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»  After boom-corridor thinning (BCT), the number of stems per hectare was higher than that
after selective thinning. The number of future crop trees was at the same level.

*  The removal of the simulated intermediate thinnings and clearcutting in BCT treatments
was 10—18% higher than in selective thinning. The saw log volumes were at the same level
in both treatments.

Young, dense forest in Finland and Sweden urgently need to receive first thinning. In such stands,
conventional selective thinning methods make the harvester work time consuming and, thus, costly.
To make small-sized trees economically competitive as raw material for bioenergy and biorefining,
new harvesting technologies and/or thinning methods need to be developed. A potential solution
is boom-corridor thinning (BCT), rendering effective cutting work. The aim of this study was to
describe and compare the stand structure of two Scots pine stands (Pinus sylvestris L.) and one
birch-dominated (Betula pendula Roth with natural downy birch, B. pubescens Ehrh.) stand after
BCT and selective thinning at the first thinning phase. Furthermore, simulations were conducted to
predict the future stand development after the first thinning treatments. The density of the growing
stock was 16-46% higher after BCT treatment than after selective thinning because BCT stands
included more small and supressed trees with a dbh < 100 mm. However, the numbers of future
crop trees with a dbh > 140 mm per hectare were at the same level in both treatments. The stem
volume removal per hectare did not differ between treatments. However, simulation of stand
development and intermediate thinning and clearcutting revealed that the total removal volume
was 10-18% higher in BCT stands compared to selectively thinned ones. The saw log volumes
harvested did, however, not differ between treatments. This study shows that BCT generates stands
with higher biodiversity compared to conventional thinning as higher levels of biomass removal
can be reached throughout stand rotations.
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1 Introduction

In Finland, according to National Forest Inventory data, there is an urgent need for the first com-
mercial thinning of at least 0.8 million ha and 0.5 million ha of young small-diameter energy wood
forest stands (Korhonen et al. 2017). In Sweden, 16.4% (3.7 million ha) of the total productive
forest land is classified as young forest stands characterised by a mean height above 1.3 m, with
a high share of dominant trees with a diameter at breast height (dbh) below 10 cm (Skogsdata
2019). Thus, these forests will also have to be managed in the near future. In the Nordic countries,
forests are usually thinned using selective thinning from below, where, primarily, the smallest,
poorer and possibly damaged trees are removed (Mielikdinen et al. 1991; Mékinen et al. 2006;
Karlsson et al. 2012; Niemistd et al. 2018). Due to the high cost and low income associated with
the first thinning, there is little motivation for forest owners to conduct the first thinning. Based on
previous studies (Kuitto et al. 1994; Sirén 1998; Ryyndnen and Ronkkd 2001; Kérhi et al. 2001,
2004; Oikari et al. 2008; Brunberg and Iwarsson-Wide 2013), small stem size, low removal per
hectare, high number of remaining trees and dense undergrowth mean low harvester productivity
and high harvesting costs. Nowadays, almost all forest cutting in Finland and Sweden is mechanised
(Strandstrom 2018; Skogsdata 2019). Harvester operations are especially challenging and slow in
unmanaged, dense young stands where pre-commercial thinning has been neglected. In addition,
the lack of experienced forest machine operators is a restricting factor due to the high seasonality
of harvests. To make small-sized trees economically competitive as raw material for bioenergy
and biorefining, the costs of harvesting in young forest stands must be reduced, and the biomass
yield per hectare must be high (Hakkila 2005). Instead of using the current method of selective
thinning, there is a clear need to develop more cost-efficient, small-sized tree harvesting methods
for unmanaged young stands (Bergstrom et al. 2010; Sangstuvall et al. 2011; Bergstrém and Di
Fulvio 2014; Léspd and Nurmi 2018).

Depending on the main tree species, stand density and site type, the first commercial thinning
is usually carried out in stands with a dominant height of 12—15 m (Aijili et al. 2019). Precom-
mercial thinning and first commercial thinning are the most important silvicultural operations,
since their timing and intensity strongly affect the further development (e.g., structure, quality,
growth) of the forest stand (Niemisto et al. 2018). Overall, young forests account for a substantial
proportion of the boreal forest, and today’s management decisions regarding these forests will lay
the foundation for future forestry (Witzell et al. 2019).

