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ABSTRACT 

Combined effect of environmental change and management variability leads to reduced 

soil diversity in homogenous forest stands. On the other hand, forest soil diversity is 

maintained with rich tree species composition. In this study, focus has been put on deriving 

urgency to change forest tree species composition in order to increase soil diversity in 

biogeographic regions with uneven impact of environmental change. The relation of forest 

tree species and soil diversities was compared between the periods of dominant sulphur 

deposition (1985–1994) and the period of regional environmental change (2003–2012) in the 

Czech Republic (Central Europe; 78 866 km
2
; 115‒1602 m n.m.). Forest tree species and soil 

diversities were assessed using linear regression, discrimination analysis and geographically 

weighted regression including residue analysis. The effect of spatial differences of acid 

deposition on soil properties, though, decreased, still dependencies between the diversity of 

bedrock, soils and forest tree species increased significantly. Only 12.9 % of forests in the 

territory of the CR have optimum tree species diversity. The total of 65.9 % of forest require 

highly or moderately urgent transformation. An increase in spatial dependencies between soil 

and tree species diversities confirms the importance of site differentiation in forest 

transformation.  

Keywords: acid deposition; forest restoration; biogeographical division; ecosystem 

diversity 

 

 

INTRODUCTION 

Combined operations of environmental change and inconstant forest management afflict 

ecosystem diversity unprecedently. Ecosystem diversity indicates landscape ability to adapt 

on environmental changes. A sufficient number of sustainably used forests can support 

landscape adaptability more than intensively managed forests. Intensive forest management 

reduces ecosystem diversity by cultivating a small number of tree species and by 
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homogenisation of soil properties (Podrázský et al., 2009), whereas sustainable management 

of close-to-nature forests does not reduce ecosystem diversity to a significant degree (Aubert 

et al., 2003). Environmental variability brings changes in all forest functions, so that even the 

effect of sufficient number of sustainably used forests is unstable. A direct correlation 

between environmental change and ecosystem diversity occurs when all ecosystems are able 

to adapt (Bellard et al., 2012). Relations between the environment variability and ecosystem 

diversity indicate whether the ecosystem adaptability can be ensured by reducing 

environmental load or via ecological restoration. 

Ecosystem diversity consists of biodiversity (life form variety) and geodiversity (growth 

condition variety). There is certain feedback between biodiversity and geodiversity. 

Geodiversity conditions natural biodiversity, but biodiversity helps to increase geodiversity 

through intensified soil development (Ibañez & Feoli, 2013). Soil development constantly 

changes the internal environment of terrestrial ecosystems. Intensified development of forest 

soils is provided by the tree-soil system (TSS). TSS is an open connection of plants, soil and 

microorganisms exchanging substances between one another and the surrounding 

environment (Hopkins et al., 2013). Forest internal environment variability as well as 

influence on the surrounding environment are subject to human activity. Human activity 

along with soil development affects the TSS performance. Human activity has a direct effect 

on trees and soil organic matter (Pretzsch et al., 2014). The relation of soil development and 

trees is based on the intensification in biochemical disintegration of mineral components, 

formation of organo-mineral complexes and blending of weathered rocks with organic 

matter. Soil development is manifested by mantle deepening and variations in organic matter 

content (Augusto et al., 2000). Subsequently, forest species composition changes in 

connection with the individual tree species dieback and regeneration cycles, episodic 

disturbances, and water and nutrient availability (Ponge & Chevalier, 2006). Forest soil 

development is accelerated by weather disturbances both by relocating weathered rocks and 

incorporating organic matter into the soil body. Material relocation leads to the 

transformation of micro-scale landforms. The micro-scale landforms that have been broken 

down provide niches with various content of organic matter and moisture for trees (Legout 

et al., 2009). Disturbances and cyclical dieback of longest-living tree species allow for the 

outgrowing of more nutrient-demanding species, which is accompanied by an increase in the 

species richness (Modrý et al., 2004). 

Joint participation of environmental change and human activity results in regulating or 

supressing natural changes in forest species composition. Forest regeneration is a triggering 

process of TSS changes. Natural forest regeneration most often occurs after disturbances or 

dieback of main tree storey. On the other hand, natural forest regeneration is significantly 

supressed by environmental pollution or dense herbivore population (Gill & Beardall, 2001; 

Zapletal, 2006; Ponge & Chevalier, 2006). The absence of natural forest regeneration or 

regeneration of undesired (invasive) species limit the transformation of forest composition to 

artificial regeneration. Artificial regeneration is, however, the fastest way to change forest 

composition in order to alleviate the impact of further changes in growth conditions (Ponge 

et al., 1998). Restoration of natural forest composition reinforces the feedback with soil, 

which supports successful spread of the subsequent generation, whereas trees on unsuitable 

sites are more sensitive to growth conditions variability (Seppälä et al., 2009). Successful 

forest regeneration is related to the way of optimising the relations between a tree and growth 

conditions. Even though natural forest regeneration consists in the growth of tree species 

with optimum relation to growth conditions, its exploitation as a model for artificial 

regeneration is limited under permanent loads (Mauer et al., 2018). Nevertheless, balanced 
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relationship between tree-species and growth conditions is irreplaceable presumption for 

successful artificial regeneration including introduction of unnatural species. 

The aim of this study is to derive transformation urgency in forest tree species composition 

from the discrepancy between the species and soil diversities in trans-regional units with 

different environmental effects. The comparison of trans-regional units makes it possible to 

simplify the influence of tree species on soil in order to assess the relations between the total 

biodiversity and soil diversity (De Deyn et al., 2008). Different levels of lost biodiversity and 

susceptibility to pollution are factors that most differentiate the forest resistance (Chapin III 

et al., 2000). Lower resistance of unnatural forests increases the threat of residual 

acidification after the pollution have dropped (Oulehle et al., 2011). Homogenous stands are 

associated with uniform topsoil horizons, while mixed forests with various topsoils (Valtera 

et al., 2013). Since heterogenous soils adapt to changes in external conditions better, the goal 

of TSS analysis was to assess the increase in dependency between tree species and soil 

diversities during periods of different environmental loads (Rejšek et al., 2010; Bellard et al., 

2012). Variability in relations between TSS components is studied on the basis of changes in 

soil properties or direction within tree species composition. Variability in soil properties 

depending on changes in tree species composition points to the tree species impact 

effectiveness. The rate of dependency implies the impact of mixed forests on soil diversity 

(Chisholm et al., 2013). Changes in TSS resistance is identified comparing deviations in 

relations between forest and soil diversity. Sufficient forest resistance achieved by the 

transformation of tree species composition is detected from a decrease in suboptimal 

relations in TSS after pollution has decreased (Seppälä et al., 2009). 

 

 

MATERIAL AND METHODS 

General approach 

Variability in relations between forest trees and soils was simplified to estimation of 

diversity in biogeographic regions of the Czech Republic (78 866 km
2
, 115‒1602 m a. s. l.) 

