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Abstract

Aim of the study: To describe the effect of stand edge after clearcut on the process of Scots pine (Pinus sylvestris L.) natural
regeneration along the edge-to-interior gradient. The density, height, horizontal structure and quality of natural regeneration was
evaluated.

Area of the study: Kokofinsko Protected Landscape Area, Northern Bohemia (Czech Republic). The study sites naturally host Scots
pine Pinetum oligotrophicum with cover of Vaccinium myrtillus L. and Vaccinium vitis-idaea L. in the herbal storey.

Material and methods: Two 40 x 40 m permanent research plots were situated at the forest edge, two adjacent plots were established
within the forest stand as control plots. Differences in regeneration characteristics were tested by analysis of variance (ANOVA)
followed by the Tukey HSD test. Interactions between regeneration characteristics and the distance from the edge were evaluated
by Pearson correlation. The relationship between the top storey and natural regeneration was depicted by pair-correlation function.
Principal components analysis was carried out to assess overall data structure.

Main results: Generally, the further from the stand edge, the lower natural regeneration density (r < -0.64, p<0.001), mean height (r <-0.54,
p<0.001) and the best-quality promising individuals (» = -0.40, p<0.05) were found, whereas significant influence on overall average
pine quality was not observed. The highest regeneration density (15,250 pcs/ha) was reached at a distance of 5-10 m from the stand
edge.

Research highlights: The forest edge interior can become favourable location for natural regeneration and can be implemented into

traditional regeneration approaches in pine regions.

Additional keywords: pine silviculture; forest edge effect; stand quality; Central Europe.
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Introduction

Scots pine (Pinus sylvestris L.) is the most
widespread pine species and one of the most important
tree species in Eurasia (Coban et al., 2016) with a
large ecological as well as economic impact (Oleksyn
et al., 2002; Grigoriadis et al., 2014). However, in
the context of global climate change with negative
effects on forests (Loarie et al., 2009) and due to its
wide natural range, Scots pine faces a number of
ecologically diverse conditions substantially different
from its ecological optimum (Benavides et al., 2013).
In the Mediterranean, Scots pine is limited especially

by summer droughts (Castro et al., 2002). In Central
and Northern Europe, Scots pine is hampered mostly by
low temperatures (Ryypp0 et al., 1998). In the Czech
Republic, natural pine forests occur on the poorest and
driest soils, where extreme edaphic characteristics of
these sites overshadow the macroclimatic conditions
and limit competition of most woody species (Mikeska
et al., 2008).

Scots pine as a pioneer tree species has relatively
high demands on light and its spontaneous natural
regeneration under canopy closure is less common
than e.g. in spruce. However, better light conditions
in gaps or close to the forest edges can initiate the
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stand regeneration process (Burton, 2002; Bilek et al.,
2014). Furthermore, successful natural regeneration of
pine depends on micro-habitat characteristics (Wittich,
1955) and the climatic conditions (temperature and
precipitation) during seed germination and initial growth
of seedlings (Puhlick et al., 2012). For example, a thick
layer of humus can slow down or even suppress the
emergence of seedlings by preventing contact between
the seed germ and mineral soil (Ibafiez & Schupp, 2002).
Naturally occurring Scots pine saplings are normally
suppressed by too dense canopy. However, Coban et al.
(2016) showed that they are to a certain extent tolerant
to shading and they can survive relatively long periods
(10-12 years) with the ability to exploit subsequent
opportunities should a canopy gap occur. The height
and density of saplings correlate negatively with the
proximity of parent trees (Siipilethto, 2006), because
their competition prevents regeneration development
(Montes & Canellas, 2007; Ruuska et al., 2008). In
this respect, parent trees root competition can be very
limiting factor, especially in the conditions of dry
and poor locations (Kuuluvainen & Ylldsjérvi, 2011;
Axelsson et al., 2014).

