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Abstract

European coppice forests covered a large area in historical times and almost 90 % of 
them were gradually transformed to di� erent forest types during the last century. 
Recently forest managers across Europe have out more emphasis on increasing bio-
diversity, which has now a key priority of forest management. The objective of this 
study was to evaluate the diversity, structure and production of lowland forests left 
to spontaneous development with di� erent historical management since the 1950s. 
Our study region were calciphilic beech forests, hornbeam-oak forests and stony col-
luvial forests in the Český kras Protected Landscape Area, Czech Republic. The study 
period extends over a period of 15 years from 2002 to 2017 and the management 
systems under consideration were coppice, coppice with standards and high forest. 
Our main focus was on changes in species composition, structural and total stand 
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diversity separated between tree layer and natural regeneration. The results indicate 
that during 15 years only small changes in the biodiversity of the tree layer occurred, 
while natural regeneration exhibited a signi� cant increase in biodiversity. Speci� cally, 
in the tree layer the height di� erentiation, species richness and timber production in-
creased and in natural regeneration the species heterogeneity and density increased 
during the study period. Comparing the natural regeneration with the tree layer, we 
observed a signi� cant increase of maple species (Acerobserved a signi� cant increase of maple species (Acerobserved a signi� cant increase of maple species (  sp.) and European ash (Acer sp.) and European ash (Acer Fraxinus 
excelsior L.), while the share of sessile oak (excelsior L.), while the share of sessile oak (excelsior Quercus petraea [Matt.] Liebl.) signi� cant-
ly decreased. The forest stands managed as coppice or coppice with standards had 
distinctive dynamics and signi� cantly higher biodiversity than similar forests that has 
been converted into high forests. 

Zusammenfassung

Niederwälder haben früher in Europa ein großes Gebiet bedeckt und etwa 90 % 
wurden im letzten Jahrhundert allmählich in andere Bewirtschaftungsformen wie 
Hochwald oder Mittelwald umgewandelt. In letzter Zeit hat das Waldmanagement 
der Erhöhung der Biodiversität mehr Bedeutung gegeben und Biodiversität ist nun 
eine wichtige Zielsetzung in der Waldbewirtschaftung. Das Ziel dieser Studie war es 
die Diversität, Struktur und Produktivität von Tie� andwäldern zu quanti� zieren, die 
seit den 50er Jahren der natürlichen Entwicklung überlassen wurden. Unser Unter-
suchungsgebiet sind kalziphilen Buchenwäldern, Hainbuchen-Eichenwäldern und 
Schuttwäldern im Landschaftsschutzgebiet Český kras in der Tschechischen Repu-
blik. Unser Untersuchungszeitraum erstreckt sich über 15 Jahre von 2002 bis 2017 
und die untersuchten Bewirtschaftungsformen sind Niederwald, Mittelwald und 
Hochwald. Unser Fokus lag auf Veränderungen in der Artenzusammensetzung und 
der strukturellen Diversität der Baumschicht und der natürlichen Verjüngung. Wir 
konnten zeigen, dass es nach 15 Jahren nur zu minimalen Veränderungen in der Bio-
diversität der Baumschicht gekommen ist, während die Biodiversität der natürlichen 
Verjüngung bedeutend angestiegen ist. Es haben sich insbesondere die Höhendi� e-
renzierung, Artenvielfalt und Holzproduktion in der Baumschicht erhöht, während in 
der natürlichen Verjüngung die Artenheterogenität und die Bestandesdichte größer 
wurde. Vergleicht man die Baumschicht mit der Verjüngung war eine Zunahme an 
Ahornarten (AcerAhornarten (AcerAhornarten (  sp.) und der Gemeinen Esche (Acer sp.) und der Gemeinen Esche (Acer Fraxinus excelsior L.) zu beobachten. 
Im Gegensatz dazu ist der Anteil der Traubeneiche (Quercus petraea [Matt.] Liebl.) im 
Untersuchungszeitraum gesunken. Die Waldbestände, bis zu den 50er Jahren des 20. 
Jahrhunderts als Niederwald oder Mittelwald bewirtschaftet, haben eine andere Dy-
namik und eine deutlich höhere Biodiversität als vergleichbare Wälder, die seitdem in 
Hochwälder umgewandelt worden waren.
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1. Introduction

Since the early 90s of the 20th century major e� orts were made to maintain and to 
increase biodiversity and the interest in mixed forests has been increasing as well 
(Ngo Bieng et al. 2013). This is inter alia caused by the currently important topic of 
climate change and driven by the question on how forest ecosystems will adapt to 
potential environmental changes (Bengtsson et al. 2000; Lenoir et al. 2008; Milad et 
al. 2011). Compared to mono-speci� c forests, mixed forests appear to be more stable 
in terms of their reaction to abiotic in� uences (Ngo Bieng et al. 2013; Petritan et al. 
2014; Králíček et al. 2017) as well as to biotic threats like damage for instance caused 
by insects (Jactel & Brockerho�  2007). At the same time mixed forests were reported 
to be better utilize nutrients and water resources (Kelty 2006). Biodiversity is one of 
the six main criteria of sustainable forestry in Europe and supporting biodiversity is 
one of the main objectives of the International Convention on Biological Diversity of 
MCPFE (2003) and related international strategies (Bengtsson et al. 2000; Barbier et 
al. 2009).

In forests the species composition and the codominant and dominant tree density 
are important factors for biodiversity and these factors also directly in� uence the re-
source availability for the ground vegetation (Vacek et al. 1999; Mölder et al. 2008; 
Vild et al. 2013; Bílek et al. 2014) and disturbance regimes (Hunter 1999; Lorz et al. 
2010; Vacek et al. 2017a). Biodiversity is also in� uenced by forest type (Bengtsson et 
al. 2000; Van Calster et al. 2008; Vacek et al. 2016) and applied forest management 
system and socio-economic conditions (Bílek et al. 2011; Vild et al. 2013; Sjölund & 
Jump 2015; Chudomelová et al. 2017).