(Culek, 2007). Natural forestland of the Czech Republic exceeds 98 % except 

high-mountain, rocky, or peat bog treeless areas (Neuhäuslová et al., 1998). Contemporary 

forestland is 34 % of the country. Natural tree composition included mainly European beech 

(Fagus sylvatica) (40 %), oaks (Quercus sp.) (18 %), European silver fir (Abies alba) (16 %), 

Norway spruce (Picea abies) (15 %), and Scots pine (Pinus sylvestris) (3 %) (Šindelář, 

1995), whereas contemporary forest composition after inventory in 2011‒2014 contained 

predominantly 44 % of Norway spruce, almost 10 % of Scots pine, more than 10 % of 

European beech, and 8 % of oaks (Kučera, 2016). 

Components of forest ecosystem diversity were compared between the periods of 

dominant industrial load caused by sulphur deposition (1985–1994) and a regional 

environmental change (2003–2012). Environmental loads afflict forests both directly and by 

highlighting sensitivity to periodically occurring harmful agents (Schröder et al., 2015). The 

compared periods were divided by desulphurisation of large industrial pollution sources and 

by an increase in the frequency of droughts alternating with floods. Durations of both periods 

were limited by ten-year intervals corresponding with medium-term forestry planning 

(Tomášková, 2004). In 1985–1994, emission-ecological disaster due to dominant SO2 

deposition culminated in the CR during more frequent hard winters. Year 1994 was final 

occurence of exceeded critical sulphur dry deposition levels, although desulphurisation in 

industry was completed upto in 1998. The period 2003–2012 has begun by extraordinary dry 

year, which initiated increasing frequency of warmer years with highlighting impacts of 

nitrogen deposition (Luterbacher et al., 2004; Galloway et al., 2008; Büntgen et al., 2011). 
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SO2 and cold weather extremes during 1985–1994 caused dieback of exposed mountain 

forests, while warming and nitrogen deposition damaged submountain forests more 

(Schröder et al., 2015). Prior to the desulphurisation, total potential acid deposition (TPAD) 

reached 50 000 mol
+
/hectare per year, out of which sulphur deposition amounted to 

26 000 mol
+
/hectare per year. The TPAD decreased after desulphurisation to 1100 –

4500 mol
+
/hectare per year, there out sulphur deposition decreased to 200–1800 mol

+
/hectare 

per year. Difference between a slight TPAD decrease and a significant decline in sulphur 

deposition was caused by an episodic increase in nitrogen deposition. Average sulphur 

deposition decreased from 1000 mol
+
/hectare per year to 630 mol

+
/hectare per year, while 

nitrogen deposition decreased from 1700 mol
+
/hectare per year to mere 1300 mol

+
/hectare 

per year (Zapletal, 2006). 

The assessment of variability in relations between forest trees and soils consisted in survey, 

geographical, and comparison analyses. The purpose of the comparison analysis was to 

verify environmental preconditions for TSS development. Preconditions for modelling were 

verified by indicating declining influence of environmental load and growing influence of 

trees on soil properties, as TSS development only becomes efficient when the influence of 

environmental load declines (Langan & Wilson, 1994). The purpose of the geographical 

analysis was to assess the importance of TSS spatial dependencies. The comparison analysis 

was focused on deriving the urgency of forest composition transformation from 

abnormalities in forest tree dependencies with soil diversity and geodiversity. 

 

Data 

Compared data included TPAD matrices and ecosystem diversity components. The TPAD 

was interpolated at 1×1 km grid, while ecosystem diversity components were vectorized. 

Data was combined through intersections between rasters and vectors. 

 

Acid deposition 

TPAD was characterised as a sum of total sulphur and nitrogen depositions according to 

EMEP-LRTAP (Erisman et al., 2005). The model of acid deposition was assembled from 

16 266 cells of which every one was covered by forest over 70 % (Samec et al., 2016). The 

period of industrial load was characterised on the basis of the TPAD model in 1994, while the 

period of environmental change was characterised by the year 2003. Average TPAD in 1994 

amounted to 3257 mol
+
/hectare per year in the interval 1512–6742 mol

+
/hectare per year. In 

2003 average TPAD decreased to 1780 mol
+
/hectare per year within the range 786–

4360 mol
+
/hectare per year. Acid deposition in 1994 reached a wide interval from low to very 

high values with the prevailing value representation in the interval 2000–4000 mol
+
/hectare 

per year. In 2003 the TPAD interval narrowed to low up to middle values with the highest 

representation of values 1500–2000 mol
+
/hectares per year. 

 

Tree-soil system 

TSS was characterised by means of point and polygon geospatial data. Spatial 

characteristics included biogeographic regions, tree species composition and soil data. 

Biogeographic regions (bioregions) are basic units of individual division of living 

communities. In the Czech Republic, there are 91 bioregions within two provinces and four 

subprovinces. Central European Province includes Hercynian Subprovince, Polonian 

Subprovince, and West Carpathian Subprovince (Fig. 1) (Culek, 2007). Based on the data of 

the Uniform information system on the environment of the Ministry of the Environment of 

the Czech Republic, polygons of bioregions are divided into 9187 subpolygons of 
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366 ecosystem types (Culek & Grulich, 2009). The ecosystem types were defined using 

combination of eight altitudinal zones, 18 landform types, and 31 bedrock types. 

 

Fig. 1: Biogeographic division of regions and subprovinces within the Czech Republic 
(adapted according to Culek, 2007). 
 

 
 

Forest tree species 

Tree species data were simplified to calculation of domestic species or aggregated taxon 

proportions from forest management plans (FMP) (Culek, 2007). Data on the tree species 

proportions were included to the bioregional database. Out of the total number of 200 woody 

species identified in the territory of the Czech Republic, 78 of them are trees, 85 are bushes 

and shrubs, and 26 are subshrubs. Forest management deals with 40 domestic species and 

42 aggregated taxons. Tree species proportion (Z) was derived as a percentage from the area 

sums of all forest stands within a bioregion at the FMP database of the Information and Data 

Centre of the Forest Management Institute (IDC FMI) Brandýs nad Labem. 

Between the periods of interest, there was a slight decrease in conifer proportion, but at the 

same time an increase in deciduous trees proportion. In the period of 1985-1994, the 

percentage of coniferous trees amounted to 77.5 %, whereas the percentage of deciduous 

trees was 22.5 %. Norway spruce (P. abies) was represented by almost 55.4 %, and pines 

(Pinus sp.) were represented by almost 18.0 %. The proportion of silver fir (A. alba) 

was ˂ 1 %, and of European larch (Larix decidua) it was ˂ 3.3 %. As for deciduous trees, the 

highest proportion was that of European beech (F. sylvatica) (5.8 %), oaks (Q. sp.) (6.0 %), 

birch (Betula sp.), common hornbeam (Carpinus betulus) (1.3 %), and alder (Alnus sp.) 

(1.5 %). Amount of coniferous and deciduous forest stands in the sample point field was 

similar to proportion in bioregions according to FMPs but the total shares of spruce (60.1 %), 
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beech (12.1 %) and oaks (6.7 %) were higher. The total conifer proportion slightly decreased 

in the period of 2003-2012 to 73.1 %, while the deciduous trees proportion increased to 

26.9 %. The percentage of sampled spruce (60.9 %), beech (13.1 %) and oak (8,6 %) forest 

stand remained higher, while the percentage of fir and other deciduous trees was ˂ 1 % 

(Fig. 2). 