In the past, the main approach in Scots pine
management were clearcuts and following artificial
regeneration (Aleksandrowicz-Trzcinska et al., 2014).
At present, this regeneration method is on the decline as
greater effort is made to exploit natural pine regeneration
(Bilek et al., 2016; Vacek et al., 2016). However, even
this management approach is often considered as a tool
for homogenization of the stand structure (Uotila et al.,
2002), whereas regeneration in gaps can contribute to
a more varied spatial and species structure of the stand
and increase its naturalness (Beckage et al., 2005).
Depending on the size and shape of the gap, we observe
an increase in light intensity within the gap directly
affecting the growth of natural regeneration (McCarthy,
2001; Pasanen et al., 2016). On the other hand, an
increase in light intensity can favour ground vegetation
which reduces success of the natural regeneration
(Ruuska et al., 2008). The existence of a dense herbal
layer and unfavourable conditions of the forest floor
are often the most important obstacles for the initiation
of Scots pine natural regeneration and high seedling
densities (Castro et al., 2002; Grigoriadis et al., 2014).

Currently, we have been observing the uptrend of
small-scale close-to-nature management which uses
canopy gaps (Kuuluvainen & Aakala, 2011; Halme et
al.,2013; Reynolds et al., 2013) to stimulate the natural
regeneration process. However, in the case of Scots
pine as a pioneer and light demanding tree species, gap
regeneration may be very challenging long-term process
with uncertain outcome. In commercial forests, the
secondary edge effect (defined here as a change of site
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and stand conditions along the edge-to-interior gradient
after clearcut) can serve as an alternative or supplement
both to conventional large-scale management and gap
regeneration, whereas in forests with significant non-
production functions it can be used to increase their
structural variability and resistance (Simild & Junninen,
2012; Churchill et al., 2013; Puettmann et al., 2015).

In the past, research was focused primarily on the
shade-tolerant tree species, while the Scots pine was
given little attention. In this paper we evaluate the
influence of the forest edge on growth, quantity, structure
and quality of natural regeneration. The paper covers the
following questions: (i) How does the distance from the
forest edge affect the density of natural regeneration?
(i1) How does the forest edge affect the height and spatial
distribution of natural regeneration? (iii) How does the
forest edge influence the quality of natural regeneration
and how far from the forest edge can we expect high-
quality Scots pine regeneration? Finally, (iv) can we
consider forest edges as suitable places for Scots pine
regeneration?

Material and methods

Characteristics of the area of interest

The area of interest lies in the Kokoftinsko Protected
Landscape Area (50°34'31" N, 14°40'34" E). The
basic primary rock consists of Quaternary sandstones
and the prevailing soil type is Arenic Podzol. Annual
precipitation reaches 610 mm and the annual mean
temperature is 8.1 °C. Vegetation periods last about
162 days with the mean vegetation-period temperature
oscillating around 14.4 °C and the mean vegetation-
period precipitation rates of 375 mm. The study sites
naturally host Scots pine Pinetum oligotrophicum with
sparse cover of Vaccinium myrtillus L. and Vaccinium
vitis-idaea L. in the herbal storey.

Data collection

In total four 40x40 m permanent research plots (PRP)
were established. Plot No. 1 was established 5 m from the
forest edge (PRPe 1) created after a large-scale clearcut
30 years ago. A control plot (PRPc 4) was marked out
as directly neighbouring to the first one (>45 m from
the forest edge). The other two plots were established
identically (PRPe 2 - stand edge and PRPc 3 - control
plot). The stand edge of PRPe 1 has an east aspect; the
edge of PRPe 2 has a south aspect. The overview of
basic characteristics is presented in Table 1.

All trees (dbh>4 cm) and natural regeneration indi-
viduals (dbh<4 cm, h >150 cm) within each PRP were
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Table 1. Overview of basic stand and site characteristics of permanent research plots.

. Slope Altitude Forest Treelayer age dbh Height . Stand volume
PRP  Position' (n;) (m) type? (yi]‘) g (cm) (n;g) Canopy Stocking (m¥ha)
PRPe 1  Edge 0 268 oM3 129/10 27.4 21.1 0.73 0.61 257
PRPe2  Edge 0 267 oM3 129/10 29.4 24.5 0.72 0.67 386
PRPc3  Center 0 267 oM3 129/10 27.6 21.2 0.68 0.55 264
PRPc4  Center 0 268 oM3 129/10 26.9 21.2 0.78 0.67 277

PRP: permanent research plot. dbh: diameter at breast height. ' Location of plots within the forest stand. > 0M3: poor oak pine

stands with blueberry (Vaccinium myrtillus L.).

mapped using FieldMap technology (IFER-Monitoring
and Mapping Solutions Ltd.). Crown projections of trees
were measured in at least four perpendicular directions
to determine the canopy characteristics; dbh, height and
crown height were measured in the tree layer. In natural
regeneration, position, height and crown height of all
individuals were measured; crown width and dbh was
measured in 10% randomly selected individuals.

