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The purpose of this paper is to determine the individual relations between APEA 
and specific soils and environmental factors. To disclose these relations, analysis of 
component vectors and principal component analysis (PCA) were performed. Vectors 
of soil characteristics with participation of APEA (

�aAKFE ) and vectors of pedochemical 
variables (

�aCHEM ) were also calculated. Their ratio (ia) indicated the relative size of 
the APEA impact on the relations between pedochemical characteristics. Based on 
the statistical analyses, different role of APEA in Norway spruce and in European 
beech stands was detected. While APEA in spruce stands did not show significant 
correlations with the other examined soil chemical properties, soils under beech 
stands displayed strong correlations with some of the pedochemical variables. The 
idea of this research is to find out whether APEA could be used as an indicator of forest 
vegetation status and of the anthropogenic load on a site. 

Key words: �soil, acid phosphomonoesterase, principal component analysis (PCA), European 
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Introduction and problem definition
Acid phosphomonoesterase activity (APEA) 

(E.C.3.1.3.2) is one of the important indicators 
of forest soil carrying capacity. Phosphatases 
are hydrolytic enzymes releasing PO4

3- from 
monoesters of orthophosphoric acid; however, 
their activity is strongly linked to pH. Phos-
phatases with the optimum of activity at pH 4–6 
are generally classified as acid phosphatases 
(AcP) and those with the optimum of activity 
at pH 8–12 are generally classified as alkaline 
phosphatases (AlP) (Rejšek 1988). Some soil or-
ganisms are able to produce acid and alkaline 
phosphatases simultaneously. 

In naturally acid forest soils, the acid phos-
phatases prevail. At the same time, forest soils are 
predisposed by the lack of phosphorus mineral 

sources. Most of the pool of soil phosphorus 
is organically bound. Under these conditions, 
the ability to biochemically release available 
phosphorus and to metabolize it may represent 
a limiting factor for biosynthesis in most of the 
organisms within a  plant association (Samec, 
Formánek 2007). These interrelations are par-
ticularly close in mountain environment there 
dead organic matter becomes a unique substrate 
for regeneration of whole ecosystems. Profound 
correlation of AcP and AlP production by the 
bacterial biomass and the biomass of soil my-
celia is often found in F-horizon. In H-horizon, 
the existence of phosphatase producers signifi-
cantly depends on ammonification bacteria and 
the organic carbon content. In contrast to that, in 
A-horizons, where general inhibition of biologi-
cal activity occurs, the activity of phosphatases 



136	 A. Bajer, P. Samec, M. Žárník

remains high, as well as the abundance of their 
microbial producers (Hýsek, Šarapatka 1998). 

In forest soils, phosphatases are produced by 
plant roots, unicellular microorganisms, fungi 
and also by dead organic matter. In the condi-
tions affected by acid deposition, changes in 
species composition of soil microflora (Lettl 
1985), plant metabolism (Roberts et al. 1989) 
and activity of fungi (Leyval et al. 1997) can be 
observed; in addition, changing pH is linked to 
subsequent far-reaching changes of soil biologi-
cal activity. In natural conditions, deficit of avail-
able phosphorus causes increased phosphatase 
activity leading to more intensive decomposi-
tion of P-containing substances, whereas in 
the environment affected by acid deposition, 
mycorrhizas are directly impaired and thus the 
activity of enzymes decreases regardless of the 
nutrient availability (Rejšek 1991). Under these 
conditions, acid deposition causes not only de-
cline of the plant community, but also overall 
disturbance of its biosynthesis. 

The basic tool for analysis of the APEA re-
sponse to external influences is comparison of 
the overall activity and the activity of root exu-
dates (Rejšek et al. 2012a). Activities of root and 
microbial phosphatases show different reaction 
kinetics, thus predetermining the subsequent 
efficiency of the soil phosphorus forms trans-
formations in relation to climatic influences or 
pollution (Rejšek et al. 2012b). Soil units differ 
in their resistance to the effects of acid deposi-
tion and therefore they also provide internal en-
vironment with uneven levels of ecological sta-
bility. It is mainly the soil resilience that relates 
to biological activity (Formánek, Grunda 2000; 
Rejšek 2004). Forest soil APEA is a potential indi-
cator of environmental changes, but at the same 
time, the extent of these changes is affected by 
permanent features of the geobiocoenoses and 
vegetations (Samec et al. 2006). In this study we 
have investigated the relations between APEA 
and the other soil characteristics in typical soil 
units and basic stand types (ST) of mountain 
forests. Our objective was to determine whether 
APEA is more differentiated in relation to soil 
units, soil horizons or tree species composition. 

