ciencies in exchangeable calcium and magnesium
and the base saturation in the upper layers of min-
eral soil (0-20 cm) is critical (< 10%) at more than
40% of the plots studied (SRAMEK et al. 2011). The
potential toxicity of aluminium in forest soils in
the Czech Republic has also been mentioned, e.g.
by BorRUVKA et al. (2009) and TEJNECKY et al.
(2010).

This article is focused on the evaluation of the
Ca/Al ratio in fine roots on the ICP Forests moni-
toring plots in the Czech Republic with domi-
nance of Norway spruce (Picea abies [L.] Karst),
in relation to soil chemistry and defoliation data.

Table 1. Basic characteristics of sampling plots

Fig 1. Distribution of sampling plots within the Czech Republic

MATERIAL AND METHODS

Plot selection. The plots for root sampling were
selected from the network of 146 ICP Forests mon-
itoring plots in the Czech Republic where the soil
survey was carried out in the framework of BioSoil
survey (DE Vos, CooLs 2011). The defined selection
parameters were: (i) Norway spruce as a dominant
species, (ii) forest stands of more than 50 years of
age and (iii) the soil type not being influenced by
water (e.g. Cambisols or Podzols). The plot distri-
bution and its basic characteristics are shown in
Table 1 and Fig. 1. Defoliation (crown transparency)

Altitude

Norway spruce

Plot No. Plot name (m a.s.) representation (%) Age of stand Soil type
1020 Katefina 521 89 101 cambisol
K030 Babylon 581 100 104 podzol
Q521 Lazy 875 100 123 cambisol
E040 Kyselka 441 98 91 cambisol
HO070 Lhota pod Rad¢em 509 100 112 cambisol
MO070 Brani$ov 795 100 102 cambisol
B080 Krupka 557 95 98 cambisol
0101 Cesky Krumlov 806 99 100 cambisol
B100 Valketice 433 97 79 cambisol
K120 Velmovice 536 94 115 cambisol
Q211 Jizerka 910 100 62 podzol
1140 Zelivka 440 100 108 cambisol
Q561 Novad Brtnice 640 100 108 cambisol
G180 Chocen 337 88 87 cambisol
Q251 Luisino udoli 940 100 97 podzol
L190 Braniskov 442 73 99 cambisol
1242 Dolni Morava 925 100 55 cambisol
Q541 Svycirna 1,300 98 119 podzol
1747 Dalov 637 99 57 cambisol
Q401 Klepacka 650 79 85 cambisol
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assessment of the plots in 5% steps, in accordance
with the methodology of the ICP Forests monitor-
ing programme (UNECE 2006a), is carried out on
a yearly basis. For the evaluation we use the mean
defoliation of the individual plots (Table 2) dating
from the year 2009, when root samples were col-
lected for chemical analyses. Information about

soil chemistry on the plots was adopted from the
results of the BioSoil survey. We used data on the
mineral soil from two depth-intervals — 0-10 cm
and 10-20 cm. The pH levels and the exchangeable
contents of Al, Ca, K and Mg are shown in Table 2.
The detailed methods that were employed for the
sampling and soil sample analyses were published

Table 2. Mean defoliation and soil chemistry on sampling plots (exchangeable contents of elements)

Soil properties

Plot Plot name desfglril;gz)n il 1 Al Ca K Mg
No. %) S°EC£‘§“ PH,, —— BS (%)
gkg ™)
020  Kawefima 359 000 g3 sore  1as %60 119 6
KOO Babylon 32600 5g gegn st 16 54
Q2 Lay B5 000 s sea me 81 se a9
Bt Kysela 25000 ghi a00p  aaes #0732 867
HOTO LhowpodRadcem 344 0Ty yag aaa w01 ded 41 57
MO0 Bramdov 99 00 40 sars 54 aa 13 59
BOSO  Kwpka 282 000 430 a0 06 0 o6 58
001 CeskyKrumlov 401 1070 43 et 94 03 36 30
BIO  Nallefice 327 000 4ol g vesad a6 w2 703
K0 Vemovie 305 000 43 sars a6 27 83 6s
QU gmeka 252000 40 sl me w91 172 ed
a0 Zewka 349 00 i a4 4z s2a 78 70
Qsél  Novibrtnice 347 00 400 a0 aes w9 s 86
GISo  Chocet 32400 375 g9 ase  aes 72 64
Q51 Lasimoddoll 3L 0Ty yor sas  gaq a2 124 87
L0 Bmmskov 76 00 413 s s 2es 135 14s
22 DoliMorva 128 0T 43 ghs s a1 108 28
Qa1 Sweima 363 000 40 sea 27 alr e 35
1747 Dalov %8 00 e w25 sss 270 11s 123
Qo1 Kepatka 393 0 P gl 3T S er g
BS — base saturation
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Fig. 2. Sampling design

by UNECE (2006b), pE Vos and Coots (2011) and
SRAMEK et al (2012).