The quality of each regeneration individual was
evaluated using 4-grade scale. Q1: High quality individual
with straight trunk; Q2: Individual with slight defects of
the trunk, e.g. slight, simple sweep, abrasion or fraying
marks up to 1/3 of the trunk girth and 15 cm length of
the damage; Q3: Individual with prominent simple or
complex trunk sweep, seriously damaged by fraying or
abrasion exceeding 1/3 of the trunk girth or 15 cm of
damage length, or an individual with damaged terminal
shoot substituted by a shoot forming an acute angle with
the trunk axis, or a leaning individual; Q4: considerable
deformed individuals with no silvicultural value.

Data analysis

In each PRP, growth parameters, production and
canopy closure (crown projection area and canopy
density) of the tree layer were evaluated. In regeneration
individuals, vertical structure was evaluated using the
Gini index (Gi) (Gini, 1921) and horizontal structure
using the Hopkins-Skellam index (H&Si) (Hopkins &
Skellam, 1954) and the Clark-Evans index (C&Ei) (Clark
& Evans, 1954) computed in the PointPro software
(© CULS, Daniel Zahradnik). The chi-square test of
homogeneity was performed to test for the differences
of spatial placement of regeneration individuals from
uniform distribution - null hypothesis was that number
of regeneration individuals in each subplot is equal.
For assessing aggregation of regeneration individuals
on different scales, Ripley’s L functions (Besag, 1977)
were computed for each plot. The relationship between
the top storey and natural regeneration was depicted by
pair-correlation function. Spatial positions of trees and
regeneration were randomly toroidally shifted before
analyses in R package “splancs” (Rowlingson & Diggle,
2017).
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Statistical analyses of the natural regeneration
parameters (density, height, quality) were processed
by the Statistica (© StatSoft). Further, the plots were
divided into 64 squares of 5 X 5 m. Differences among
transects (8 x 5 m) with different distance from the
forest edge and among PRPs were tested by the analysis
of variance (ANOVA) followed by the Tukey HSD test.
Pearson correlation between quality, height and density
of regeneration and the distance from the edge was
evaluated for the transects.

Regeneration density was evaluated in relation to
individual quality aggregated into two levels (Q1+Q2
quality grades and Q3+Q4 quality grades) via Wilcoxon
rank-sum test as well as the relationship of regeneration
individual height on described aggregated quality levels
in R software (R Core Team, 2017). Data from the same
PRP type (control, edge) were analysed together. The
neighbouring regeneration density was computed as
number of trees per square meter in a circle with radius
of 2.5 m from each regeneration individual in ArcGIS
10.5 (© ESRI).

Principal components analysis (PCA) was carried
out in CANOCO (© Microcomputer Power) to evaluate
the relation between natural regeneration parameters
(density, mean height, mean quality and individual
quality degrees), the distance from the forest edge and
canopy density. The data were log-transformed and
standardized before analysis. Maps and canopy analysis
were performed in ArcGIS 10.0 (© Esri).

Results

Regeneration density and height

Density of the natural regeneration on PRPe 1 and
PRPe 2 reached 11,413 pcs/ha (PRPe 1) and 6,375 pcs/ha
(PRPe 2). On the PRPc 3 and 4, there were 4,012 pcs/ha
and 1,594 pcs/ha (Table 2). The distance from the stand
edge significantly influenced natural regeneration on
PRPe 1 (ANOVA;F, (=8.3, p<0.001), PRPe 2 (ANOVA;
F, =117, p<0.001) and PRPc 3 (ANOVA; F , ; =5.8,
p<0.001). On PRPc 4, the relation was not confirmed
(ANOVA; F .. =1.1, p>0.05; Fig. 1).

