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Abstract Planting of spruce on the sites of natural beech
forests is very common across Europe. Its effect on ground
vegetation is assumed to be strong on poorly buffered soils.
We investigate associated patterns of herb layer composition
and diversity on crystalline and carbonate parent rock in the
Western Carpathians. We analysed a series of vegetation
plots with respect to the partial relationship of spruce cover
with vascular understorey species (ordination), to the affinity
of plant species to sample groups with different cover of
spruce and to plant diversity and species turnover within
these groups. In our data set spruce and beech were the most
important tree species with the closest association with un-
derstorey composition and their covers explained similar
proportions of herb layer variability. Species composition
was significantly different under spruce canopies, but species
richness was not lower (crystalline region) or even higher
(carbonate region), and overall diversity of vascular plants
was only slightly affected. Most species negatively or posi-
tively associated with spruce differed between bedrock
types, but those with the same positive relationship are
diagnostic for natural spruce forests (Vaccinio-Piceetea).

Communicated by C. Ammer.

F. M4li§ (5<)) - A. Vodalové - I. Barka - V. Caboun - Z. Sitkova
National Forest Centre, Forest Research Institute Zvolen,

T. G. Masaryka 22, 960 92 Zvolen, Slovak Republic

e-mail: malis@nlcsk.org

F. Mali§ - K. Ujhazy
Faculty of Forestry, Technical University in Zvolen,
T. G. Masaryka 24, 960 53 Zvolen, Slovak Republic

F. Malis§

Department of Vegetation Ecology, Institute of Botany of the
Academy of Sciences, Lidicka 25/27, 657 20 Brno,

Czech Republic

The species turnover between beech- and spruce-dominated
stands was much higher on crystalline bedrock. The higher
amounts of light and acid litter in spruce stands, limited
growth of spruce on dolomite bedrock and the competitive
pressure of beech seem to be the most important drivers of
the herb layer changes.
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Introduction

The relationships between canopy trees and ground vege-
tation in the forest understorey have been studied fre-
quently in various forest ecosystems, including the
temperate forests of Central Europe (cf. the review paper of
Barbier et al. 2008). Trees dominating forest communities
are long-lived organisms producing the major part of bio-
mass and consequently affecting the other components of
an ecosystem. Apart from the abiotic site properties, plant
species composition of forest ecosystems is largely affec-
ted by the canopy of tree species (Kuuluvainen and Puk-
kala 1989; van Oijen et al. 2005; Wulf and Naaf 2009).
These effects can be observed in natural forests (Saetre
1999) and even more markedly in planted stands of non-
native or allochtonous tree species (Quine and Humphrey
2010). As the species diversity is highest in the herb layer,
biodiversity of forest community is largely a function of
the herb layer community. According to Gilliam (2007),
the ratio between herb and tree species at the broad scale of
North American temperate forests ranges from 2 to 10.
Therefore, changes in the tree layer and their impact on the
herb layer should have serious consequences for the
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biodiversity of the whole ecosystem, and an understanding
of tree-herb interactions is essential for maintaining bio-
diversity of forests.

A proper evaluation of the effect of changes in the tree
species composition on biodiversity is also required to
meet the commitment of European states to halting the loss
of biodiversity (EEA 2007) and for the purpose of forest
ecosystems status assessment (EEA 2010). As the pressure
on forests grows and the proportion of natural forests
decreases, the need for bioindicators in forest monitoring to
track environmental changes and identify remnants of
original natural forests increases (Liira and Kohv 2010;
Blasi et al. 2010). The failure to achieve the 2010 biodi-
versity target (CBD 2011) calls for a new biodiversity
strategy with progress in biodiversity data measuring and
monitoring (EC 2011; EEA 2010). Diversity indices based
on the ground layer plant species composition are consid-
ered important indicators of forest status assessments
(Pitkdnen 1998; MCPFE 2002; Schmidt 2005; Schmidt
et al. 2006; EEA 2007; Petriccione et al. 2007). As one
aspect of tree-herb interactions, the values of diversity
measures should be influenced by tree canopy.

We approach the problem using the example of secondary
spruce stands. Planting of spruce (Picea abies (L.) Karst.) in
the place of natural broadleaved stands is one of the most
common forms of human influence on forest ecosystems in
Central Europe. Forest managers’ preference for spruce has
induced changes in nutrient cycling, litter accumulation and
soil acidification in large areas (Fanta 1997; Jonasova and
Prach 2004). Emmer et al. (1998, 2000) have described this
process as “anthropogenic borealization” with serious
impacts on the whole landscape and its biodiversity.

P. abies is a natural species in the higher mountains of
Slovakia and in many other mountain ranges in Europe but
it was planted on extended areas beyond the limits of
natural occurence, especially on sites originally occupied
by beech forests. Its influence on the herb layer has been
studied by several authors. Thus, Teuscher (1985) and
Simmons and Buckley (1992) reported an inhibition of
vascular plants by spruce, resulting in lower species rich-
ness under coniferous canopies. On the other hand Biirger
(1991), Liicke and Schmidt (1997) and Ewald (2000a)
found spruce plantations to be even richer than deciduous
stands. It was reported that beech stands tend to have low
understory diversity in comparison with pure stands of
other tree species (Tarrega et al. 2011) and mixed forests,
which was attributed to the properties of beech litter
(Molder et al. 2008). Barbier et al. (2008) concluded in a
review paper that broadleaved forests generally provide
more diversified understorey vegetation than coniferous
and that maximum diversity is observed in pure stands, not
in mixed ones. However, due to varying management and
site attributes, it is difficult to generalize the results.
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Fajmonova (1974) and Hada¢ and Sofron (1980) repor-
ted that the changes in herb layer composition depend on the
number of planted generations of P. abies on the same
locality, and several authors use the intensity of these
changes as one of the basic criteria for classifying conif-
erous forests (Hornstein 1951; Hada¢ and Sofron 1980).
The most important drivers of spruce influence on herb
layer are the changes of topsoil conditions caused by the
needle litter; such as acidification, decrease in base satura-
tion and C/N ratio, accumulation of litter and inhibition of
nutrient release (Fajmonova 1977; Ewald 2000a; Augusto
et al. 2002; Fabidnek et al. 2009). This primarily results in
an increase in acidophilous species, especially shallow-
rooted ones, and decrease in nitrophytes (Fajmonova 1974,
Ewald 2000b; Poleno 2001; Simurdova 2001; Chytry et al.
2002; Somsdk and Balkovi¢ 2002; Somsak 2003; Malis
et al. 2010). Soils under spruce lock up nitrogen and release
it in flushes after disturbance (Ewald 2009a). All of the
above-mentioned effects are generally observed regardless
of parent rock materials, even in case of base rocks as dif-
ferent as calcareous and siliceous rocks that are character-
ized by unique composition and diversity of plant
communities (Moravec et al. 2000; Chytry and Tichy 2003;
Ewald 2003; Willner and Grabherr 2007; Jarolimek and
Sibik 2008). Crystalline and carbonate rocks represent a
substantial proportion of sites with Fagus sylvatica in
Central Europe (Pott 2000; Asch 2005; Bohn et al. 2003),
however, the effect of bedrock type on diversity change in
secondary spruce stands is not yet known.

The aim of this paper is to find out whether (1) species
composition of the herb layer is significantly changed in
stands with artificial spruce (P. abies) admixture or domi-
nance, (2) species groups positively or negatively responding
to spruce introduction can be defined, (3) species diversity of
herb layer is higher in stands dominated by beech or spruce,
or in mixed stands, (4) mechanisms behind the effects of
spruce planting differ between crystalline and carbonate
bedrocks.

Materials and methods
Study area

The field research was carried out in two study areas in the
central part of Slovakia and belonging to the central West
Carpathians, the Veporské Vrchy Mts. and the Velka Fatra
Mts. (Fig. 1). In both areas, the research was restricted to
the altitudinal zone with natural dominance of beech.