Root sampling and chemical analyses. The
Norway spruce roots were sampled following the
main growing season during the period between
September 21% and December 4%, 2009. On each
plot five sample trees were selected — the “central”
tree and four trees closest to the midpoints of four
geographically oriented quadrants — ca 17 m from
the central tree. Root samples were taken from two
soil depth-intervals 0—10 cm and 10-20 c¢cm using
the Eijkelkamp drilling-crown root auger. From
each sample tree the four sampling points were
located in a line, oriented in accordance with the
slope of the plot or, in the flat terrain, to the south.
The sampling points were at distances of 1 m, 3 m,
5 m and 7 m from the stem of the sample tree. In
this manner 20 root samples of each soil layer were
taken from each plot (Fig 2). After they had been

(a)

transported to the laboratory, the roots were care-
fully washed with tap water to remove the mineral
soil and separated into two groups — fine roots of
up to 2 mm in diameter and coarse roots — and
dried at 60°C and then weighed. The results in re-
gard to root vitality and biomass were published by
SrRAMEK and FADRHONSOVA (2011).

Prior to their analysis the roots were pooled to a
smaller number of samples in accordance with the
plot and the depth of sampling to obtain an appro-
priate quantity of samples (minimal amount of the
sample for chemical analysis was 5 g of dry weight).
As a rule, for the particular soil layer on each plot,
3-5 composite samples were analysed. In total 122
samples were analysed. After mineralisation in
a microwave oven in accordance with the COST
method (LUSTER, FINLAY 2006) the contents of Al,
Ca, K and Mg were analysed using an inductively
conducted plasma/optical emission spectrometer
(ICP OES).

Statistical evaluation. Statistical analysis of the
datawas carried out using the Unistat 5.1 (Unistat Ltd.,
London, UK). The basic description of the variables
was performed by EDA (exploratory data analy-
sis), differences between variables were described
by multiple comparisons for ¢ distribution as a part
of the Kruskal-Wallis non-parametric ANOVA,
regression analysis was done using the Pearson cor-
relation (MELOUN, MILITKY 2006).

RESULTS AND DISCUSSION
Chemical composition of fine roots

The median of the aluminium content in the fine
roots of Norway spruce differs distinctly between
the individual plots; from 1,954 mg-kg! on the H070
Lhota pod Rad¢em plot to 9,327 mg-kg™! on the 1020

(b)
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Fig. 3. Aluminium and calcium contents in fine roots on monitoring plots in two soil layers 0—10 cm and 10-20 cm.
Abscissae represent maximal and minimal values obtained in individual samples. Dagger at the bottom axes marks a
significant difference between contents in the two soil layers (95% ¢ interval)
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Sv. Katefina plot in the topsoil layer of 0-10 cm
(Fig. 3, Table 3). An interesting view is provided by
comparing the topsoil layer, which is richer in soil or-
ganic matter and on average amounts to 85% of Nor-
way spruce fine roots (SRAMEK, FADRHONSOVA 2011),
with the deeper soil layer (10-20 cm). The Al concen-
trations in roots from deeper soil layers are generally

Table 3. Fine root chemistry on monitoring plots

higher — they reach even as high as 14,474 mg-kg™!
on the Q561 Novda Brtnice plot. A significant dif-
ference was confirmed on eight plots. The com-
parison of the Al concentrations at two soil depths
in individual soil cores is significantly correlated at
P < 0.001 (Fig. 4). The median calcium content in the
upper soil layer (0—10 cm) varied for individual plots

Fine root amount

Fine root chemistry (kg-ha?)