Historically, to ensure fast regeneration of forest stands at lowland and hilly regions 
the re-sprouting ability of many broadleaved tree species such as Quercus, Carpinus, 
Tilia and Corylus has been utilized (Bruckman et al. 2011; Lassauce et al. 2012; Sucho-
mel et al. 2012) and this management type is called coppice. These coppice forests 
were historically very intensively exploited and subject to frequent disturbance using 
a rotation period of about 30 to 40 years (Van Calster et al. 2008). Coppicing was cau-
sed by intensive demand for fuelwood (also including the roots), collecting leaf litter 
as fodder and bedding for livestock and occasionally also subject to deforestation by 
slash and burn clearing for agricultural purposes (Nožička 1957; Konvička et al. 2008). 
Pronounced patchiness of microsites (Van Calster et al. 2007) from shaded locations 
to open grown canopies combined with low nutrient availability are typical for this 
very intensive management form. These characteristics support the occurrence of 
light-demanding oligotrophic species in the ground layer (Birks 2005; Ciancio et al. 
2006; Konvička et al. 2008; Plue et al. 2013; Vild et al. 2013). At the same time coppice 
forests allow the survival of shade-tolerant species (Van Calster et al. 2007; Hédl et 
al. 2010) and in general appear to exhibit higher biodiversity (Van Calster et al. 2008; 
Milad et al. 2011; Plue et al. 2013; Petritan et al. 2014; Müllerová et al. 2015).
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The coppice system as an intensive method of forest management in Europe was 
gradually abandoned from the second half of the 18th century to the mid-20th century 
(Bruckman et al. 2011; McGrath et al. 2015; Sjölund & Jump 2015). Across Europe, this 
method was originally used on 25 million hectares over a long period, while currently 
it is used on merely 2.9 mio. ha (Sjölund & Jump 2015). Coppicing persisted in low-
lands and hilly areas due to its ability to cope with negative e� ects of drought on the 
tree regeneration (Lassauce et al. 2012; Plue et al. 2013; Vild et al. 2013). Changing 
management by conversion into high forest by a reduction in the shoot number and/
or planting (Müllerová et al. 2015) or extending the rotation period and subsequent 
abandonment of coppice management (Lassauce et al. 2012) resulted in a gradual in-
crease in canopy closure (Van Calster et al. 2007; Müllerová et al. 2015). Consequent-
ly, this caused a reduction of light-demanding species (Müllerová et al. 2014) and a 
decrease in species diversity (Janík et al. 2008; Plue et al. 2013; Müllerová et al. 2015), 
particularly in forests dominated by European beech (Fagus sylvatica L.) (Mölder et 
al. 2008; Plue et al. 2013). Abondment of coppicing decreased also the occurrence 
of competitive and stress-tolerant species (Van Calster et al. 2007) and increased the 
occurrence of typical forest species (Brunet et al. 2011). 

In turn greater attention should be paid to valuable lowland forests frequently ma-
naged as coppice forests compared to the extensively described structure and dy-
namics of mountain forests (Ammer 1996; Král et al. 2015; Bulušek et al. 2016; Vacek 
et al. 2016; Slanař et al. 2017; Vacek et al. 2017b). Areas left to spontaneous develop-
ment enable us to study the natural processes of forest dynamics after the termina-
tion of management activities (Vacek 2003; Vandekerkhove et al. 2005; Petritan et al. 
2012; Are� ev 2017). For this purpose long-term research plots are very valuable as 
they allow monitoring changes in forest ecosystems (Bakker et al. 1996; Vacek et al. 
2017). Knowledge of the forest structure and dynamics of these stands could be used 
in the management of cultivated forests that are comparable in terms of site and 
stand conditions (cf. Korpeľ 1995; Vrška et al. 2009; Veen et al. 2010; Bölöni et al. 2017).

The mission of this study was to evaluate the biodiversity of lowland forest stands 
left to spontaneous development since the 1950s, considering stands continuously 
managed by coppicing and stands transformed into coppice with standards or high 
forest. The speci� c objectives were to explore (1) di� erences in tree diversity (struc-
tural, species) between high forest, coppice with standards and coppice forest; (2) 
changes in production, structure and diversity of forest stands between tree layer 
and natural regeneration, considering damage caused by game, and (3) relationship 
between forest type, tree layer structure and natural regeneration diversity.
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2. Material and Methods

2.1. Study area

Karlštejn National Nature Reserve (NNR) was selected as study region and is situated 
in the Český kras Protected Landscape Area (PLA) in Czech Republic (Fig. 1). It is an old 
settlement territory in a climatically favourable area in the oak to oak-beech forest 
altitudinal zone exhibiting hornbeam-oak forests (Quercetum Carpini), stony colluvial 
forests (Aceri-Carpinetumforests (Aceri-Carpinetumforests ( ) and calciphilic beech forests (Cephalanthero-Fagion) (Ja-
ník et al. 2008). Until the middle of the 20th century the forests of Karlštejn locality 
were managed as coppices with standards with a low share of the mature trees in the 
overstorey, high intensity of felling in coppice forest and cattle grazing. The Karlštejn 
NNR was declared in 1955 on an area of 1 547 ha to protect a wide range of biotopes 
(including oak-hornbeam and beech forests) and a rich variety of fauna unique on 
limestone bedrock, exposed rocks and variety of relief types.

