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Abstract
The effect of forest management on biodiversity is a crucial issue for sustainable forestry and nature conservation. However, 
the ways in which management affects macrofungal and plant communities and diversity of mountain temperate forests still 
remain poorly understood. We performed a random sampling stratified by stand age and stand type on the sites of temper-
ate montane fir–beech forests. Diversity of macrofungi and the vascular plant understorey in beech- and spruce-dominated 
managed stands was investigated and compared to primeval forests located in the Poľana Biosphere Reserve, Western 
Carpathians. Both the vascular plant and the macrofungal communities were altered by management, and the response of 
the macrofungal species (especially wood-inhabiting fungi) was more pronounced in terms of species composition change. 
Species turnover evaluation seems to be an important tool of forest natural status assessment, because alpha diversity did 
not change as much as species composition. Certain species of Carpathian primeval forests were confirmed as good indica-
tors for natural forest change; others were proposed. Species pool and mean number of species per plot were the highest 
in unmanaged fir–beech forests, and species diversity significantly decreased in spruce plantations. The number of species 
decreased significantly due to the change of canopy tree species composition only in the macrofungal communities. As an 
outcome for forest management, we recommend keeping mixed forests involving all natural tree species and providing at 
least a minimal amount of dead wood necessary for wood-inhabiting organisms and leaving some area of unmanaged natural 
forests within complexes of managed stands.
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Introduction

Direct anthropogenic influence on forests is realized through 
the changes in stand structure and tree species composition. 
Altered forest stand structure and tree species composition 
affect forest understorey (Barbier et al. 2008; Máliš et al. 
2012; Hofmeister et al. 2014). The influence of particular 
tree species on the understorey organisms and soil is realized 
by the change of litter quality and quantity (Barbier et al. 
2008), change of microclimate and soil moisture (Chavez 

and Macdonald 2010) and chemical and physical properties 
(Schoenholtz et al. 2000; Zhang et al. 2010). Despite the 
fact that a majority of forests in the temperate zone is man-
aged, we know little about long-term management effects 
on different forest organisms (Thomas et al. 1999) and the 
functioning of the entire ecosystem. Therefore, an increas-
ing number of studies is aimed at comparing the diversity 
of managed and unmanaged stands (Abs et al. 2005; Rudolf 
and Rasmussen 2013) and search for bioindicators of envi-
ronmental changes and natural forests (Lindenmayer et al. 
2000; Liira and Kohv 2010; Blasi et al. 2010).

Effects of forest management on plant species pool 
(γ-diversity) and species richness (α-diversity) have been 
referred to by many authors (e.g. Paillet et al. 2010; Durak 
2012; Schulze et  al. 2015). The clear-cut system was 
reported to affect diversity the most, while more close-to-
nature techniques such as selective cutting may not signifi-
cantly alter species composition of the undergrowth (Battles 
et al. 2001). Moreover, diversity of understorey plants varies 
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over time in even-aged stands (Gilliam and Roberts 1995; 
Ujházy et al. 2017). It usually increases from young stands 
towards the oldest (Halpern and Spies 1995). The most 
species-rich stages are those of open clearings (Swanson 
et al. 2011), while it is the lowest in the young pole stage 
as well as in the growing stage of primeval forest (Ujházy 
et al. 2009). On the other hand, several case studies have 
shown that cessation of management leads to a decrease in 
species diversity due to a decline of the heliophilous plant 
species of more open forests (Ujházyová and Ujházy 2007; 
Hédl et al. 2010).

Effects on other organisms including fungi are less known 
(Paillet et al. 2010). In contrast to autotrophic vascular plants 
responding especially to abiotic site properties, heterotrophic 
fungi are linked mainly to dead organic matter—terrestrial 
saprotrophs, and/or to particular tree species—ectomycor-
rhizal species (Dix and Webster 2012). The anthropogenic 
influence on fungal diversity varies according to the duration 
and intensity of management (Brunet et al. 2010; Bässler 
et al. 2014), and macrofungal species richness in both man-
aged and unmanaged forests also depends on forest age 
(Hofmeister et al. 2014). Increasing intensity of manage-
ment causes macrofungal diversity decrease and shifts in 
species composition (Bässler et al. 2014). Many macrofun-
gal species are threatened by the reduction of natural and 
close-to-natural forests (Holec and Beran 2006). Dahlberg 
and Croneborg (2003) estimated that up to 20% of European 
species are threatened by the reduction of habitats and by the 
degradation of the environment. Therefore, macrofungi can 
serve as indicators of ecological continuity and the natural 
character of forest ecosystems (Nordén and Appelqvist 2001; 
Christensen et al. 2004; Holec 2008; Dvořák et al. 2017). 
However, individual trophic groups of macrofungi respond 
differently to forest management (Dvořák et al. 2017). In 
particular, wood-inhabiting fungi, whose diversity is signifi-
cantly dependent on the amount of dead wood (Persiani et al. 
2015), have frequently been proposed as good indicators of 
natural forests (Christensen et al. 2004; Küffer et al. 2008; 
Blaser et al. 2013; Dvořák et al. 2017). Therefore, diversity 
of wood-inhabiting fungi has frequently been recently stud-
ied (Ódor et al. 2006; Brunet et al. 2010; Saitta et al. 2011; 
Granito and Lunghini 2011; Granito et al. 2015; Dvořák 
et al. 2017).