The cost-efficiency of harvesting small-diameter trees can be increased by improving harvest-
ing conditions (e.g., delaying first thinning and preclearance of dense undergrowth), rationalising
harvesting methods (e.g., integrated pulpwood and energy wood harvesting), training forest machine
operators and by machine innovations and novel harvesting methods. So far, in the Nordic countries,
the most successful technological innovation for small-diameter wood thinning has been multi-tree
harvesting with a harvester and hauling the cut tree with a forwarder to a roadside storage area
(Kérha et al. 2005; Iwarsson Wide 2010). However, in these countries, the increasing productivity
trend in timber harvesting has stopped throughout the 21st century (Luonnonvarakeskus 2019). In
harvester work studies, there are up to 40% differences in productivity between experienced and
inexperienced operators (Siren 1998; Ryyninen and Ronkkd 2001; Kariniemi 2006). These differ-
ences become even more pronounced as working conditions become more difficult (Ovaskainen
et al. 2004; Véaitiinen et al. 2005). Developing the harvester head technology alone is unlikely to
provide sufficient cost savings.

A possible cost-efficient alternative for the future could be to develop systematic thinning
methods, where trees are harvested in corridors, lines, rows or strips (Rummer 1993; Suadicani
and Nordfjell 2003). The boom-corridor thinning (BCT) method in young stands is one kind of
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mechanised systematic thinning method (Bergstrom 2009; Sangstuvall et al. 2011; Jundén et al.
2013). In BCT, trees are harvested in corridors that are a few meters wide, aligned with the strip-
road and at a length corresponding to the used crane’s reach (about 10 m). Several studies have
stated that BCT is a potential harvesting operation method that allows for the flexible use of dif-
ferent thinning patterns (Bergstrom et al. 2007, 2010; Bergstrom and Di Fulvio 2014; Ahnlund
Ulvcrona et al. 2017).

Ahnlund Ulvcrona et al. (2017) compared stand structures after BCT and selective thin-
ning and showed that both treatments resulted in similar stand structures based on the number of
possible future crop trees (>80 mm in diameter at breast height). However, BCT maintained a
higher diversity of tree sizes as well as more stems per hectare, including deciduous species, than
the selective thinning approaches. Witzell et al. (2019) concluded that BCT may enable the early
outtake of forest biomass for e.g. bioenergy or biorefining, while simultaneously maintaining the
stand structure’s vertical heterogeneity and thereby supporting biodiversity.

Systematic thinning results in reduced growth (volume and/or basal area) in Scots pine
(Bucht and Elfving 1977; Pettersson 1986; Mikinen et al. 2006) and Norway spruce stands (Maiki-
nen et al. 2006) as compared to selective thinning. Bucht (1981) identified two growth-reducing
factors associated with corridor harvests: the area effect, where increment losses are due to the
unexploited corridor area, and the selectivity effect, where losses are associated with not retaining
the most vigorous and fastest growing trees in the stand. The effect of corridors on the growth of
trees was investigated by Mékinen et al. (2006). Five years after thinning, in both pine and spruce
stands, tree growth had improved along the corridors only in a zone within less than 2 meters
away from the corridors. However, the increase in growth of the edge trees of the 4-5 m-wide
corridors compensated for 40% of the loss of growth caused by the area effect of the corridors.
Karlsson et al. (2015) concluded that high biomass removal from dense Scots pine stands early
in rotation periods, for example by applying BCT methods, might provide substantial economic
benefits for forest owners, but appropriate general decision tools are needed to maximise profit.
Besides increasing the growth of remaining trees, selective (quality) thinning is aimed at improving
stem quality by removing low-quality stems, especially in Scots pine stands where straight stems
with small branches and vital crowns are left to grow (Niemisto et al. 2018). Strictly performed
systematic corridor harvests are done without tree selection, and thus, also low-quality stems are
retained on untreated areas between corridors. However, tree selection can be performed with some
degree of selectivity when performing boom-corridor thinning (semi-selective BCT), (¢f Ahnlund
Ulvcrona et al. 2017).

The spatial distribution of the remaining trees after BCT differs from that after a selective
thinning. Thus, it is important that after BCT, there is a sufficient number of trees that are both
suitable for use as future crop trees and are well-distributed over the area. In pine stands, high-
quality crop trees are slightly smaller than the dominant ones; these so-called “codominant trees”
with narrow crowns and thin branches are usually the best quality stems of a stand (L&dms3 et al.
1990; Huuskonen et al. 2014).