(7.35)
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Table 2. Basic stand and structure parameters of pine natural regeneration on permanent research plots.

Mean Mean Mean Mean
PRP Density height dbh CYoWm crown Mean Mean Q1 Q2 Q3 Q4 G' R? Al
(ind/ha) '8 width  base quality HDR (%) (%) (%) (%) (Gi) (C&Ei) (H&Si)
(cm) (mm)

(cm)  (cm)
PRPe 1 11,413 258 18.5 50 100 2.44 192.6 81 463 382 72 0.635 0.831* 0.736*
PRPe2 6,375 289 18.2 49 97 2.61 1822 42 384 488 86 0.759 0.897* 0.664*
PRPc3 4,012 212 12.1 44 89 244 2561 6.7 462 415 56 0388 0.777* 0.816*
PRPc4 1,594 195 12.9 43 86 2.81 160.3 2.1 287 548 143 0.315 0.562* 0.903*

PRP: permanent research plot. dbh: diameter at breast height. HDR: height to diameter ratio. Q1-Q4: quality degree of the regeneration
individuals. G: Gini index. R: Clark-Evans index. A: Hopkins-Skellam index. 'Range 0-1, low G<0.3, medium G=0.3-0.5, high
G=0.5-0.7, very high differentiation G>0.7. 2Medium value R=1, clusterness R<I, regularity R>1. 3Medium value A=0.5; clusterness
0>0.5; regularity a<0.5. *Aggregation - statistically significant value for R, A indices (0=0.05).

According to the Pearson correlations, on the
PRPe 1 and 2 natural regeneration density decreases
considerably with an increasing distance from
the forest edge (7<-0.64), the significance being
<0.001. On PRP 3 (r=-0.43, p<0.01) we registered
a value of medium correlation while on PRPc 4 no
such relation was confirmed (» = -0.29, p>0.05). On
PRPe 1 with the highest density of regeneration in a
distance of 5-10 m from the edge, the regeneration
reached 19,000 pcs/ha; in a distance of 20-25 m it
was 12,750 pcs/ha and only 5,400 pcs/ha in a distance
of' 40-45 m.

Mean height of natural regeneration differentiated
according to the distance from the stand edge is
depicted by Fig. 2. Contrary to plots established under
the canopy, there were observed statistically significant
differences in mean height of regeneration individuals
at the plots on the forest edge.

Height and horizontal structure
Among the PRPs, statistically significant difference

was observed in the mean height of regeneration
individuals (ANOVA: F =137.3, p<0.001). The
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Figure 1. Number of individuals of pine natural regeneration differentiated according to
the distance from the stand edge on PRP; statistically significant differences (p<0.05) are
indicated by different letters. Error bars represent standard deviation (SD).
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Figure 2. Mean height of natural regeneration differentiated according to the distance from
the stand edge on PRP; statistically significant differences (p<0.05) are indicated by different
letters. Error bars represent standard deviation (SD).

mean height of regeneration individuals was significantly
higher on PRPe 1 (257.9 cm + §7.5 SD) than on PRPc 4
(194.6 cm + 46.5 SD). Similarly, on PRPe 2 (287.7 cm
+ 110.9 SD) the mean height of regeneration individuals
was significantly higher than on PRPc 3 (212.3 em +53.7
SD) (Table 2). Statistically significant difference in the
mean height of regeneration individuals among transects
was observed on PRPe 1 (ANOVA: F. 56)=4.8, p<0.001)
and on PRPe 2 (ANOVA: F, =14.6, p<0.001). On
PRPc 3 (ANOVA: F, ;,=0.9, p>0.05) and on PRPc 4
(ANOVA: F, =14, p>0.05) statistically significant
differences were not confirmed (Fig. 2). There was a
negative correlation between distance from the edge and
height on both PRPe 1 and PRPe 2 (r<-0.54, p<0.001).
On the contrary, on PRPc 3 and PRPc 4, no statistically
significant correlation between the distance from the stand
edge and height of the regeneration (+<-0.14, p>0.05)
was confirmed. According to the Gini index high to very
high level of vertical differentiation in the regeneration
layer was confirmed on both PRP close to the stand edge
PRPe 1 (Gi=0.635) and PRPe 2 (Gi=0.759). The height
differentiation was medium on both control plots PRPe 3
(Gi=0.388) and PRPe 4 (Gi=0.315).