 

Fig. 2: Comparison of tree species (see Table 3) proportion (%) in forests of the Czech 

Republic and in a pit point field during the period of dominant industrial load (a) or 

environmental change (b) 
 

 
 

 
 

Forest soil 

Soil data were obtained from polygons of bedrock-geomorphological bodies (BGMBs) and 

forest soil associations, and from a pilot survey pit point field. The polygons provided 

category variables of spatial soil units, while the point field provided the values of qualitative 

soil properties. A soil association is a repeatable matrix arrangement of the main soil unit and 

areas of accompanying or complementary units (Sedláček et al., 2009). Forest soil 

associations are occurrences of soil associations under forest cover. In the territory of the 

Czech Republic, there are 55 soil associations and forests cover 53 of them. Six associations 

occur entirely in forests. Associations of Vertisols and Gleyic Chernozems to Fluvisols occur 

solely on agricultural land, while associations of Histosols, Gleysols and a majority of 

Podzols only occur in forests (Samec et al., 2018). Polygons of forest soil associations were 

derived from the overlay between generalized physical geographical predictors and edaphic 

categories of forest types in the forest development regional plan (FDRP) database according 

to IDC FMI. The BGMB polygons were defined by the overlays between the bedrock and 

landform types in the database of ecosystem types (Culek & Grulich, 2009). 

The point field of qualitative soil properties was composed of 10 940 pits of sampled forest 

soil associations with differentiated profile genetic horizons in the FDRP database. Soil units 
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were characterised according to WRB-ISSS-ISRIC (Schad et al., 2014). Horizons were 

characterized through macroscopic features of soil body in relation with the external or 

internal environment of the ecosystem. The external environment affects mainly topsoil 

horizons, whereas the internal environment constitutes diagnostic horizons. The topsoil 

horizons were characterised by decomposed litter (H) or a mixture of crushed and 

decomposed litter (F+H) of the surface humus and in the case of their absence by 

organo-mineral A-horizons on mineral substrates or surface peat horizons on organogenic 

substrates. Diagnostic horizons were characterised by either metamorphic B-horizons or 

soil-forming substrate. Soil properties were divided into particle-related and pedochemical. 

The particle size was represented by the share of clay particles (˂ 0.002 mm) determined 

either from the point of sedimentography up to the year 2008, or subsequently from the point 

of granulometry (Stępień et al., 2015). Pedochemical properties were divided into 

physical-chemical and chemical. Physical-chemical properties were represented by soil pH 

determined in an acidimetric way, cation exchange capacity (CEC) and base saturation (BS). 

Exchange cations were identified by means of the extraction of CH3COONH4 up to the year 

2000 (Blakemore & Metson, 1960) and subsequently by extraction in BaCl2 (Vanmechelen 

et al., 1997). CEC and BS were calculated using the aggregation method (White, 1987). 

Chemical properties included organic substances and mineral nutrients. Organic carbon 

(Corg) was determined by an oxidation-titrimetry way up to the year 2000 and subsequently 

by instrumental mineralization (Bremner, 1996). Total nitrogen (Ntot) was established by the 

Kjeldahl method by the year 2000 (Houba et al., 1989), subsequently by means of 

instrumental modification of the Dumas method (Buckee, 1994). The contents of mineral 

nutrients Fe2O3, Al2O3, CaO, MgO, K2O and P2O5 were determined by extraction in aqua 

regia (Houba et al., 1993). 

The point field included all soil groups, however, only 16 of them were sampled in the 

period of 1985-1994 three out of which were only recorded under one tree species. In the 

period of 2003-2012, only two groups were sampled under one tree species. In 1985-1994 

only three soil groups Cambisols, Podzols and Stagnosols were sampled under a majority of 

tree species, while in 2003-2012, a majority of tree species were identified on Fluvisols, 

Cambisols, Stagnosols, and Gleysols. Cambisols (60.2 %), Haplic Podzols (8.9 %), 

Stagnosols (8.3 %), Entic Podzols (6.7 %), Retisols (3,3 %), Haplic Leptosols (2.5 %), and 

Gleysols (2.3 %) comprise over 90 % of sampled pits (Fig. 3).  

 

Fig. 3: Comparison of forest soil associations (%) within the Czech Republic and in a 

pit point field during the period of dominant industrial load (1985-1994) and 

environmental change (2003-2012) 
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However, the representation of soil groups differed during individual sampling periods. In 

the period of industrial load, a majority of pits were sampled in Cambisols (52.9 %), Haplic 

Podzols (16.5 %), Stagnosols (8.7 %), Entic Podzols (8.6 %) and Retisols (4.6 %). Unlike 

this, a majority of pits sampled in the period of a recent environmental change comprised 

seven soil groups starting with Cambisols (61.8 %), Stagnosols (8.3 %), Haplic (7.3 %) or 

Entic Podzols (6.3 %) to less represented Retisols (under 3 %), Leptosols (2.7 %) and 

Luvisols (2.3 %). 

 

Statistical analysis 

Exploratory data analysis 

Exploratory data analysis was focused on the verification of statistical assumptions from 

the spatial modelling and environmental assumptions of the acid deposition reduction within 

the CR. The verification of statistical assumptions included the comparison of selected 

representants, normality tests and regression diagnostics. Representative values were used to 

compare the number of trees and soil properties between the periods of different 

environmental loads. The properties of forest ecosystems helped to verify the connections at 

TSS and to comparison of similarity in distribution of soil pits among bioregions. Normality 

tests were used to select suitable data standardizations, regression diagnostics was used to 

clarify non-linearities of geographical models (Zar, 1994). Regression diagnostics was 

carried out by means of Scott Test for Multicollinearity (SC), Cook-Weisberg Test for 

Heteroskedasticity (C-W), and Wald Autocorrelation Test (Wa) (Meloun et al., 2002). 

Environmental assumptions were verified through linear regressions between the 

components of acid deposition and topsoil properties at P ˂ 0.05. The decrease in the 

dependence between the periods 1985–1994 and 2003–2012 pointed to an increasing 

influence of the internal stand structure on humus (Schröder et al., 2015).  

The verification of the similarity in the soil pits arrangement served to assess the level of 

sampling frequency homogeneity. Similar sampling frequency in various bioregions pointed 

to the reliability in estimation of soil diversity difference (Faddy & Smith, 2011). 

Homogeneity of sampling frequency was identified by means of an inferential quadrant test. 

The quadrant test consists in the comparison of the average number of sampled pits in 

artificially defined cells. The cell size 4x4 km was established in such a way that the average 

pit frequency was ˃ 1.5. 

The verification of the tree-soil connection was carried out using a discrimination analysis 

(DA) on the soil properties separability size in point field of sampled trees characterised by 

a most represented tree species in the main layer. Separability was compared between humus 

and B-horizon properties in individual periods of environmental change. The comparison of 

separability indicated whether soil properties were rather constituted by the forest tree 

species composition or by rocks (Augusto et al., 2000).  