Figure 1: Localization of permanent research plots 1–6 in Karlštejn National Nature Reserve (the map was 
made in ArcGIS Program Copyright 1995-2010 ESRI). 

Abbildung 1: Lage der permanenten Beobachtungs� ächen 1–6 im Nationalen Naturschutzgebiet 
Karlštejn (Karte wurde im ArcGIS-Programm Copyright 1995-2010 ESRI erstellt).
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Maximum altitude of the study area is 433 m a.s.l., while annual average temperature 
ranges between 8 and 9 °C and annual precipitation sum is 564 mm (Tolasz et al. 
2007). The bedrock is mainly composed of grey or red limestones. Rendzinas, Luvisols 
and Cambisols are prevailing; Lithosols are scarce (Němeček et al. 2001). Dominant 
forests alliances are Tilio-Acerion, Melampyro nemorosi-Carpinetum and Cephalanthe-
ro-Fagetum (Knollová & Chytrý 2004; Kubíková 2007; Janík et al. 2008).

The prevailing part of forest stands in the area of interest was established as cop-
pice forests presumably in the medieval age. Six permanent research plots (PRP 1, 
2 – high forest, PRP 3, 4 – coppice with standards, PRP 5, 6 – coppice forest) were 
selected in the Doutnáč forest locality, that has a total size of 67.64 ha. On PRP 1-2 the 
forest stands have been converted to high forest since the 1950s. The stands of PRP 
3-4 have been converted to coppice with standards since the 1950s; on PRP 5-6 the 
stands were left as a coppice with prolonged period. The entire Doutnáč locality was 
left to spontaneous development and forest management activities were completely 
terminated in 2004, yet forest management was extensive before this time. The last 
o�  cially executed management practice was carried out in 1986 aimed to support 
trees with high quality originated from seeds and to remove sprouts on PRP 1-4 and 
support high-quality stump sprouts on PRP 5-6. Previous silvicultural thinning was 
conducted in the years 1978 and 1972. Tab. 1 summarizes the basic characteristics of 
the analyzed PRPs.
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Table 1: Summary information of permanent research plots (PRP). Stand characteristics represent year 
2017 and we show all species contributing > 5% by stand volume. 

Tabelle 1: Zusammenfassung der verwendeten Dauerbeobachtungs� ächen. Die gezeigten 
Bestandeskennwerte (Baumartenanteil) repräsentieren das Jahr 2017 und wir zeigen alle Baumarten 
> 5 % des Bestandesvolumens.
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2.2. Data collection

To determine the tree layer structure six PRPs of 50×50 m (0.25 ha) were established 
in 2002. The measurement was repeated in 2017 using the Field-Map technology 
(IFER 2017). The positions (coordinates) of all trees exceeding a breast height diame-
ter (DBH) ≥ 4 cm were localized. DBH of the tree layer were measured with a calliper 
(accuracy 1 mm) and tree heights and heights of the crown base were measured with 
a Vertex laser hypsometer (accuracy 0.1 m). The four crown radii were measured per-
pendicular to each other through the centroid of the crown by the Field-Map techno-
logy. The � rst azimuth was de� ned as the direction from the subject tree to the centre 
of the measurement plot (Sharma et al. 2016).

In 2002 natural regeneration (height ≥ 10 cm and DBH < 4 cm) was measured on the 
whole area of PRP 1, 3 and 5 and in 2017 on transects of 10×50 m. Transects repre-
sentative from the aspect of regeneration character were chosen in the middle of 
PRP according to average stand and habitat conditions. The parameters measured 
for natural regeneration were position, height, obviously alive crown height, crown 
width and terminal shoot browsing.

2.3. Data analysis

Stand characteristics (production, stocking, canopy, species and vertical diversity) of 
the tree layer were evaluated by the SIBYLA 5.1. software (Fabrika & Ďurský 2005). The 
relative stand density index (SD), the crown closure (Crookston & Stage 1999) and the 
crown projection area (CPA) were observed for each plot. The CPA was automatically 
derived from measured crown radii by the Field-Map software and visualized by the 
function “smoothing crowns” (IFER 2017). The maximum SDI value was derived from 
the model of yield tables (Halaj et al. 1987). The layout maps were made in the ArcGIS 
10.0 software (ESRI 2010). 

Species diversity was analysed in the framework of species richness (Margalef 1958; 
Menhinick 1964), species heterogeneity (Shannon 1948; Simpson 1949) and species 
evenness (Hill 1973; Pielou 1975). The structural diversity assessment included the 
calculations of diameter and height di� erentiation index (Füldner 1995), relative spe-
cies pro� le index (based on three tree layers; Pretzsch 2006) and stand diversity index 
(Jaehne & Dohrenbusch 1997). The stand diversity index is based on the composition 
of tree species, vertical structure, distribution of stems and structural characteristics 
of crowns. The spatial distribution (horizontal structure) of trees on PRP was determi-
ned according to the index of non-randomness (Mountford 1961) and aggregation 
index (Clark & Evans 1954) and calculated using the PointPro 2.2. software (Zahradník 
& Puš 2010). The signi� cance of deviations from expected values for the random point 
layout was tested using Monte Carlo simulations (testing of di� erences between ran-
domly generated points and actual observed data). The criteria of analysed diversity 
and structural indices are shown in Table 2, equations are described in the Appendix 
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1 (formulas 1-14) and detailed description was published by Pretzsch (2009). 

Table 2: Overview of calculated diversity and structural indices. 

Tabelle 2: Überblick über die berechnete Diversitäts- und Struktur-Indices.