Understorey plant and fungal communities may show 
contradictory responses to the same management influ-
ence. It is still unclear if their communities respond inde-
pendently or if they are mutually related. The relationship 
between macrofungal and plant communities (richness 
and species composition) was studied with contradictory 
results, showing both positive and negative relationships 
(Sæetersdal et al. 2003; Chiarucci et al. 2005; Brown et al. 
2006; McMullen-Fisher et al. 2010; Hofmeister et al. 2014). 
According to some authors, the relationship between plant 

and fungal diversity is doubtful, and diversity of plants can-
not be used as a proxy for macrofungal diversity in general 
(Berglund and Jonsson 2001; Kinga et al. 2013). However, 
positive correlations were sometimes found depending on 
forest stand types studied, similarity of site conditions and 
intensity of management (Sæetersdal et al. 2003; Schmit 
and Lodge 2005; McMullen-Fisher et al. 2010; Hofmeister 
et al. 2014).

To elucidate the above-mentioned problems, we per-
formed a study of the two important components of for-
est ecosystems representing a major part of the biomass—
plants and macrofungi on the community level. To avoid the 
ambiguity of previous studies, we realized representative 
sampling of both groups within a single series of plots of 
the same size under homogeneous site conditions. The aim 
is to identify the response of both macrofungal and plant 
communities under the same site conditions to man-induced 
changes in the overstorey structure and to assess the real 
impact of forest management on the species diversity of the 
two taxonomic groups of understorey organisms. We studied 
two most widespread types of managed age-class stands of 
the Central European mountain ranges in contrast to one 
of the largest and best preserved remnants of Carpathian 
primeval forests. In particular, we addressed the following 
questions:

(1) does overstorey change affect species composition of 
vascular plants and macrofungi?

(2) which species of vascular plants and macrofungi are 
indicators of primeval forest change?

(3) does species diversity of both taxonomic groups differ 
among different stand types?

(4) is there a congruence in response of plant and macro-
fungal communities to the forest management?

Methods

Study area and sampling design

The study area is located in the Poľana Mts.—a tertiary vol-
canic massif in Central Slovakia, the Western Carpathians 
(Fig. 1). Research plots are situated both in unmanaged pri-
meval forests of the Zadná Poľana National Nature Reserve 
and in the neighbouring managed age-class forests. Mean 
annual air temperature under a montane climate is about 
3.7  °C, and mean annual precipitation ranges between 
900 and 1200 mm (Šťastný et al. 2002). Eutric Cambisols 
with transitions to Andosols are developed on the andesite 
bedrock here. A series of 65 circular plots with an area of 
314 m2 (10 m radius) were set and sampled in 2013 and 2014 
under comparable site conditions using stratified random 
sampling within the above-mentioned area. Environmental 



171European Journal of Forest Research (2018) 137:169–183 

1 3

conditions were restricted to the site type of montane meso-
trophic fir–beech forests on south-eastern aspect, 10°–35° 
slopes (excluding ridges, valleys, wet and rocky sites) and 
the elevation zone of 950–1250 m a.s.l.

Similar numbers of plots were established in three stand 
types using pre-selection of plot positions in GIS accord-
ing to actual and historical orthophotomaps, digital terrain 
model, forest inventory maps and preliminary field mapping. 
Twenty-one plots were randomly situated in unmanaged pri-
meval forests of the Zadná Poľana National Nature Reserve, 
formed by mixed, uneven-aged and highly structured stands 
of European beech (Fagus sylvatica), silver fir (Abies alba), 
sycamore maple (Acer pseudoplatanus), Norway spruce 
(Picea abies), with an admixture of common ash (Fraxinus 
excelsior) and wych elm (Ulmus glabra; Table 1). Large 
gaps without tree canopy were omitted from the selection. 
High amount of dead wood of all present tree species is typi-
cal of all developmental stages in the reserve.

In the managed area, 24 beech-dominated secondary 
stands originating from natural regeneration were randomly 
selected, whereas 20 plots were situated within planted 
spruce stands. After the regeneration phase, both stand types 
were managed under the same silvicultural system. To repre-
sent a stand chronosequence and to compare similar stages 
of stand development, random selection was performed 
within four age classes of forest inventory (40–59, 60–79, 
80–99 and 100+), and similar number of plots was selected 
within each age class. The length of the chronosequence 
was limited by common rotation time (about 100 years). The 
managed stands formed a spatial patchy mosaic of beech, 

spruce and mixed stands of various sizes. Frequent admix-
ture of other tree species apart from dominants was present 
directly in the plots or in their close neighbourhood. A large 
amount of thin dead wood was frequently left in the thinning 
phase in contrast to older stands where a majority of dead 
wood was logged.