The aim of this study was to describe and compare the stand characteristics and spatial pat-
terns of Scots pine and birch-dominated stands after boom-corridor and selective thinning at the
first thinning phase. The hypothesis of our study was that there are no major differences between
the volume of removal per hectare of the studied treatments. In the future, the thinning experi-
ments established in this study will be assessed for long-term growth and timber quality effects.
Simulations have been conducted to predict the future development of the experimental plots in
Scots pine stands, using a distance-dependent stand growth simulator. In the simulations, stand
management followed the silvicultural recommendations applied in privately owned forests in
Finland (Aijili et al. 2019).
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2 Material and methods
2.1 Description of sites and treatments

The thinning treatments were established in a direct-seeded Scots pine (Pinus sylvestris L.) stand
in Suonenjoki (seeded pine stand) (62°38°N, 27°31°E), Northern Savo, in a planted pine stand in
Konnevesi (planted pine stand) (62°46'N, 26°17 E), Central Finland, and in a planted silver birch
(Betula pendula Roth mixed with natural downy birch, B. pubescens Ehrh.) stand in Kontiolahti
(planted birch stand) (62°42’'N, 29°55°E), North Karelia. According to the Finnish site type clas-
sification (Cajander 1949), the pine stands were growing on a medium fertile site (Myrtillus type)
in the planted pine stand and on a rather poor site (Vaccinium type) in the seeded pine stand. The
planted birch stand was growing on a fertile site (Oxalis-Myrtillus type). At the time of measure-
ment, the ages of the pine stands were 35 and 24 years in the seeded pine stand and the planted
pine stand, respectively. The planted birch stand was 25 years old.

The experiment in the seeded pine stand was established in May 2018 and in the planted
pine stand and planted birch stand in September 2018. In each stand, the thinning treatments were
performed on rectangular plots of 20 x 50 m (1000 m?), except for two plots in the planted pine
stand of 20 x 40 m and 20 x 43 m (Table 1). Prior to treatments, the characteristics of the growing
stock were measured on two rectangular sample plots of 5 x 20 m (100 m?) systematically located
on each treatment plot. All trees on these sample plots were measured in terms of tree species and
dbh (mm); for every fourth tree, heigh (dm) was measured.

Before thinning, the seeded pine stand had a typical even-aged and single-canopy-layer
structure without significant undergrowth (dbh < 70 mm), and the proportion of the basal area of
pine was over 90% (Table 1). In the planted pine stand, the proportion of pine, by number, was
81%, and the remaining tree species were mainly birch. The sparse birch undergrowth in this area
did not hinder the harvester work. Based on one-way analysis of variance, no statistically significant
differences in pre-treatment stand variables were found, although in the planted birch stand, the
stand basal area and volume were higher on the selective thinning plots than on BCT plots (Table 1).
The proportion of the trees with a dbh of 100-160 mm varied from 59 to 71% in the seeded pine
stand, from 59 to 70% in the planted pine stand and from 40 to 50% in the planted birch stand.

The selective and BCT treatments applied in the experiments are described in Table 2. The
thinning treatments for the experiments were carried out in the following chronological order:

- Seeded pine stand: Sel;, BCT,, BCTg, BCTyemi

- Planted pine stand: Sel;, BCTgemij, BCTe

- Planted birch stand: Sely, BCTsemiz, BCTsemis

After thinning, all remaining trees were mapped and measured by species and dbh. The
Cartesian coordinates of trees were determined by a distance from a reference point and an angle
from a reference direction (north) (Fig. 1).
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Table 2. Definitions of thinning treatments in the experiments. In all treatments, the width of the strip road was between
4.0-4.5 m, and the strip roads were pre-marked in the centre of the plot. In selective thinning (Sel) treatments, the areas
between strip roads were thinned from below, where primarily, the smallest, poorer and possibly damaged trees were re-
moved. In systematic boom-corridor (BCT),, BCTy) treatments, 2.5-m-wide corridors, with 7 m between the machine
position, were harvested. In all BCT treatments, the areas between the corridors were left untreated.

Treatment Definition

Sell
8612
BCT,

BCTy

BCTscmil

BCTsemiZ

BCTsemi3

BCTq

Selective thinning. Pre-clearing of undergrowth was not needed.
Selective thinning, pre-cleared. The undergrowth hindering harvester work was removed before test cutting.

Completely systematic perpendicular boom-corridor thinning. Pre-clearing of undergrowth was not needed.
Corridors 90° from each machine position were harvested. The trees to be removed from the corridors were
marked with a sign.

Completely systematic fan-shaped boom-corridor thinning. Pre-clearing of undergrowth was not needed.
Corridors 30° from each machine position were harvested. The opposite corridors of the machine positions
were staggered at 2 m. The trees to be removed from the corridors were marked with a sign.