Material
The Smrk Massive (1276 m a.s.l.) is an almost 

totally forested area in the Moravskoslezské 
Beskydy Mts. comprising specially protected 
areas within the Protected Landscape Area 
Beskydy, natural and close-to-natural forests, 
spruce monocultures as well as stands affected 
by air pollution and windthrow damage (Kul-
havý, Klimo 1998). Pollution load has influ-
enced the biological activity of soil in relation to 
the tree species composition of forests (Samec 
et al. 2007). Forest phytocoenoses of the Smrk 
Massive also reflect the diversity of its ecotope. 
The Smrk Massive is the easternmost part of 
the Radhošťská hornatina Highland within 
the Moravskoslezské Beskydy Mts. formed of 
Godula sandstones. On the west it is separated 
from the Kněhyně Mt. by the Čeladenka River 
valley; on the east, the tectonically-formed val-
ley of the Ostravice River separates it from the 
Lysá hora Massive and from the whole Lysohor-
ská hornatina Highland. On the south it is bor-
dered by the Zadní hory Mts., formed mainly of 
the Magura unit. Here, and also in the territory 
of the present Šance water reservoir on the Os-
travice watercourse, the depressions are perma-
nently waterlogged and are covered with typi-
cal horsetail-sphagnum spruce (Piceeta turfosa)
stands and fir-sphagnum spruce (Piceeta abietina 
sphagnosa sup.) stands (Holuša 2007), which are 
scarce in the whole band of the Outer Western 
Carpathians (Culek 1996). In 2009, samples were 
taken from a  set of 38 soil pits situated in Nor-
way spruce and European beech forest stand 
types at the Smrk Massive and at the Kněhyně 
Mt. foothill (Bajer, Kučera 2011). The soil pits 
were located at the altitudes from 540 to 1210 m 
a.s.l. within the range from the beech to beech-
spruce forest vegetation tier (FVT) and within 
eight edaphic categories (EC). Soil classification 
was performed according to WRB classification 
(WRB-FAO 2006)

In the studied area, most of the soil pits were 
located in the fir-beech and the spruce-beech 
FVT (83 %). About 11 % of the pits were placed in 
the conditions of the beech FVT on the northern 
and eastern foothill of the Smrk Massive.; only 

Tab. 1: The composition of forest vegetational tiers (FVT) on localities of the soil pits (%).

Tree species
FVT

Total
Beech Fir-beech Spruce-beech Beech-spruce

European beech 2.05 21.92 4.79 28.77

Norway spruce 8.90 37.67 18.49 6.16 71.23

Total 10.96 59.59 23.29 6.16 100.00
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about 6 % were in the beech-spruce FVT in the 
top parts of the Smrk Massive (tab. 1). European 
beech (Fagus sylvatica L.) was found in 29 % of the 
investigated stands, Norway spruce (Picea abies 
/L./ Karst.) was present in as much as 71 % of the 
stands. Most of the soil pits were placed in the 
EC of mesotrophic sites (48 %). More than 10 % 
representation of the pits was in mesotrophic 
stony slopes (F), mesotrophic sites (B) and skel-
etal sites (Y). Within the studied set of soil pits, 
Norway beech stands were present exclusively 
in the EC of the mesotrophic series, while Nor-
way spruce stands were selected also in azonal 
and peat sites (tab. 2). 

Relatively the most represented FTG were 
oligo-mesotrophic fir-beech sites (5S) and oligo-
mesotrophic spruce-beech sites (6S), covering 
together more than 34 %. 12 % of the sampled soil 
pits were placed in mesotrophic-stony fir-beech 
sites (5F) and 10 % in mesotrophic fir-beech sites 
(5B). Eight soil types were found altogether in the 
soil pits within this study. The most frequent soil 
type were Cambisols (31 %). Similar frequency 
of 30 % was found in Leptosols. Soils with the 
signs of podzolization process (Entic podzols 
and Podzols) were represented with a  little 
smaller frequency (27 %), being more prevalent 
under Norway spruce stands. Leptosols were 
also found markedly more often under spruce 
stands (24 %). Azonal soils (Planosols, Gleysols 
and Histosols) were found exclusively under 
Norway spruce stands (tab. 3). On the basis of 
the determined soil units, the leading evident 
tendencies of soil development (pedogenetic 
processes) were characterized. The purpose of 
our analyses was to examine the character of 

the statistical dependences between APEA and 
other soil characteristics in the studied forest 
geobiocoenoses. 

Methods
The statistical analyses focused on the sam-

ples of surface humus horizons (O) and of the 
top-soil organic-mineral horizons (TSH). Based 
on the estimation of the ongoing pedogenetic 
processes, we selected localities showing signs 
of brunification and podzolization, which had 
the highest share among the studied pits (Ba-
jer, Kučera 2011). The soil samples were tested 
for current soil acidity (pH/H2O) and potential 
soil acidity (pH/KCl) acidometrically (Zbíral 
2002), volumetric exchangeable acidity (VEA) 
by extraction in 1N KCl up to pH 7.8 (Sokolov 
1939), base cation content (BCC) by extrac-
tion in 0.1M BaCl2 at pH of soil (Gillman 1979), 
cation exchange capacity (CEC) by summing 
and base saturation (BS) as a ratio (White 1987). 
The content of soil organic carbon (Cox) was 
determined by rapid controlled oxidation and 
IR-spectrophotometry (Zbíral et al. 2004) and 
the soil nitrogen content according to Dumas 
(Buckee 1994). Contents of the oxides of extract-
able (available) mineral nutrients were deter-
mined by Mehlich 3 extraction (Mehlich 1984). 
The potential APEA was specified as the speed 
of P-PO3

4- release spectrophotometrically from 
control incubation of samples with substrate 
induction (Tabatabai, Bremner 1969).

The basic set of data was split to selections 
of ST and selections of soil types grouped on 
the basis of common pedogenetic features. 

Tab. 2: The composition of edaphic categories on localities of the soil pits (%) symbols according to Viewegh et al. 2003).

Edaphic categories symbols

Tree species L Y S B F A O R Total

European beech     12.33 4.79 6.16 5.48     28.77

Norway spruce 5.48 10.96 35.62 5.48 6.16 1.37 4.11 2.05 71.23

Total 5.48 10.96 47.95 10.27 12.33 6.85 4.11 2.05 100.00

Tab. 3: The composition of soil types on localities of the soil pits (%).