Statistical analyses were processed in the R software (R Core Team 2017). Multidimen-
sional ANOVA (or simple ANOVA in the case of testing di� erences in one parameter) 
was used for testing of di� erences between multidimensional characteristics of par-
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ticular plots. Unconstrained principal component analysis (PCA) in the CANOCO 5.03 
program (Šmilauer & Lepš 2014) was used (centred and standardized data) to analyse 
relationships between stand parameters, stand biodiversity (structure and species), 
regeneration density, regeneration biodiversity and similarity of PRP (1-6) during the 
time (2002, 2017).

3. Results

3.1. Tree layer structure and development

The numbers of living trees in the tree layer ranged between 368 and 2160 trees ha-1 
and also the di� erences in stand structure between the three studied forest types 
were large (Tab. 3). The high forest stands had one tree layer, while the coppice with 
standards hat two to three layers and coppice had three layers. The relative stand 
density (SDI / SDImax) exhibited a range of 0.54 to 0.97. The average basal area varied 
between the studied forest types by about 25 %. The highest stand volume of 525 
and 590 m3 ha-1 were observed in the stands converted to high forest. The lowest 
stand volume (200 m3 ha-1 and 246 m3 ha-1) was measured on the plots managed as 
coppice in the past.

The proportions of tree species contributing substantially to the stand volume di� e-
red on the particular plots. In high forest European beech represented with 92-96 % 
most of the stand volume (Tab. 1). In coppice with standards the stand mixture was 
richer and the stand volume was composed of 31 % small-leaved linden (Tilia cordata
Mill.) and 26-30 % sessile oak (Quercus petraea [Matt.] Liebl.), while the contribution of 
beech and European hornbeam (Carpinus betulus L.) was more variable (10-26 % and 
9-14 %, respectively). The coppice stands also was a mixture of broadleaves, with oak 
contributing with 44 % the largest share, followed by linden (34-37 %) and hornbeam 
(8-12 %).
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Table 3: Average stand characteristics of the six permanent research plots in 2002 and 2017.

Tabelle 3: Mittlere Bestandeskennwerte der sechs Dauerversuchs� ächen in den Jahren 2002 und 
2017.

Within the 15 years of the study period, the number of trees in the canopy increased 
by 5-8 % along with an increase in relative stand density. Average basal area showed 
a moderate increase from 26.4-34.4 m2 ha-1 (2002) up to 33.2-41.2 m2 ha-1 (2017). The 
stand volume also increased by about 20-25 % (Tab. 3).

Figure 2 illustrates the horizontal structure of tree layer on PRP 1-6 in 2017. Stem 
number in the tree layer and the relation of DBH to tree height on the particular PRP 
are shown in Figures 3 and 4, respectively.
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Figure 2: Horizontal structure of the permanent research plots in Karlštejn National Nature Reserve, Český 
kras Protected Landscape Area in 2017. 

Abbildung 2: Horizontale Struktur der Dauerbeobachtungs� ächen im Nationalen Naturschutzgebiet 
Karlštejn, Český kras – Landschaftsschutzgebiet 2017.

Figure 3: Stem number distribution by diameter classes of the tree layer on the permanent research plots 
in 2002 and 2017.

Abbildung 3: Stammzahlverteilung der Dauerbeobachtungs� ächen in den Jahren 2002 und 2017.
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The distribution of diameter classes showed another distinct di� erence between the 
forest types. In high forest, the lowest number of trees belongs to small diameter 
classes while this number is obviously the highest in coppice forest, and in coppice 
with standards the values are rather close to coppice forest with even higher variabi-
lity (Fig. 3).

Figure 4: The relationship between breast height diameter and tree height on the permanent research 
plots in 2002 and 2017.

Abbildung 4: Die Bestandeshöhenkurven auf den Untersuchungs� ächen in den Jahren 2002 und 
2017.

3.2. Biodiversity in the tree layer 

The biodiversity of tree layer on PRP 1-6 is documented in Tab. 4. The species richness 
evaluated by D1 and D2 indices and the species diversity of tree layer according to 

 indices and H´ were intermediate in high forest (PRP 1-2) and high or very high in H´ were intermediate in high forest (PRP 1-2) and high or very high in H´
both coppice types. The species evenness of tree layer according to E1E1E  index shows 
low biodiversity in high forest and high biodiversity on the other plots. The species 
evenness of tree layer according to E2E2E  index shows the medium biodiversity of tree 
layer in high forest and high biodiversity on the other plots. Comparing the species 
diversity of tree layer across all indices in both years, forest types showed signi� cant 
di� erences (MANOVA, F(2,9) = 12.26, p<0.001). 
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Table 4: Indices describing the diversity of tree layer on permanent research plots in 2002 and 2017. 
Statistically signi� cant value for horizontal structure are displayed by * (α=0.05).

Tabelle 4: Indexe, die Diversität der Baumschicht auf den Beobachungs� ächen in den Jahren 2002 
und 2017 beschreiben. Statistisch signi� kante Werte sind mit * (α=0.05) gezeichnet.

The horizontal structure in high forest (PRP 1) is random to regular according to α
and R indices. In coppice with standards the horizontal structure is aggregated ac-
cording to both indices, signi� cantly in the understorey. As expected, coppice forest 
has signi� cantly aggregated structure. The vertical structure is quite variable on the 
particular PRP (Aparticular PRP (Aparticular PRP (  = 0.189-0.697), it varies from low (on plots of high forest) to rela-
tively di� erentiated spatial diversity, which is composed of 2-3 storeys on PRP 3-6. 
The TM index of height and diameter di� erentiation indicates the stands with mostly 
medium structural di� erentiation with low variability of these characteristics within 
a speci� c type of forest.