Semi-selective boom-corridor thinning. Pre-clearing of undergrowth was not needed. In the middle of
the plot, the advisory corridor locations on opposite sides of the strip road were marked. The width and
distance of the corridors were, on average, the same as in BCT,, and BCTy. The operator chose the exact
location of the corridors based on the standing trees. The trees to be removed from the corridors were not
marked.

Semi-selective boom-corridor thinning, pre-cleared. The undergrowth hindering harvester work was
removed before test cutting. In the middle of the plot, the advisory corridor locations on opposite sides of
the strip road were marked. The width and distance of the corridors were, on average, the same as in BCT
and BCTy. The operator chose the exact location of the corridors based on the standing trees. The trees to be
removed from the corridors were not marked.

Semi-selective boom-corridor thinning, pre-cleared. The undergrowth hindering harvester work was
removed before test cutting. In the middle of the plot, the advisory corridor locations on opposite sides of
the strip road were marked. The width and distance of the corridors were, on average, the same as in BCT,
and BCTy. The operator chose the exact location of the corridors based on the standing trees. The trees to be
removed from the corridors were not marked.

Selective boom-corridor thinning. Pre-clearing of undergrowth was not needed. The width and distance of
the corridors were, on average, the same as in BCT,, and BCTy. The operator independently chose the loca-
tion of the corridors based on the standing trees.
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Fig. 1. Examples of tree maps of plots on which selective (Sel) and boom-corridor (BCT) thinning treatments were per-
formed in the pine stands in the seeded pine stand (top) and planted pine stand (middle) and in the planted birch stand
(down). The strip road was placed approximately in the middle of the shorter sides of the plot. The width of the circle
is proportional to the tree diameter at breast height. The thinning treatments are described in Table 2.
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2.2 Methods

Species- and stand-wise models were used to predict the unmeasured tree heights. The type of
the height model was Néslund’s (1936) curve: & = 1.3 + dbh?/(a + bdbh)?, where h is tree height
(m), dbh is diameter at breast height (cm) and a and b are parameters to be estimated. The height
models were fitted separately for Scots pine, Norway spruce (Picea abies (L.) H. Karst.) and birch
for each experiment (stand). In the seeded pine stand, no observations on birch height were avail-
able, and thus, the height model for pine was applied to predict the heights of birches (11 trees). In
the planted birch stand, a common model was fitted for pines and spruces due to the few species-
wise observations. The non-linear height models were fitted by the NLR procedure in IBM SPSS
Statistics 25 (IBM Corp. Released 2017). Stem volumes were calculated by species-wise volume
functions (Laasasenaho 1982) based on dbh and height. Stand characteristics, such as the number
of stems per hectare, stand basal area, volume, mean diameter, height, stem volume as well as
tree species proportions, were calculated for each treatment plot both before and after thinning.
The stand characteristics and diameter distributions were compared among the boom-corridor and
selective thinning treatments.

The effect of thinning treatments on the spatial distribution of remaining trees was also
studied. The clustering or regularity of the locations of trees after thinning was examined by the
Clark-Evans test (Clark and Evans 1954). The test of aggregation for a spatial point pattern of
trees was performed with the statistical software R version 3.5.2 by using the Clark-Evans test
function in the package statspat (R Core Team 2018). The Clark-Evans index R is the average of
the nearest-neighbour distances for randomly sampled points divided by the expected distance to
the nearest neighbour under a Poisson (random) process. The index R is dimensionless; the value
R =1 indicates a completely random pattern, R > 1 suggests regularity and R < 1 clustering. The
null hypothesis of complete spatial randomness at the 0.05 level was tested by using Monte Carlo
simulation, Donnelly edge correction and a two-sided test.

After the treatments, simulations were conducted to predict the future development of the
trees on the treatment plots in the seeded pine stand and planted pine stand, using a distance-depend-
ent stand growth simulator (Pukkala et al. 1998). The diameter and height increments of pines and
spruces were predicted by using the models of Pukkala et al. (1998). A distance-dependent growth
model was not available for birch, and thus, the development and management of the planted birch
stand was not simulated. A birch mixture in the simulations of pine stands was considered as pines.

In the simulations, stand management (the number, timing and intensity of thinnings and
rotation length) followed the silvicultural recommendations applied in privately owned forests
in Finland (Aijili et al. 2019). Removed trees were divided into timber assortments by using the
taper curve functions from Laasasenaho (1982). The minimum top diameter of saw logs was 17
cm for pine and 18 cm for spruce, and that of pulpwood was 8 cm. No deductions due to defects
were made, i.e., the timber assortment volumes were based on tree dimensions only.