Soil types

Tree 
species Leptosols Fluvisols Cambisols Entic

podzols
Haplic

podzols Planosols Gleysols Histosols Total

European 
beech 6.16 11.64 8.22 2.74 28.77

Norway 
spruce 23.97 5.48 19.18 16.44 2.05 2.05 2.05 71.23

Total 30.14 5.48 30.82 8.22 19.18 2.05 2.05 2.05 100.00
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Exploratory analysis was performed by linear 
correlation of APEA with the other soil char-
acteristics at P<0.05 and P<0.20 and the basic 
descriptive quantiles were calculated. The dual 
level of significance serves to differentiate be-
tween the statistically well documented corre-
lations and correlations loaded with irrelevant 
noise component (slight correlations or slight 
differences) (Samec et al. 2004). Correlations 
were expressed with Pearson correlation coef-
ficient (r). Initial assessment of the significance 
of differences in the individual characteristics 
between the basic selections was performed 
with analysis of variance (ANOVA) at P<0.05. 
A modified principal component analysis (PCA) 
was used to compare the differences between 
the multivariate analyses of the basic selections. 

PCA allows extracting multivariate depend-
ences between many variables at the same time. 
The output of PCA is transformation of the orig-
inal variables into a  set of component weights. 
Their number is determined by component 
factors. Component factors express the share of 
the overall variance that the individual weights 
represent for all variables (Senaa et al. 2002). To 
efficiently compare the character of the mul-
tivariate links between the soil characteristics 
from the individual selections and to evaluate 
them with the means of the same quality as in 
case of one-dimensional links, we simplified 
the multivariate information from the compo-
nent weight coordinates to component vectors 
(Samec et al. 2010). Vectors of soil variables with 
the presence of APEA were calculated (

�aAPEA ) as 
well as the vectors of pedochemical characteris-
tics (

�aCHEM ) without taking the activity of phos-
phatases into account. Their ratio (ia) indicated 
the relative level to which the links between the 
pedochemical characteristics were affected by 
the phosphatase activity:

i a
aa
APEA

CHEM

=
�
�

The index of functional links of AP in forest 
soils (ia) was introduced in order to express the 
relative changes of interrelations between the 
pedochemical characteristics, if they do  not 
take into account the biochemical activity of 
soil. When the component vector values of in-
dividual characteristics within the compared 
soil horizons had opposite signs, anomalies 
in the relations between the top-soil horizons 
were indicated. We presume that these anoma-
lies reveal heterogeneities in the theoretically 
smooth transitions between two soil horizons. 

The causes of these anomalies were explained 
by equal findings of the significantly different 
values of the respective soil characteristics in 
different ST and in aggregated soil units by lin-
ear methods. 

Indexes of the relations between the pe-
dochemical characteristics and the APEA in 
the selections of ST and soils were compared 
with one-way analysis of variance at P<0.05 
(F0.05>4.13) and at P<0.20 (F0.20>1.71). As a  con-
trol, we have compared the quantiles of APEA 
between the individual statistical selections 
with two-way analysis of variance at P<0.05 
(F0.05>4.20) and at P<0.20 (F0.20>1.72) as well. One-
way ANOVA expressed the relative extent of the 
changes in ia, separately between the studied ST 
and between the studied soil groups. Two-way 
ANOVA focused on identification of the in-
terselectional differences in APEA itself. Based 
on the identified sources of variability and the 
sizes of Fischer-Snedecor (F) criteria we have 
determined whether the differences in APEA in 
the monitored area of mountain forests depend 
more on the tree species composition or on the 
pedogenetic processes. 

Results
Out of the basic set of 38 soil pits, we selected 

31 pits with the presence of Cambisols, Lepto-
sols, Entic Podzols and Podzols. Cambisols were 
found in seven Norway spruce stands and in five 
European beech stands. Leptosols were present 
in ten Norway spruce stands and in two Euro-
pean beech stands. Entic Podzols were in three 
Europaen beech stands. Podzols were found in 
five Norway spruce stands and in only one Euro-
pean beech stand (tab. 3). The selection of soils 
showing either signs of brunification or pod-
zolization processes covered 82 % of all sampled 
soil pits. Among the soils with brunification 
process we have included all subtypes of Cambi-
sols and Leptosols except the podzolic subtype. 
Soils with podzolizacion process included Entic 
Podzol, Haplic Podzol and Spodic Leptosol.

In the surface humus on the brunified soils, 
higher contents of H+, Cox, Nt, Ca2+, K+, CEC, BS 
and MgO moderately correlated with higher 
APEA. The values of pH in brunified soils did 
not correlate with APEA. On the other hand, 
the intervals of P2O5, K2O and CaO values 
statistically significantly correlated with the 
range of APEA in brunified soils. In the upper 
organo-mineral horizons, the activity of acid 
phosphomonoesterase statistically significantly 
correlated not only with available K2O and CaO, 
but also with  BS and exchangeable bases. The 
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relations between APEA and pH, H+ and C/N 
were far more evident in the soils with the signs 
of podzolization. Simple linear correlations 
with exchangeable or available nutrients were 
not proved. The observed correlations of APEA 
with BS in brunified soils or with pH in pod-
zolized soils were positive. They indicate that 
APEA is usually lower in strongly unsaturated 
and acid soils than in soils relatively more rich; 
however, this relation holds only up to the limits 
of AcHP optimum activity (tab. 4). Categoriza-
tion of the studied soil horizons according to 
the dominant tree species indicated that, on one 
hand, Norway spruce does not significantly af-
fect the level of relations between soil variables; 
on the other hand, it supports the hypothesis of 
positive correlation between physical-chemical 
soil properties and APEA in European beech 
forests. The monitored chemical characteristics 
of soil did not differ significantly between the 
groups of brunified and podzolized soils; how-
ever, statistically significantly different values 
of mainly pH, H+, C/N, BS, K2O and CaO were 
found between the compared ST. Significantly 
different values of Al3+ and VEA between the ST 

appeared in the surface humus only. In contrast 
to that, the monitored APEA was statistically 
only slightly different between the ST; the dif-
ferences between the compared groups of soils 
were insignificant (tab. 5).