The Veporské Vrchy Mts. cover approximately 800 km?.
The most widespread parent rock material is granodiorite
(Bezak et al. 1999). The soils are mostly classified as Eutric
and Dystric Cambisols, less frequently as Skeletic Cambisols
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Fig. 1 Study locations
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(TUSS Working Group WRB 2006; Malis et al. 2005). Ele-
vation ranges from 300 to 1,439 m. Mean annual tempera-
tures vary between 3.5 and 7.0 °C (§t’astn)’/ etal. 2002), and
mean annual precipitation totals between 700 and 950 mm
(Fasko and St’astny 2002). Relevés were sampled between
490 m and 1,195 m a.s.l., in which zone beech forests
dominated originally. The upper boundary of beech-domi-
nated stands under subalpine spruce forests is approximately
in 1,200 m a.s.l. in Slovakia (Blattny and St’astny 1959).
According to present observation, it is even higher than
1,300 m (depending on relief and bedrock type). In the zone
above ca. 800 m, natural beech forests are mainly mixed
with Abies alba, Fraxinus excelsior, Acer pseudoplatanus
and above 1,200 m only very rarely with P. abies.

The second area is situated in the south-western part of
the Velkd Fatra range and covers 160 km”. Parent rock
consists predominantly of dolomites, limestones and marly
limestones; therefore, the Rendzic Leptosols and Eutric
Cambisols (IUSS Working Group WRB 2006) are the most
common soil types. Calcium carbonate content is high on
dolomites within the whole soil profile; on limestones, it
may increase with depth, and on the marly limestones,
usually only the lower parts of soil profile contain calcium
carbonate. Elevation range is between 400 m and 1,595 m.
Mean annual temperatures vary between 2.5 and 6.5 °C
(ét’astn}’/ et al. 2002), and mean annual precipitation totals
between 750 and 1,250 mm (Fasko and ét’astn}'/ 2002).
The elevation of relevés ranges between 550 and 1,300 m
a.s.l. Beech forests are mostly present in this area; how-
ever, due to the more diversified geology with different
topsoil properties, the vegetation cover is also more vari-
able. In the zone above ca. 800 m, beech stands are again
mixed with A. alba, F. excelsior, A. pseudoplatanus as in
the Veporské Vrchy Mts.; however, F. sylvatica still pre-
vails as the dominant species. Especially, the natural
admixture of A. alba is very common in this altitudinal
zone of the West Carpathians, and consequently the

Table 1 Descriptive data on study areas

Study area Veporské vichy Mts.  Velké Fatra Ms.
Area 800 km* 160 km?
Altitudinal 490 m—1,195 m a.s.l.  550-1,300 m a.s.l.
range of
relevés

Parent rock Granodiorite Dolomites, limestones,

materials marly limestones

Soil unit Eutric, Dystric and Rendzic Leptosols, Eutric

Skeletic Cambisols Cambisols

Mean annual 3.5-7.0 °C 2.5-6.5 °C
temperatures

Mean annual 700-950 mm 750-1,250 mm
precipitation

Vegetation Eu-Fagenion Cephalanthero-Fagenion
units suballiance or Eu-Fagenion

suballiance

mountain beech forests are called fir-beech. The overview
of both areas is presented in Table 1.

Vegetation sampling

In order to reduce site variability as much as possible and
to increase the proportion of variability caused by tree
species, the stratified sampling was applied. The selection
of sites for vegetation sampling was based on specification
of following criteria.

Terrain characteristics, landforms and spatial distribution

Samples were positioned on slopes between 10° and 40°, and
all other landforms such as ridges and valley bottoms
occupied by specific communities were excluded. Suitable
locations were identified by overlaying of geomorphological
and geological information. Extraction of landforms was
based on Wood (1996) and identified from a DEM (30 m
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resolution) using the module r.param.scale in GRASS GIS
(Neteler and Mitasova 2008). Although systematic stratifi-
cation by elevation was not applied, observers made an effort
in subjective selection of relevés position to keep the sam-
pling balanced along the altitudinal gradient and more or less
regular within spatial distribution.

Geological substratum

Granodiorite in the Veporské Vrchy Mts. (representing
crystalline and siliceous parent rocks), dolomites, lime-
stone and marly limestones in the Velka Fatra range (rep-
resenting carbonate bedrock types) were considered as
geological substrata for sampling and extracted from geo-
logical maps (Polédk et al. 1997; Bezdk et al. 1999).

Potential vegetation

Only the sites of potential vegetation units Eu-Fagenion or
Cephalanthero-Fagenion (only in the calcareous region
Velkd Fatra Mts.) suballiance (Jarolimek and Sibik 2008)
with potential dominance of F. sylvatica were sampled.
Occurrence of spruce in sampled stands is not natural in
crystalline region (Vladovi¢ 2003) with the exception of a
certain admixture in the coldest sites above 1,200 m a.s.l.
In the Cephalanthero-Fagenion communities of calcareous
region P. abies is regularly admixed with increasing
abundance with altitude (Vladovi¢ 2003); however, in the
majority of sites it occurs with a natural proportion of less
than 10 %. Sites of the vegetation units were identified
according to potential vegetation maps provided by
National Forest Centre (NFC).

Tree species composition and structure

Plots were situated in natural stands with beech dominance
and in secondary stands with various proportions of spruce.
Both managed and unmanaged stands with a similar
structure (closed stands dominated by upper tree layer)
were sampled. Management followed uniform patterns
under centralized socialist planning schemes during the
second half of the twentieth century. Stands were managed
by more or less regular thinning. Some of the stands in the
Velkd Fatra Mts. (calcareous region), both beech- and
spruce-dominated, were left without thinning in the last
few decades as they were incorporated into protected areas.
Nevertheless, there was no strong difference in stand
structure between managed and unmanaged stands within
our data set, as several structural characteristics (canopy
cover, tree density, age) were used as selection criteria of
plot placement. The sampling plots were located only in
the closed stands (canopy cover over 70 %) aged
70-130 years to avoid inhibition in high-density young
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stands on the one hand, and luxuriance of ground vegeta-
tion in low density senescing stands on the other. Stands
affected by insect-induced mortality were not included.
Information on tree composition, age and crop density of
stands was extracted from forest stand inventory data.
Selection criteria were verified directly in the field during
sampling.

Forest stand persistency

Stands planted on former grasslands were not included and
continuity of forest cover was checked on historical maps
from the nineteenth century (Timar et al. 2006).
Altogether 123 phytosociological relevés from the
crystalline region and 153 relevés from the calcareous
region were analysed. Data set sampled by the authors was
completed from literature and database of NFC by relevés,
which meet the same selection criteria as sampling proce-
dure. Plots were square or rectangular, with an area of ca.
400 m? (in several cases up to 500 m?). Species abundance
was estimated using Braun-Blanquet’s scale adjusted by
Barkman et al. (1964) and Zlatnik’s scale (Randuska et al.
1986) and transformed to percentage values for the purpose
of analysis. According to Zlatnik (1976), the following
vegetation layers were distinguished: trees above the main
storey (tree layer 1), trees of the main storey (tree layer 2),
trees under the main storey and higher than half-height of
the main storey (tree layer 3), trees and shrubs lower than
half-height of the main storey (tree layer 4), trees and shrubs
lower than 130 cm (tree layer 5), and herbs (herb layer). In
analyses, species data were aggregated to the three basic
layers (tree, shrub, herb); the moss layer was not included.
The plant species names follow the checklist of Slovakia
(Marhold and Hindédk 1998), and those of syntaxa, the list of
vegetation units of Slovakia (Jarolimek and Sibik 2008).

Data analyses

Data analyses follow two analytical approaches. The first is
based on constrained ordination using the matrix of the
canopy tree species as environmental variables. The asso-
ciation of individual herb species with the increasing spruce
cover was investigated. This approach implies the cover of
herbs as a measure of their response and provides the pos-
sibility to exclude the influence of other environmental
factors. The second approach compared the plant species
composition between three groups of relevés with different
covers of spruce. The association of herbs with spruce is
evaluated using their presence expressed by the frequency
within relevé groups and the fidelity value as well. Measur-
ing fidelity (Chytry et al. 2002) allows to statistically define
the species that are diagnostic for the differentiation of
vegetation units (Bruelheide 2000), in this case defined by
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different cover of spruce. This approach eliminates the effect
of species abundance, which could be affected by various
hidden effects. In this matter, the impact of spruce is con-
sidered as negative only when species is excluded from the
plant community. The second approach does not imply the
correction for covariables, and many confounding variables
remain hidden. However, there is another advantage coming
from the possibility of standardization of relevé group size,
which eliminates the unevenness in the number of relevés
with different cover of spruce.

