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Abstract

In the context of climate change, the crucial question is how silvicultural treatments should be modified, in order to 
reach favourable conditions for initiating natural regeneration of forest stands. The aim of the study was to evaluate 
the influence of clear-cutting, basal area reduction (0.4, 0.6 and 0.8) and soil preparation (milling cutter, forestry 
mulcher, brush rake and control variant without soil preparation) on the regeneration of Scots pine (Pinus sylves-
tris L.) in the conditions of natural pine sites (Northern Bohemia). Seedling numbers, heights and crown widths 
were recorded on transects representing all combinations of stand densities treatments and soil preparations vari-
ants three years after the silvicultural operations. Seed traps were installed to determine the numbers of seeds from 
2016 to 2018. Soil water potential (Delmhorst Instrument Company) and soil temperature (sensor Pt1000 A–class 
sensors, EMS Brno) were measured. All variants of soil preparation had higher numbers of seedlings compared to 
control variant. When comparing stand densities, total numbers of seedlings were the highest in stand density 0.4 
(cutter 32,402 ± 34,208 S.D. ind.ha−1; mulcher 26,832 ± 24,088 S.D. ind.ha−1; rake 24,496 ± 22,913 S.D. ind.ha−1). 
This stand density was also beneficial with respect to seed numbers, seedling characteristics and soil moisture and 
temperature characteristics. We conclude that shelterwood regeneration on natural Scots pine sites is promising 
silvicultural approach and may become an important tool in mitigating negative effects of climate change in the future.   
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1. Introduction

Scots pine (Pinus sylvestris L.) is the main tree species 
in half of Europe’s forests (Sharma et al. 2017; Lun-
dqvist et al. 2019). Its natural occurrence is associated 
with dry and/or poor sites with limited competition of 
climax tree species (Linder 1997; Musil & Hamerník 
2007; Vacek et al. 2010, 2019). Although pine is mainly 
considered resistant to limited water availability, pine 
stands all across Europe have been massively damaged 
by repeated drought events in recent years (Merlin et al. 
2015; Vacek et al. 2016, 2017; Gao et al. 2017; Buras et al. 
2018). Drought is probably the primary factor of damage 
that triggers the infestation with bark beetles and fungal 
diseases (Hódar & Zamora 2004; Dobbertin et al. 2007; 
Wermelinger et al. 2008) or mistletoe (Viscum album 

L.) (Rigling et al. 2010; Zweifel et al. 2012; Mutlu et al. 
2016). Mature stands with homogenous structure and 
often of unsuitable ecotype are mostly affected (Bottero 

& Vacchiano 2015, van Halder et al. 2019). 
Basic tool for increasing the adaptability of forest 

stands to changing environmental conditions is their 
spatial structuring (Schütz 2002; del Río Gaztelurrutia 
et al. 2017; Ameztegui et al. 2017) and species mixing 
(Czerepko 2004; Pretzsch et al. 2013; Zeller et al. 2017; 
Vacek et al. 2019b). It is expected that such stands have 
greater resistance to biotic and abiotic disturbances, thus 
these silvicultural approaches can also become an effec-
tive tool to mitigate climate change due to the increased 
carbon storage (Ercanli 2018). 

However, on natural pine sites the option of species 
mixing is very limited and the main approach remains 
spatial structuring (Montero et al. 2001; Gaudio et al. 
2011a; Kojola et al. 2012; Spathelf & Ammer 2015). 
Besides different thinning regimes in young stands that 
mostly create structural heterogeneity within one cohort 
of trees, in mature stands shelterwood regeneration cre-
ates temporal stand structures that rest on two partially 
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overlapping tree generations. In addition to the common 
clear-cuts with or without retained seed-trees, different 
forms of shelterwood management in different parts of 
Scots pine natural range are in the scope of silvicultural 
research (Montero et al. 2001; Gaudio et al. 2011a; Kojola 
et al. 2012; Spathelf & Ammer 2015; Bílek et al. 2016; 
Tullus et al. 2018; Lundqvist et al. 2019). These alterna-
tive methods include uniform large-scale shelterwood as 
well as small-scale management approaches that result 
into multi-layered Scots pine stands. 