In European beech stands, positive correla-
tions occurred mainly between APEA and pH, 
Ca2+ and CaO. APEA and VEA including H+ were 
in negative correlation. In the surface humus, BS 
moderately correlated with the phosphatase ac-
tivity; in TSH, the phosphatase activity was also 
slightly related to the contents of K2O and MgO. 
Thanks to the fact that European beech humus 
is less acidic than that of Norway spruce, there 
is also higher activity of phosphatases in Euro-
pean beech stands. The values of APEA medians 
were higher in European beech stands than in 
Norway spruce stands. The interval of BS in sur-
face humus under European beech stands was 
40.11±24.26 %, in TSH it reached 14.14±6.69 %. 
In surface humus of Norway spruce stands, the 
BS interval was 22.30±16.33 % and in TSH it did 
not exceed 10 %. The values of BS and pH/KCl 
were absolutely the lowest in TSH under Nor-
way spruce stands. The lowest values of median 

Tab. 4: �The coefficients of linear correlations between acid phosphomonoesterase activity and soil horizon chemical proper-
ties in the compared stand types and in the aggregated soil units (bold statistically significant dependence at P<0.05; 
normal statistically moderatelly significant dependence at P<0.20). O – surface humus; SH – top-soil organic-mineral 
horizon.

Quantity 

Stand type Soil bodies

Norway spruce European beech Cambic Podzolic

O TSH O TSH O TSH O SH

pH/H2O -0.04 0.24 0.47 0.56 0.15 0.21 0.44 0.95

pH/KCl -0.04 0.24 0.47 0.56 0.15 0.21 0.44 0.95

VEA -0.07 0.23 -0.66 -0.13 -0.14 -0.06 -0.48 0.53

H+ 0.34 0.00 -0.16 -0.65 0.38 -0.20 -0.46 -0.64

Al3+ -0.21 0.27 -0.58 -0.06 -0.31 -0.01 -0.23 0.58

Cox 0.18 0.03 0.13 0.01 0.30 -0.05 -0.44 0.12

C/N 0.05 -0.49 0.06 -0.11 0.06 -0.27 -0.48 -0.89

Nt 0.20 0.15 0.16 0.03 0.36 0.00 -0.42 0.70

Ca2+ 0.25 0.25 0.54 0.47 0.34 0.58 0.31 0.34

Mg2+ 0.06 0.35 0.21 0.42 0.07 0.54 0.01 0.34

K+ 0.09 0.27 0.26 0.55 0.32 0.59 -0.30 0.27

Na+ -0.19 0.10 0.20 -0.40 0.00 0.00 -0.51 0.06

CEC 0.14 0.24 0.27 0.02 0.28 0.06 -0.31 0.54

BS 0.22 0.04 0.50 0.38 0.29 0.53 0.43 0.00

P2O5 0.22 -0.25 0.44 -0.28 0.47 -0.21 -0.24 -0.35

K2O 0.14 0.22 0.28 0.53 0.39 0.49 -0.23 0.31

CaO 0.25 -0.39 0.56 0.55 0.42 0.50 0.03 -0.15

MgO 0.07 -0.16 0.40 0.51 0.27 0.40 -0.12 -0.28
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and interval estimations of APEA (80.35±27.20 
mg/hour) were also found here. In TSH of Euro-
pean beech stands, APEA reached 99.07±28.59 
mg/hour, in brunified soils it was 86.96±24.63 
mg/hour and 84.42±40.16 mg/hour in podzolized 
soils (tab. 6–7). The lowest APEA was detected 
in TSH under Norway spruce stands on pod-
zolized soils. 

PCA proved that only two component factors 
are enough to characterize the studied soil pits 
as they jointly covered >50 % of the total variance 
between the monitored soil properties. Three 
component factors covered as much as 72 – 92 % 
of the variance between the compared charac-
teristics. The smallest share of the variance cov-
ered was found in TSH under Norway spruce 
stands while the highest it was in the surface 
humus properties in beech stands where the 
first component characterized as much as 69 % 
of the total variance. The properties of humus 
seem to be better predictable in European beech 
than in Norway spruce stands (Fig. 1). However, 
the presence of podzolized soils may increase 
the level of humus properties predictability in 

forest stands. According to PCA, O and TSH of 
podzolized soils show very similar features of 
the relations between the variables and with the 
use of three component factors they cover ap-
proximately 90 % of the total variance (tab. 8; Fig. 
2). Transformation of the component weights to 
vectors indicated that the lower share of the cov-
ered variance in soils under spruce stands could 
be due to the anomalies in the relations of Al3+, 
Mg2+ and MgO to the other variables. The con-
siderable differences in the covered variation of 
the links between the soil horizon properties 
under European beech stands were caused by 
the anomalies in Al3+as well, but also by anoma-
lies in the basic characteristics of humus: Cox, 
Nt, C/N and BS. Anomalies between pH, VEA, 
C/N, Mg2+, K+ and the available nutrients took 
a  share in the uncertainties in brunified soils. 
In podzolized soils, the uncertainties depended 
mainly on anomalies between Cox, Nt, C/N, Ca2+, 
K+ and P2O5 (tab. 9).