Sampling of overstorey structure 
and environmental conditions

Trees with DBH ≥ 7 cm were recorded. Overstorey age of 
the managed age-class stands was determined according to 
wood cores taken from the biggest canopy tree. Uneven-aged 

Fig. 1  Plot distribution within 
managed and unmanaged forests 
in the Poľana Mts. (black circles 
unmanaged stands, white circles 
managed beech stands, grey 
circles managed spruce stands). 
Boundary of the Zadná Poľana 
Reserve is depicted by the solid 
line 

Table 1  Average percentage covers of tree-layer species in plots of 
the three stand types

Stand type Unmanaged Beech Spruce

No. of relevés 21 24 20
Abies alba 10.0 1.1 1.4
Acer platanoides 1.9 – –
Ulmus glabra 0.4 – –
Fraxinus excelsior 2.0 – –
Acer pseudoplatanus 16.8 8.0 0.2
Sorbus aucuparia – 0.1 –
Fagus sylvatica 55.7 81.7 11.1
Picea abies 10.6 3.0 71.2
Salix caprea – 0.4 0.2
Larix decidua – 0.1 0.6
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primeval stands were not cored. Hemispherical photographs 
were taken from the centres of plots. Leaf area index was 
calculated using GLA 2.0 (Frazer et al. 1999). Actual soil 
moisture was measured at all plots on the same day by the 
ThetaProbe ML2x soil moisture sensors. Ten measurements 
were performed within each plot area, and average values 
were used for analyses. Soil samples were taken from three 
positions within each plot to determine the properties of the 
humus (O) and topsoil (A) horizons (0–10 cm). Soil reaction 
of the O and A horizons (pH KCl) was determined using the 
WTW inoLab pH 720 digital pH meter, and total C and N 
content by the CNS analyser. Percentage cover of dead wood 
(diameter > 3 cm) was estimated. A complete list of dendro-
metric and environmental characteristics recorded in plots 
and the resulting variables is shown in Online Resource 1.

Sampling of understorey plants and macrofungi

Vascular plants were recorded in 314 m2 plots twice, in the 
late spring and the summer using a semi-quantitative cover-
abundance scale. Phytosociological relevés were saved in the 
Turboveg database (Hennekens and Schaminee 2001). In the 
analyses, all plant species recorded at both dates were used. 
Percentage cover values of vascular plants were weighted as 
follows: 0.7 summer cover values + 0.3 spring cover values. 
The nomenclature of vascular plants was unified according 
to Marhold and Hindák (1998).

Fungal sampling was carried out six times within 
2 years—from April 2013 to November 2014, to identify 
as many macrofungal species as possible. The research 
was focused on above-ground macrofungal fruiting bodies 
collected mainly from the forest floor, litter and living and 
dead wood. Most species were identified directly in the field, 
and some species were collected for latter identification, 
archived and identified by mycologists specializing in the 
respective genera. Only 29 species of Pyrenomycetes were 
determined on the species level, and many other species of 
this group and resupinate fungi were not determined. The 
maximum abundance of species within a plot during the 
monitoring period was used as a numeric variable in analy-
ses. The nomenclature of macrofungi was unified according 
to Index Fungorum database (http://www.index fungo rum.
org) with three exceptions, where author’s name is provided. 
Taxa were classified within trophic groups according to sub-
strate or host type as proposed by Agerer (2001), Holec and 
Beran (2006) and Tedersoo et al. (2010). Red list species 
were identified according to Lizoň (2001).

As the observed macrofungal diversity (especially ecto-
mycorrhizal) strongly depends on sampling frequency and 
size, we performed a sample size-based rarefaction and 
extrapolation of macrofungal species diversity to assess the 
completeness of the sampling effort (Online Resource 2). 
Moreover, the completeness of the macrofungal sampling 

was quantified by sampling coverage (Chao et al. 2014). 
Sampling coverage of macrofungal trophic groups for pooled 
forest stands ranged between 93.7% (ectomycorrhizal fungi) 
and 94.9% (wood-inhabiting fungi). However, within forest 
stand types, e.g. for ectomycorrhizal fungi in unmanaged 
forest stands, sampling coverage decreased to 82.6%.

The number of species in a particular plot was calculated 
as a sum of species recorded in all sampling dates for both 
macrofungi and vascular plants.

Statistical analyses

Relevés of both macrofungal and plant communities were 
processed by the JUICE program (Tichý 2002), where 
diversity measures were calculated. Alpha diversity was 
expressed by a number of species per plot (sample species 
richness) and by Shannon’s diversity index (H′) and calcu-
lated for 20 plots within the stand type. Gamma diversity 
was expressed as a total number of species (species pool) 
recorded in all plots within a stand type. To make results 
comparable among stand types differing in the number 
of sites, we standardized the species pools to a common 
number of sites (i.e. 20 plots) using a sample-based rarefac-
tion. For analysing gamma diversity, the “iNEXT” package 
(Hsieh et al. 2016) was used in the R environment (R Core 
Team 2016).

Differences in average numbers of plant and macrofungal 
species per plot as well as Shannon’s diversity index between 
the three stand types were tested using one-way analysis of 
variance (ANOVA). The homogeneity of variances between 
groups and the normality within groups were checked graph-
ically using diagnostic plots. Pairwise comparisons among 
groups were performed using the Tukey’s HSD test after the 
global F test of stand type effect was statistically significant 
(p < 0.05).

Multivariate analogue of ANOVA with permutations—
PERMANOVA (Anderson 2001)—was applied to test for 
the differences in species composition of plant and mac-
rofungal communities among stand types. The Bray–Cur-
tis index was used as a measure of dissimilarity, and the 
calculation of p values was based on 9999 permutations 
(McArdle and Anderson 2001). Both species matrices were 
log-transformed prior to the analysis to reduce the effect of 
dominant species. The effect of stand type on plant and mac-
rofungal community composition was visualized by nonmet-
ric multidimensional scaling (NMDS, Kruskal 1964). The 
same procedure (Bray–Curtis index, log-transformed species 
matrix) was applied to both species datasets. The analyses 
were performed in the R environment (R Core Team 2016) 
using the “vegan” package (Oksanen et al. 2016).