Shelterwood regeneration is a common manage-
ment practice in Scandinavian countries (Hyppönen 
et al. 2013; Lundqvist et al. 2019), Germany (Spathelf 
et al. 2015; Drössler et al. 2017), Poland (Bielak et al. 
2014; Aleksandrowicz-Trzcińska et al. 2017), and also 
in some parts of the Czech Republic (Bílek et al. 2017; 
2018). It is often stated that shelterwood regeneration 
is more favourable with respect to microsite charac-
teristics (Montero et al. 2001; Matías & Jump 2012; 
Aleksandrowicz-Trzcińska et al. 2017; Vítámvás et 
al. 2019) and compared to clear-cut area, lower light 
intensity can lead to higher quality of pine regeneration 
(Pardos 2017; Schönfelder et al. 2017, 2018; Lundqvist 
et al. 2019). In the context of climate change, the crucial 
question is how temperature and moisture characteris-
tics of the microsite can be improved with silvicultural 
approaches and which treatment is leading to the success 
of natural regeneration.  

Although sporadic studies referring to ecological 
plasticity of pine suggest very strong competitiveness 
of pine regeneration (Picon-Cochard et al. 2006), it is 
distinctly more sensitive to root competition compared 
to shade tolerant species (Erefur et al. 2008) and pine 
seedlings usually do not succeed in dense herbal cover 
of blueberry (Vaccinium myrtillus L.) or heather (Cal-
luna vulgaris [L.] Hull.) (Hyppönen et al. 2013). Thus, 
on natural pine sites it is not only necessary to decrease 
the stand density, but also to disturb the soil surface in 
order to promote natural regeneration (Varmola et al. 
2004; Saursaunet & Matrisen 2018). 

In natural conditions the competition of ground veg-
etation if often temporarily supressed by fires (Eengel-
mark et al. 1994; Corace 2009). In the absence of these 
natural processes that would stimulate pulses of natu-
ral regeneration, in managed stands soil preparation 
using different techniques is necessary (Ackzell 1993; 
Barbeito et al. 2011; Aleksandrowicz-Trzcińska et al. 
2014; Saursaunet & Matrisen 2018). They should lead 
to higher density of natural regeneration and higher vital-
ity of individual seedlings (Karlsson & Örlander 2000). 
However, also some risks must be considered. High soil 
temperature without shading of herb cover (Bedford & 
Sutton 2000; Oleskog & Sahlen 2000), loss of nutrients 
from exposed soil (Piirainen et al. 2007) or freezing of 
root systems of regeneration individuals (Chantal et al. 
2003) are among the most important. Ploughing and soil 

milling are the most common techniques of forest soil 
preparation. However, as these techniques are expen-
sive, it is also common to use disc harrow or brush rakes 
instead (Posmetyev et al. 2016).

The aim of the study was to evaluate the influence of 
clear-cutting, basal area reduction and soil preparation 
on the regeneration of Scots pine in the conditions of 
natural pine sites three years after the silvicultural opera-
tions. To assess the feasibility of shelterwood regenera-
tion in given conditions we hypothesized that:
1) Number of seeds after seed fall increases with stand 

density and is the lowest in clear-cut.
2) Seedling numbers are influenced by parent stand 

density and soil preparation positively.
3) Seedling parameters (height and crown width) are 

influenced by parent stand density negatively, while 
the effect of soil preparation is positive.

4) Higher soil moisture and lower temperature are asso-
ciated with higher stand density, the least favourable 
treatment with respect to moisture and temperature 
is the clear-cut.