From the aspect of stand diversity index B, the stands have a very diverse structure 
on plots PRP 3 and 4 (B = 9.905-10.496) and PRP 5 and 6 (B = 9.228-9.540) of coppice 
with standards and coppice forest, respectively, and in high forest (B = 6.711-6.781) 
the values indicate the relatively uneven structure.

The diversity changes in the course of 15 years were only moderate. The species di-
versity of the tree layer according to  indices and H´ increased similarly like H´ increased similarly like H´ D1 and D2
indices. The species evenness of tree layer according to E1E1E  index moderately decrea-
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sed on plots with beech dominance (PRP 1-2) and on PRP 3 and moderately increased 
on the other plots, while the species evenness of tree layer according to E2E2E  index 
slightly decreased on all PRPs. Comparing PRPs over the time, species diversity of the 
tree layer on all plots generally increased.

Also changes in horizontal structure that occurred in the course of 15 years were only 
small and vertical variability increased moderately on all plots except for PRP 3. While 
height di� erentiation moderately increased in the course of 15 years, diameter di� e-
rentiation increased only in coppice with standards. The stand diversity moderately 
increased in the study years on the plots of high forest and on PRP 3.

Comparing the structural diversity (AComparing the structural diversity (AComparing the structural diversity ( , TMd, TMd, TMd TMh) of tree layer across all indices in both 
years, forest types showed signi� cant di� erences (F(2, 9) = 24.28, p<0.001). For stand 
diversity index (B) in the course of 15 years, no signi� cant changes were observed 
(F(2, 3) = 0.789, p = 0.53).

3.3. Structure and development of natural regeneration

The horizontal structure of tree natural regeneration (recruits) on all PRPs is aggrega-
ted. Regeneration di� ers signi� cantly in number within the particular types of forest 
in the range of 368-34,768 ind ha-1 (density increasing with lower canopy closure). 
The onset of natural regeneration is obviously slower in coppice with standards, and 
at the present time only 1 % of recruits overtop the height of the average herb layer, 
i.e. 30 cm. The lowest number of individuals in the regeneration is in coppice forest 
and less than 1 % are taller than 30 cm.

The density of natural regeneration signi� cantly changed in the period 2002-2017. 
The number of recruits increased from 264 ind ha-1 up to 34,768 ind ha-1 (Tab. 5). In 
2002 regeneration on all plots only exceptionally (ca. 8 %) overtopped the herb layer 
height. The numbers of recruits were in the range of 264-18,216 ind ha-1, the number 
being su�  cient only in high forest with dominant beech (82 %). After 15 years the 
height and the number increased especially in high forest: 53 % of recruits overtop-
ped the herb layer and were taller than 30 cm. Dominant beech accounted for 75 % 
and Norway maple (Acer platanoidesand Norway maple (Acer platanoidesand Norway maple (  L.) proportion increased to 12 %. 

The in� uence of hoofed game on the condition of natural regeneration is negative. In 
total the terminal shoot browsing was observed in 88 % of individuals in high forest, 
75 % in coppice with standards and 63 % in coppice forest. Losses are related with the 
height of recruits; at a height above 50 cm the recruits have already avoided such da-
mage and only about 50 % of them are browsed. Damage is also related with the tree 
species: the lowest number of damaged individuals being hornbeam (7 %), followed 
by small-leaved linden (28 %) and beech (31 %). The 50-84 % of other interspersed 
tree species had severely damaged terminal shoots (especially Norway maple) and 
in a taller height category 100% of common hazel (Corylus avellana L.) and 47-57 % 
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of maple, hornbeam and common hawthorn (Crataegus monogyna Jacq.) terminal 
shoots were damaged.

Table 5: Tree species composition of tree layer and natural regeneration (density and percentage 
representation) on the permanent research plots in 2002 and 2017. Mark “+” indicates density < 0.5 %. 

Tabelle 5: Baumartenzusammensetzung in der Baumschicht und der natürlichen Verjüngung (Anzahl 
und prozentuale Darstellung) auf den Beobachtungs� ächen in den Jahren 2002 und 2017. Zeichen 
“+” steht für Bestandesdichte < 0.5.

3.4. Biodiversity of natural regeneration 

In 2002 the species richness of natural regeneration evaluated by D1 index was inter-
mediate on the prevailing part of plots (D1 = 0.408-0.518) and high only in the cop-
pice forest (D1 = 0.717) similarly like for the tree layer (Tab. 6). Over the 15 years it 
considerably increased to a high level on all PRPs. The value of D2 index for natural 
regeneration was low in high forest and coppice with standards (D2 = 0.037-0.221), 
and medium in coppice forests (D2 = 0.308) and decreased substantially within 15 
years to the values much lower in comparison with the tree layer. The species di-
versity of natural regeneration according to  index was medium in coppice forests 
(  = 0.674) and low in high forest (  = 0.308), even though it was higher by 30-60 % 
in comparison with the tree layer and it increased during the 15 years to the medium 
or high level (  = 0.423-0.782). The H´ index of natural regeneration was high in all H´ index of natural regeneration was high in all H´
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plots (H´ = 0.590-1.252) and increased considerably in time, with values comparable H´ = 0.590-1.252) and increased considerably in time, with values comparable H´
to the values of the tree layer (except for high forest). The species evenness (E1E1E  and 
E2E2E ) was medium for natural regeneration in high forest (E = 0.367-0.563) and high in E = 0.367-0.563) and high in E
the other two types of forest (E = 0.778-0.856) although it decreased by 10-15 % on E = 0.778-0.856) although it decreased by 10-15 % on E
all plots in 15 years. For species richness (D1 and D2 indices) in the course of 15 years, 
no di� erences were observed between the indices (F(2, 3) = 0.9, p = 0.52), similarly 
like in species heterogeneity (F(2, 3) = 1.5, p = 0.31) and species evenness (F(2, 3) = 1.6, 
p = 0.29). 