To express floristic differentiation among the stand 
types, the phi coefficient (Chytrý et al. 2002) was com-
puted using the JUICE 7.0 program (Tichý 2002). 

http://www.indexfungorum.org
http://www.indexfungorum.org


173European Journal of Forest Research (2018) 137:169–183 

1 3

Additionally, Fisher’s exact test was calculated to obtain 
significances. Species significantly associated with stand 
type with phi > 0.15 were considered as specific (differ-
ential) species of the categories.

The Mantel test (Mantel 1967) was performed to evalu-
ate the congruence between (dis)similarities of plant and 
macrofungal communities in all stand types together and 
within each stand type separately. Both species matrices 
were transformed into matrices of the Bray–Curtis pairwise 
dissimilarities, and the Mantel statistic was calculated as the 
Spearman correlation coefficient between the two matrices. 
The permutation test with 10,000 permutations was used to 
assess the statistical significance of the test statistic, and the 
95% bootstrapped confidence interval for the Mantel statistic 
was obtained from 10,000 iterations. The Mantel test was 
conducted in the R environment (R Core Team 2016) using 
the “ecodist” package (Goslee and Urban 2007).

We assessed the relationships between the number of 
plant and macrofungal species per plot and environmental 
variables using Spearman’s rank correlations for the three 
stand types separately. Correlations were also calculated 
between macrofungal trophic groups (wood-inhabiting 
fungi, terricolous, ectomycorrhizal and parasitic species) 
and environmental variables.

Results

Species composition

Species composition of both plant and macrofungal com-
munities differed significantly among the three stand types 
(Table 2). Species differentiation of the communities within 
the stand types is illustrated by ordination diagrams (Fig. 2). 

Table 2  Results of multivariate 
analysis of variance with 
permutations (PERMANOVA) 
based on Bray–Curtis distances 
(log-transformed species data) 
comparing macrofungal and 
plant community composition 
in relation to different forest 
stand types

Degrees of freedom (df), sums of squares (SS), mean sums of squares (MS), test statistics (pseudo-F) and 
probabilities (p) are shown; p values were based on 9999 permutations

Forest management types Vascular plants Macrofungi

df SS MS Pseudo-F p df SS MS Pseudo-F p

All 2 1.65 0.82 8.20 < 0.001 2 3.89 1.95 9.30 < 0.001
Residual 62 6.18 0.10 62 13.25 0.21
Unmanaged versus beech 1 0.75 0.75 8.33 < 0.001 1 0.83 0.83 4.15 < 0.001
Residual 43 3.82 0.09 43 8.54 0.20
Unmanaged versus spruce 1 0.77 0.77 7.70 < 0.001 1 2.35 2.35 10.22 < 0.001
Residual 39 4.09 0.10 39 8.79 0.23
Spruce versus beech 1 0.94 0.94 8.55 < 0.001 1 2.71 2.71 12.32 < 0.001
Residual 42 4.44 0.11 42 9.17 0.22

Fig. 2  Nonmetric MDS ordinations of macrofungal (left) and vascular plant (right) communities in relation to different stand types. The size of a 
centroid is relative to the number of species recorded in a given plot
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Species composition of both communities in the managed 
stands was different compared to the unmanaged primeval 
forests; moreover, understorey of the spruce plantations 
deviated from the secondary beech forests. The macrofun-
gal communities were apparently more differentiated com-
pared to the plant communities (Fig. 2). Nevertheless, the 
response of particular macrofungal trophic groups was dif-
ferent (Fig. 3), and species composition shift in macrofungal 
communities was caused mainly by the changes of wood-
inhabiting fungi.

Species differentiation

There were 12 constant understorey vascular plant species 
of primeval forests frequent in both managed stand types 
(Online Resource 3). No unique plant species was identified 
for primeval forests. The unmanaged stands were differen-
tiated especially by higher frequencies of common beech 
forest species such as Asarum europaeum, Ajuga reptans, 
Daphne mezereum, Sanicula europaea and Veronica mon-
tana. Canopy trees Abies alba and Ulmus glabra were typi-
cal for the unmanaged stands. Juveniles of Abies alba were 
also common in managed forests, while juveniles of Ulmus 
glabra were not. On the other hand, eutrophic heliophilous 
geophytes such as Corydalis cava, Anemone ranunculoides, 
Gagea lutea and Isophyrum thalictroides had an optimum in 
the managed beech forests. Influence of spruce was reflected 
in an increasing frequency of some oligotrophic species 
(Sorbus aucuparia, Veronica officinalis) and occurrence 
of acidophilous graminoids (Calamagrostis arundinacea, 
Luzula luzuloides).