Cover of tree species sampled in more than one tree layer
was calculated using the JUICE programme (Tichy 2002)
as follows, under the assumption that canopies overlap
randomly:

Calculation of cover in case of one tree species occur-
rence in two layers:

A + (1-A) x B = cumulative cover of tree
A—cover value of tree species in the first layer
B——cover value of tree species in the second layer

Calculation of cover in case of one tree species occur-
rence in three layers:

A+ (1 —-A) xB+1—-[A+({1—-A) xB]

x C = cumulative cover of tree species
A—cover value of tree species in the first layer
B——cover value of tree species in the second layer
C—-cover value of tree species in the third layer

Only the upper three tree layers (tree layer 1, 2 and 3)
were used as constraining variables in ordination. The
matrices of these cumulative cover values were used in
analyses.

Ordination analyses

Ordination analyses of the two data sets were carried out in
Canoco for Windows 4.5 (Ter Braak and Smilaver 2002)
using logarithmic transformation of herb cover values and
biplot scaling on inter-species distances. The adequacy of
unimodal versus linear response models in ordination was
assessed by detrended correspondence analysis (DCA) and
detrended canonical correspondence analysis (DCCA), both
with detrending by segments and SD scaling of axes (@kland
1990). Impact of tree species on the understorey was eval-
uated by direct ordination techniques, once using all domi-
nant tree species as environmental variables and once using
spruce cover as the only environmental variable.

Stratified selection of sampling sites excluded undesir-
able landforms; however, the effect of other abiotic factors
such as altitude still remained in vegetation data. There-
fore, significance of altitude, total canopy cover, slope
inclination and orientation (southness) influence was tested
by Monte Carlo permutation test with forward manual

selection, unrestricted permutation and 999 runs in CCA
(canonical correspondence analysis). CCA was suggested
by lengths of gradient in DCA (3.7, 3.4 SD) in the cases of
both areas. Southness was derived from slope orientation
and used in order to obtain an ecologically meaningful
evaluation of slope aspect from the thermal point of view.
Transformed aspect (dyans) Was calculated following the
approach of Reger et al. (2011) and Beers et al. (1966) (see
also Ewald 2009b) as

Atrans — COS(amax - a)

where a is the slope aspect in degrees, and a,,,x the ther-
mally most favoured aspect. A SSE (202.5°) orientation
was assumed to have the highest heat exposure. Slope
aspect in degrees was converted to radians by multiplying
by pi/180, resulting in values that vary between —1.0
(thermally least favoured aspect) and 1.0 (thermally most
favoured aspect). Finally, all tested abiotic factors showed
significant influences on the herb layer and were included
in further ordinations as covariables in order to eliminate
their influence and to extract the partial effect of the tree
layer. The impact of tree species on the understorey was
subsequently evaluated by constrained ordination methods
and according to the length of constrained gradients in
DCCA (all dominant tree species as constraining variables
1.6, 1.4 SD; spruce cover as constraining variable 1.2, 1.1
SD), the linear method redundancy analysis (RDA) was
applied. RDA was run twice, once using all dominant tree
species as environmental variables and once using spruce
cover as the only environmental variable. The purpose of
the first case was to investigate the joint influence of tree
species on herb layer and their interactions, using RDA
biplots (Fig. 2) and explained variance of species data
(Table 2). The isolated influence of each tree species was
tested again by the Monte Carlo test. The purpose of the
second case was to extract the direct relationship between
P. abies and herb species through the RDA score on the
first ordination axis (Figs. 3, 4). Additionally to this anal-
ysis, the significance of the herb species response to spruce
was tested by partial correlation analysis (Statistica 7.1,
StatSoft 2005). To obtain the same model, the cover values
of understorey species were also logarithmically trans-
formed, and calculation was done with controlling for the
same variables that were used as covariables in RDA.

Analyses of releve” groups with different proportions
of spruce

Comparison of three relevé groups with a different pro-
portion of spruce in the tree layer was based on the same
relevé data as in ordination. The first group represents the
natural beech-dominated stands without P. abies in the
crystalline region and with the proportion of spruce under
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Fig. 2 Tree species influence on the herb layer in the crystalline (leff)
and calcareous region (right) according to RDA (log-transformation
of herb covers; covariables: elevation, slope, southness, total canopy

10 % in the calcareous region. These zero and 10 % limits
were derived from the natural proportion of tree species in
forest types according to Vladovi¢ (2003). The second
group involves mixed stands with a spruce proportion of
under 50 %. The relevés with a proportion of spruce
exceeding 50 % are classified into the third group. Groups
were compared in terms of floristic composition, diversity
and similarity. The floristic comparison of groups was
carried out using the JUICE software (Tichy 2002).
Fidelity (phi coefficient based on presence/absence data)
with respect to relevé groups was calculated for each
species in each data set. The size of all relevé groups was
standardized to equal size and Fisher’s exact test was
carried out using significance level p < 0.05. Juvenile
shrubs and trees present in the herb layer were excluded.

The influence of P. abies on herb layer diversity was
assessed by comparing common diversity indices between
relevé groups. Shannon-Wiener index, Shannon‘s equita-
bility (evenness) as proposed by Pielou (1975), and species
richness were calculated in JUICE. Results are presented as
box plots (Statistica 7.1, StatSoft 2005). Mean values of
diversity measures in relevé groups were compared by
Tukey’s post hoc test in analysis of variance.

To evaluate the overall extent of compositional change
caused by increasing proportions of spruce, pairwise sim-
ilarity (Sgrensen index based on presence/absence) of rel-
evés was calculated in JUICE (Tichy 2002) and compared
between groups by a Mann—Whitney U test. Relevé groups
with varying proportions of P. abies were also compared
with respect to indicator values for soil reaction and light
(Ellenberg et al. 1992) to assess the specific effect of soil
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cover) with cover of dominant tree species as environmental
variables. Herb species with highest fit range are plotted (5-100 %
in both cases)

acidification and changes in the light conditions caused by
spruce. The calculation was done without the weighting by
species cover.

Results
Ordinations

Intotal 275 taxa were recorded, 121 common to both regions,
17 unique for the crystalline and 137 for the calcareous
range. The number of taxa was almost twice as high in the
calcareous area. Testing of the abiotic factors showed their
significant influence on the herb layer. Together, they
explained 9.5 % of the species composition variance in the
crystalline area and 8.3 % in the calcareous region. Altitude
was the most significant variable in the both regions
(Table 2). Consequently, all factors were included into both
types of ordinations as the covaribles.

The first type of a constrained ordination (using all
dominant tree species as explanatory variables) showed that
all dominant trees (except F. excelsior in calcareous area)
have significant correlation with the herb layer vegetation
(Table 2). In the case of the crystalline area, the correlation
was almost twice higher. The cover of beech and spruce in
the tree layers explained similar proportions of variability,
and their influence was more or less the most relevant.
P. abies cover explained a relatively small proportion of
overall variability of species composition (crystalline region,
4.75 %; calcareous region, 1.5 %), nevertheless its influence
was highly significant in both mountain ranges. RDA biplots
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Table 2 Tree species influence on herb layer measured as explained
variance in RDA (log-transformation of herb covers; covariables:
elevation, slope, southness, total canopy cover) with forward selection
and Monte Carlo permutation test (marginal effects—variance

explained by the single variable, that is, when variable is used as
the only environmental variable; conditional effects—variance
explained by the variable at the time it was included to the model;
% exp.—percentage of explained variance of species data)

Veporské vrchy Mts. (crystalline region)

Covariables together explained 9.5 % of variance (marginal effects:
altitude 4.0 %, total canopy cover 2.9 %, slope inclination 2.0 %,
southness 1.7 %)

Velkd Fatra Mts. (calcareous region)

Covariables together explained 8.3 % of variance (marginal effects:
altitude 3.2 %, slope inclination 3.0 %, southness 1.5 %, total canopy
cover 1.1 %)