Plot Plot name Sl layer (kg-ha™") Al Ca K Mg
No. (cm)
median SD median SD median SD median SD median SD
1020 Katet 0-10 4,499 2,551 9,327 3,019 2504 509 2,992 63 1,180 283
alerna 44 o0 1,553 1,171 13,646 2,982 2,128 398 3217 693 1,476 430
K030  Babvlon  0-10 2846 1145 2918 1130 3,025 445 1653 192 517 95
Y 10-20 697 825 4,961 655 2,179 158 1,344 147 600 190
Q521 L 0-10 1,791 687 2,467 719 3,327 254 1,831 188 623 63
Y 10-20 338 411 4,717 1,394 2,027 379 2,299 533 487 81
040 Kvselka  0-10 627 653 7,798 1,608 6,435 1,061 3,082 248 1,728 179
Y 10-20 199 154 7,958 - 7241 - 2,147 - 1,904 -
Hoso Lhotapod  0-10 3473 1,303 1,954 854 5362 614 2,808 160 634 87
Radéem  10-20 906 595 6,379 1,056 4,019 191 2,327 293 572 85
MO070  Branigoy  0-10 3991 1804 3,696 334 2935 333 1829 135 78 109
10-20 916 1,159 8113 1,977 2,284 433 1,804 241 938 76
080 Keuoka 0710 1811 851 3,395 428 3,757 64 1,790 862 689 183
P 10-20 159 243 4,389 501 2,649 258 1,426 538 520 162
o101 Cesky 0-10 2,538 1,417 2,325 324 3,758 248 1,304 274 686 26
Krumlov ~ 10-20 1,373 1,561 5728 1,059 2,531 282 1,351 110 605 139
B100  Valkefice 0-10 1981 1,021 8389 682 5891 308 3,603 1,170 2,143 428
10-20 796 651 7,082 473 5826 357 2,675 1,109 1,895 472
K120 Velmovice 0-10 2677 684 3,467 747 4,356 404 2,132 129 758 52
10-20 607 461 8,948 991 2,733 108 2,473 205 898 33
Q11 lizerka 0710 4359 1158 5914 887 2708 520 1621 156 792 132
10-20 727 596 6,575 810 2,203 142 1,653 79 635 66
. 0-10 4,260 2,479 8849 1,533 3,615 244 3245 204 1167 151
1140 Zelivka
10-20 - - - - - - - - - -
Q561 Nov Brtnice 010 2379 906 5968 1,889 4,161 312 2903 253 910 145
10-20 627 356 14,474 958 2,752 231 3,529 712 1,287 728
G180 Chocer  0-10 1941 611 2,225 439 4,531 114 1,703 170 705 43
oce 10-20 269 220 3,315 - 3,639 - 1,153 - 463 -
Q251 Luisino gdoli 0710 3205 1382 4210 1451 3031 768 2233 305 916 109
10-20 458 1,491 4,427 1,532 2,864 691 2,039 166 1,010 217
1190  Bramitkoy O0-10 2827 1228 7148 1493 5467 380 3,624 406 1026 117
10-20 458 387 5363 2,049 4,466 331 2,310 215 1,030 49
Loao Dolni 0-10 1,324 913 2,687 109 2946 171 1,389 112 495 55
Morava  10-20 478 450 4,408 1,077 2,394 539 1,399 263 556 23
Q541 Svjeqrna 0710 2478 1793 4478 1228 2246 207 1,939 282 569 63
b4 10-20 488 561 5536 119 2,158 340 1,485 303 900 99
1747 Dalov 0-10 1,483 766 4,799 79 3,950 109 2,758 198 923 130
10-20 289 308 7,304 406 3,667 508 2,487 242 1,068 251
Q401 Klepacka 0-10 1702 1843 7534 1407 1991 400 2206 250 701 74
P 10-20 149 301 12,389 203 1,447 3 2,718 206 871 25

SD - standard deviation
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from 1,991 mgkg™ on the Q401 Klepacka plot to
6,435 mg-kg™ on the E140 Kyselka plot. There was
an opposite relationship between the upper and the
deeper soil layers than that of aluminium; in deeper
soil (10 to 20 cm) the amount of fine root Ca was sig-
nificantly lower on the majority of the plots (Fig. 3).
The relationship between the two soil layers is closer
than that of aluminium with a correlation coefficient of
R = 0.862 (Fig. 3). The content of aluminium and
calcium in fine roots corresponds to the data pub-
lished for Bavarian study sites on acidic soils (pH
2.9-4.3; BS 2-10% in mineral horizons) by BORKEN
et al. (2007) as well as to the values reported from
Norwegian acid soils (pH 4.0-4.9; base saturation
4.2-7.7% in mineral horizons) by NYGAARD and DE
WitT (2004) or ELDHUSET et al. (2006). NYGAARD
and DE WiTT (2004) found even very high cal-
cium contents on their sites (at 3,300 mg-kg™); on
the other hand, PErssoN and Majpr (1995) re-
ported the calcium content of fine roots as low as