Comparison of the ia values indicated only 
moderately significant differences between the 
compared ST and groups of soils according to 

Tab. 5: �Analysis of variance in elementar soil properties between compared forest stand 
types and between aggregated soil units (bold statistically significant diferences 
at P<0.05). O – surface humus; TSH – top-soil organic-mineral horizon.

Quality (units)
Stand types Pedogenetic 

processes

O TSH O TSH

pH/H2O (-log[c(H+]) 14.09 8.34 0.85 1.09

pH/KCl (-log[c(H+]) 14.09 8.34 0.85 1.09

VEA (cmol+/kg) 15.79 0.05 1.51 0.13

H+ (cmol+/kg) 10.07 4.81 1.33 1.01

Al3+ (cmol+/kg) 7.42 0.07 0.67 0.03

Cox (%) 2.66 0.70 0.01 0.87

C/N (1) 17.18 7.65 0.35 3.77

Nt (%) 0.56 0.00 0.12 0.15

Ca2+ (cmol+/kg) 3.34 23.97 2.15 0.41

Mg2+ (cmol+/kg) 0.25 5.85 1.09 1.68

K+ (cmol+/kg) 0.28 8.57 0.07 0.67

Na+ (cmol+/kg) 3.08 5.41 0.84 0.34

CEC (cmol+/kg) 3.03 0.17 0.26 0.25

BS (%) 6.19 15.47 1.87 0.41

P2O5 (mg/kg) 0.03 1.08 0.02 0.84

K2O (mg/kg) 0.04 4.73 0.13 0.79

CaO (mg/kg) 2.00 13.76 0.51 0.11

MgO (mg/kg) 0.36 3.95 0.56 0.98

APMA (µg/hod.) 0.37 2.59 1.49 0.03
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pedogenetic processes. Statistical relations of 
APEA in surface humus were more affected 
by the predispositions associated with the soil 
body while in TSH they were influenced by the 
tree species. However, comparison of the APEA 
quantiles clearly demonstrated that the vertical 
differences between the individual O  and TSH 
are statistically more significant than the differ-
ences resulting from the compared ST or groups 
of soils (tab. 10). APEA was affected to the great-
est extent by transition of the soil horizons. The 
TSH environment has a certain effect on the in-
fluences of tree species on phosphatase activity. 
Higher manifestation of these influences was in-
dicated by PCA as the increase of uncertainties. 
Of the TSH properties, uncertainties caused 
specific multivariate relations between APEA 
and the properties of humus substances (Cox 
and Nt), BS and P2O5 in the compared ST. Linear 

correlation interpreted these relations between 
soil characteristics as theoretically insignificant.

The statistical relations between APEA and 
pedochemical variables are better documented 
when the soil horizons are divided according 
to pedogenetic trends. Norway spruce stands 
do not have a marked effect on the relations be-
tween AcP and pedochemical variables; there-
fore, the influences of the soil-forming substrate 
are manifested more here. Also the similar 
means and medians of the individual monitored 
characteristics point to the low impact of spruce 
stands on the properties of soil. European 
beech stands have a  more profound effect on 
the relations between APEA and pedochemi-
cal characteristics, which correlate positively 
with pH and VEA in soils with the podzolization 
process while in case of the base cation content,  

Fig. 1: �Principal component analyses of pedochemical properties at surface humus and top-soil organic-mineral horizon under com-
pared forest stand types. 
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Fig. 2: �Principal component analyses of pedochemical properties in surface humus and top-soil mineral horizon of the compared soil 
unit groups.see comentary in fig. 1

Tab. 8: �Total variance at feedbacks of soil properties explained by main component factors (%). 
O – surface humus; TSH – top-soil organic-mineral horizon.

Factor

Forest stand type Soil bodies

Norway spruce European beech Cambic Podzolic

O TSH O TSH O TSH O TSH

1 49.66 43.99 69.71 48.12 53.31 36.62 54.39 45.79

2 19.32 15.29 15.52 21.51 22.37 32.47 27.72 26.92

3 12.36 13.17 6.16 12.11 7.92 8.91 7.59 16.25

Total 81.34 72.45 91.39 81.73 83.61 78.00 89.70 88.95
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Tab. 9: �The component soil property vectors in the compared stand types and aggregated soil units.  
O – surface humus; TSH – top-soil organic-mineral horizon.