Table 6: Overview of calculated diversity and structural indices. 

Tabelle 6: Überblick über die berechnete Diversitäts- und Struktur-Indices.

3.5. Relationships between stand parameters, stand biodiversity and natural 
regeneration

The interrelations between stand parameters and characteristics of regeneration are 
presented as PCA ordination diagram in Figure 5. The � rst ordination axis represents 
height, dbh, density and spatial pattern of the tree layer. The second ordination axis 
represents time, stand diameter di� erentiation and stand species richness (D2). The 
� rst ordination axis explains 61 % and all the four axes together explain 97 % of the 
variation in the data. Stand volume, height and dbh of the tree layer were negatively 
correlated with relative species pro� le index and stand overall diversity. Di� erences 
between plots are visible: coppice forest (PRP 5, 6 and partially PRP 3, 4) occupied the 
left part of the diagram showing higher stand density, species heterogeneity, species 
evenness and stand overall diversity, while higher stand volume and more regular 
spatial pattern were characteristic of high forest (PRP 1 and 2). The cluster spatial 
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pattern of regeneration was increasing with regeneration density, but concurrent-
ly decreasing with density and spatial pattern of the tree layer. Stand regeneration 
species evenness (E1E1E ) was positively correlated with stand species evenness as the 
regeneration species heterogeneity (H’) was positively correlated with stand species H’) was positively correlated with stand species H’
heterogeneity and stand canopy. These parameters were independent of time. Re-
generation density in the course of time was increasing with height di� erentiation, 
mean age and species richness of the tree layer, while regeneration species richness 
was decreasing in time. The dynamics of parameters in the course of time was remar-
kable especially on PRP 3-6 (demonstrated by distant marks) whereas closer marks 
for PRP 1 and 2 show the stability of parameters. 

Figure 5: Ordination diagram showing relationships between stand (S_+) parameters (Age – mean stand 
age, Canopy – crown projection area, DBH – mean diameter at breast height, Height, Volume), stand 
species diversity (D2 – species richness, H’ – species heterogeneity, E1 – species evenness), stand structural 
diversity (A – relative species pro� le index, TMd – diameter di� erentiation, TMh – height di� erentiation, α 
– index of non-randomness, B – total diversity), regeneration (R_+) density, regeneration species diversity 
and time (year of measurement); Codes indicate  coppice,  coppice with standards and  high forest 
with the plot number and the year of measurement (2002, 2017).

Abbildung 5: Ordinationsdiagramm der Beziehungen zwischen (S_+) Bestandesparametern 
(Age(Age(  – mittleres Alter des Waldbestandes, Canopy – Kronenprojektion, Canopy – Kronenprojektion, Canopy DBH – Durchmesser, DBH – Durchmesser, DBH Height
– Höhe, Volume – Volumen), Artendiversität (D2 – Artenreichtum, H – Artenheterogenität, H – Artenheterogenität, H E1 – 
Artengleichmäßigkeit) strukturelle Diversität (AArtengleichmäßigkeit) strukturelle Diversität (AArtengleichmäßigkeit) strukturelle Diversität (  – Artenpro� lindex, TMd – Durchmesserdi� erenzierung, TMd – Durchmesserdi� erenzierung, TMd
TMh – Höhendi� erenzierung, α – non-randomness Index, B – Gesamtdiversität), Verjüngung (R_+) 
Dichte, Artendiversität und Zeit (Jahr der Messung);  Niederwald, Mittelwald und Hochwald 
mit Anzahl der Versuchs� ächen und dem Jahr der Messung (2002, 2017).
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4. Discussion

Forest conversion and eventually also abandonment of forestry activities have a very 
strong in� uence (in the framework of Europe) on the character of forests (Gondard 
2001; Bürgi and Russell 2001; Van Calster et al. 2008). In the study area of Karlštejn 
NNR, the abandonment of coppicing and small-plot management of even-aged 
stands have led to an increase of canopy, in places even to the full canopy closure 
and to the gradual disappearance of patches of sunlit microsites (Kubíková 2007). 
Also, the species composition change resulted in an increase of the European horn-
beam and � eld maple (Acer campestrebeam and � eld maple (Acer campestrebeam and � eld maple (  L.) proportion. The results indicate that the 
management history in the above-mentioned forest stands has been recognizable 
until now, and the plots with di� erent history are signi� cantly di� erent, especially in 
the number of trees, stocking, stand height and volume.

The stand volume was substantially in� uenced by the species composition and type 
of forest. Reaching over 530 m3 ha-1 it was highest in high forest with beech, which 
is close to the lower boundary of values cited for near-natural oak-beech stands, 
630-874 m3 ha-1 (Suchomel et al. 2012; Petritan et al. 2014), and above the total stand 
volume for productive lowland broadleaved forests – 240 m3 ha-1 (Petritan et al. 2014). 
The stand volume in both coppice types was lower by 48-71 % compared to high 
forest, this di� erence being based on the level of the average volume and basal area 
of tree. On the other hand, the number of trees was higher by 164 % in coppice with 
standards and by 394 % in coppice forest than in high forest. 