126

1,500 mg-kg~'in the Norway spruce forests in Sweden.
The increase of aluminium and the decrease of cal-
cium in accordance with the soil depth coincide with
the exchangeable aluminium and calcium content in
the forest soil profile (Table 2). In the upper organic
horizon aluminium is bound to stable organic com-
plexes (CLOUTIER-HURTEAU et al. 2010) while the
level of exchangeable calcium is usually much higher
than it is in mineral soil. The content of potassium
and magnesium in the fine roots does not exhibit
any consistent differences between the two soil layers
evaluated (0-10 cm; 10-20 cm) — on most of the plots
they are relatively similar (Fig. 4). The correlation
between the two soil layers is significant for both K
(R = 0.743) and Mg (R = 0.786). The mean values on
individual plots range between 1,304 mgkg™' and
3,624 mg-kg! for potassium and between 463 mg-kg!
and 2,143 mg-kg™! for magnesium. These values for
both base cations are higher than those reported by
PErssoN and MAjp1 (1995) for Norway spruce in

J. FOR. SCL, 60, 2014 (3): 121-131



Sweden and the Mg content is also higher when com-
paring this data with the results obtained by BORKEN
et al. (2007) on four plots in southeastern Germany.
The mean Ca/Al molar ratio in the fine roots of
the 0—10 cm upper soil layer is 0.74 and varies be-
tween 0.2 and 1.75 on the particular plots. In the
deeper soil horizon of 0-20 cm the Ca/Al values
are significantly lower (Fig. 4). The mean value of
all the plots is only 0.35. According to CRONAN and
GRIGAL (1995) the fine root Ca/Al molar ratio < 0.2
represents a 50% risk rate, while according to a re-
view by VANGUELOVA et al. (2000) this limit repre-
sents even as high as 90% risk of a negative impact
on root and aboveground growth. In the upper soil
such low values were detected only on the Q401
Klepacka plot where the individual samples exhibit
the Ca/Al ratio between 0.14 and 0.35. Individual
samples with the fine root Ca/Al ratio below 0.2
were also recorded on the 1020 Katefina plot. In
the deeper soil layer (10-20 cm) aluminium stress
was strongly indicated on the Q401 Klepacka plot
by the mean Ca/Al ratio of 0.08 and high risk is also
probable for plots 1020 Katerina (0.11), Q561 Nova
Brtnice (0.13) and K120 Velmovice (0.20). Looking
at the distribution of the Ca/Al ratio in the indi-
vidual samples we can evaluate 6% of the samples
as showing strong indications of aluminium stress
(< 0.1) and 30% of the samples indicating nega-
tive effects (< 0.2) in the deeper 0-20 cm soil layer
(Fig. 5). In the upper soil, on the other hand, only 8%
of the samples of fine roots exhibit the Ca/Al ratio
of 0.2 or less. This is consistent with the significant-
ly higher content of biomass of the fine roots in the
upper soil layer that was found on our plots (Table 3)
— on average 80% of the total fine root biomass
from the soil depth of up to 20 cm was found in the
upper (0—10 cm) soil layer. The decrease in the fine
root Ca/Al ratio with the soil depth has been re-
ported by many authors — e.g. PERssON and MaJ-
DI (1995), VANGUELOVA et al. (2007) and BORKEN
et al. (2007); the absolute values on the previously
mentioned plots, however, are quite low in com-
parison with other European surveys. PERSSON

100,
90 ]
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__60]
=
~ 504
40 4
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30+ Oo0.5—1.0
201 Eo.2—05
10 No.1-02
0 Bm>01
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Fig 5. Relative number of individual fine root samples within
the different classes of Ca/Al ratio for two collected soil layers

and MAJDI (1995) found a low Ca/Al ratio in acidi-
fied soils in Sweden ranging between 0.05 and 0.38;
NyYGAARD and DE WitT (2004) found ratios from
0.16 to 2.67 in Nordmoen in Norway, BORKEN et
al. (2007) reported values from 0.5 to 8.5 in the
Norway spruce in Bavaria (Germany), while BRUN-
NER et al. (2002) identified values ranging between
0.8 and 19.43 on four plots in Switzerland. Kon6p-
KA and Lukac (2009) identified a significant drop
in the Ca/Al ratio between the healthy and damaged
Norway spruce in the Kysucké Beskydy Mountains
(Slovakia) with absolute values between ca 2 and 3.