A subset of statistically similar dispersion of values was selected from among soil 

properties. The selection was performed by a series from multivariate exploratory procedures 

of the principal component analysis (PCA) and the intersection of the factor analysis (FA) 

and the cluster analysis (CLU). Soil properties were structured by units of determination and 

physical character into groups of particle size, physical and chemical properties, and 

chemical properties. PCA identified dissimilar covariances in sets of variables with identical 

units (Kooch et al., 2008). A single variable with the highest influential component was 

selected among variables with similar covariances. Factor loadings including ˃ 90 % were 

used to set the selection of potentially correlating properties from various sets using FA. FA 

was specified by means of CLU to a subset of properties with significant value similarity 

only with other sets (Samec et al., 2016). 
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Geographical analysis 

Changes in the soil properties diversity in connection with the change in tree species 

proportion was assessed using the spatial variability comparison of the dependence 

proximity and correlation between the differentially loaded periods. Geographical analysis 

included the approximation and assessment of spatial dependences between the TSS 

components. The assessment was divided into the comparison of geographically weighted 

and global models and analysis of residues. The comparison of models was focused on 

evaluation of differences among tree relations with humus and soil environment. The 

analysis of residues was used to derivation of urgency to change tree species composition. 

Spatial dependence was modelled through geographically weighted regression (GWR). 

GWR estimated locally variable parameters in relationships between trees and environment 

at coherent bioregions. Number of coherent bioregions was limited by the least local 

statistical significance suggesting interaction level (Fotheringham et al., 2002). 

The diversity of TSS components was expressed through Shannon-Wiener (H’) diversity 

index (Kennedy & Smith, 1998). Calculation of H’-index was adapted either to estimation on 

TSS component variety proportion, or to frequencies of value intervals from topsoil 

properties similar selections. The estimation of TSS component proportion variety was 

derived as: 
 

H’=  ∑(
  

 
) .log

 
(
  

 
) , 

 

where An is a TSS component type area within a bioregion and A is sum of areas from all 

types of selected TSS component within a bioregion. The tree species proportion, forest soil 

associations and BGMBs was the basis for deriving -diversity of TSS components (Samec 

et al., 2018). The numbers of topsoil property value classes served as a basis for expressing 

surface humus chemical diversity (Hʾhc): 
 

H’hc =  ∑(
  

 
) .log

 
(
  

 
) , 

where gk is a number of pits within one class of the selected soil property values in 

a bioregion and g is total number of pits.  

A linear combination of localized H’k-indexes from the selected humus properties was 

compared with tree, soil association or bedrock -diversities through GWR: 
 

        ∑            

 

   

 

 

where Ym is a dependent variable at the place m, p is a number of independent variables, k is 

the order of independent variables, Hʾmk is the value of k-th independent variable of soil 

property diversity at the place m, m0 is an intercept parameter at the place m, mk is a local 

guideline of the function of k-th independent variable, and ϵm is a casual error at the place m 

(Gollini et al., 2015). 

 

Comparison analysis 

The transformation urgency of the forest tree species composition was defined by 

comparisons between tree species proportion and soil environment geographically weighted 

models. The comparison was conducted by the overlay of model standardized residues.  
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The residues (e) were derived from the differences of observed (Y) and modelled ( ̂) 

dependent variables of forest ecosystem properties: 

 

       ̂  

 

Standardization was based on the evaluation of conformities or nonconformities in optimal 

and suboptimal residues on a qualitative scale from fulfilled to highly urgent forest 

transformation. The urgency was detected in bioregions where nonconformities occurred in 

optimal and suboptimal values of residues. The residues of forest tree species diversity 

(FTSD) and soil environment were evaluated reversely. A higher observed FTSD H’-index 

than the modelled one was identified as optimal, while a lower observed H’-index as 

suboptimal since higher observed diversity stands for sufficient variety of forest tree species 

diversity for a wider interval of humus characteristics (Valtera et al., 2013). On the other 

hand, higher observed H’-index of soil environment than the modelled one was identified as 

suboptimal and a lower one as optimal since geodiversity naturally increases soil diversity 

(Phillips & Marion, 2004). 

 

 

RESULTS 

Environmental assumptions 

Acid deposition decrease in the period of 1985-2012 facilitated stronger relations between 

soil properties and tree species via differentiation. Spatial differentiation manifested itself by 

increased differences between regions, whereas time differentiation manifested itself by 

increased dispersion in soil properties values. Roughly regular arrangement among soil pits 

complied with statistical assumption of sampling homogeneity for equally probable 

variability estimation of relations at TSS in all bioregions. Sampling frequency is directly 

proportional to forestland (R
2
 = 0.56). Almost 99.6 % of cells of a designed grid included 

a larger or smaller forest area. Average grid forestland was 32.9 %, in the range between 

0.0001 % and 100 %. 16.3 % of cells remained unsampled. Sampling density reached 

0.11 pits/km
2
 in the period of 1985–1994 and then in the period of 2003–2012, it rose to 

0.4 pits/km
2
. The range of the dispersion-average relation between 0 and 0.0356 indicates 

that the pit arrangement appears to be regular in the grid with random variations concentrated 

in flat bioregions from the North Pannonian to Polonian Subprovince or scattered in 

depressions of the Hercynian Subprovince.  

Spatial differentiation consists in unequal soil properties values dispersion. The dispersion 

differs most significantly between the Central European Province and the Pannonian 

Province. The Central European Province differs in greater significance of particle size 

fractions and physical-chemical characteristics and, by contrast, a lower number of chemical 

properties important for the forest soil differentiation. More significant differentiation of 

coarse-grained fractions rather than clay is identified in the territory of the Central European 

Province. On the other hand, in Pannonia, similarly important differentiation is associated 

with both sand and silt as well as clay. Minor particle size differentiation related to higher 

differentiation of chemical characteristics. A relation between the differentiation of 

physical-chemical properties and chemical properties is proportional only regionally. 

Surface humus in the territory of the Central European Province is less physically and 

chemically differentiated than that in Pannonia. Small differentiation of humus physical and 

chemical properties is related to smaller differentiation in soil mineral horizon chemical 

properties. However, in Pannonia, higher humus differentiation reflects higher 
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differentiation of mineral horizons. The Central European Province is characterised by 

similarly differentiated pH and base saturation of mineral horizons, whereas in Pannonia, 

important physical-chemical differentiation is only that of BS. When comparing the two 

provinces, humus chemical properties are more detailed than physical-chemical properties. 

The content of Corg, Al2O3 and CaO in the Central European Province is significantly 

differentiated and in Pannonia the content of MgO is more differentiated than that of CaO. 

The differentiation of chemical properties of mineral horizons in the Central European 

Province is limited to Al2O3 and CaO, while in Pannonia these are accompanied by the 

contents of Corg and P2O5. Soil pH, BS, Corg, Al2O3, CaO and MgO are greatly differentiated 

properties of surface humus in all the bioregions of the Czech Republic. Forest soils are 

characterised by differentiated particle size, pH/H2O, BS, Corg, Al2O3, CaO, MgO and P2O5 

(Tab. 1). 
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Time differentiation consisted in concurrent value changes and in the increasing of soil 

properties intervals. The increase in the topsoil values was mostly accompanied also by their 

greater variance. Between the periods of 1985-1994 and 2003-2012, there was an increase in 

the values of humus pH, BS, Corg, Ntot, CaO and P2O5. At the same time, there was a decrease 

in the values of cation exchange capacity, Al2O3 and MgO, but the variance declined only in 

the case of CEC and total aluminium. Only the changes in the BS and CaO content were 

accompanied by the preservation of a similar proportional value interval representation. 

Average soil pH increased from 4.05±0.59 to 4.33±0.68, soil BS increased from 

27.34±21.64 % to 35.83±26.80 %, and CaO content from 2.84±7.35 g/kg to 3.13±10.16 g/kg. 