Only four of the most widespread macrofungal spe-
cies with a frequency of over 40% in all types were found 
(Online Resource 4). All stand types were well differentiated 
by a similar number of diagnostic species. Several species 
preferring old-growth forests and/or primeval forests were 

identified in the unmanaged stands of Zadná Poľana: Cama-
rops tubulina, Crepidotus applanatus, Inocybe petiginosa, 
Pseudoplectania melaena (Fr.) Sacc., Tatraea dumbirensis 
and Tectella patellaris. Conspicuous pyrenomycete Cama-
rops tubulina occurred in the unmanaged stands on large 
decaying logs of Picea abies, Abies alba and Fagus syl-
vatica and once in the spruce plantation on a large spruce 
log. Tatraea dumbirensis was frequently found in both the 
unmanaged and managed beech-dominated stands, whereas 
only one locality was registered in the spruce plantation. 
Similarly, Tectella patellaris occurred at several localities in 
the unmanaged and managed beech stands and once in the 
spruce plantation. Pseudoplectania melaena (Fr.) Sacc. was 
linked to fir logs (found during the spring) in the unmanaged 
fir–beech forests. Occurrence of other species such as Panel-
lus violaceofulvus (Batsch) Singer or rare species Rutstro-
emia elatina and Hymenochaete cruenta (Online Resource 
4) in the unmanaged forests was also related to silver fir. 
Among the species preferring spruce plantations, Rutstro-
emia bulgarioides and Strobilurus esculentus occurred to a 
massive extent on spruce cones during the spring.

Diversity pattern of vascular plant and macrofungal 
communities

The total species pool of vascular plants recorded in all plots 
was 138 species (Online Resource 3) compared to 382 taxa 
of macrofungi determined on the species level and 29 taxa of 
macrofungi determined on the genus level (Online Resource 
4). Up to 35% of macrofungal species were recorded within 
a single plot at a single date only. The species pool of mac-
rofungal communities was the highest in the unmanaged 
primeval stands (Table 3).

Wood-inhabiting fungi represented 53% of total species 
pool, terricolous saprotrophic fungi 21%, ectomycorrhizal 

Fig. 3  Nonmetric MDS plots of wood-inhabiting (left), terricolous (middle) and ectomycorrhizal (right) macrofungal communities in relation to 
different stand types
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species 20%, parasitic species 5% (Table 3) and macrofungi 
of other trophic groups 1%. The species pool of wood-inhab-
iting fungi was the highest in unmanaged stands, but the 
proportions of trophic groups were similar in all stand types.

The minimum number of plant and macrofungal species 
per plot was observed in the managed spruce stands, while 
the highest average number of species of both taxonomic 
groups was found in the unmanaged forests. However, the 
only significant difference in the number of plant species 
was identified when comparing the managed and unman-
aged beech stands. On the other hand, the average num-
ber of macrofungal species was significantly lower in the 
spruce plantations (Fig. 4).

Patterns of species diversity in the stand types were 
similar for vascular plants and macrofungi. The highest 
average values of Shannon’s diversity index were observed 
in the unmanaged stands and the lowest in the spruce plan-
tations (Fig. 5), where the minimum values were found as 
well. Species diversity of the managed beech forests did 
not differ significantly from the unmanaged ones.

Relationships between plant and macrofungal 
communities

To answer the question whether both studied groups respond 
similarly to the overstorey change in terms of their species 
composition (dis)similarities, we performed the Mantel test. 
The plot-to-plot variation in macrofungal communities was 
significantly correlated with the variation in plant communi-
ties when all plots (regardless of stand type) were analysed 
together. This means that plots with similar macrofungal 
species composition also had similar plant species composi-
tion and vice versa (Table 4). Within particular stand types, 
a significant correlation was only found in the spruce forests, 
in contrast to the unmanaged stands.

Numbers of plant and macrofungal species per plot 
were not significantly correlated when all plots were 
included in the analysis (r = −0.16, p = 0.19). However, 
a negative correlation was significant within the spruce 
plantations (Fig. 6). Similarly, significant negative cor-
relation was found between numbers of wood-inhabiting 
fungi and plant species per plot in the beech managed 
stands. All other relationships between numbers of spe-
cies in fungal trophic groups and vascular plant understo-
rey were insignificant (Online Resource 5). The negative 
relationships of plants and fungi in the spruce stands were 
related to different responses of both communities to their 
ageing. Whereas the number of plant species significantly 
increased with the stand age, the number of macrofungal 
species significantly decreased (Online Resource 6). This 
was caused especially by a rapid decline in the number of 
wood-inhabiting species (r = −0.51, p = 0.017) with the 
stand age.Ta
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Discussion

Species composition change in the managed stand 
types

Composition of vascular plant understorey was significantly 
changed in both types of managed stands as was shown also 
in earlier studies (Barbier et al. 2008; Molder et al. 2008; 
Durak 2012; Ujházy et al. 2017). We documented a sig-
nificant effect of stand type on fungal communities as well. 
However, the response was most pronounced in the wood-
inhabiting fungi in contrast to the group of ectomycorrhizal 
species. It is consistent with previously published results 
from Central European forests (Dvořák et al. 2017). Shift in 
species composition was the highest in spruce plantations 
compared to primeval mixed and managed beech forests. 
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Fig. 4  Variability in the number of vascular plant (left) and macro-
fungal (right) species per plot (314 m2) in different stand types (each 
represented by 20 plots). Different letters indicate heterogeneous 

groups (Tukey’s post hoc test, p < 0.05). Points in boxes show medi-
ans, boxes include 25–75% of values, whiskers show the range of 
nonoutlying values, and circles represent outliers
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Fig. 5  Shannon’s diversity index (H′) of vascular plants (left) and 
macrofungi (right) in the stand types (each represented by 20 plots). 
Different letters indicate heterogeneous groups (Tukey’s post hoc test, 

p < 0.05). Points in boxes show medians, boxes in boxplots include 
25–75% of values, whiskers show the range of nonoutlying values, 
and circles out of boxes represent outliers