Quantity

Forest Stand type Soil bodies

Norway spruce European beech Cambic Podzolic

O TSH O TSH O TSH O TSH

pH/H2O 1.06 1.32 1.08 -1.49 1.24 -0.93 -1.09 -1.03

pH/KCl 1.06 1.32 1.08 -1.49 1.24 -0.93 -1.09 -1.03

TVK -3.23 -1.38 2.82 1.22 2.61 -1.26 1.01 1.32

H+ 1.64 -0.99 15.44 8.28 1.44 -1.24 -0.99 -0.98

Al3+ -1.47 4.82 -7.67 0.99 1.32 1.25 -1.31 -3.24

Cox -1.20 -1.28 -1.12 8.53 -1.18 0.91 -1.06 0.90

C/N -1.17 -0.72 5.34 -1.04 -13.66 1.01 1.08 -1.11

Nt -5.85 -8.92 1.01 -735.12 -4.20 1.06 -0.96 0.84

Ca2+ 1.15 0.92 -1.33 -1.34 -1.05 -1.01 -11.62 3.17

Mg2+ -0.88 3.27 1.09 11.00 -3.39 3.17 1.00 1.20

K+ -0.98 -1.08 -1.07 0.99 -1.15 1.03 0.99 -67.72

Na+ -2.82 -1.27 1.35 -9.13 -2.96 15.14 -6.21 -0.84

KVK -1.06 -33.34 -18.15 -1.99 -0.93 -6.82 226 1.31

BS 0.98 -1.31 9.94 -5.75 -1.76 -6.61 -1.41 -1.02

P2O5 1.95 0.13 1.65 -0.46 5.90 -0.44 -1.11 1.39

K2O 0.99 -0.88 1.23 0.96 -0.97 0.88 -0.99 9.57

CaO 10.92 0.87 -28.66 -1.30 1.67 1.02 -2.95 -0.89

MgO -0.96 1.66 -40.66 -1.40 1.18 -1.53 -6.75 -1.15

AKFE -0.49 -0.66 2.69 -0.55 1.26 0.69 0.80 2.78

Tab. 10: �ANOVA of various functional feedbacks of the APEA in 
the investigated forest soils at P<0.05 (normal statistically 
moderatelly significant differences at P<0.20).

Indicator Sample Source of 
variability F0.05

ia O 
Stand type 0.91

Soil body 2.45

TSH 
Stand type 1.76

  Soil body 0.67

quantils

Stand type 

Tree species 1.05

Soil horizon 2.00

Interaction 0.11

Soil 
environment 

Pedogenetics 1.33

Soil horizon 2.03

  Interaction 0.01
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BS and available nutrients they correlate with 
the brunification process.

Differences in the statistical relations between 
APEA and the other pedochemical variables 
helped to indicate the extent of changes of the 
soil-ecological conditions in the upper part of 
the soil profile. Positive component vectors re-
vealed similarities in the chemical composition 
of the pedons. On the other hand, the positive 
value in the O-horizon and the negative value 
in the SH under beech stands showed that the 
remaining uncertainties in the character of 
soils in beech PT are due to inversely oriented 
component vectors Nt and  Al3+. It is necessary 
to incorporate APEA into the ecological char-
acteristics of forest soils in order to analyze the 
changes in the soil environment under different 
tree species. The tree species composition had 
a  statistically significant effect on the specific 
differences between the surface humus and the 
organomineral horizons in brunified and pod-
zolized soils. The observed differences may also 
indirectly point at the differences in forest ecol-
ogy. APEA indicates that these differences are 
localized close to the soil surface. 

Discussion
Activity of soil phosphatases is considered 

to be an important indicator of environmental 
processes (Samec, Formánek 2007; Reininger 
et al. 2011; Rejšek et al. 2012b). Phosphatases 
catalyze processes that increase the availability 
of phosphorus. In relation to the suitable con-
ditions they change the rate of these processes 
and thus also the potential to any biosynthesis 
on the basis of DNA and ATP within the biocoe-
nosis. Disturbance to the processes that increase 
the availability of phosphorus, especially in the 
situation of primarily insufficient content of P 
in weathered parent material, may hamper the 
production of the whole biocoenosis. As most 
of the soils on the territory of the Czech Repub-
lic, including the area of the Moravskoslezské 
Beskydy Mts., are acidic, the activity of acid 
phosphatases also plays an important role here. 
The biggest producers of acid phosphatases are 
moulds (Aspergillus sp.) and mycorrhizal fungi 
(Tarafdar et al. 2001). Acid deposition seriously 
damaged mycorrhizal symbiosis and thus dis-
turbed whole forest ecosystems. 

The Smrk Massive belongs to important areas 
of the Moravskoslezské Beskydy Mts. from the 
aspect of production and biology. In its upper 
parts there are stands, that were destroyed by 
windthrow disasters as well as stands regener-
ated on the clearings after salvage felling; at 

present, however, natural regeneration is ap-
pearing here and further areal decline of these 
stands does not occur. Critical loads of sulphur 
are not being exceeded here, but the critical 
loads of nitrogen are being exceeded by more 
than 4 kg/ha.year (Hettelingh et al. 2007). Al-
though we avoided the windthrow disaster areas 
within the Massive when planning the distribu-
tion of the soil pits for this study, we can not rule 
out the influence of residual acidification on the 
ecology of the monitored soils as historical eco-
logical load. 