Total variance 1.000
Sum of all eigenvalues 0.864
Sum of all canonical eigenvalues 0.097

Total variance 1.000
Sum of all eigenvalues 0.869
Sum of all canonical eigenvalues 0.056

Tree species Marginal effects Conditional effects

Tree species Marginal effects Conditional effects

% exp. pvalue % exp. p value % exp. p value % exp. p value
Picea abies 4.75 0.002 4.75 0.001 Abies alba 1.84 0.004 1.84 0.004
Fagus sylvatica 4.17 0.002 0.93 0.205 Fagus sylvatica 1.73 0.001 1.73 0.006
Fraxinus excelsior 2.78 0.002 1.74 0.006 Picea abies 1.50 0.014 1.27 0.025
Acer pseudoplatanus ~ 2.08 0.006 1.39 0.018 Acer pseudodoplatanus 1.38 0.006 1.15 0.031
Abies alba 1.85 0.012 2.55 0.002 Fraxinus excelsior 0.69 0.384 0.46 0.881
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Fig. 3 Comparison of plant species diversity between relevé groups
with increasing spruce cover in both mountain ranges. Box plots
present median, 25 and 75 % quantiles, min and max values. The

(Fig. 2) show that the influence of conifers and especially of
spruce has an opposite effect to that of broadleaved trees.
The second type of the constrained ordination used the
spruce cover in the tree layers as the only one explanatory
variable. The species score on the first RDA axis (the only
constrained axis in this analysis) was used to express a positive
or negative affinity of the herb species to spruce canopies. The
values as well as the diagnostic status of species (those with
significant fidelity in one of the relevé groups with different

1‘(A) 2'(;\) 3{;\) 1Ea) 2(;;) 3£b)
Group

1(A) 2(8) 3(AB) 1(a) 2(a) 3(a)
Group

significance of differences of the mean values between groups within
region are marked by capital (crystalline region) or small (calcareous
region) letters

proportion of spruce) are presented in the Tables 3 and 4.
Negative affinity to the spruce cover usually implies a positive
affinity to beech and/or other broadleaved trees.

Comparison of relevé groups with different cover
of spruce

The first group representing original beech-dominated
forests had the lowest number of diagnostic species in both
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study areas. Only 6 out of 82 diagnostic species (7 %)
showed a clear affinity to the first relevé group without
P. abies on calcareous bedrock, while on the crystalline
bedrock of the Veporské Vrchy Mts. it was 7 out of 24
(21 %). On the other hand, in the Veporské Vrchy range,
all groups were similar in size, whereas in the calcareous
Veika Fatra range, there were many more species associ-
ated with spruce. The majority of species in the calcareous
bedrock region showed an affinity to the mixed or spruce-
dominated forests—spruce appeared to have a very posi-
tive effect on species richness of vegetation on limestones
or dolomites. When abundance of species was taken into
account (RDA), the reaction of communities was similar.
Of taxa from calciphilous vegetation, 64.7 % had positive
RDA scores. In the case of vegetation on crystalline bed-
rock, the proportions of species with different scores were
very balanced (49.6 % positive score/50.4 % negative
score). It can be concluded that spruce promotes the
occurrence of a large number of new species (especially on
calcareous bedrock) and reduces the presence of only a few
species. Many species of the natural community persist in
spruce forests. Consequently, species richness is higher in
relevés with elevated cover of P. abies (Fig. 3).

Species diversity in the secondary spruce-dominated
forests was not lower, but species composition was sig-
nificantly different from the beech forests (Table 5). In
general, the relationship between the spruce cover and the
species diversity expressed by the Shannon—Wiener index

@ Springer
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was weak (Fig. 3). Only the mixed forests with beech
dominance in the crystalline region (2nd relevé group) had
significantly increased diversity compared with the 1st
group. Non-significant differences of Shannon—Wiener
index values in the calcareous region are a consequence of
a contradictory change of the two components of the index:
evenness decreased and species richness increased with
spruce cover. Lower evenness of calciphytic communities
under mixed and spruce canopies is caused by the occur-
rence of new spruce-related species with low cover val-
ues as well as by increased abundance of species such
as Sesleria varia, Carex alba, Oxalis acetosella and
Melampyrum sylvaticum, which increased in cover two to
four times. Spruce stands in the calcareous range had 5-6
(10 %) more taxa on average compared with the pure
beech stands, whereas on the crystallines were richer only
by two species on average.

Species association with spruce across regions

A large proportion of taxa (59.5 %) showed consistent
association with spruce cover across the studied areas.
Taking into account only species with a significant correla-
tion with spruce according to partial correlation analysis, the
number was reduced to 25 species (20.7 %). Finally, only
O. acetosella, Hieracium murorum, Luzula luzuloides and
Vaccinium myrtillus were significantly and positively asso-
ciated with spruce in both regions. A significant and negative
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Table 3 Synoptic table of relevé groups with different cover of P. abies in the Veporské Vrchy study area with crystalline bedrock

Relevé group 1 2 3 Species response to spruce
Proportion of P. abies (%) 0 0-50 0-50

Number of relevés 44 60 19

Frequency (%)—freq; Fidelity—fid Freq Fid Freq Fid Freq Fid RDA score Partial R
Species with significant fidelity in the 1st group

Alliaria petiolata 32 48.7 0 - 0 - —-0.232 —0.251*
Galeobdolon luteum agg. 95 29.4 82 - 58 - —0.275 —0.290*
Tithymalus amygdaloides# 18 25.1 2 - 5 - —0.130 —0.143
Hedera helix 7 21.6 0 - 0 - —0.116 —0.121
Mercurialis perennis# 75 19.8 62 - 47 - —-0.207 —0.219%
Geranium robertianum 77 19.6 57 - 58 - —0.120 —0.141
Urtica dioica 66 13.7 45 - 58 - —0.003 —0.004
Species with significant fidelity in the 2nd group

Anemone nemorosa# 5 - 25 242 11 - 0.013 0.013
Luzula sylvatica 0 - 8 23.9 0 - —-0.014 —0.015
Cystopteris fragilis# 2 - 10 21.1 0 - —0.034 —0.035
Festuca gigantea 9 - 27 17.8 16 - 0.093 0.098
Oxalis acetosella# 80 - 97 15.2 95 - 0.403 0.448*
Epilobium montanum# 5 - 20 13.6 16 - 0.168 0.180
Dryopteris carthusiana agg.# 48 - 70 11.6 68 - 0.112 0.124
Species with significant fidelity in the 3rd group

Veronica officinalis# 0 - 15 - 42 41.6 0.432 0.446*
Hieracium murorum# 5 - 25 - 53 40.0 0.445 0.453*
Luzula luzuloides# 20 - 35 - 68 39.0 0.428 0.443%*
Milium effusum 14 - 23 - 53 352 0.298 0.318*
Hieracium lachenalii 0 - 0 - 16 333 0.298 0.302%*
Maianthemum bifolium# 9 - 23 - 47 332 0.232 0.237*
Festuca altissima 7 - 8 - 32 31.2 0.282 0.285*
Vaccinium myrtillus# 0 - 3 - 16 27.3 0.220 0.227*
Hypericum maculatum# 0 - 0 - 11 27.0 0.303 0.314*
Carex muricata agg.# 5 - 2 - 16 229 0.102 0.105
Species without significant fidelity with frequency in the Ist group >10 %

Polygonatum multiflorum# 14 - 5 - 0 - —0.191 —0.214*
Dentaria enneaphyllos# 11 - 8 - 5 - —0.050 —0.052
Cicerbita alpina 11 - 5 - 0 - —0.169 —0.177
Myosotis sylvatica agg. 11 - 8 - 5 - 0.033 0.036
Species without significant fidelity with frequency in the 2nd group >10 %

Viola canina 9 - 13 - 0 - 0.023 0.027
Circaea lutetiana 7 - 12 - 0 - —0.087 —0.090
Petasites albus 5 - 12 - 0 - —0.026 —0.026
Veronica montana# 5 - 10 - 5 - —0.022 —0.023
Species without significant fidelity with frequency in the 3rd group >10 %