2. Material and methods

2.1. Study site and experimental design

The area of interest is located near to the municipal-
ity Doksy. It is characterized by a large area of natural 
Scots pine sites. Forest stands in study are managed by 
Military Forests and Farms of the Czech Republic, state 
enterprise. The entire study locality (N 50°33.77548’, 
E 14°43.49143’) is in a flat terrain, at 300 m a.s.l. Parent 
rock is sandstone, with dominant soil type Arenic Podzol 
(Soil map 2020). Mean annual air temperature is 7.3 °C 
and average maximum temperature is 31.5 °C. Mean 
annual precipitation is 635 mm (Tolasz 2007). 

The experimental plots were established for monitor-
ing of natural regeneration success of Scots pine in differ-
ent stand densities and soil preparation techniques. For 
this purpose, the parent stand was divided into 4 sections 
of different harvest intensities (treatments) with result-
ing four stand densities: clear-cut, 0.4, 0.6 and 0.8 (Table 
1). Harvests were conducted in February 2016. Method-
ology of parent stand inventory is given in Abdollahnejad 
et al. (2019).

Each of the 4 treatments had a rectangle design of 
approx. 60 × 250 m. In each of these treatments of stand 
density, four variants (31.25 m × 60 m) of soil prepara-
tion techniques were performed in two repetitions. Vari-
ants of soil preparations were following: 1) Milling cutter 
KSH 700 with treatment in stripes of approx. 1 m dis-
tance (Milling cutter); 2) Forestry mulcher Meri Crusher 
1.8 ST with full-area character of preparation (Forestry 
mulcher); 3) Brush rake SH 01 (Brush rake); 4) Control 
variant without soil preparation (Control) (Fig. 1). 
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2.2. Data collection

For each treatments of stand density and variant of soil 
preparation technique, two transects covering 2 × 60 m2 
each were established (n = 64) (Fig. 1). The transect was 
divided into squares of 2 × 2 m2, for each square plot all 
seedlings according to species were registered. For seed-
lings higher than 10 cm, total height and crown width 
were recorded (accuracy 1 cm). All measurements were 
done in autumn 2018 three years after the harvest opera-
tion and soil preparation treatment. 

After the harvest in 2016 in each treatment of stand 
density 7 seed traps (size 1 × 1 m2) were placed (n = 28). 
Traps were installed permanently from 2016 to 2018, 
each trap was placed at a boundary of two variants of 
soil preparations always in the middle section of each 
stand density treatment. Seeds were counted always in 
November after the end of the vegetation period.

Water potential measurement was carried out using 
absorption GB–2 gypsum sensor blocks (Delmhorst 
Instrument Company) connected to data loggers Micro-
Log SP3 (EMS Brno). Temperature sensor (Pt1000 
A-class sensors, EMS Brno) was connected to the data-

logger. The gypsum sensor blocks were placed 7 – 9 cm 
under the soil surface; for one stand density always 4 sen-
sors were installed in the central part of the treatment 
to avoid the effect of stand edges (n = 16). The soil tem-
perature (depth 7 – 9 cm) was measured together with 
the soil water potential in the same position. Interval of 
measurements was 1 hour.

2.3. Data analysis
The differences in seed numbers between selected stand 
densities in 2016 – 2018, as well as the differences in 
regeneration density, seedling height and crown width 
between selected soil preparation techniques and stand 
densities were analysed by Kruskal-Wallis test, as nor-
mality of data (tested by Shapiro-Wilk normality test) 
was violated in all cases. Subsequent multiple compari-
sons were conducted according to Siegel and Castellan 
(1988). The soil water potential and soil temperature 
were plotted separately for each stand density treatments, 
in case of soil temperature, one-week moving average 
curves are also shown.

Table 1. Summary stand characteristics for individual treatments of basal area reduction derived from field inventory.

Stand density after harvest Stand density before harvest
Mean G±S.D. 

[m2 ha−1]

Mean V±S.D. 

[m3 ha−1]

Mean N±S.D. 