The canopy stabilization at as much as 91-98 % on all plots is interesting, although 
the canopy increase after abandonment of a coppice system can be expected (Van 
Calster et al. 2008; Mölder et al. 2008; Plue et al. 2013). The species composition is the 
factor contributing to the structure and dynamics of forest stand especially in the 
combination of shade-tolerant and light-demanding tree species, which was obvious 
on the plots with di� erent forest type. The loss of species diversity in broadleaved 
forests after conversions was already observed in some studies (Von Oheimb & Bru-
net 2007; Bartha et al. 2008; Hédl et al. 2010). Our results suggest a di� erence in bio-
diversity caused by the di� ering past management method (Rooney et al. 2004; Van 
Calster et al. 2008). The species richness index documents low diversity in high forest 
plots and high diversity in both coppice variants, and the species diversity and even-
ness of tree layer have similar trends. Diameter di� erentiation increases with time. 

The trend of decreasing biodiversity in the conversion of coppice forests was demon-
strated not only in lowland hornbeam-oak stands in Bohemia (Müllerová et al. 2015) 
but also in oak forests in Denmark (Strandberg et al. 2005) and in Italy (Ciancio et al. 
2006). However, at the same time the spreading of European ash (Fraxinus excelsior
L.), � eld maple, small-leaved linden, European hornbeam or potentially European be-
ech has been documented. This process was described at the same study location 
(Hofmeister et al. 2004) and also elsewhere (Lameire et al. 2000; Von Oheimb and 
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Brunet 2007). We thus can con� rm the hypothesis of di� erences in changes of diver-
sity between herb-rich beech forests (Asperulo-Fagetumsity between herb-rich beech forests (Asperulo-Fagetumsity between herb-rich beech forests ( ) and oak-hornbeam forests, 
since both intraspeci� c and interspeci� c competition has a crucial in� uence on the 
dynamics of mixed forests (Ngo Bieng et al. 2013; Fichtner et al. 2013; Del Río et al. 
2014). The plots show positive correlations between the richness of upper storeys 
and the richness of undergrowth similarly like in other studies (Barbier et al. 2008; 
Mölder et al. 2008; Van Calster et al. 2008).

The spatial structure of the tree layer is usually random (Petritan et al. 2014) in the 
natural distribution, while the aggregated structure is generally more recognizable 
at lower storeys and may be in� uenced not only by management, but also by the 
availability of water and light (Milad et al. 2011; Plue et al. 2013; Petritan et al. 2014; 
Del Río et al. 2014). On the study plots the regular horizontal structure is prevailing in 
high forest, like e.g. in beech forests in Slovenia (Rugani et al. 2013) and aggregated 
structure was documented on the coppice and coppice with standards plots, con-
sistently with the description of near-natural mixed oak-beech forests (Petritan et al. 
2014). Similarly, signi� cant aggregated structure (R = 0.709) was observed in coppice 
forests in Austria (Sterba & Zingg 2006) in comparison with our study (R = 0.721). 
Height and diameter di� erentiations mostly indicate medium di� erentiation and low 
variability within the speci� c type of forest. The vertical structure is quite variable on 
the study plots even though it clearly shows a di� erence between high forest (low va-
riability) and both coppice variants forming a multilevel forest stand which is usual in 
this form (Hédl et al. 2010; Müllerová et al. 2015). The stand diversity suggests similar 
� ndings – pronounced structure on the plots of the original coppice types of forests 
and relatively less rich structure on the plots of the originally high forest, which is 
consistent with the results of Rooney et al. (2004).

Our study documents that in the short period (15 years) after spontaneous develop-
ment only few signi� cant changes in the stand diversity of the tree layer occurred. As 
for the height di� erentiation, a moderate increase was observed in overall diversity, 
mainly in high forest. In the last 15 years species richness and heterogeneity have in-
creased moderately while species evenness has moderately decreased due to disap-
pearance of light-requiring species on the study plots, but it is still a too short period 
to con� rm this result. The site shifts to more natural forests and their dynamics may 
bene� t from a decrease in anthropogenic disturbances and support of self-regula-
tion (Fichtner et al. 2013).

The natural regeneration was suppressed for a long time and its expansion started 
in the last decades showing a pronounced increase both in the number of individu-
als and height. The numbers of recruits increased from tens of individuals to tens of 
thousands per hectare, apparently thanks to richer mast years, but due to the short 
time period only 20 % of them overtopped the herb layer and resisted the game pres-
sure that was probably a limiting factor in the last decades (Strandberg et al. 2005; 
Hédl et al. 2010; Vild et al. 2013; Vacek et al. 2014). 
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In mixed beech-oak forests the tree layer is of crucial importance as the main light-li-
miting and competition forming factor, thus the aggregated spatial structure of na-
tural regeneration is usually assumed (Hofmeister et al. 2014; Petritan et al. 2014; Mül-
lerová et al. 2015), just like in our case. The beech regeneration takes advantage of 
shady conditions and thus it clearly prevailed (75 %) in beech high forest on the study 
plots. Natural regeneration of beech prefers microsites under oak crowns compared 
to beech crowns (Fichtner et al. 2013), while this trend appeared not only on the high 
forest plots but also on coppice plots, with a higher proportion of beech regeneration 
in comparison with the beech proportion in the tree layer. The lower numbers of re-
cruits in coppice forest than in coppice with standards correlate with the higher value 
of the stand density index (Barbier et al. 2009). The growth of natural regeneration in 
both coppice forests is slower (only 1-10 % of recruits overtop the herb layer) and the 
numbers of recruits are distinctly lower than in high forest, although the number of 
tree species and species diversity are much higher. 