Scrophularia nodosa# 5 - 8 - 16 - 0.158 0.164
Calamagrostis arundinacea# 5 - 7 - 16 - 0.142 0.146
Soldanella speciest 2 - 5 - 16 - 0.139 0.143
Chrysosplenium alternifolium# 5 - 8 - 16 - 0.155 0.160
Avenella flexuosa 0 - 2 - 11 - 0.216 0.220*
Hypericum perforatumt 0 - 2 - 11 - 0.234 0.240*
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Table 3 continued

Relevé group 1 2 3 Species response to spruce
Proportion of P. abies (%) 0 0-50 0-50

Number of relevés 44 60 19

Frequency (%)—freq; Fidelity—fid Freq Fid Freq Fid Freq Fid RDA score Partial R
Galeopsis speciest# 5 - 8 - 11 - 0.129 0.133
Species without significant fidelity with frequency in the Ist and the 2nd group >10 %

Pulmonaria officinalis agg. 36 - 37 - 5 - —0.200 —0.207*
Sorbus aucuparia 20 - 27 - 0 - —0.146 —0.174
Aegopodium podagraria 18 - 10 - 0 - —0.136 —0.139
Lamium maculatum# 16 - 12 - 5 - —0.063 —0.067
Veratrum album ssp. lobelianum 14 - 15 - 0 - —0.136 —0.148
Species without significant fidelity with frequency in the Ist and the 3rd group >10 %

Chelidonium majus 16 - 5 - 11 - —0.102 —0.118
Glechoma hederacea agg.# 11 - 5 - 21 - 0.153 0.163
Species without significant fidelity with frequency in the 2nd and the 3rd group >10 %

Galeopsis pubescens 5 - 12 - 11 - —-0.014 —0.014

Species without significant fidelity with frequency in the Ist, the 2nd and the 3rd group >10 %

Galium odoratum 91; 87; 58; —0.362; —0.402*, Athyrium filix-femina 89; 93; 95; 0.078; 0.080, Dryopteris filix-mas 84; 90; 100; 0.230; 0.237*,
Senecio nemorensis agg.# 73; 87; 79; 0.178; 0.185%, Viola reichenbachiana# 68; 55; 68; —0.144; —0.175, Mycelis muralis# 64; 72; 84; 0.213;
0.228%*, Dentaria bulbifera# 59; 65; 47, —0.116; —0.117, Rubus idaeus# 50; 70; 74; 0.123; 0.134, Stellaria nemorumi 50; 45; 47, —0.063; —
0.064, Asarum europaeum 48; 37; 26; —0.136; —0.159, Salvia glutinosa 45; 50; 47; —0.023; —0.029, Actaea spicata 36; 40; 16; —0.077; —
0.083, Paris quadrifolia# 34; 45; 32; 0.046; 0.047, Rubus hirtus s.lat. 32; 37; 53; —0.018; —0.020, Prenanthes purpurea 32; 52; 63; 0.137; 0.151,
Stachys sylvatica 32; 22; 11; —0.244; —0.259%, Polygonatum verticillatumi# 30; 35; 32; —0.022; —0.026, Gymnocarpium dryopteris# 27; 47; 47,
—0.008; —0.008, Impatiens noli-tangere# 25; 37; 32; —0.013; —0.014, Fragaria vescat 20; 20; 26; 0.133; 0.142, Sanicula europaea# 20; 17; 26;
0.004; 0.004, Ajuga reptans 14; 27; 42; 0.153; 0.156

For each species frequency and fidelity (phi coefficient; p < 0.05) in relevé groups as well as their RDA-score (log-transformation of herb
covers; constraining variable: Picea abies cover; covariables: elevation, slope, southness, total canopy cover) and partial correlation coefficient
(* p < 0.05) are presented. Species occurring in >10 % of relevés in the whole data set and concordant association with spruce on both bedrock

types are marked by a grid mark #

correlation of the same species in both regions was not found;
however, according to fidelity measuring within relevé
groups, Mercurialis perennis showed significant affinity to
beech stands without spruce (st relevé group) regardless
of bedrock. Veronica officinalis, Anemone nemorosa and
Epilobium montanum were diagnostic for stands with spruce
admixture (2nd and 3rd relevé group) in both the Velka Fatra
and the Veporské Vrchy ranges.

Many characteristic species of beech forests such as
Dentaria enneaphyllos, Dentaria bulbifera, Galium odor-
atum, Tithymalus amygdaloides, Bromus benekenii and
Hedera helix showed negative correlation with P. abies
cover or affinity to beech stands at least in one of the
regions, confirming their tight relation to F. sylvatica. On
the other hand, some of the beech-related species (Asarum
europaeum, Paris quadrifolia, Glechoma hederacea agg.,
Viola reichenbachiana) showed significant affinity to
spruce stands (3rd relevé group) on calcareous bedrock.
Contradictory affinity to relevé groups was found in case of
Galeobdolon luteum agg., Actaea spicata, Geranium rob-
ertianum, Urtica dioica, Aegopodium podagraria, Stachys
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sylvatica and Milium effusum. A large number of species
had a significant correlation with spruce cover or affinity to
some relevé group in one area, but not in the other.

Several common species such as Athyrium filix-femina,
Polygonatum verticillatum, Fragaria vesca, Sanicula
europaea and Ajuga reptans showed neither a significant
difference of frequency between groups, nor any significant
correlation with cover of spruce.

Of course, there were also many species with a clear
association with beech or spruce that were specific to one
mountain range and therefore not comparable. Thus,
acidophilous species such as Avenella flexuosa and Festuca
altissima were associated with spruce in the crystalline
region and missing, or having a very low percentage fre-
quency on carbonate bedrock. Conversely, calcicolous
species such as Cephalanthera rubra, Epipactis atrorubens
and Hacquetia epipactis were typical for beech forests in
calcareous range and missing on crystalline bedrock. The
increasing proportion of acidophytes in spruce stands of the
crystalline range is also indicated by Ellenberg indicator
values (Fig. 4).
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Table 4 Synoptic table of relevé groups with different cover of Picea abies in the Vel’kd Fatra study area with calcareous bedrock

Relevé group 1 2 3 Species response to spruce
Proportion of P. abies (%) 0-10 10-50 50-100

Number of relevés 48 55 50

Frequency (%)—freq; Fidelity—fid freq fid freq fid freq fid RDA score Partial R
Species with significant fidelity in the 1st group

Dentaria bulbifera# 73 324 29 - 48 - —0.181 —0.185*
Dentaria enneaphyllos# 50 32.2 22 - 16 - —0.230 —0.236*
Milium effusum 6 20.6 0 - 0 - —0.077 —0.079
Bromus benekenii# 17 17.9 7 - 4 - -0.217 —0.222%
Mercurialis perennis# 96 16.6 89 - 80 - —0.116 —0.121
Hacquetia epipactis 25 15.6 7 - 18 - —0.157 —0.161*
Species with significant fidelity in the 2nd group