The carbon content increased from 11.84±10.62 % to 14.37±12.52 % along with the 

proportion of mean to very high values related to 82.30 % of pits. The nitrogen content 

increased from 0.62±0,51 % to 0.66±0.55 %, while the representation of very low to low 

values decreased and the representation of mean and high values related to ˃ 71 % pits 

increased. The content of total phosphorus increased from 0.99±0.59 g/kg to 1.10±0.92 g/kg 

with equal proportion of very low and mean values related to almost 97.2 % probes. There 

was a decrease in Al2O3 from 24.51±12.66 g/kg to 14.99±11.10 g/kg, along with a decrease 

in the representation of very high values from 74.7 % to 34.2 %, but an increase in the 

representation of low to high values. The highest increase in the frequency occurred in the 

interval of high values from 18.4 % to 39.6 %. There was a decrease in MgO content from 

3.87±3.62 g/kg to 2.65±4.88 g/kg. In this case, there was a decrease in the differences 

between the proportion of individual value intervals (Fig. 4). 

A decrease in acid deposition highlighted the differentiation of topsoil properties along the 

borderline of bedrock types. Minor geodiversity is predisposition to higher TPAD and vice 

versa. An increase in the dependence between geodiversity and TPAD caused 

non-compliance between increasing or decreasing soil properties values. A decrease in acid 

deposition was accompanied by increased dependence of humus CEC, Corg, Ntot, Al2O3, and 

CaO. A decrease in the dependence highlighted the differentiations of soil pH, BS, MgO, and 

P2O5. Statistically significant dependences of content were those of Corg, Ntot, and Al2O3 and 

despite a decrease statistically important remained the MgO dependence (Tab. 2). Increasing 

dependencies of decreasing CEC values, and Al2O3 or MgO contents were inversely 

proportional to TPAD. The effect of decreasing acid deposition on growing CaO content was 

also inversely proportional, namely as a result of a slight increase in the importance of 

nitrogen deposition. During an environmental change, growing Corg and Ntot contents became 

statistically importantly directly dependent on TPAD due to sensitivity to sulphur deposition. 
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Fig. 4: Value interval proportion (%) of correlating properties at forest topsoil 

horizons during the period of dominant industrial load (a) and environmental change 

(b) 
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Table 2: Linear correlation coefficients of the influence of total potential acid deposition (TPAD) components on the forest topsoil horizons during the 

compared periods of a dominant industrial load and an environmental change (bold significant at P ˂ 0.05) 

 

Period Load BGMB pH CEC BS Corg Ntot Al2O3 CaO MgO P2O5 

1985-1994 Nitrogen -0.04 0.04 0.10 0.04 0.00 0.06 -0.13 0.06 -0.19 -0.19 

 

Sulphur -0.06 -0.17 -0.03 -0.23 0.16 0.15 -0.16 -0.14 -0.38 -0.10 

  TPAD -0.05 -0.10 0.02 -0.14 0.11 0.13 -0.17 -0.07 -0.34 -0.14 

2003-2012 Nitrogen -0.14 -0.04 -0.11 -0.09 0.11 0.08 -0.26 -0.09 -0.19 -0.21 

 

Sulphur -0.21 -0.08 -0.10 -0.10 0.23 0.25 -0.27 -0.10 -0.20 -0.10 

  TPAD -0.21 -0.08 -0.10 -0.10 0.23 0.25 -0.27 -0.10 -0.20 -0.10 

 

Table 3: Separability of forest tree species by means of soil properties during a period of dominant industrial load (1985–1994) and an environmental 

change (2003–2012) (%) 

Period 1985-1994 2003-2012 

Tree topsoil diagnostic topsoil diagnostic 

Picea 92.78 88.53 96.17 93.54 

P. sylvestris (P. s.) 40.20 32.29 0.35 1.71 

P. uncinata+mugo (P. u.+m.) 0.00 100.00 6.67 38.10 

Abies 0.00 - 0.00 0.00 

Larix 0.00 0.00 6.33 2.13 

Fagus 2.11 10.46 0.93 0.00 

Quercus 32.55 15.07 34.61 17.69 

Betula 0.00 0.00 0.00 0.00 

Fraxinus 29.41 0.00 23.02 24.11 

Acer 0.00 0.00 10.53 3.85 

Carpinus 55.56 20.00 0.00 0.00 

Tilia 16.67 0.00 0.00 0.00 

Alnus 0.00 50.00 9.28 6.10 

Populus - - 0.00 7.69 

Salix - - 62.96 58.33 

Total 66.66 58.65 62.27 56.47 
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Trees influence topsoil chemical properties more significantly than those of diagnostic 

horizons. The discrimination of the individual tree species influence on soil properties during 

an environmental change decreased from 66.7 % to 62.3 % on average. Norway spruce 

maintains the most reliable discrimination of soil properties ˃ 90 %. During an 

environmental change most significantly declined the influence of Scots pine and common 

hornbeam from 40 % and from 55 % down to ˂ 0.4 %, respectively. While average influence 

of coniferous trees as well as land improvement deciduous slightly decreased from c. 33.3 % 

to 21.9 % and from 16.9 % to 13.2 %, respectively, the influence of stand-forming deciduous 

beech and oaks increased moderately. During the period of dominant industrial load, the 

discrimination of the influence of oak was 32.6 %, ash - 29.4 %, common hornbeam - 

55.6 %, lime - 16.7 %. During the period of a regional environmental change, the 

discrimination of the influence of oak on soil slightly increased to 34.6 %. The discrimination 

of the influence of ash reached more than 10.5 % and greater influence was also exercised by 

alder on topsoil. Among deciduous trees, willow reached the most reliable separability of 

almost 63 % (Tab. 3). Contemporary differences between separability of top- and subsoil 

horizons indicate to what extend the influence of trees on soil is conditioned by unique 

soil-forming substrate properties. The influence of coniferous trees is insignificant and 

conditioned by the bedrock. On the other hand, oak, common hornbeam and maple 

significantly affected the topsoil horizons. Although the influence of alder and willow on the 

topsoil was insignificant, a decrease in acid depositions increased it. 