[ind.ha−1]
Harvest intensity [%]

Clear-cut 0.8 0.0 ± 0.0 0.0 ± 0.0 0 ± 0 100
0.4 0.8 10.8 ± 4.0 123.5 ± 58.5 121 ± 34 55
0.6 0.8 17.8 ± 4.2 195.2 ± 34.1 234 ± 59 30
0.8 0.9 24.4 ± 3.3 258.3 ± 47.3 323 ± 45 20

Note: Stand density – calculated as share of measured stand volume per hectare (before and after the harvest) and the theoretical full stand volume per hectare derived from yield tables; G – basal 
area (m2 ha−1) after harvest; G – basal areal standard deviation (m2 ha−1); V – wood volume (m3 ha−1) after harvest; V – wood volume after harvest standard deviation (m2 ha−1); N (ind.ha−1) – number 
of trees per 1 ha after harvest; Harvest intensity (%) – calculated as percentage of harvest on the measured stand volume before harvest; S.D. – standard deviation. Wood volumes were calculated 
according to Petráš & Pajtík (1991).
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Fig. 1. Design of the experimental plot: different treatments of stand density (clear-cut; 0.4; 0.6; 0.8) and different variants of soil 
preparation: 1) Milling cutter; 2) Forestry mulcher; 3) Brush rake; 4) Control).
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All computations were performed using R (R Core 
Team 2019), plots were made by “ggplot2” (Wickham, 
2016) and “ggpubr” (Kassambara, 2020) packages. All 
statistical tests were conducted at significance level α = 
0.05.

3. Results

3.1. Seed numbers 
The highest mean seed numbers per 1 m2 were registered 
for stand density 0.8 (58 ± 16 S.D. in 2016, respectively 
37 ± 11 S.D. in 2017, respectively 41 ± 7 S.D. in 2018). 
Conversely, during the whole observation period the 
lowest mean seed numbers per 1 m2 were consistently 
registered on clear-cut area (stand density 0.0) (4 ± 3 S.D. 
in 2016, respectively 4 ± 1 S.D. in 2017, respectively: 2 ± 
2 S.D. in 2018). Stand densities 0.4 and 0.6 were interme-
diate in seed numbers, nevertheless statistically signifi-
cant differences were registered mostly for stand density 
0.0 (Fig. 2).

3.2. Regeneration density
Regeneration density for different stand densities and 
soil preparation techniques 3 years after the harvest is 
displayed in Fig. 3C. Generally, all variants of soil prepa-
ration had higher numbers of seedlings compared to con-
trol variant. Total numbers of seedlings were the highest 
in stand density 0.4. The highest mean total number of 
seedlings was registered for following combinations of 
stand density treatment and soil preparation variant: 0.4 

– cutter (32,402 ± 34,208 S.D. ind. ha−1); 0.4 – mulcher 
(26,832 ± 24,088 S.D. ind.ha−1) and 0.4 – rake (24,496 ± 
22,913 S.D. ind.ha−1). Conversely, the lowest mean total 
number of seedlings was registered for the variant 0.5 – 
control (5,972 ± 12,897 S.D. ind.ha−1) and 0.7 – control 
(5,960 ± 9,047 S.D. ind.ha−1). 

Number of seedlings lower than 10 cm (Fig. 3A) 
had the highest density in combinations 0.4 – cutter 
(19,824 ± 29,340 S.D. ind.ha−1) followed by 0.8 – cutter 
(15,090 ± 18,847 S.D. ind.ha−1) and 0.4 – rake (13,876 ±
17,230 S.D. ind.ha−1). The worst with respect to seed-
lings numbers were the control variants in combination 
with stand density treatment 0.6 (4,037 ± 10,097 S.D.) 
and 0.8 (3,990 ± 7,240 S.D. ind.ha−1).

Number of seedlings higher than 10 cm (Fig. 3B) was 
the highest in combination clear-cut – cutter (14,979 
± 16,654 S.D. ind.ha−1) and 0.4 – cutter (12,578 ±
14,894 S.D. ind.ha−1). The control variant showed the low-
est values in all cases of stand density treatments (0.0: 4,980 
± 4,656 S.D. ind.ha−1; 0.3: 3,780 ± 5,036 S.D. ind.ha−1;
0.6: 1,898 ± 3,758 S.D. ind.ha −1; 0.8: 1,970 ±
3,682 S.D. ind.ha−1).