Several studies from the Kněhyně – Čertův 
mlýn ridge have indicated that the characteris-
tics of soil biological and biochemical activity 
are more differentiated in relation to long-term 
changes in the species composition and struc-
ture of the forests than in response to pollution 
load (Samec et al. 2007). Another of the factors 
affecting differentiation of soil biochemical 
activity is the pedogenetic environment, in par-
ticular the character of the sorption complex. In 
naturally poor conditions, soil does not provide 
ideal environment for growth and the phyto-
coenosis development is therefore limited. One 
of the limiting factors of plant vitality in poor 
acidic conditions is the activity of Al3+. In such 
soil environment where the production of pro-
tons is not neutralized by bases from weathered 
parent material, the activity of Al3+ increases, 
blocking the active transmission of ions through 
cellular membranes. Typically, insufficient nu-
trition with Mg appears (Puhe, Ulrich 2001). Be-
sides, exchangeable aluminium fills the spaces 
of metals in metalloenzymes during biosynthe-
sis and so the cell produces only functionless 
macromolecules instead of catalysers. Spruce 
is highly resistant to low pH but very sensitive 
to Al3+ concentration in the sorption complex, 
while beech is much more tolerant to Al3+ (Eb-
ben 1991). This explains why in beech stands, 
APEA is differentiated according to its links to 
pedochemical characteristics in both groups of 
the studied soils, while in spruce stands, and 
on podzolized soils in particular, similar phe-
nomena were not observed. The poor soil en-
vironment in the studied area also showed the 
lowest activity of phosphatases. The detected 
moderately negative correlation between APEA 
and Al3+ indicated that in strongly acidic soils, 
APEA is usually lower as a result of higher activ-
ity of exchangeable aluminium. 

Based on the fact that Norway spruce mono-
cultures have been grown in the region for very 
long and on the finding that APEA is evidently 
different in natural and close-to-natural Eu-
ropean beech stands, we can presume that the 
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differences in APEA are partly due to the influ-
ence of spruce on soil. In the upper parts of soil 
profiles, marked changes in functioning of the 
site-forming factors occur. Soil surface is ex-
posed to direct contact with pollutants, weather, 
seasonal temperature fluctuations and irregular 
input of organic matter. In F+H horizons, APEA 
is strongly linked to direct biological release of 
catalysers, but from A- horizons, the influence 
of biochemical activity of the enzymes bound 
to mineral particles increases. The fluctuations 
in temperature and moisture content also cause 
profound variations in the activity of humus mi-
crobes that produce enzymes only during short 
favourable periods but do  not release them 
into soil and therefore they correlate with the 
microbial biomass. In A-horizons, the tempera-
ture and moisture content conditions are more 
stable; however, the availability of nutrient-rich 
substrates is significantly lower (in response to 
the decreasing content of Cox and Nt) and thus 
the relatively stable microbial communities and 
roots produce higher amount of the extracel-
lular enzymes (Tarafdar et al. 2002). In the TSH 
of the monitored soils, the best detectable dif-
ferences in APEA were found not only between 
the compared ST, but also in relation to the hori-
zons of the upper part of the soil profile. 

Significance of the APEA correlations was af-
fected mainly by the exchangeable bonds of the 
phosphatase molecules with soil particles, espe-
cially in the TSH. Extracellular enzymes are vul-
nerable to attacks by other proteolytic enzymes. 
Both phosphatase and urease are present in soil 
mostly in the form of strongly bound complexes 
(Burns et al. 1972), which, on one hand, protects 
them against the attacks of proteolytic enzymes, 
on the other hand, they are permanently active 
(Nannipieri et al. 1979). The state of soil enzymes 
can be examined, for example, by determining 
the correlations with other soil features. Mul-
tivariate analyses allow us to monitor the func-
tions of APEA together with the whole natural 
groups of soil properties. However, interpreta-
tion of the multivariate results is demanding and 
requires suitable simplification. ANOVA has in-
dicated that different tree species composition 
is connected with the level of differentiation of 
chemical properties found in the upper soil ho-
rizons. In O-horizons, ANOVA calculated the 
differences in APEA in the compared ST as in-
significant and in TSH as moderately significant. 
Application of multivariate methods, working 
with combinations of all the input variables si-
multaneously, enabled us to uncover the causes 
of this situation.

The basic multivariate technique is PCA. 
However, to be able to compare the series of 
PCA data as simply and effectively as is possi-
ble with data from one-dimensional methods, 
it is necessary to simplify the created set of data 
again. PCA extracts the variance of the relations 
between the combinations of all compared vari-
ables except for the part that does not correlate. 
It introduces new, the so-called component vari-
ables, divided into sorting (component) factors 
and transformed weights. These weights may be 
expresses in orthogonal matrix. As their mutual 
different positions relate to the beginning of the 
coordinates, Samec et al. (2010) suggested their 
joint expression in the form of a  set of vectors 
that maintain the common beginning against 
each other and differ in the trend of the devia-
tion. It is possible to compare the similarity of 
two different PCA in this form with one-way 
ANOVA. One of the most important advan-
tagesof PCA is the possibility of dimensionality 
reduction. Dimensionality reduction manifests 
itself as decrease of the number of the compared 
variables to the part that strongly correlates 
(Webster 2001). In order to still reflect the real 
nature of the separated relations, the analyzed 
set of data must be input in its entirety above 
all. Omission of a  group of variables can make 
correct interpretation of the influences of an-
other variable impossible (Reid, Spencera 2009). 
A similar phenomenon has been observed after 
inclusion or omission of APEA from the set of 
pedochemical characteristics. Without taking 
account of the biochemical activity, the soil indi-
cated different relations between the variables; 
however, these differences may be insignificant 
in some cases (Parka et al. 2006). Some of the 
variables included in the PCA were not obtained 
independently but were derived from a calcula-
tion. Nevertheless, they clearly did not cause the 
presence of one dominant component factor. In 
most of the evaluated cases, even the sum of the 
total incorporated variances of three factors did 
not reach the 90 % recommended as the limit for 
recognition of functional relations between the 
compared groups of ecological variables (He-
bák, Hustopecký 2004).