The molar ratio of base cations to aluminium
[(Ca+K+Mg)/Al or BC/Al] could represent a more
precise tool for risk assessment at sites where po-
tassium has a more noticeable impact on the sorp-
tion complex of forest soils. The (Ca+K+Mg)/Al
soil solution ratio was suggested by SVERDRUP
(1995) as a basis for calculating the critical load of
soil acidification and it was also mentioned as a risk
indicator of forest health by CRoNAN and GRIGAL
(1995). In our study we found the mean values of
the (Ca+K+Mg)/Al ratio between 0.34 and 3.29 for
the individual plots. The significantly lower values
were recorded in the deeper 10-20 cm soil layer
(Fig. 4).

Table 4. Correlation coefficients between concentrations of individual fine root elements

(Ca+K+Mg)/Al Al Ca K Mg
Ca/Al 0.997%%** —0.738*** 0.409* -0.251" -0.323"
(Ca+K+Mg)/Al - —0.725%** 0.428* -0.217" —-0.285"
Al - 0.110m 0.738*** 0.720%**
Ca - 0.579** 0.606**
K - 0.745%%**

“Spot significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
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Correlation analysis

The results of the comparison of the mean ele-
ment contents of fine roots on the individual plots
are presented in Table 4. A strong significant
correlation has been found between Ca/Al and
(Ca+K+Mg)/Al, suggesting that the Ca/Al ratio
is quite sufficient for the assessment of fine root
chemistry on our plots. Both these ratios exhibit
a highly significant negative correlation with the
aluminium content in fine roots; the positive de-
pendence on the calcium content is also significant,
but weaker. There is no significant relationship be-
tween the (Ca+K+Mg)/Al ratio and the other base
cations (K, Mg), which supports the conclusion
that the fine roots Ca/Al ratio in itself is fully suf-
ficient for evaluating the aluminium risk under our
conditions. A significant positive correlation was
found between all the elements analysed, with the
exception of Ca and Al and this could be associated
with the competition for the root uptake between
these elements (SVERDRUP, WARFINGE 1992). The
positive correlation between the content of Al and
Mg or K in fine roots is harder to explain. bE WiTT
et al. (2010) found increased calcium and magne-
sium concentrations in the soil solution of Norway
spruce stands following the long-term addition of
AICI, which were ascribed to the elevated H* con-
centration and the increased cation exchange as the
consequence. In general, however, the increased
availability of aluminium should reduce the uptake
particularly of magnesium and calcium base cat-
ions at least at sites where the stock of base cations
is limited (GOBRAN et al. 1993, VAN ScHOLL et al.
2004, o WiTT et al. 2010).

Table 5 presents the correlation between the
chemistry of fine roots and the topsoil (0-10 cm)
layer. The Ca/Al and (Ca+K+Mg)/Al indexes show
a slightly negative correlation with total sulphur
and nitrogen. This relation is in line with significant

negative correlation between the fine root Ca con-
tent and soil nitrogen and sulphur content which
illustrates the sulphur and nitrogen deposition role
in the soil acidification and leaching of base cations.
Unlike in the findings of BRUNNER et al. (2002)
there was no significant correlation between Ca/Al
and the pH of the soil which could be explained by
the generally lower pH on our set of plots. In terms
of the base cations the strongest correlations were
found for the fine root magnesium content with the
mineral soil base saturation, exchangeable calcium
and exchangeable magnesium. These soil param-
eters also have a strong and significant relationship
to the fine root calcium content and a weaker but
still significant relationship to the fine root potas-
sium content. All the fine root base cations also
bear a significant relationship to the pH of the soil,
which corresponds with the findings of BrRUN-
NER et al. (2002). The aluminium concentration is
slightly but significantly correlated to the soil’s ex-
changeable calcium and exchangeable magnesium
and its base saturation. This is in part consistent
with the statement mentioned above by pE WITT
et al. (2010) concerning the soil solution. BRUNNER
et al. (2002) found a significant positive correlation
between the fine root aluminium content and the
pH of an organic soil layer and a negative correla-
tion with the pH of mineral soil.