Structural indices altogether with chi-squared test
of homogeneity (p<0.001 in all PRPs) and L-functions
indicates that natural regeneration on all PRP was

Forest Systems

significantly aggregated (Table 2, Figs. 3, 4). The further
from the stand edge, the more prominent aggregation of
natural regeneration occurs. The plots located further
from the stand edge (PRPc 3 and PRPc 4) had more
significantly aggregated horizontal structure (PRPc 3:
R(C&Ei) = 0.777, A(H&Si) = 0.816; PRPc 4: R(C&Ei)
=0.562, A(H&Si) = 0.903) in comparison to PRPe 1 and
2 (PRPe 1: R(C&Ei) =0.831, A(H&Si) = 0.736; PRPe 2:
R(C&Ei)=0.897, A(H&Si) = 0.664), esp. on PRPe 1 in a
distance of 5-10 m (R(C&Ei) =0.841, A(H&Si) = 0.691).

The distances between natural regeneration indivi-
duals and the nearest individual in tree layer were
computed; on all PRPs, the most common distance from
each regeneration individual to the nearest top storey
individual was around 2 m. Confidence intervals for
distances (t-distribution, 95%); PRPe 1 - 2.17 £ 0.05 m,
PRPe 2 — 1.96 £ 0.06 m, PRPc 3 - 1.98 £ 0.08 m and
PRPc4-197+0.1 m.

Overall relationship between regeneration individuals
and to storey trees is depicted by pair-correlation function

(Fig. 5).
Regeneration quality

In contrast to quantity and height, the difference in
the mean quality of natural regeneration individuals
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Figure 3. Horizontal structure of natural regeneration on PRP expressed by L-transformation of Ripley’s K
function. The black line represents the L- function for real distances of recruits on PRP, the thick grey line
illustrates the random spatial distribution of recruits and two thinner central curves represent a 95% confidence
interval. When the black line of recruits distribution on PRP is below this interval, it indicates a tendency of
individuals toward regular distribution, and if it is above this interval, it shows a tendency toward aggregation

on particular distance.

between particular transects was confirmed only on
PRPe 2 (ANOVA; F, 52)=2.6, p<0.05). No PRP showed
any significant influence of the distance from the stand
edge on the mean quality of regeneration individuals,
nevertheless on PRPe 1 post hoc comparison of par-
ticular transects showed significant differences in favour
of regeneration quality near the stand edge (p<0.05; Fig.
6).

According to the Pearson correlation relative
occurrence of the best-quality Q1 individuals was
significantly influenced in the negative sense (=-0.40,
p<0.05) with a different share among transects (ANOVA;
F; s75-2, p<0,001) on PRPe 1. There were 1,044 pcs/ha
(8.1%) of these Q1 individuals on the densest PRPe 1,
while there were only 33 QI individuals (2.1%) on the
least dense PRPc 4. There were reported differences
in regeneration quality degree Q2 (ANOVA; F,
so-2-9, p<0.05) and Q3 (ANOVA; F, . =3.8, p<0.01).
The worst-quality individuals Q4 did not show any
differences in occurrence (ANOVA; F, s 6)=0.9, p>0.05)
on PRP 1. On PRP 2, differences were also spotted in
Q1 (ANOVA; F_ .. =2.3 p<0.05) and Q3 (ANOVA;

(7, 55)
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F, 55=2.3, p<0.05). Also on PRP 2 the distance from
the edge negatively correlated with best-quality Ql
individuals share (=-0.32, p<0.01) and positively
correlated with Q3 individuals (7=0.32, p<0.01). Share
of particular quality degrees is shown in Fig. 7.

Testing for differences in neighbouring regenera-
tion individuals density between aggregated quality
levels showed significant results for both control and
edge PRPs (Fig. 8). For control PRPs, the difference in
regeneration density was 0.069 tree/m? (0.707 tree/m?
for Q1+Q2 vs 0.638 tree/m? for Q3+Q4; Wilcoxon rank-
sum test, p=0.005), for edge PRPs, the difference was
0.076 tree/m? (1.356 tree/m? for Q1+Q2 vs 1.280 tree/m?
for Q3+Q4; Wilcoxon rank-sum test, p=0.003).