Biological activity of soil varies even when 
monitored at constant conditions and it signal-
izes various processes within the soil horizon 
with the course of time. In TSH, APEA differs 
mainly in relation to forest/non-forest biotopes, 
but also between European beech or Norway 
spruce stands (Samec et al. 2006). Analysis of soil 
dead organic matter is an important supportive 
characteristic for this indication as it is an eas-
ily accessible substrate for soil biota and the 
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changes of its content may affect also the activity 
of soil enzymes. Production of humus is im-
portant for correct function of autoregulation 
mechanisms in forests. Humic substances de-
veloped through beech litter decompositionact 
like hormones stimulating beech seed germina-
tion (Pizzeghello et al. 2001). In artificialforest 
stands, this link is missing. Dead organic matter 
is a unique source of biologically available phos-
phorus compounds in forest stands. 

As the linear correlations between APEA and 
the other soil characteristics indicated that they 
occur under beech stands only, but ANOVA did 
not confirm elementary differences between 
APEA in different ST, it was necessary to perform 
a complex investigation of the relations between 
APEA and soil environment. We have compiled 
the PCA of soil variables with APEA and of soil 
variables without APEA. Their comparison with 
the help of the introduced ia confirmed that sur-
face humus as well as organo-mineral horizons 
show statistically differently distributed cor-
relations between variables. The most marked 
change in the relations of the soil properties can 
be found on the dividing line between the sur-
face humus and the organo-mineral horizon. 
This transition determined also the differences 
between the properties of soil in the compared 
geobiocenoses. Nevertheless, introduction of ia 
is only one of the potential possibilities how to 
mutually compare PCA with different combina-
tions of variables. Further possibilities include 
calculations of differential vectors, calculation 
of the resultant vector or separation of rela-
tively the most influential variable (Senaa et al. 
2002). Introduction of ia enabled simplification 
of the compared datasets prior to the analysis of 
variance.

Simple analysis of variance of these indexes 
disproved neither the influence of ST, nor the 
effects of pedogenetic processes on the differ-
ences in APEA. According to conformities in 
several analyses of variance, the differences 
in APEA due to pedogenetic processes were 
of greater importance. Site conditions caused 
insignificance of some statistical relations of 
APEA in podzolic soils; therefore, the difference 
between Norway spruce and European beech 
forest stand type was distinguishable in bruni-
fied soils only. Differences in suitability of living 
conditions for microbial producers of AcP were 
indicated by means of the difference in linear 
correlations between the phosphatase activity 
and C/N. The strongest correlation at P<0.05 was 
found in TSH of podzolized soils: its negative 
character shows that in the conditions of unfa-
vourably high C/N, APEA is low. The C/N values 

are inversely proportional also to soil biological 
activity (Fleger, Schrader 2000). Therefore, low 
APEA also potentially points to low biological 
activity of microbes. Similarly, the low values of 
APEA also corresponded with higher content 
of Al3+ in mainly podzolized soils. Presence of 
Norway spruce stands on these sites was not 
reflected in any significant effect that could be 
indicated by linear correlation. In European 
beech stands, however, differences in APEA 
and in some pedochemical characteristics were 
detected, implying the ability to form interac-
tions with the environment even in poor soil 
conditions. The impacts of European beech on 
biochemical properties of TSH could manifest 
themselves mainly due to stabilization of en-
zymes on the surface of soil particles. In surface 
humus, the most important differences in cor-
relations were due to the content of Al3+ which 
was affected by the pedogenetic process and the 
C/N in vegetation litter.

Conclusion
Within the study of soil conditions in Euro-

pean beech and Norway spruce forest stand 
types covering the Smrk Massive (540–1210 m 
a.s.l.), one-dimensional and multivariate meth-
ods of statistical analysis derived from PCA were 
compared. One-dimensional linear methods 
were applied to detect correlations between 
APEA and other soil characteristics. PCA was 
used for basic examination of mutual links be-
tween all of the monitored variables. The sug-
gested index expressing the ratio of statistical 
links between pedochemical variables includ-
ing APEA and between pedochemical variables 
without APEA (ia) was used for grouping and 
simplification of the multivariate informa-
tion on the monitored forest soils. Omission of 
APEA means that mainly Cox, Nt, exchangeable 
potassium and available phosphorus will in-
dicate qualitatively different relations with the 
ambient environment. 

In soils under spruce stands, APEA main-
tains mostly insignificant correlations with the 
other studied chemical characteristics, while in 
soils under European beech stands; it correlates 
significantly with some of the pedochemical 
variables. Application of ia allowed us to iden-
tify the probable causes of the observed differ-
ences. The lowest values of APEA were found 
in Norway spruce stand types in podzolized 
soils where the high content of exchangeable 
aluminium (Al3+) acts as one of the important 
negative factors. In contrast, varying APEA in 
the surface humus horizons of Norway spruce 
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and European beech stands is clearly linked to 
unequal pH. Higher activity was detected in 
beech humus. Evidently closer statistical rela-
tion between APEA and pedochemical char-
acteristics in beech stands compared to mostly 
insignificant correlations in spruce stands has 
been confirmed. The character of these soil links 
is complicated by the Al3+ and Nt interactions. 
Differences in the statistical relations of APEA 
in the surface humus horizons in response to 
permanent soil features (pedogenetic processes) 
were found, in contrast to the differences of 
APEA relations in the organo-mineral hori-
zons according to stand types. European beech 

humus potentially reduces the negative impacts 
of soil environment chemical properties on 
APEA. In Norway spruce humus, this ability 
did not prove; therefore, APEA can be regarded 
also as a perspective differential variable in the 
research of forest ecology. 
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