Table 4  Mantel test results showing correlations of dissimilarities 
between macrofungal and plant communities measured by Bray–Cur-
tis distances in all stands together and within stand types separately

Mantel statistics (r), lower and upper limits of their 95% confidence 
intervals (CI) and probabilities (p) based on 10,000 permutations are 
given

Forest stand types r p 95% CI

Lower Upper

All 0.418 < 0.001 0.37 0.46
Unmanaged 0.047 0.34 − 0.04 0.15
Beech 0.128 0.07 0.06 0.19
Spruce 0.317 < 0.001 0.23 0.39
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Similar effect of spruce plantations on epigeous fungal 
communities was referred to by Buée et al. (2011), and sig-
nificant changes in the group of wood-inhabiting fungi as 
a consequence of management forms in spruce forests by 
Bässler et al. (2012). As a majority of macrofungal spe-
cies are strongly associated with tree species, the effect of 
overstorey change in managed stands on their communities 
can be particularly explained by tree species replacement.

On the other hand, the observed changes in the species 
composition of macrofungi corresponded especially to the 
wood-inhabiting fungi with the highest proportion of species 
in the studied communities. Their occurrence is significantly 
affected by resource quality and availability in the European 
beech forests (Abrego et al. 2016), and therefore, changes of 
tree species and dead wood amount and also size of woody 
debris (Bässler et al. 2012) can significantly change the 
entire species composition of fungal communities (Lon-
sdale et al. 2008). A high amount of large-diameter dead 
wood—about 180 m3/ha (Christensen et al. 2005; Kucbel 
et al. 2012) is typical of Carpathian beech-dominated pri-
meval forests. The reduction of dead wood amount and the 
change of its quality in the managed stands was probably 
the most important driver of the fungal community change. 
Consequently, the group of wood-inhabiting fungi was con-
firmed as an important indicator of the forest management 
influence (following Berglund and Jonsson 2008; Abrego 
et al. 2016; Dvořák et al. 2017).

Indicator species of primeval forests

In beech forest sites, some vascular plant species can indi-
cate a change of overstorey composition or management 
interventions in forests (Ewald 2000; Šamonil and Vrška 
2007; Máliš et al. 2012; Ujházy et al. 2013; Verstraeten et al. 
2013). However, particular plant species show weak indica-
tion value of overstorey change in the studied area, and no 
species were found to be restricted to primeval forest envi-
ronment. All species of primeval forests can also grow in 

managed stands with changed frequencies. Managed beech 
stands were differentiated from the primeval unmanaged for-
ests by a significantly higher frequency of eutrophic spring 
geophytes. It is apparently an effect of higher beech cover 
in homogenous managed stands combined with the ability 
of the geophytes to utilize favourable light conditions and 
available nutrients after a rapid litter decomposition in the 
early spring in broadleaved forests (Schulze et al. 2005).

As opposed to fungi, there were no vascular plant species 
growing exclusively on dead wood and exclusively in the 
studied primeval forests. However, we registered many Euro-
pean ancient forest plant species identified in a meta-analysis 
of Hermy et al. (1999). Some of them (Veronica montana, 
Sanicula europaea and Daphne mezereum) with optima 
in the unmanaged stands of Zadná Poľana also showed a 
common incidence with the red list fungal species in the 
Czech forest reserves (Hofmeister et al. 2014). Nevertheless, 
ancient forest plant species prevailed in the species composi-
tion in both types of managed stands, and moreover, some 
of them showed their optima in the managed stands. This 
can be explained by a continuity of forest environment in 
the studied area and by the ability of such species to survive 
disturbances connected with timber harvesting.

Multiple macrofungal indicators of old-growth forests 
and rare forest species were found in the unmanaged stands 
of the studied area. Camarops tubulina and Hericium coral-
loides recorded only in the primeval stands of Zadná Poľana 
Reserve were approved as the indicator species of the best 
preserved beech forests in Europe (Christensen et al. 2004) 
and also confirmed later in other forest reserves (Adamčík 
et al. 2007, 2016; Holec 2005; Abrego et al. 2016). Among 
other species of old-growth forests (Bredesen et al. 1997; 
Ripková and Blanár 2004; Holec et al. 2015; Dvořák et al. 
2017), Mycena pelianthina, Xylaria longipes, Ascotremella 
faginea, Phlebia centrifuga, Pseudoplectania melaena (Fr.) 
Sacc. and Crepidotus applanatus were confirmed by our 
study.
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Eutypa spinosa and Hymenogaster hessei found in the 
beech-dominated forests of the Poľana Mts. were recorded 
in the Oravské Beskydy Mts. for the first time and later in the 
Bukovské vrchy Mts. and Stolické vrchy Mts. (Tomáň and 
Kabát 2004; Adamčík et al. 2007; Glejdura 2013). Eutypa 
spinosa with a high frequency and fidelity in the unmanaged 
forests of Zadná Poľana seems to be rather common species 
linked to large dead wood in general (Heilmann-Clausen and 
Walleyn 2007), and therefore, it cannot be considered a good 
indicator of primeval forests.