The species structure of oak-hornbeam forests converted from coppice forest usually 
changes in time, when the proportion of ash and maple increases and the propor-
tion of hornbeam and linden changes (Hofmeister et al. 2014; Müllerová et al. 2015). 
An increase in the ash proportion was pronounced in our study (ash regeneration 
accounted for about 40 %) and there was also a slight (about 10 %) increase of the 
Norway maple proportion. The representation of linden can oscillate with the tree 
species dynamics after the forest type conversion (Müllerová et al. 2015), although 
stability in some stands was also reported (Milad et al. 2011). The linden representa-
tion was quite low on our plots and as its proportion in the tree layer is substantially 
higher than in natural regeneration, the loss is probably caused by game damage and 
limited by light availability. Results of oak dynamics may di� er (Bruckman et al. 2011) 
and oak regeneration in our conditions was present only on the plots of coppice with 
standards and coppice forest. Field maple natural regeneration decreased by half, 
mainly due to a slower increase in the total numbers of recruits rather than due to 
higher mortality or damage by game. Maple attractivity in relation to browsing los-
ses was documented also in other studies (Konôpka & Pajtík 2015; Vacek et al. 2018). 
In our condition, higher biodiversity of coppice forest and coppice with standards 
was formed also by the admixture of such species as cornelian cherry, hawthorn and 
scarcely also hazel.

In the study period, the species richness of regeneration (D1 index) increased signi� -
cantly from a medium to a high level contrary to a drop in D2 index which was caused 
by a large increase in the number of recruits (up to 49 times) in disproportion with an 
increase in the number of new species. The species diversity of natural regeneration 
increased to a medium or a high level and there was a decrease in species evenness. 
Substantially greater changes in the biodiversity of the tree species were observed 
e.g. in Milovice (Hédl et al. 2010), which is common for the juvenile phases of stand 
development (Beneš et al. 2006). 
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Dynamic processes in forests in the study localities are similar to those in other long-
term anthropically in� uenced European localities in the areas with low forest cover 
(Bürgi & Russell 2001). In these areas, forests have been substantially exploited as a 
limited resource since the Middle Ages (Müllerová et al. 2014) while thermophilic and 
hornbeam-oak forests were managed for a long time by traditional methods of cop-
pice forest that maintain the open stand canopy (Birks 2005). After conversions, there 
was a crucial change in canopy, possibilities of regeneration and species diversity 
especially in natural regeneration (Plue et al. 2013), which often causes a con� ict with 
the species protection of plants and animals (Konvička et al. 2008).

5. Conclusion

There are several possible causes of the observed di� erences and changes in the bio-
diversity between hornbeam-oak forests and calciphilic beech forests in Karlštejn 
NNR. The change in silvicultural practices from coppice forest to high forest and the 
distinct reduction in active management since 1955 are likely among the main cau-
ses. The management history in the past had a strong in� uence on the current state 
and diversity of forest types, since the plots with di� erent history were signi� cantly 
di� erent, in particular the stem number, stocking, stand height and volume. High 
forests reached 2.7 times higher stand volume and 4.7 times lower number of trees 
compared to coppice forests. On the other hand, the coppice forest has clearly hig-
her species, structural and total diversity compared to coppice with standards and 
high forest. Within the study period (2002-2017) the diversity of the tree layer showed 
only minimum changes, while changes in natural regeneration diversity were more 
pronounced. During the 15 years of this study, the regeneration density increased 
by 204 % with the highest expansion of maple species. Natural regeneration also ex-
hibited positive changes regarding species, age and spatial structure, although the 
growth of attractive tree species were limited by game damage.
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Appendix

Formulas (1-14) for calculation of diversity and structural indices.

Formeln (1-14) zur Berechnung von Diversitäts- und Struktur-Indices.

Species richness index (Margalef 1958):

where m = number of tree species, N = number of trees per hectare.

Species richness index (Menhinick 1964):

where m = number of tree species, N = number of trees per hectare.

Species heterogeneity index (Simpson 1949):

where m = number of tree species, wi = basal area proportions of individual tree spe-
cies.

Species heterogeneity index (Shannon 1948):

where m = number of tree species, wi = basal area proportions of individual tree spe-
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cies.

Species evenness index (Pielou 1975):

where H´= Species heterogeneity index according to Shannon (1948) – Eq. 4, 
m = number of tree species.

Species evenness index (Hill 1973):

where  = Species heterogeneity index according to Simpson (1949) – Eq. 3, H´= Spe-
cies heterogeneity index according to Shannon (1948) – Eq. 4.

Relative species pro� le index (Pretzsch 2006):

where m = number of tree species, pij = proportion of basal area of trees of ith tree 
species in jth stand layer.

Diameter di� erentiation index (Füldner 1995):

where rd = ratio between the larger and the smaller diameter of the nearest neighbor 
tree pair, n = number of neighbor trees.
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Height di� erentiation index (Füldner 1995):

where rh = ratio between the larger and the smaller height of the nearest neighbor 
tree pair, n = number of neighbor trees.

Index of non-randomness (Mountford 1961):

where n = number of sample points, N = number of trees in the plot, P = plot area,where n = number of sample points, N = number of trees in the plot, P = plot area,
´1 = quadratic distance from sample point to the nearest tree.

Index of aggregation (Clark & Evans 1954):

where ri = distances between two nearest neighbors, N = number of trees in the plot, 
P = plot area, u = the perimeter of plot.

Total diversity index (Jaehne & Dohrenbusch 1997):

where m = number of tree species, Zmax = maximum tree species proportion, 
Zmin = minimum tree species proportion, hmin = minimum tree height in the stand, 
hmax = maximum tree height in the stand, rmin = minimum tree spacing, rmax = maxi-
mum tree spacing, HCBmin = minimum height to crown base, CDmin = minimum crown 
diameter, CDmax = maximum crown diameter.
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Stand density index (Reineke 1933):

where dbhg = quadratic mean diameter, N = the number of trees per hectare.

Relative stand density index:

where the SDImax = maximum stand density index represents the maximum tree num-
ber per hectare at full density derived from the model of yield tables (Halaj et al.1987).
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