Carduus defloratus 8 - 36 38.6 4 - 0.008 0.009
Calamagrostis varia 48 - 78 37 30 - 0.030 0.036
Melampyrum sylvaticum 4 - 38 36.8 12 - 0.036 0.039
Sesleria albicans 8 - 38 36.7 8 - 0.155 0.179*
Rubus saxatilis 10 - 40 35 10 - 0.066 0.070
Buphthalmum salicifolium 4 - 25 343 - —0.007 —0.007
Laserpitium latifolium 10 - 35 33.1 - 0.006 0.007
Valeriana tripteris# 29 - 58 30.8 24 - 0.121 0.142
Pimpinella major - 25 27.6 8 - 0.140 0.155
Lotus corniculatus - 11 27.5 0 - —0.012 —0.012
Achillea distans - 20 25.6 2 - —0.093 —0.097
Gentiana asclepiadea - 22 25.5 4 - 0.084 0.087
Vaccinium myrtillus# 23 - 47 25.4 22 - 0.158 0.177*
Cephalanthera damasonium 10 - 24 25.3 2 - —0.194 —0.195%
Teucrium chamaedrys 0 - 9 25 0 - 0.010 0.011
Leontodon incanus 0 - 9 25 0 - 0.023 0.024
Melittis melissophyllum 33 - 51 24 20 - —0.140 —0.149
Soldanella species# 4 - 22 23.4 8 - 0.264 0.293*
Carex flacca 15 - 25 233 2 - —0.034 —0.038
Carex alba 44 - 76 22.7 62 - —0.001 —0.001
Tanacetum corymbosum agg. 25 - 42 225 16 - —0.009 —0.010
Geranium sylvaticum 0 - 7 223 0 - 0.084 0.087
Viola collina 0 - 7 223 0 - 0.028 0.029
Vaccinium vitis-idaea 2 - 13 21.9 2 - 0.057 0.059
Poa stiriaca 31 - 49 20.2 26 - —0.012 —0.012
Gymnocarpium robertianum 4 - 24 19.8 14 - 0.184 0.195*
Convallaria majalis 4 - 22 19.5 12 - 0.074 0.078
Polygonatum odoratum 0 - 11 19.3 4 - 0.003 0.003
Tofieldia calyculata 0 - 5 19.2 0 - 0.079 0.082
Pulsatilla slavica 0 - 5 19.2 0 - 0.062 0.065
Thymus species 0 - 5 19.2 0 - 0.018 0.019
Asperula tinctoria 0 - 5 19.2 0 - 0.008 0.009
Cyclamen purpurascens 0 - 5 19.2 0 - 0.007 0.007
Polystichum lonchitis 0 - 5 19.2 0 - 0.104 0.109
Knautia maxima 4 - 18 18.9 8 - 0.129 0.139
Tithymalus amygdaloides# 67 - 82 18 62 - —0.002 —0.002
Daphne mezereum# 31 - 56 16.8 46 - 0.156 0.164*
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Table 4 continued

Relevé group 1 2 3 Species response to spruce
Proportion of P. abies (%) 0-10 10-50 50-100

Number of relevés 48 55 50

Frequency (%)—freq; Fidelity—fid freq fid freq fid freq fid RDA score Partial R
Orthilia secunda 8 - 16 16.3 4 - —0.003 —0.003
Cirsium erisithales 40 - 55 15 38 - 0.076 0.081
Species with significant fidelity in the 3rd group

Carex sylvatica 13 - 5 - 50 46.2 0.221 0.242*
Rubus idaeus# 44 - 24 - 74 38.1 0.091 0.098
Asarum europaeum 60 - 33 - 86 37.9 0.101 0.134
Geranium robertianum 35 - 15 - 62 36.1 0.151 0.152
Veronica officinalis# 6 - 7 - 28 29 0.132 0.141
Epilobium montanum# 27 - 7 - 44 28.8 0.162 0.168*
Scrophularia nodosa# 6 - 5 - 26 28.7 0.116 0.120
Paris quadrifolia# 29 - 15 - 50 28.6 0.127 0.134
Salvia glutinosa 15 - 5 - 32 27.4 0.147 0.155
Melica nutans 17 - 31 - 50 26.4 0.122 0.127
Cardamine impatiens 4 - 4 - 20 26.2 0.180 0.181*
Stachys sylvatica 8 - 2 - 22 25.8 0.130 0.133
Oxalis acetosella# 79 - 60 - 92 25.1 0.240 0.282*
Brachypodium sylvaticum# 31 - 16 - 48 24.5 —0.006 —0.007
Chrysosplenium alternifolium# 2 - 0 - 12 244 0.175 0.178*
Hypericum hirsutum# 2 - 2 - 14 24 0.154 0.161*
Aegopodium podagraria 2 - 4 - 16 23.9 0.125 0.134
Carex digitata# 25 - 49 - 62 23.6 0.153 0.168*
Mycelis muralis# 83 - 65 - 94 23.5 0.081 0.086
Ajuga genevensis 0 - 0 - 8 234 0.213 0.218*
Galeopsis species# 0 - 0 - 8 234 0.116 0.119
Luzula pilosa# 0 - 7 - 16 21.8 0.090 0.097
Moehringia trinervia 0 - 4 - 12 21.6 0.138 0.142
Anemone nemorosa# 2 - 0 - 10 21.5 0.094 0.098
Senecio nemorensis agg.# 79 - 69 - 92 21.1 0.121 0.128
Brachypodium pinnatum 0 - 13 - 20 20.6 0.146 0.153
Dryopteris filix-mas 73 - 42 - 78 20.3 -0.047 -0.050
Luzula luzulina# 0 - 0 - 6 20.2 0.115 0.118
Actaea spicata 31 - 18 - 44 19.6 0.088 0.093
Petasites albus 40 - 36 - 58 19 0.163 0.172*
Poa nemoralis 8 - 4 - 18 18.9 0.132 0.134
Glechoma hederacea agg.# 0 - 2 - 8 18.8 0.099 0.104
Campanula persicifolia 13 - 20 - 32 18.1 0.164 0.170*
Urtica dioica 13 - 9 - 24 17.3 0.048 0.051
Galeobdolon luteum agg. 48 - 36 - 60 16.9 0.100 0.104
Eupatorium cannabinum 23 - 15 - 32 14.8 —0.020 —0.021
Viola reichenbachiana# 77 - 60 - 82 14.3 —0.086 —0.096
Species with significant fidelity in the 1st and the 3rd group

Galium odoratum# 63 19.2 18 - 66 242 —0.010 —0.010
Species without significant fidelity with frequency in the 1st group > 10 %

Myosotis sylvatica agg. 15 - 9 - 8 - —0.006 —0.006
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Table 4 continued

Relevé group 1 2 3 Species response to spruce
Proportion of P. abies (%) 0-10 10-50 50-100

Number of relevés 48 55 50

Frequency (%)—freq; Fidelity—fid freq fid freq fid freq fid RDA score Partial R
Hordelymus europaeus# 13 - 5 - 8 - —0.040 —0.042
Veronica montana# 10 - 0 - 6 - —0.003 —0.003
Isopyrum thalictroides# 10 - 5 - 0 - —-0.217 —0.217*
Stellaria nemorum# 10 - 4 - 8 - —0.016 —0.016
Hedera helix# 10 - 4 - 4 - —0.138 —0.145
Species without significant fidelity with frequency in the 2nd group > 10 %

Crepis paludosa 8 - 15 - 6 - 0.094 0.103
Phyteuma orbiculare 6 - 13 - 2 - 0.021 0.022
Campanula species# 6 - 13 - 8 - 0.107 0.116
Platanthera bifolia 8 - 11 - 6 - —0.042 —0.042
Species without significant fidelity with frequency in the 3rd group >10 %

Cortusa matthioli 6 - 5 - 12 - 0.309 0.326*
Clinopodium vulgare 0 - 9 - 12 - 0.105 0.108
Moneses uniflora 2 - 5 - 10 - 0.177 0.180%*
Aruncus dioicus 8 - 7 - 10 - 0.024 0.025
Circaea lutetiana 6 - 0 - 10 - 0.012 0.012
Lapsana communis 6 - 2 - 10 - 0.029 0.029
Gymnocarpium dryopteris# 8 - 4 - 10 - —0.040 —0.041
Veronica chamaedrys# 0 - 9 - 10 - 0.013 0.014
Species without significant fidelity with frequency in the 1st and the 3rd group > 10 %

Ranunculus lanuginosus 23 - 7 - 22 - 0.019 0.19
Polygonatum multiflorum# 19 - 9 - 12 - —0.102 —0.110
Neottia nidus-avis 19 - 5 - 22 - —0.011 —0.012
Aconitum lycoctonum 19 - 7 - 12 - 0.013 0.014
Impatiens noli-tangere# 13 - 2 - 12 - —0.030 —0.030
Rubus hirtus s.lat. 13 - 7 - 18 - 0.007 0.007
Symphytum tuberosum 13 - 4 - 18 - 0.027 0.028
Species without significant fidelity with frequency in the 2nd and the 3rd group >10 %

Asplenium viride 6 - 18 - 10 - 0.221 0.238*
Vincetoxicum hirundinaria 6 - 18 - 12 - 0.061 0.066
Hieracium bifidum 6 - 16 - 12 - 0.094 0.098
Clematis alpina 4 - 11 - 12 - 0.078 0.083
Tussilago farfara 4 - 11 - 14 - 0.071 0.073