 

Geographically weighted regression  

Decrease in acid deposition induced changes in spatial dependences of soil properties with 

forest environment. The dependence of the topsoil diversity on acid deposition became 

insignificant. However, dependence was strengthened between the diversity of topsoil and 

bedrock, soil associations and trees. Even though the forest environment influence on soil 

properties has constantly been mutual, their spatial distribution increased correlatively during 

an environmental change. The spatial relationship, that has became most evident, was 

between the bedrock and topsoil properties diversity. Forest soil diversity is most affected – 

with decreasing importance – by bedrock, forest tree species composition and soil 

associations. Dependence between soil properties and bedrock or soil associations are not 

affected by data inhomogeneities. The relationship between diversities of soil properties and 

tree species is influenced by autocorrelation decreasing proportionally with acid deposition 

decline (Tab. 4). Being in a relationship with bedrock diversity or forest tree diversity, soil 

properties geographically weighted parameters in individual bioregions were either equally 

proportional or variously proportional. The only parameter that was equally proportional to 

bedrock and forest trees was MgO content. The parameters of other soil properties were 

variously proportional in relations with geodiversity and FTSD. The proportions are inverse 

in majority of the bioregions. 
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Table 4: Regression diagnostics using the Akaike Information Criterion (AIC), Scott Test for Multicollinearity (SC), Cook-Weisberg Test 

for Heteroskedasticity (C-W), Wald Autocorrelation Test (Wa), Jarque-Bera Test for Normality (J-B), and the comparison of 

geographically weighted regression (GWR) with linear regression (LR) R
2
 and adaptive quantile (AQ) between forest soil properties 

diversity and ecosystem components (bold statistically significant values) 
 

Component Period SC C-W Wa J-B LR GWR AQ AIC 

Acid deposition 
1985-1994 -0.68 2.43 19.35 1.78 0.25 0.76±0.05 0.08 1578.45 

2003-2012 -0.74 4.21 1.45 1.12 0.12 0.42±0.10 0.15 1465.69 

Bedrock-geomorphology 
1985-1994 -0.34 0.98 2.85 5.82 0.37 0.46±0.06 0.47 227.39 

2003-2012 0.01 0.43 2.47 2.28 0.41 0.75±0.15 0.13 163.16 

Soil association 

1985-1994 -0.51 1.03 0.74 0.48 0.27 0.60±0.05 0.16 149.97 

2003-2012 0.21 0.28 1.42 2.38 0.20 0.63±0.11 0.15 140.72 

Tree-species 
1985-1994 -0.52 1.07 6.92 3.22 0.51 0.53±0.01 0.96 131.01 

2003-2012 0.08 1.48 6.03 0.46 0.49 0.65±0.03 0.28 108.52 

 

Spatial dependence between the diversity of topsoils and bedrock or forest tree composition became more pronounced after a decrease in acid 

deposition rather than the relationship with soil associations. On one hand, bedrock diversity is constant, on the other hand, forest tree species 

diversity depends on both an environmental change and forest and soil management. From this point of view, bedrock dependencies show that 

environmental influences have rather become natural landscape elements. If the TPAD spatial influence on soil properties decreased, the global 

relationship between bedrock and acid deposition in 2003-2012 became significant. Despite minor spatial differences, acid deposition slightly 

influences soil with low geodiversity. The relationship of geodiversity and FTSD with soil diversity is divided into partially similar intervals. The 

influence of geodiversity and FTSD is similar in the absence of very strong significance and presence of minor to strong significance. Influence of 

geodiversity differs in an approximately twofold presence of weak significance (Fig. 5). The influence of geodiversity on pedodiversity ranged in a 

proximity R
2
 0.29–0.49 during an industrial load, while during an environmental change it reinforced into the range of 0.35–0.80. Soil association 

diversity influence during industrial load ranged between R
2
 0.42–0.62, while during an environmental change it extended into the range R

2
 0.23–

0.69. The FTSD dependence increased in the narrowest interval from R
2
 0.50–0.54 to 0.56–0.67. Higher representation of strong FTSD 

significance (44.9 %), unlike geodiversity significance (34.6 %), conditioned a more balanced ratio between optimal and suboptimal residues. 

Optimal residues of FTSD cover 46.7 % of soil, while optimal relationship of soil properties and geodiversity occurs in 44.9 % of forests (Tab. 5). 

Suboptimal relationship of soils and environment prevail as a consequence of acid deposition residual effect and unsuitable tree species 

composition. 
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Fig. 5: Shanno-Wienner' indexes of bedrock-geomorphological bodies, forest soil 

associations and tree-species compositions in biogeographical regions of the Czech 

Republic and spatial regressions with topsoil diversities during period of 

environmental change 2003-2012 
 

 
 

Table 5: Comparison of the value proportion intervals (%) of spatial dependence 

proximity (R
2
) and residues between geographically weighted regressions (GWR) of 

geodiversity and forest tree species diversity (FTSD) with soil properties 
 

GWR Interval Geodiversity FTSD 

R2 slight 30.84 15.89 

 

moderate 17.76 22.43 

 

medium 16.82 16.82 

 

high 34.58 44.86 

 

very high 0.00 0.00 

Residue optimum 44.86 46.73 

 

non-optimum 55.14 53.27 
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Moderate non-compliance in the occurrence of optimal and suboptimal residues between 

geographically weighted models of the geodiversity and FTSD relationship caused the 

occurrence of all potential types from the forest compositional transformation urgency. The 

dominance of suboptimal residues conditioned the dominance of variously urgent forest 

transformation needs. Sufficient FTSD in accordance with soil diversity only occurs in 

12.9 % of forests. As much as 87.1 % of forests is characterised by suboptimal relationship 

between tree species diversity and topsoil properties. Mean to high forest transformation 

urgency is related to 65.9 % of soils. Sufficient FTSD is concentrated in Central Bohemia 

and Polonian Subprovince. In an isolated manner, it occurs in the bioregions of Sokolov, 

České Budějovice, Votice, Nová Bystřice, Drahany and Chřiby. Low forest transformation 

urgency was identified in Český les Mts., Brdy, Blatenská pahorkatina Hills, western part of 

the Bohemian-Moravian Highland, Eastern-Elbe Plateau and scattered in the Carpathian 

bioregions of Mikulov, Hodonín, Kojetín, Hostýn and Beskids. Mean forest transformation 

urgency is most concentrated in Northern Bohemia and Carpathian Foredeep, while high 

urgency is continuously identified in the areas of eastern foothills of the Bohemian-Moravian 

Highland up to Eastern Sudetes and the foothills of the Giant Mts. and from the Bohemian 

Forest to Plzeň pahorkatina Hills and Slavskovský les Forest (Fig. 6). 

 

Fig. 6: The forest transformation urgency in biogeographic regions from overlays 

between residues of geodiversity and forest tree species 
 

 
 

Low FTSD is not related to low soil diversity, but BGMB diversity includes less than 

12.6 % of the dispersion at forest tree species proportion with P ˂ 0.001. The relationship of 

soil properties and trees is significant starting from the diversity ˃ 1.66. Sufficient FTSD is in 

a range of 2.79±0.46 at on-average lower geodiversity of 2.06±0.72. Homogenised FTSD is 

indicated by values of ˂ 2.79, while diversity values of ≥ 2.79 indicate differentiated 
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influence on soil properties. Low FTSD is partially related to on-average higher geodiversity 

of 2.67±0.80 with the total interval of 0.00–4.17 equal to the total bedrock diversity in 

bioregions. Higher FTSD is related to on-average lower geodiversity of 2.10±1.09 in 

a narrower interval of 0.01–3.50. Bioregions with sufficient FTSD are characterised by 

on-average representation of Norway spruce of ˂ 33 %, while the European beech or oak 

reaches ˃ 10 %, ash ˃ 2.47 %, maple ˃ 1.73 %, common hornbeam ˃ 2.1 %, and lime or 

alder 1.9 % (Tab. 6). Proposals of forest composition optimization based on spatially 

weighted models from soil properties show that topsoil correlating properties indicate 

relationship with trees in regionally dissimilar proportions. The proportions differ not only 

among individual properties, but also among bioregions and even among subprovinces. It is 

only base saturation outside the Hercynian Subprovince and on the other hand the contents of 

Al2O3 or CaO in the Hercynian Subprovince that show average dependence proportions that 

are equal to geodiversity as well as tree species diversity.  