Overall, nine red list macrofungi species were found in 
the studied area: Ascotremella faginea, Camarops tubulina, 
Chrysomphalina grossula, Entoloma byssisedum, Phyl-
loporus rhodoxanthus, Pseudoplectania melaena (Fr.) 
Sacc., Stereum subtomemtosum, Tatraea dumbierensis and 
Tubaria confragosa. They were found most frequently in 
the primeval stands, but Ascotremella faginea and Cama-
rops tubulina occurred also in the managed beech stands. 
Another species—Gyromitra fastigiata—was recorded only 
outside of plots in the unmanaged forests of the reserve. 
These recently found red list species completed the list of 
fungi of the Poľana Mts. (Glejdura and Kunca 2010), and 
along with other indicators of old-growth forests confirm a 
primeval character of the mixed forests in the Zadná Poľana 
Reserve.

The rare species Tatraea dumbirensis is considered an 
old-growth forest and forest continuity indicator (Baral 
et al. 1999; Holec et al. 2015; Adamčík et al. 2016). While 
it prefers unmanaged stands in the area, it occurred also in 
the beech-dominated managed forests, as was also found 
by Dvořák et al. (2017). This can be explained by the fact 
that a substantial part of recently managed forests of the 
studied part of the Poľana Mts. represents the first forest 
generation after primeval forest clearing according to his-
torical orthophotomaps (© Geodis Slovakia, mapy.tuzvo.sk/
HOFM/), and some amount of dead wood regularly occurs 
there. Panellus violaceofulvus (Batsch) Singer, also consid-
ered an indicator species of old-growth forests, is in fact a 
species fixed especially to silver fir (Gminder and Kriegl-
steiner 2001), and apart from the primeval forests, it was also 
found on dead fir wood in various managed forest stands in 
Slovakia (Jančovičová et al. 2017).

Diversity in different stand types

The average species richness of vascular plants in the 
unmanaged stands corresponds to the average of Western 
Carpathian beech forests (Ujházyová et al. 2016). It was 
significantly higher compared to the even-aged managed 
beech forests, most likely due to lower competition by over-
storey beech trees in a multilayered canopy with frequent 
gaps providing more heterogeneous light conditions, what 
is typical for beech-dominated old-growth forests of the 

Carpathians (Standovár and Kenderes 2003). The negative 
effect of homogeneous beech-dominated canopies (typical 
for the managed stands of the area) on understorey diver-
sity was observed earlier by Molder et al. (2008). This can 
be explained by the extraordinary crown growth plasticity 
of beech (Schröter et al. 2012), resulting to its ability to 
completely close a canopy, and by a high annual production 
of litter which limits herb layer development (Sydes and 
Grime 1981). Beech competition on the understorey is also 
limited by the admixture of the other canopy tree species 
in the primeval stands. A relatively higher richness in the 
spruce plantations of the area is probably caused by a lower 
canopy cover and by limited overstorey tree competition in 
the oldest spruce stands (Ewald 2000). These results partly 
contradict to a meta-analysis of Paillet et al. (2010), in which 
the positive response of species richness to clear-cut man-
agement was found. This can be explained by a heterogene-
ity of the compared material in the above-mentioned meta-
analysis, especially concerning tree stand age, structure and 
dominant tree species (Ujházy et al. 2017). We found that 
the number of plant species per plot is negatively correlated 
to the tree density and also to the cover of spruce canopy 
trees (Online Resource 7) in the 40–100-year-old even-aged 
stands produced by the clear-cut system. High alpha diver-
sity in managed forests is, therefore, linked only to the oldest 
stands and also to the ephemeral clear-cut communities (not 
included in this study).

Negative effect of forest management for whole fungal 
community richness (Paillet et al. 2010) and especially for 
saproxylic fungi (Brunet et al. 2010) was expected. However, 
material compared in the meta-analyses and reviews varies 
in stand age, intensity of management and site types. We 
confirmed a lower number of macrofungal species per plot in 
the managed forests using a stratified sampling design within 
a single site type. The negative effect of management on the 
species richness of macrofungi was also confirmed by simi-
lar recent regional studies (Hofmeister et al. 2014; Dvořák 
et al. 2017). The number of macrofungal species per plot 
reflected the impact of all groups of environmental factors 
related to management interventions and consequent stand 
structure changes. We proved that altered stand properties 
significantly affect species diversity as well as the proportion 
of fungal trophic groups. Dead wood amount significantly 
correlated with the number of wood-inhabiting fungal spe-
cies in the managed stand types as has already been seen for 
spruce forests (Bässler et al. 2010). On the other hand, the 
relationship was weak in the unmanaged mixed stands where 
dead wood of multiple tree species was present in sufficient 
amount in all plots. The number of wood-inhabiting fungal 
species was related strongly to the dendrometric variables 
especially in the spruce plantations, while the number of 
ectomycorrhizal species showed opposite relationships with 
the same variables in the beech stands (Online Resource 
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7). Changes in the tree canopy structure and composition 
affect the topsoil properties (Augusto et al. 2003), and they 
were important especially for ectomycorrhizal species in the 
spruce plantations with significantly lower average values 
of diversity indices, which corresponds to results of Bueé 
et al. (2011) and Dvořák et al. (2017). Moreover, the num-
ber of fungal species in the spruce plantations significantly 
decreased with the stand age. This relationship is opposite 
to vascular plants, and this finding has serious implications 
for the interpretation of other comparative studies using the 
space-for-time substitution approach. Such studies should 
be designed, and their results interpreted with respect to the 
stand age.