Species without significant fidelity with frequency in the Ist, the 2nd and the 3rd group >10 %

Prenanthes purpurea 92; 87; 74; —0.152; —0.172%, Polygonatum verticillatum# 75; 60; 60; —0.064; —0.069, Ajuga reptans 56; 55; 50; —0.074;
—0.0.76, Fragaria vesca# 52; 64; 72; 0.068; 0.070, Athyrium filix-femina 44; 29; 50; —0.024; —0.025, Sanicula europaea# 42; 25; 44; 0.018;
0.020, Polystichum aculeatum# 38; 24; 24; —0.015; —0.017, Galium schultesii 38; 58; 64; 0.149; 0.162*, Hieracium murorum# 35; 53; 58;
0.175; 0.179%*, Campanula rapunculoides 33; 38; 40; 0.021; 0.023, Campanula trachelium# 31; 36; 38; —0.024; —0.027, Pulmonaria officinalis
agg. 31;29; 38; 0.071; 0.,72, Lilium martagon 29; 38; 20; —0.106; —0.111, Maianthemum bifolium# 29; 36; 42; 0.125; 0.137, Solidago virgaurea
27; 29; 20; —0.053; —0.055, Lathyrus vernus 25; 24; 14; —0.080; —0.082, Astrantia major 25; 36; 22; 0.053; 0.058, Phyteuma spicatum 25; 29;
30; 0.155; 0.162%*, Primula elatior# 25; 33; 42; 0.121; 0.123, Ranunculus aconitifolius 21; 18; 14; 0.076; 0.085, Ranunculus tuberosus 19; 29; 14,
—0.057; —0.058, Epipactis helleborine agg. 17; 24; 14; —0.072; —0.072, Heracleum sphondylium 17; 25; 14; 0.041; 0.043, Dryopteris
carthusiana agg.# 17; 25; 28; 0.118; 0.123, Adenostyles alliariae 15; 13; 10; 0.004; 0.004, Luzula sylvatica 13; 24; 12; 0.243; 0.298%*, Senecio
umbrosus 10; 15; 16; —0.019; —0.019, Hieracium lachenalii 10; 15; 10; —0.050; —0.051, Digitalis grandiflora# 10; 24; 22; 0.161; 0.167%,
Taraxacum species 10; 20; 24; 0.057; 0.058

See Table 3 for explanation
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Table 5 Comparison of floristic distance between relevé groups
defined by spruce cover expressed by values of percentage difference
and calculated using Sgrensen similarity and Mann—Whitney U test

Study area Ist versus 2nd 1st versus 3rd 2nd versus 3rd
Crystalline region  4.66 18.57 6.61
Carbonate region  14.00 9.70 20.90

All values are highly significant (p < 0.01)

The strength of the relationship with spruce on species
turnover differed between bedrock types (Table 5).
Whereas it appeared to increase continuously with spruce
cover on crystallines, mixed stands with 10-50 % spruce
on carbonate rocks were composed of the greatest number
of unique species. Calciphytic communities of almost pure
beech or spruce stands were more similar to each other than
to mixed stands, and many species occurred in both
types of pure stands rather than in mixed ones. Most of
these species, for example, Rubus idaeus, A. europaeum,
G. robertianum, E. montanum, P. quadrifolia, O. aceto-
sella, Brachypodium sylvaticum, Mycelis muralis, Dryop-
teris filix-mas and A. spicata showed an overall positive
association to spruce on calcareous bedrock due to their
significant fidelity to the 3rd group. This kind of discon-
tinuous reaction was not observed in the crystalline
Veporské Vrchy Mts.

Discussion

The results demonstrate that variation in P. abies cover is
significantly associated with species composition and
diversity on crystalline as well as calcareous bedrocks.
Spruce cover is associated with higher richness, especially
on calcareous rocks, whereas diversity peaked in mixed
stands of the crystalline area.

Only a few species seem to be inhibited by spruce, more
species were positively associated with the cover and the
presence of P. abies. However, many more positive cor-
relations were found on the calcareous bedrock. This partly
conflicts with the results from the calcareous Alps, where
no systematic differences in herb species richness due to
various spruce proportions (Ewald 2000a, b) or lower
richness caused by anthropogenic promotion of P. abies
were found (Teuscher 1985). In comparison with our work,
studies of Ewald (2000a, b) used more precise stratified
sampling design, which strictly balanced sites and canopy
types and was corrected for mineral soil properties. Ewald
(2000b) reported that indicators of acidity were signifi-
cantly favoured by spruce canopies (as in our case),
whereas the decrease in species characteristics of decidu-
ous forests and nitrogen indicators was not significant.
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Contrary to this, spruce appears to significantly inhibit
several species in the calcareous region of the Velkd Fatra
range, especially those which are considered to be char-
acteristic of broadleaved forests of the Querco-Fagetea
class (D. bulbifera, D. enneaphyllos, Bromus bennekenii,
H. epipactis and M. perennis). Species of the Dentaria
genus as well as M. perennis are shade tolerant spring
geophytes with relatively high demands for pH and nutri-
ents (Ellenberg et al. 1992). H. epipactis has similar
properties, but it is a hemicryptophyte (Jurko 1990, Klotz
et al. 2002). Spring geophytes are adapted to environmental
conditions of various broadleaved and especially beech
forests (Ellenberg 2009), particularly the high annual
production of litter (Packham et al. 1992) and high light
availability in the understorey in early summer. D. ennea-
phyllos is diagnostic especially for fir-beech mountain
forests (Moravec et al. 2000; Willner and Grabherr 2007),
as is D. bulbifera for the submontane beech forests of the
Western Carpathians (Jarolimek and Sibik 2008).

Species favoured by spruce differ in requirements of
nutrients or soil reaction, and they are not characteristic of
a single class. The results from the crystalline Veporské
Vrchy Mts. showed more markedly that spruce favours
acidophytes such as A. flexuosa, V. myrtillus, O. acetosella,
L. luzuloides, H. murorum and Maianthemum bifolium.
These species are considered as diagnostic of spruce forests
(Jarolimek and Sibik 2008; Chytry et al. 2002; Husova
et al. 2002; Ewald 2000b). However, they are widespread
also in other acidophilous forest communities, such as
Luzulo-Fagion, Genisto germanicae-Quercion or Abietion
albae, as well. Stands on carbonate bedrock are less
affected by acidification, and the proportion of acidophytes
within a species favoured by spruce was markedly lower.
This may be a consequence of the higher buffer capacity
of soils with high calcium carbonate content (Saly 1978;
Ulrich 1983), which reduces the acidic influence of spruce
litter. Furthermore, spruce admixture in a crystalline area
inhibits nitrophytes (Alliaria petiolata, G. robertianum,
U. dioica, S. sylvatica), and partly mesotrophic plants
(T. amygdaloides, G. odoratum), many of which are char-
acteristic for F. sylvatica forests. These results are in
accordance with other studies from acid soils (Somsak
2003; Fajmonova 1974).

M. perennis, the only common species with significant
affinity to beech stands in both areas, is considered to be
diagnostic for beech (Fagion) and scree forests (7ilio-
Acerion) (Jarolimek and Sibik 2008; Chytry and Tichy
2003). On the other hand, there were four species posi-
tively associated with spruce cover regardless of bedrock
(evaluated by both methodic approaches): V. myrtillus,
O. acetosella, L. luzuloides and H. murorum. All of them
are diagnostic species for the Vaccinio-Piceetea class in
Slovakia (Jarolimek and Sibik 2008) and constant and
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diagnostic for spruce forests in the Eastern Alps according
to Chytry et al. (2002). The group comprises mesophilous
species indifferent to temperature, partly oligotrophic
(H. murorum) and acidophilous (V. myrtillus, L. luzuloides)
(Ellenberg et al. 1992). O. acetosella and V. myrtillus are
shallow-rooted plants as reported by Ewald (2000b), which
are able to spread roots in the raw humus layer (Oy, hori-
zon) produced by coniferous trees (Emmer 1995).