 

Table 6: Characteristic intervals of ecosystem diversity and the tree proportion in 

individual forest transformation urgency types 
 

Level Ecodiversity 
Forest transformation urgency 

fulfilled low mean high 

System Geodiversity 2.06±0.72 2.25±0.85 2.92±0.83 2.89±0.86 

(H‘-index) Soil diversity 1.93±0.74 1.87±0.61 2.23±0.75 2.11±0.57 

 

FTSD 2.79±0.46 1.84±0.42 2.69±0.41 2.11±0.60 

 

R2 0.63±0.14 0.58±0.15 0.60±0.16 0.63±0.14 

  Proportion (%) 12.91 21.24 20.58 45.28 

Tree species 

(%) 
Picea 32.19 65.14 42.37 57.15 

P. sylvestris 19.91 11.52 16.98 18.27 

P. uncinata+mugo 0.00 0.42 0.41 0.22 

Abies 0.64 0.99 0.77 1.27 

Larix 6.26 2.95 5.01 3.43 

Fagus 12.09 7.50 7.52 7.04 

Quercus 13.96 4.55 11.81 4.71 

Betula 3.05 2.05 4.44 2.43 

Fraxinus 2.47 1.03 2.47 0.88 

Acer 1.74 0.86 1.73 1.31 

Carpinus 2.87 0.42 2.09 0.90 

Tilia 2.17 0.59 1.83 0.87 

Alnus 1.98 1.75 1.82 1.38 

Populus 0.53 0.17 0.56 0.09 

Salix 0.15 0.05 0.19 0.06 

 

 

DISCUSSION 

General discussion 

Environmental change directly affects the size of spatial differences at forest ecosystem 

diversity. The diversity of soil environment is connected with the tree species diversity 

among individual biogeographical regions almost contrarily. Contradictory parameters 

confirmed local character of ecosystem diversity indication through soil properties 
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(Anderson, 2003). Decline in acid deposition increased spatial dependence between soil 

properties extent and tree composition variety. With the deposition decrease, there was the 

highest increase in the relationship between forest soil properties and geodiversity, and the 

relationship with tree species composition increased more than with soil associations. 

Geodiversity includes the most important divides among various differentiability of soil 

properties and natural tree dominance (Samec et al., 2018) The deriving of geodiversity from 

BGMBs divided the forest transformation urgency among variously broken landforms with 

different forest cover. At the same time, it revealed that the bedrock influences the topsoil 

properties more than trees and that forest tree composition diversity is not in accordance with 

landscape diversity. Despite this, spatially weighted forest ecosystem diversity indication 

modified the assessment on optimization of tree species composition. 

Geographical differences in forest ecosystem diversity suggest that spatially weighted 

modelling fails to correspond with the case studies using global models. Inverse connections 

between bedrock and forest diversity are in conflict with the analyses of the forest 

management plan database (cf. Tomášková, 2004). According to Kučera (2016), forest 

transformation manifested itself in the dominance of vegetation containing land 

improvement and strengthening trees in compliance with the site. However, the forest 

mixture character is insufficient for the extension of consistency between the size of 

geodiversity and tree composition diversity. Geodiversity only correlates with 12.6 % of the 

dispersion of forest tree diversity and optimal relationship between geo- and FTSD only 

includes 12.9 % of soils. If case studies indicate that the relationship between forest soils and 

trees are similar in equal conditions of various forest areas, the spatial model points to the fact 

that the relationship differs in various areas regardless of the similarity between conditions 

(cf. Cools et al., 2014; Shi et al., 2015; Zeng et al., 2016). Sufficient FTSD is concentrated in 

flat forest areas of the Cheb and České Budějovice Basins, Chřiby and Bílé Karpaty Mts. 

with tree species composition that is similar to that potentially natural (Tomášková, 2004). 

The occurrence of optimal forest tree species diversity is not connected with the state of 

contemporary and potentially natural vegetation (PNV) in bioregions with relatively broken 

landforms. Similarly high forest transformation urgency is related to distinctly unnatural 

trees only in highland areas of the eastern part of the Bohemian Massif. The dominance of 

sampled spruce stands influences both the indication of topsoil acidification derived from 

dimensionality reduction among chemical properties, and spatial autocorrelation derived by 

means of spatial modelling (Kikkilä et al., 2005). 

 

Discussion of forestry applications 

Modelling of the tree-soil system 

Relations between forest trees and soil are variable and uneven (Aubert et al., 2006). The 

instability of relationships in TSS was caused by environmental load, decreasing conifer 

proportion, and fluctuating forest stand structure. The causes of TSS instability either 

supressed or highlighted the bedrock influence. Reduced environmental load made it 

possible to classify more than 50 % of the dispersion of soil properties along transits between 

forest sites. Prevailing conifer silviculture limited the extent of humus properties division, 

which was indicated by dominant soil properties separability in spruce stands. 

The homogenous forest structure decreased indication significance of relations with soil 

environment (Tinya et al., 2019). More than 87 % of forest stands in the territory of the 

Czech Republic is characterised by a simplified structure. Almost 66 % of forests show 

criteria of non-compliance with geodiversity for mean to high transformation urgency. 

However, simplification of tree species composition only affected some components of soil 

diversity. It is not connected with the soil association diversity but it contributed to the 
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topsoil chemical diversity decline. The insignificance of the connections between 

homogenous forest stands and soil diversity signals that monocoenoses do not importantly 

increase the topsoil diversity (Ali, 2019). The proposals of site-corresponding forest tree 

composition can hardly make TSS more effective globally, but it can support its function in 

vulnerable sites within affected bioregions. 

Case studies of TSS functions focused on forest transformation are divided both into the 

characteristics of sites for natural regeneration of individual tree species and into the 

monitoring of the soil improvement (Ponge et al., 1998). Uneven spatial dependences 

suggest improvement of the TSS indication through transition from global models to the 

spatial models. Spatial models preserving heteroscedastic residues capture non-repeatability 

of the variance in soil properties among the compared areas in contrast to kriging depended 

on autocorrelation (Římanová et al., 2020). Although the trees control humus C/N, the 

contents of mineral nutrients are directly proportional to bedrock (Podrázský et al., 2009). 

A greater emphasis on the soil properties segmentation along the BGMB transitions than in 

variously diverse forest stands indicates that bedrock is decisive for soil diversity. On the 

other hand, biodiversity increases soil diversity as it develops thanks to organisms inducing 

nutrient uptake from bedrock (Augusto et al., 2000; Anderson, 2003; Oulehle et al., 2011). 

Although, the cultivation of homogenous stand prevents tree natural selection on variously 

fertile soils, BGMBs following more distinctive growth condition borders affect the 

functions within the tree-soil system more than prevailing conifer stands.  

Differentially fertile soils separate natural regeneration of nutrient-demanding and 

undemanding tree species. Marginal sites consist of unrelated poorest or, on the other hand, 

most fertile soils. While specialised stenoec tree species grow together with unspecialised 

euryvalent tree species on the poorest soils, the most fertile soils are predominantly occupied 

by demanding tree species. Marginal soil fertility provides site for various azonal 

communities of specialised species (Rejšek & Samec, 2004). Pendunculate oak (O. robur), 

sessile oak (Q. petraea), European ash (F. excelsior), silver birch (B. pendula) or alder 

(Alnus sp.) prefer mesophilic sites including Retisols, Cambisols, Podzols and Gleysols. 