Significant results were obtained as well for
regeneration tree height with respect to its quality (Fig.
9). Mean regeneration height showed higher values in
for control and edge PRPs as well (Wilcoxon rank-sum
test, p<0.001 in both cases). The difference was 17%
for control PRPs (224.3 cm for Q1+Q2, 191.2 cm for
Q3+Q4) and 26% for edge PRPs (229.1 cm for Q1+Q2,
237.5 for Q3+Q4).
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Figure 4. Horizontal structure of tree layer and natural regeneration on PRP divided to 5 m transects.

Interaction between regeneration, tree layer and
stand edge

The complex relationship between natural regene-
ration, canopy and distance from the forest edge is
presented in a PCA analysis (ordination diagram) in
Fig. 10. The first ordination axis explains 52.9%, the
first two axes 76.1% and all four axes 92.0% of data
variability. X-axis shows silviculture quality of Scots
pine natural regeneration. The distance from the stand
edge negatively correlated with the quantity and mean
height of regeneration, even in the case of Q1 individuals’
numbers. The denser canopy of parent stand, the lower
mean stand quality (occurrence of Q1 and Q2 individuals)
and, on the contrary, the higher share of poor-quality and

Forest Systems

deformed individuals (Q3 and Q4). Comparison shows
high homogeneity of PRPs near the stand edge, while the
inner plots are rather heterogeneous. The diagram also
suggests that the smallest explaining variable was canopy
density. The top left part of the diagram - two PRPe in
the stand edge - shows the typical high mean heights and
the density of regeneration individuals in contrast to both
PRPc in the stand centre.

Discussion
Many researchers investigate population structures

and factors influencing Scots pine regeneration in
Europe (Kuuluvainen & Juntunen, 1998; Montes &
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Plot for control PRPs is on the left, for edge PRPs on the right. Different indices above bars depict

statistically significant differences.

Canellas, 2007; Pasanen et al, 2016), but studies
describing the stand edge effect on regeneration and
stand development are rather scarce or consider only
edge-to-exterior gradient (Ruuska et al., 2008).

The first part of our research addressed the effect of
forest edge on seedling and sapling density as the basic
prerequisite for obtaining high quality regeneration.
Natural regeneration density differed significantly on

Forest Systems

particular plots. In the studied pure pine stands, the
numbers of natural regeneration individuals ranged
from 1,594 pcs/ha (PRPc 4) to 11,413 pcs/ha (PRPe 1).
For example, on PRPe 1 (with the highest density of
regeneration) 5-10 m from the stand edge, numbers of
regeneration reached 19,000 pcs/ha, whereas only 5,400
pcs/ha at distance 40-45 m were observed. Further from
the edge, no differences in regeneration numbers on
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control plots were stated. Generally, distinctly lower
natural regeneration densities were found in the stand
interior. These were comparable to values from other
regions in the Czech Republic (344-4,940 pcs/ha,
Vacek et al., 2016; and 244-1,348 pcs/ha, Vacek et al.,
2017). On the contrary, plots along the forest edge were
superior to the control plots with 1.5 to 7 times higher
regeneration densities. Similarly, in pine stands from
the Mediterranean region or Fennoscandinavia, a

Forest Systems

decreasing trend in regeneration numbers related to
increasing lack of light is reported by Kuuluvainen
& Juntunen (1998) and Montes & Canellas (2007). A
positive influence of side light close to forest edges
was proven also for other tree species (Burton, 2002;
Salek et al., 2013).

Similarly, mean height of natural regeneration was
significantly higher on PRPe 1 and 2 near the stand
edge, in comparison with the control plots (PRPc).
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The results correspond with Pukkala er al. (1993)
from eastern Finland. Shade intolerance of pine is
highlighted by other authors as well (Mason et al.,
2004; Ewald, 2007). Density as well as height showed
significant negative correlation with the distance
from the edge. Furthermore, on PRPs close to the
forest edge pronounced gradient of light conditions
resulted to generally very high vertical differentiation
of regeneration layer, whereas on the control
PRPs only medium differentiation was confirmed.
Higher regeneration densities are leading to higher
regeneration quality, at the same time, individuals
of higher quality grades (Q1+Q2) are usually higher
than individuals of lower quality grades (Q3+Q4).
This was truth for edge as well as control plots.