3.3. Seedlings characteristics 
Superior mean heights of seedlings were observed in 
stand density treatments clear-cut (stand density 0.0) 
(20.0 – 21.9 cm) and 0.4 (18.0 – 21.3 cm). In all soil 
preparation variants, there were significantly lower seed-
lings in stand densities 0.6 (13.7 – 18.3 cm) and 0.8 (13.5 
– 15.7 cm) (Fig. 4). The stand density treatment 0.0 was 
also superior with respect to crown widths of individual 
seedlings (19.6 – 21.3 cm) (Fig. 5).     

Fig. 2. Number of seeds per 1 m2 in different stand densities. Different letters indicate significant differences among groups
(p < 0.05); values represent medians of number of seeds, upper and lower quartile. 

Ê
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Fig. 3. Numbers of seedlings per 1 ha for different stand densities and soil preparation techniques: Number of seedlings lower 
than 10 cm (A); Number of seedlings higher than 10 cm (B); and total number of seedlings (C). Different letters indicate signifi-
cant differences between groups (p < 0.05); values represent median, upper and lower quartile.

Fig. 4. Height of seedlings in different variants of soil preparation and stand density (individuals higher than 10 cm; year 2018). 
Different letters indicate significant differences between groups (p < 0.05); values represent median, upper and lower quartile.

Ê

Ê
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Fig. 5. Crown width of seedlings in different variants of soil preparation and stand density (individuals higher than 10 cm; year 
2018); different letters indicate significant differences between groups (p < 0.05); values represent median, upper and lower 
quartile.

Ê

Fig. 6. Soil water potential in vegetation period 2018 for different stand densities.

Ê

3.4. Soil water potential and soil temperature

Early increase of soil water potential was observed in 

stand densities 0.8 and 0.6, whereas on clear-cut (den-

sity 0.0) and in stand density 0.4 the soil water potential 

increased with a delay and the drought period was less 
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pronounced (Fig. 6). For example, the period with values 
of soil water potential above 5 bar lasted in stand density 
0.8 from late June to the end of October, whereas in stand 
density 0.4 it lasted from early August to September. 

Figure 7 shows temperatures 7 – 9 cm under the soil 
surface from June 2018 to November 2019. The high-



As released trees increase the diameter increment 
(Zdors & Donis 2017; Brichta et al. 2019) and crown 
volume (Spathelf & Ammer 2015), they probably also 
increase masting ability (Mukassabi etl al. 2012). As 
these processes are gradual and depend on the respon-
siveness of individual trees, with increasing time since 
seed harvest smaller differences in seed numbers between 
lower and higher stand densities can be expected. Similar 
results were reported by Parker et al. (2013), who stated 
that total seed production expressed on a per hectare 
and unit pine basal area basis did not differ by harvest 
treatment. The same authors conclude that the seed cut 
of the uniform shelterwood system applied to the sec-
ond growth of white pine stands is unlikely to adversely 
affect white pine (Pinus strobus L.) seed production, seed 
quality, or potential for natural regeneration during mast 
seeding events. 

 

4.2. Regeneration density 

We partly reject the second hypotheses, as the most 
favourable conditions for seedling establishment and 
resulting seedling numbers 3 three years after the seed 
cut were reached in stand density 0.4. Parent stand den-
sity itself cannot be simply regarded as a factor with only 
positive effect on regeneration density. Mature trees rep-
resent competition for resources among themselves but 
they also have adverse effect on regeneration individu-
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Fig. 7. Soil temperature in individual months in 2018/2019 for different stand density plots. The original values (in background) 
are for better readability represented by one-week moving average curves. 