Several authors reported a negative effect of P. abies on
the diversity and cover of vascular plants (e.g. Simmons
and Buckley 1992; Augusto et al. 2002), while our results
and those of Mdlder et al. (2008) demonstrate the negative
effect of beech-dominated canopy on herb layer diversity.
The most important mechanisms of beech influence on the
understorey are the reduction in light, forming of thick
litter layer and root competition for water. Beech produces
a large amount of litter annually. The rate of leaf-litter
biomass on the total biomass of broadleaves is much higher
than in the conifers (Packham et al. 1992). Mdélder et al.
(2008) surmised that herbaceous understorey diversity is
influenced also by litter layer thickness. On the other hand,
Slavikova (1986) demonstrated by field experiment that the
phenomenon of “nudal” or “herbless” beech forests is
caused primarily by the root competition for water and
soluble nutrients, not only by the direct effect of thick litter
layer. Intensive transpiration ability and dense root system
of beech result into the effective depletion of soil water
(éermék et al. 1993; Pichler et al. 2006; Schume et al.
2004). Beech stands show high transpiration rates both
under the humid and under partly dry summer climates in
the Central Europe (Granier et al. 2000). Therefore, beech
is the superior competitor for water (Schume et al. 2004).
Its transpiration rate in the Slovak mountain forests was
found one-third higher than the rate of spruce (Stfelcova
et al. 2006). According to Jennings et al. (1999), F. sylv-
atica is a strong shade-creating species, and richness is
inhibited by the lack of light. Extraordinary crown growth
plasticity of beech enables this tree species to fill the tree-
layer canopy completely (Otto 1994) and to cover the
canopy gaps more quickly then spruce. Understorey light
availability in the vegetation period can reach only
1.5-2.5 % of total solar radiation in the closed beech stands
(van Eimern 1984), while the solar transmissivity through
conifer canopy of uniform stands can be about 25-30 %
(Hardy et al. 2004). On the other hand, there is opposite
situation in the beginning of vegetation period when
broadleaves are not foliated. It is reflected in higher pro-
portion of early-spring species (most often geophytes) in
beech-dominated stands, such as M. perennis, D. ennea-
phyllos, D. bulbifera or H. epipactis. The light transmis-
sivity is closely related to the canopy cover that is
controlled by thinning in managed forests. Therefore, less
difference in the similarly managed stands are expected.

Ewald (2008) hypothesized that richness is controlled
chiefly by herb layer cover (biomass), which could be
predicted by a linear combination of tree layer cover,
elevation, C/N ratio and moisture. Also, Molder et al.
(2008) found that herb layer biomass in deciduous forest
is positively correlated with the herb layer diversity. Herb
cover, and consequently species richness, is negatively
correlated with tree canopy cover that controls light
availability in the forest understorey. Light availability
increases with P. abies proportion in canopy and spruce,
and mixed spruce-beech stands have more heliophytes
than pure beech stands (Liicke and Schmidt 1997). This
offers an explanation for the increased richness in spruce
stands. Spruce stands in our study had several light-
requiring species such as Senecio nemorensis agg.,
R. idaeus and E. montanum (Ujhazy et al. 2005; Samonil
and Vrska 2008) or Luzula pilosa, V. officinalis and
F. vesca which are considered as species with a positive
correlation to light by Tinya et al. (2009). However, mean
indicator values for light within relevé groups support the
idea only in the case of crystalline area, where the sig-
nificant increase in values were found (Fig. 4). Only the
mixed stands showed higher values for light in the cal-
careous region. This is probably due to the fact that many
unique species of the mixed stands are rather light-
requiring, such as Calamagrostis varia, Lotus cornicula-
tus, Carduus defloratus, Valeriana tripteris, Leontodon
incanus, Laserpitium latifolium, Sesleria albicans and
others. The highest number of unique species together
with the prevalence of the calciphilous grasses indicates
special site conditions. The comparison of bedrock types
among three groups of stands showed that while in pure
beech and spruce stands prevail limestones and marly
limestones, the most frequent bedrock of mixed stands is
dolomite. The results of Fajmonova (1971, 1973, 1978)
showed, that communities with the dominance of calc-
iphilous grasses occur very often on sites with the dolo-
mite bedrock, high proportion of rock outcrop and
shallow soils, with higher calcium carbonate content in
topsoil in comparison with the sites on limestones. The
silvicultural effort consisted of planting pure spruce
stands regardless of the parent rock type. Higher fre-
quency of mixed stands on dolomites can be explained by
the inhibition of spruce growth by the calcareous sub-
strates and rock outcrops (Seynave et al. 2005). Less
vigorous growth of spruce in the carbonate areas could be
also the reason, why number of herb species in the pure
spruce stands compared with pure beech increased more
on carbonates than on crystallines. Beech and the other
tree species are limited by the lower soil fertility on
dolomites, as well. Therefore, prevalence of a single-tree
species is less frequent than on the other bedrock types
and tree influence on herb layer is limited.
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More favourable light conditions under the pure spruce
canopies could lead also into the increasing frequency of
several species (e.g. V. reichenbachiana, S. europaea,
G. hederacea agg.); however, they are very frequent also in
the pure beech stands. More light at the forest floor causes
changes in the top-soil properties due to the faster
decomposition of litter (Mladenoff 1987; Zhang and Liang
1995; Ritter 2005; Berg and McClaugherty 2008). Thus, on
the well-buffered soils (especially on the calcareous bed-
rocks), active humus forms may develop from spruce litter
resulting in the conditions similar to the beech-dominated
communities.

Results can be affected by local differences in the man-
agement form, of course. Unfortunately, detailed long-term
historical evidence of management events within both areas
is not available. Planting of conifers was widely adopted to
the forestry practise in the eighteenth century in Slovakia, in
general. Higher mountain ranges (including studied areas)
were affected later than the other regions with better acces-
sibility. Therefore, we consider spruce stands to be from the
1st to 3rd generation. More likely, 1st and 2nd generation
prevails as a majority of original species of natural com-
munities still occur in the studied spruce-dominated stands. It
was found, that eutrophic beech forest species (Querco-
Fagetea) frequently persist on the flysch bedrock in the
Western Carpathians within the first two generations and
disappear in the 3rd generation of spruce plantations
(Fajmonova 1974); however, the evidence of this effect from
the studied regions is still missing.

Conclusions

Spruce significantly affects the herb layer and causes quite
large changes in its species composition. A species group
positively associated with increasing spruce cover regard-
less of bedrock type was identified. Increased cover of
P. abies very often entails species turnover without con-
current reduction in overall vegetation diversity. A nega-
tive effect on species diversity was not observed.

Measures of diversity do not reflect the fact of species
turnover which is detected by the analysis of floristic
similarity. Therefore, changes in vegetation diversity must
be addressed by evaluating species turnover and not only
diversity measures. They should be related to natural ref-
erence stands in more or less untouched forests.

Our results show not only that species composition is
specific for different bedrock types but also that the reac-
tion of particular species to increasing spruce cover is
highly specific to bedrock. Species diversity is higher on
calcareous bedrock, and the original herb layer composi-
tion is less changed here compared with crystalline
bedrock. Despite the fact that species richness usually
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increased and the majority of species was common to
natural as well as modified stands, a shift from natural
species diversity of beech forests towards artificial spruce
forests is evident. Species turnover induced by spruce
planting in both mountain ranges and bedrock types shows
a significant shift in the species composition from the
Querco-Fagetea towards Vaccinio-Piceetea class, which is
followed by a decrease in Ellenberg’s indicator value of
soil reaction in crystalline region. The risk of losses in
original species diversity is particularly high when mono-
dominant spruce stands are planted on the crystalline
bedrock, but typical beech-forest species are also seriously
affected on the calcareous bedrock. We expect that the
effect will be amplified after repeated spruce planting.

On the other hand, minor spruce admixture may have a
positive effect on herb diversity. The effects of limited
spruce admixtures on soil properties (Rothe et al. 2002) and
ground vegetation are mild. In order to preserve natural
plant diversity and minimize other risks associated with
soil acidification, spruce cover should be limited at sites of
original beech and fir-beech montane forests. To quantify
the feasible limits of spruce admixture, further research
effort oriented to the “tree-herb” interactions is needed,
especially regarding its temporal dynamics with respect to
the stand rotation time and the number of planted genera-
tions of spruce.
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