With the exception of individual sanitary felling,
the tree layer and regeneration layer have not been
treated during the last 20 years. On the one hand, the
stand structures and regeneration characteristics have
not been influenced by silvicultural treatments and we
were able to evaluate the regeneration development
without these secondary effects. On the other hand,
the lack of silvicultural treatments resulted in height
to diameter ratios by far exceeding critical values for
the stability of pine forest stands (Table 2). If applied
in production forest, special attention must be paid to
the stability of future forest stands with proper and
timely canopy regulation.

In contrast to quantity and height, the mean quality
of regeneration was not dependent on the distance
from the stand edge. There were 1,044 pcs/ha (8.1%)
of the most promising Q1 individuals, forming the
core of the future stand. The number corresponds with
the upper range of tree numbers in commercial forests
in the Czech Republic (476-1,072 pcs/ha; Bilek et al.,
2016) as well as in Spain (678-1,092 pcs/ha; Marcos
et al., 2007).

Studied spatial distribution of natural regeneration
individuals on PRPs was significantly aggregated,
which corresponds with the study of Vacek et al
(2016) from pine forests in the Czech Republic, or
with Tuten ef al. (2015) investigating pine stands
in North America. We confirmed more distinctive
aggregation of regeneration inside the stand, in
comparison with the stand edge. Barbeito ez al. (2009)
showed the opposite in a managed Mediterranean
mountain forest, where in the even-aged stands the
pattern of regeneration was highly influenced by the
gaps created by harvesting. In this context, apart from
further verification on other sites, it is advisable to
study micro-habitat conditions and factors leading to
substantial aggregation of the regeneration and parent
trees, even under limit conditions of natural Scots
pine habitats.

Forest Systems

PCA analysis confirmed negative correlation of
the distance from the stand edge with the density and
height of the regeneration, even with the numbers
of the best individuals. On the other hand, positive
or non-significant influence of the distance from the
stand edge on the relative occurrence of the lower-
quality individuals was observed. It is apparent
from the diagram that the stand canopy significantly
influences natural regeneration density and its height,
as well, which corresponds with the results of Vacek
et al. (2016) and Montes et al. (2008). Other authors
claim natural regeneration, in some cases, can survive
better under moderately dense canopy than in an
open area (Nilsson et al., 2006, Wagner et al., 2011),
especially in arid localities where moderate canopy
shading prevents the upper soil layers from drying out
(Greene et al., 1999).

In our study we did not consider the edge effect
neither on mature trees, nor on individual stem
quality or biodiversity, since the forest edges in
our study are only temporal features with relatively
short persistence. Nevertheless, there are numerous
articles describing the positive effect of forest edges
after harvest operation on e.g. plant communities
(Euskirchen et al., 2001), bryophytes (Dynesius et
al., 2008), bird communities (Brazaitis et al., 2004)
and forest stand and tree characteristics (Burton,
2002; Salek et al., 2013). Based on these findings
forest edges must be also considered as valuable
landscape components with numerous positive effects
on ecosystem stability and biodiversity.

This study confirmed an overall positive edge effect
on natural regeneration up to the distance of %2 of the
stand height. In the case of 1 ha clearcut, the edge
effect can contribute to regeneration of at least 0.2
more hectares of forest stands (considering only the
east and south edges) if other requirements are met.
Firstly, suitable germination bed or soil preparation is
required, secondly the management goals and stand
stability must be considered in a broader context.
Thus, appropriate temporal and spatial felling policy
should take into account the secondary effect of
clearcut borders for natural regeneration of pine.

Conclusion

Our study confirmed statistically significant im-
pact of the forest edge after clearcut on the growth
and quality of Scots pine natural regeneration. The
closer to the stand edge, the higher density of natural
regeneration, mean height and share of best-quality
promising individuals. Thus, in production forests, the
interior of the forest edge created after conventional
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clearcut can become favourable location for natural
regeneration and can be implemented into traditional
management approaches in pine regions.
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