A comparison of the chemical composition of fine
roots with the parameters of fine root biomass and
vitality or Norway spruce defoliation (Table 6) did
not reveal any significant relationship. A previous
study of our plots (SRAMEK, FADRHONSOVA 2011)
reported a slight but significant negative correla-
tion between the plot defoliation and pH of the soil.
The absence of any effect from an elevated level of
aluminium on the properties of fine roots was also
reported by NYGAARD and DE WiTT (2004) and EL-
DUSET et al. (2006). BORKEN et al. (2007) suggested
that the variation in the deposition of N between

Table 5. Correlation coefficients between the fine root chemistry and chemical properties of forest soil

Fine root Forest mineral top soil (0—10 cm) chemistry

chemistry PHy 0 Ny Siot Al e Ca e Kexen Mg, BS
Ca/Al —0.144"s -0.431* —0.464* —-0.380" -0.137"¢ -0.061" -0.167" -0.126"
(Ca+K+Mg)/Al  —-0.123™ -0.433* -0.458* -0.373" -0.110™ —-0.043" —-0.143" —-0.098"
Ca 0.573** —0.534** -0.395* —-0.100" 0.709%** 0.314" 0.607** 0.733***
K 0.444* —-0.341" —-0.179" 0.106™ 0.536** 0.349m 0.421*% 0.574**
Mg 0.643** -0.126" 0.045" 0.254ns 0.838**#* 0.469* 0.796**** 0.845%**
Al 0.364" 0.050" 0.132" 0.321m 0.469* 0.369™ 0.441* 0.478*
N0 Stot — total content of nitrogen and sulphur, Alexcht, Caexcht, Kovene MEorene — exchangeable contents of aluminium, cal-

cium, potassium and magnesium, BS — base saturation, ™not significant, *P < 0.05, **P < 0.01,
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#+D £ 0.001, ****P < 0.0001
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Table 6. Correlation coefficients between the fine root
chemistry, root biomass and vitality and plot defoliation

Fine root Root Plot
chemistry biomass vitality defoliation
Ca/Al -0.167 -0.016 -0.028
(Ca+K+Mg)/Al  -0.161 ~0.028 ~0.013
Ca -0.395 -0.131 —-0.054
K 0.027 -0.292 0.210
Mg -0.113 -0.194 0.036
Al 0.186 -0.242 0.160

all values are not significant

17 and 26 kg-ha='-yr~! had no effect on the fine root
biomass nor on their vitality. BRUNNER et al. (2002)
did not find any effect of the low Ca/Al ratio on the
crown condition on plots in Switzerland, nor did
DE WITT et al. (2010) in the course of an aluminium
addition experiment undertaken in Sweden. It can
be concluded that the crown condition of Norway
spruce forests at acidified sites is more significantly
influenced by the insufficient supply of base cations
— primarily magnesium — than by the actual alu-
minium toxicity. The influence of magnesium defi-
ciency on spruce defoliation — amongst other stress
factors — was supported, for example, in studies
by Musio et al. (2007), pE WITT et al. (2010) and
LoMsky et al. (2012).

CONCLUSIONS

Data on the chemistry of fine roots from twenty
monitoring plots in the Czech Republic show val-
ues corresponding to sites that have been affected
by long-term acidification. The Ca/Al ratio in the
fine roots is significantly lower in the deeper soil
layer (10-20 cm) than in the topsoil (0-10 cm),
which corresponds to the lower fine root biomass.
Looking at the Ca/Al ratio in the deeper soil layer,
76% of the collected samples could be evaluated
as potentially being affected by aluminium toxic-
ity (Ca/Al < 0.5), with 30% at a risk of aluminium
toxicity (Ca/Al < 0.2) and 6% at a high risk of alu-
minium toxicity (Ca/Al < 0.1). The ratio of the base
cations to aluminium (Ca+K+Mg)/Al is strongly
correlated with Ca/Al. No significant influence of
other base cations was found, which means that the
Ca/Al ratio is fully sufficient for the evaluation of
the aluminium toxicity risk at our sites. The varia-
tion in the fine root Ca/Al ratio is influenced more
by Al than by Ca content in the root tissue. It is
negatively correlated with the total nitrogen and
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sulphur content in forest soils, which is probably
connected with the long-term acidic deposition of
these compounds.

In contrast with the relatively low Ca/Al ratio in
the fine root samples no relation of this indicator to
fine root biomass, vitality or crown condition was re-
vealed. Our data suggest that based on the condition
of the Central European Norway spruce forests po-
tential aluminium toxicity is not a driving factor in re-
gard to forest health and the Ca/Al ratio in itself does
not constitute a risk to the forest health of the region.
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