Ê

est temperatures in summer as well as the lowest tem-
peratures in winter were measured on clear-cut (stand 
density 0.0). To the contrary, the lowest amplitude of soil 
temperatures was observed in the case of highest stand 
density 0.8. These values   of stand densities 0.4 and 0.6 
were between the two mentioned treatments. Generally, 
the absolute differences in mean temperatures between 
clear-cut and stand density 0.8 were the highest in July 
and August, intermediate in February, March and low in 
the remaining months.  

4. Discussion

4.1. Seed numbers 

In accordance with our first hypotheses, the highest seed 
numbers were in all years (2016 – 2018) recorded in the 
highest stand density, whereas on the clear-cut area the 
seed fall was the lowest. Differences between the particu-
lar stand densities from 0.4 to 0.8 were apparent, yet not 
statistically significant. Since most seeds are generally in 
close proximity to seed trees (Kuuluvainen & Pukkala 
1989), the high density of these mature individuals guar-
antees high seed density over the entire area. It is impor-
tant to note that seed traps were placed always in the mid-
dle section of each stand density, and particularly in the 
case of clear-cut, higher seed numbers can be expected 
with decreasing distance to adjacent mature stands. 



als in the understory (Wiedemann 1925; Valkonen et al. 
2002; Sánchez-Salguero et al. 2015). This negative effect 
may not be apparent immediately after the seed fall, but 
will increase with the growth of juvenile trees (Belend et 
al. 2000). Similar conclusions have been found for exam-
ple by Pitt et al. (2011) in white pine stands. To the con-
trary, lower regeneration density on the clear-cut results 
probably from lower initial seed numbers as described 
in the first part. 

Beland et al. (2000) used a similar experiment 
design with soil preparation by disc cutter and division 
of the stand into several treatments of stand density 
(200 stems ha−1; 160 stems ha−1; clear-cut area of approx. 
2.5 ha). While in our study the highest seedling num-
bers (32,402 ha−1) were recorded in the stand density 
0.4 (approx. 121 stems 1 ha−1), in their study for low 
stand density (160 stems ha−1) 53,000 seedlings ha−1 
were reported. Even higher numbers of regeneration 
were then found in the stand with the highest density 
(200 stems ha−1; 90,000 seedlings ha−1). Their study also 
found a very low number of seedlings on clear-cut area 
(3,700 seedlings ha−1) with cutter soil preparation, spe-
cifically this value for total number of seedlings is sig-
nificantly lower than our clear-cut area values on all soil 
preparation variants (cutter: 21,960; mulcher: 13,550; 
brush rake: 17,110; control: 11,500 seedlings ha−1). 
However, our results may be affected by higher tempera-
tures and distinct moisture deficit in 2018 (ČHMÚ 2019) 
resulting probably in higher seedling mortality during the 
vegetation period. Although pine is mainly considered 
resistant to limited water availability, in recent years pine 
stands all across Europe have been massively damaged 
by repeated drought events (Merlin et al. 2015; Vacek 
et al. 2016, 2017; Gao et al. 2017; Buras et al. 2018). 
Therefore, we assume that even in the local natural pine 
habitats, the seedlings were damaged by drought. Rela-
tively lower stand densities are reported also from Turkey 
(Kara & Topaçoğlu 2018), where 5 years after reducing 
the parent stand density to 50%, average seedling num-
bers amounted to 7,000 ha−1. Aleksandrowicz-Trzcińska 
et al. (2014) reported 9,190 seedlings ha−1 on plots after 
the scarification by forest plough on clear-cut of 2.5 ha. 

In accordance with the second hypotheses, a posi-
tive effect of soil preparation on the seedlings numbers in 
all treatments of stand densities was confirmed. Similar 
findings were reported by many authors (Örlander et al. 
1990; Karlsson & Örlander 2000; Hille & Ouden 2004; 
Barbeito et al. 2011). Besides immediate regeneration 
success, mainly deeper soil preparation also significantly 
lowers the C/N ratio, increases the amount of P, Mg and 
S (Örlander et al.1996) and supresses the competition of 
ground vegetation (Hille & Ouden 2004; Nilsson et al. 
2006; Gaudio et al. 2011b; Hyppönen et al. 2013). Deeper 
soil preparation is also recommended by Posmetyev et 
al. (2016), who adds that not only does it achieve good 
results in terms of natural regeneration density, but is 
also economically effective. Despite this, there are large 
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differences in preferences and value of soil preparation 
according to a particular habitat (Ackzell 1993; Ammer 
et al. 2011; Aleksandrowicz-Trzcińska et al. 2014; Saur-
saunet & Matrisen 2018). 