Retisols are equally colonised by birch, ash, and alder. Cambisols are preferably occupied by 

silver birch (up to 57 %) and oak (over 17 %). Podzols are most often silver birch (33 %) or 

white birch (47 %) (Rejšek et al., 2010). Even though Gleysols differ from mesophilic soils 

in Corg a Nt dynamics in reductomorphic conditions, the contents of nutrients are 

homologous, so they are occupied by common alder (50 %) and silver birch (30 %). The 

contents of Ca
2+

+Mg
2+

, Zn, and BS separate the presence of silver birch or white birch on 

Podzols. Soil pH, on the contrary, separates the regeneration of pedunculate oak, birch or 

alder on Retisols and Cambisols. Retisols and Cambisols support the growth of elm and 

sycamore, but the growth of beech or Norway maple is independent on the soil group (Modrý 

et al., 2004). The occurrence of white birch is most concentrated on Histosols and in 

a transitional area towards Podzols and Gleysols with the lowest pH values, where other 

deciduous trees are unable to grow. While the white birch is a stenoec species, the silver birch 

is able to compete with oaks, willows and aspens in loaded conditions, but the its humus 

properties rather resemble coniferous than deciduous trees on mesophilic soils (Vacek et al., 

2013; Cools et al., 2014; Tinya et al., 2019). 

 

Forest transformation modelling  

Permanent success at the optimization of forest tree species composition is conditioned by 

the soil acidification impact elimination. The optimization of forest composition in the 

territory of the Czech Republic is concentrated on the spruce or pine monoculture 

transformation. The difference between the spruce and pine monoculture transformation 
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consists in the fact that pine cultures are cultivated within the height range of their natural 

occurrence, while spruce cultures were rather established outside the natural spruce 

dominance sites (Šindelář, 1995). As a result of forest monoculture cultivation, low forest 

tree species diversity is identified in a wide range of bedrock diversity. However, overlays 

between geodiversity and FTSD distinguished areas of naturally higher ecosystem diversity 

in lower altitudes from areas of lower ecosystem diversity in higher altitudes. Exploratory 

TSS analysis consequetly suggested the forest transformation limitation within individual 

bioregions only to sites with inconvenient soil environment. 

While spruce has become economically the most important forest tree in Central Europe, 

Scots pine is mainly cultivated on less fertile sites. Economic significance of spruce consists 

not only in its ability to fully overgrow treeless areas, but also in its occurrence in the 

developmental centre with many refuges scattered in reproductively favourable sites (Ďurský 

et al., 2006). Spruce refuges are stable mixtures mainly with beech, fir or maple, while 

natural pine forests permanently exist in extraordinarily unfavourable sites. Outside 

extremely unfavourable sites, pine can hardly sustain the competition of more demanding 

tree species (Neuhäuslová et al., 1998). Still, spruce and pine monocultures similarly suffer 

from low mechanical resistance, pest gradations and soil acidification (Pretzsch et al., 2014). 

The pine monoculture transformation appears to be more complicated with regard to low 

competition. In unnatural sites, pine is excluded from potential natural vegetation; on the 

contrary, natural pine sites are hardly infiltrated by deciduous trees. Pine cultivation on 

transient sites appears to be sustainable in the mixture of oak, birch, larch, spruce and more 

demanding deciduous trees (Šindelář et al., 2007). 

Transformations of spruce monocultures are necessary measures against the impact of 

drought or industrial pollution (Schröder et al., 2015). Due to the spruce ability to grow 

within a stable tree species mixture, total spruce elimination from unnatural sites is 

economically very problematic (cf. Kuuluvainen, 2002; Tuovinen et al., 2013; Pretzsch 

et al., 2014). The spruce monoculture transformations are planned as a compromise to 

maintain all forest functions. In compliance with compromise approaches maintaining 

economic-ecological-social management frameworks, spatial modelling indicated 

below-average spruce proportion as optimal. Forest transformation urgency was however 

differently typified using the ratio of total geodiversity over biodiversity, which disregards 

criteria interchangeability.   

The connection between a demanding forest tree species decline and sites damaged by 

acidification was suggested by non-compliance between a decrease in average separability of 

soil properties influenced by trees and an increase in the relationship with both the compared 

ecosystem diversity components. At the same time, a significantly wider range between 

geodiversity and soil properties rather than biodiversity indicated contemporary occurrence 

of soils not only delimited by BGMBs, but also soils independent on rock proportion variety. 

An increase in the separability of oak, willow, alder, maple, larch or (Swiss) mountain pine 

growing along marginal ecological gradients along with an increase in the dependence 

between soils and bedrock confirmed the concentration of natural forests on azonal sites. 

Azonal oak, willow and alder sites cover floodplains with low geodiversity and naturally 

higher biodiversity (Klimo et al., 2008). The overlap of lower geodiversity and higher 

biodiversity distinguished the restoration of natural forests mainly in hilly bioregions. At the 

same time, the largest floodplains include conditions from fulfilled urgency in the regions of 

Elbe and Odra Basins to mean transformation urgency in Outer Carpathian depressions.  

Slight increase in the Norway spruce separability followed by its proportion decrease 

corresponds with the stable occurrence preservation only in the conditions of natural 

dominance (Vacek et al., 2013; Tuovinen et al., 2013; Schröder et al., 2015). On the 
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contrary, the increasing separability of mountain pine indicated optimal forest composition in 

high-mountainous zones of the Giant Mts. with prevailing slight transformation urgency 

(cf. Vacek et al., 2007). However, pine sites on the Bohemian Forest plateau with prevailing 

high transformation urgency provide optimum conditions for silviculture of Swiss mountain 

pine (Kuuluvainen, 2002). The trend of increasing dependencies between the forest soil 

properties and ecosystem diversity during an environmental change only seems to be 

sustainable when the load is decreased and natural forests restored.  

 

 

CONCLUSION 

Relations between the forest tree species and topsoil chemical properties diversities 

became tighter during a recent environmental change in connection with an acid deposition 

decrease. An increase in spatial dependencies between forest soil properties and the 

ecosystem diversity confirms the importance of site differentiation in forest transformation. 

An acid deposition decrease is a starting process allowing development of relations 

between forest trees and soils. The development of the tree-soil system consists in the 

differentiation between biogeographic subprovinces and increased differences in soil 

properties between monocultures and structured forest stands. The acid deposition decrease 

accentuated regional differences in topsoil pH, base saturation and carbon, CaO, MgO and 

P2O5 contents, while regional differences in CEC and the Al2O3 content decreased. Regional 

differences increased on the borderline among bedrock-geomorphological bodies more 

significantly than between the stands with various tree species composition. Average 

differentiation of the influence of conifers or nutrient-demanding deciduous trees on soil 

decreased, yet the influence of European beech, maple, oak and willow increased. Even 

though the highest decrease was observed in the influence of Scots pine and common 

hornbeam, the differences between influencing topsoil and bedrock were the highest in 

connection with the oak, hornbeam, maple and willow stands. Non-compliances between 

geodiversity, soil diversity and tree species diversity pointed to uneven extension of the 

forest transformation urgency.  
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