A major part of the macrofungal species pool was formed 
by wood-inhabiting species with significantly limited spe-
cies pool in the spruce plantations. It means that the nega-
tive effect of forest management resulted from differential 
resource availability for these species, and it was more pro-
nounced in more intensively managed spruce plantations 
with a limited admixture of original climax tree species. A 
decrease in the number of wood-inhabiting fungal species as 
management intensity increases was also reported by Bässler 
et al. (2012), Mihál (2012) and Dvořák et al. (2017). The 
proportion of macrofungal trophic groups was similar in all 
stand types, with general prevalence of wood-inhabiting spe-
cies (about 53%). Ectomycorrhizal species accounted only 
for 19% on average, with the highest values in the spruce 
stands. An increased rate of ectomycorrhizal/wood-inhabit-
ing species was also found by Dvořák et al. (2017) in Czech 
secondary spruce forests. The situation in beech-dominated 
managed and primeval stands is consistent with long-term 
research results from a number of primeval forests of the 
Western Carpathians (Kuthan et al. 1999; Glejdura 2002; 
Ripková et al. 2007; Čadek and Gáper 2008; Mihál 2011, 
2013; Bučinová et al. 2012), where the proportion of wood-
inhabiting species varies from 37 to 54% and the proportion 
of ectomycorrhizal species from 20 to 30%. Our results are 
fully comparable with the other studies based on fruiting 
body sampling. However, higher numbers of species and dif-
ferent proportions of trophic groups can be identified using 
DNA analyses of soil samples (Schall et al. 2017).

Relationship between vascular plant 
and macrofungal communities

High fungus–plant ratio (ca 3:1) at the total species pool 
level is expected in general (Hawksworth 2001). Neverthe-
less, mean numbers of species per plot of the two taxonomic 
groups were comparable in all stand types. Alpha diversity of 
both taxonomic groups seemed also to be similar; however, 
abundances of plant and fungal populations are hardly com-
parable. Multiple studies comparing diversity of macrofungi 
and plants in forests were published mostly with negative 

results (Berglund and Jonsson 2001; Chiarucci et al. 2005; 
Santi et al. 2010; Kinga et al. 2013) and conclude that the 
diversity of plants cannot be used as a proxy for macrofungal 
diversity prediction. On the contrary, several authors found 
positive correlations (Sæetersdal et al. 2003; Schmit and 
Lodge 2005; McMullen-Fisher et al. 2010) and Hofmeister 
et al. (2014) found a positive correlation with ancient forest 
plant species richness. We confirmed significant negative 
correlation between vascular plants and all fungal species 
in the spruce plantations (similarly to Bučinová et al. 2012) 
and between vascular plants and the wood-inhabiting fungi 
in the managed beech forests. In both managed stand types, 
the amount of dead wood and the tree density decreased in 
time along with improving light conditions and increasing 
vascular plant cover and species richness in the understorey. 
Some terrestrial fungi could be outcompeted by plant roots 
in the plots with the most dense plant understoreys. On the 
other hand, an insignificant relationship between fungal and 
plant diversity was found in the unmanaged primeval forests. 
It can be explained by a lower variation in stand structure 
and plant understorey and by the largest proportion and the 
largest species pool of wood-inhabiting fungi linked to the 
persistently present dead wood in this stand type.

Congruence between the species composition similarities 
of plant and fungal communities in forests was frequently 
identified (Sæetersdal et al. 2003; Chiarucci et al. 2005; 
Brown et al. 2006; McMullen-Fisher et al. 2010; Kinga 
et al. 2013). Hofmeister et al. (2014) referred to a positive 
correlation in species composition similarity of macrofungi 
and plants in unmanaged forest stands with a decreasing 
power of correlation in intensively managed stands. How-
ever, when a single site type was analysed in this study, a 
significant relationship between macrofungal and plant com-
munity similarity was found only in the spruce plantations. 
The spruce plantations resulting in homogeneous age-class 
forests showed the highest variability in the species com-
position of both taxonomical groups, which is similar to 
the findings of the above-mentioned studies, where a more 
heterogeneous dataset was compared. Apart from the site 
heterogeneity, these contradictory results could arise when 
stands with different overstorey dominants (Chiarucci et al. 
2005) or different management forms (Hofmeister et al. 
2014) are compared.

Conclusions

Vascular plant and macrofungal communities responded 
to stand structure altered by management in a rather simi-
lar manner; however, the response of macrofungal species 
(especially wood-inhabiting) showed to be more pronounced 
in terms of species composition change. We found that mac-
rofungi can serve as good bioindicators of forest quality 
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under comparable site conditions. Some species of the Car-
pathian primeval forests were confirmed as indicators for 
natural beech forests, and others were proposed, and several 
species considered previously as indicators were also found 
in the managed forests.

Species diversity did not change as much as species com-
position (in both taxonomical groups). Therefore, species 
turnover evaluation seems to be a more important tool of 
forest natural status assessment than diversity measures. 
Moreover, multiple taxonomical groups should be involved 
in the comparisons. The importance of homogeneity of the 
compared material was emphasized in the study as well. 
To obtain relevant results, similar sites, stands of similar 
age and comparable overstorey tree composition should be 
compared.

As an outcome for the forest management, we recommend 
keeping mixed forests involving all natural tree species and 
providing at least a minimal amount of dead wood necessary 
for wood-inhabiting organisms. A positive example from the 
Poľana Mts. also underlines the importance of leaving some 
area of natural forests unmanaged.
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