4.3. Seedling characteristics
Based on our results, we confirm the hypotheses that 
seedling height and crown width are influenced by par-
ent stand density negatively, nevertheless the effect of 
soil preparation on these regeneration parameters was 
not apparent. 

Superior mean heights of seedlings in clear-cut and 
stand density 0.4 are mainly related to higher resources 
availability, as was confirmed also in numerous control-
led experiments. Vítámvás et al. (2019) reported for 
1–year-old seedlings that root length, shoot dry mass and 
root dry mass were the highest in full light conditions, 
however the differences in shoot length were not so pro-
nounced. Riikonen et al. (2016) documented high ability 
of pine seedlings to respond to release cut by primarily 
increasing the crown width. In older literature, there are 
many proofs about the superior growth of young plants 
growing in larger distances to seed trees (eg. Wiedemann 
1925).

We were not able to confirm positive effect of soil 
preparation on seedling growth, nevertheless Nilsson 
et al. (2006) and Gaudio et al. (2011b) showed superior 
height growth of regeneration individuals after soil scari-
fication. The reason is better soil chemical and mechani-
cal properties and lower competition of herbaceous veg-
etation (Karlsson & Örlander 2000; Varmola et al. 2004; 
Saursaunet & Matrisen 2018). To the contrary, Pierik & 
De Wit (2014) related high competition of herbaceous 
vegetation to superior height growth, but at the expense 
of crown width and chlorophyll content in assimilation 
organs. 

4.4. Soil water potential and soil temperature

Based on our results, we reject the hypotheses that more 
favourable soil moisture and temperature characteris-
tics are associated with higher stand density, and that the 
least favourable treatment with respect to moisture and 
temperature is the clear-cut. Although the lowest ampli-
tude of soil temperatures was observed in the case of 
highest stand density 0.8, and the highest temperatures 
in summer as well as the lowest temperatures in winter 
were observed on the clear-cut, higher stand densities 
(0.6 and 0.8) were related to lower soil moisture and pos-
sibly higher risk of drought stress for seedlings. Similar 
results presented several authors (Limousin et al. 2008; 
del Campo et al. 2014, Gebhardt et al. 2014) who stated 
that the release cut had a positive effect on the amount 
of water in the transplantation streams of mature trees, 
but also the soil water potential itself. The reason for the 



increase in the amount of water in the stand is mainly the 
lower rate of mature trees crown interception (Limousin 
et al. 2008), but also their lesser competition and eva-
potranspiration (Kellomäki et al. 1997; Giuggiolia et al. 
2013). Del Campo et al. (2014) also stated that a strong 
stand density reduction increased the amount of water 
in the soil by up to 20 – 40%.

5. Conclusion

Based on our research, we conclude that the best out-
come of natural regeneration was achieved after seed cut 
decreasing the stand density to 0.4. This was manifested 
by sufficient seed numbers, highest regeneration density, 
superior seedling characteristics and positive effect on 
soil moisture and temperature characteristics. The effect 
of soil preparation of any type was crucial for the regen-
eration success, but the best results were documented 
for treatment with milling cutter (3–fold increase in total 
mean numbers of seedlings compared to control variant 
versus 2.6–fold increase for forestry mulcher and 2.4–
fold increase for brush rake). We conclude that shelter-
wood regeneration with initial stand density reduction to 
0.4 on natural Scots pine sites represents justified alter-
native to clear-cutting and may in the future become an 
important tool in mitigating negative effects of climate 
change.
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