The statistical significance of the differences between the thinning treatments in the meas-
ured stand characteristics (both before and after thinning) and simulated removals was studied
using one-way analysis of variance (IBM Corp. Released 2017). Pairwise multiple comparisons
between the thinning treatments were performed using the LSD (least significant difference) Post
Hoc test because the data were homogeneous (according to the Levene’s test of homogeneity of
variances). If the level of significance of a statistical analysis was less than 0.05, the difference
was considered significant.
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3 Results
3.1 Stand structure after thinning

After the thinning of the seeded pine stand, the proportion of trees with a dbh of 100—160 mm was
on average 74% (522 stems per hectare) in selective thinning (Sel;). In boom-corridor thinning
BCT,, it was 64% (582 stems per hectare), in BCT; 71% (686 stems per hectare) and in BCTyepi
59% (582 stems per hectare). Respectively, the proportions of trees with a dbh of 60—100 mm
were 3, 15, 12 and 17% (Fig. 2).

In the planted pine stand, the proportion of trees with a dbh of 100-160 mm in Sel; was on
average 61% (498 stems per hectare), in BCTgemi; 60% (585 stems per hectare) and in BCTge; 58%
(538 stems per hectare). Respectively, the proportions of trees with a dbh of 60-100 mm were 10,
15 and 17%. (Fig. 3).

In the planted birch stand, the proportion of trees with a dbh of 100—-160 mm in Sel, was on
average 71% (416 stems per hectare), in BCTsemiz 50% (400 stems per hectare) and in BCTgepis
47% (410 stems per hectare). Respectively, the proportions of trees with a dbh of 60—100 mm
were 16, 44 and 48% (Fig. 4).

In the seeded pine stand and planted pine stand experiments, in BCT and selective thinning
treatments, the number and proportion of remaining dominant trees with a dbh of 140 mm or
more were, on average, 410 and 43% and 408 and 53% stems per ha, respectively (Figs. 2 and 4).
In the planted birch stand experiment, in BCT and selective thinning treatments, the number and
proportion of remaining dominant trees with a dbh of 140 mm or more were, on average 201 and
25% and 213 and 36%, respectively (Fig. 4).
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Compared to selective thinning, there were significant differences (p<0.05) in the stand
characteristics of boom-corridor thinned plots (Table 3). For example, the BCTs resulted in, on
average, a 16-46% higher number of stems per ha compared to selective thinning. In theseeded
pine stand, the stand basal area and volume after boom-corridor treatments were significantly higher
than those after selective thinning. In the birch stand, the mean diameter and volume of remaining
trees were significantly higher on selectively thinned plots that on boom-corridor thinned plots.

For each experiment, the spatial distribution of trees after selective thinning was regular,
i.e., the Clark-Evans index R was significantly (p<0.05) greater than 1 (Table 4). After BCT, the
regular spatial distribution of trees was also observed, but most commonly, the spatial pattern of
trees was random. The locations of removed trees were not measured, and thus, the pre-treatment
spatial distribution of trees is unknown.

Selective thinning (Sel; and Sel,) increased the mean stem volume by 15-20% compared
to the mean stem volume before thinning (Table 5). In the fully systematic BCT treatments (BCT,
and BCTy) in the seeded pine stand, the mean stem volume slightly decreased, whereas in semi-
systematic BCT (BCTemip and BCTgenmi3), the mean stem volume slightly increased. The selective
BCT treatment (BCTs)) in the planted pine stand increased the mean stem volume by 15%.

Table 4. Clark-Evans index R and a two-sided test on the clustering (R < 1) or regularity (R > 1;
p <0.01 in bold) of the spatial distribution of remaining trees on selectively (Sel) and boom-corridor
(BCT) thinned plots. The thinning treatments are described in Table 2.

Clark-Evans index R after thinning treatment

Experiment R p-value R p-value R p-value R p-value
Seeded pine stand Sely BCT, BCT¢ BCTemit
Plot 1 1.35 <0.01 1.08 0.14 1.06 0.22 1.01 0.97
Plot 2 1.30 <0.01 1.03 0.65 1.06 0.30 1.05 0.38
Plot 3 1.32 <0.01 1.05 0.41 1.02 0.70 1.18 <0.05
Plot 4 1.16 <0.05 1.04 0.55 1.08 0.19 1.13 <0.05
Plot 5 1.20 <0.01 0.94 0.35 1.00 0.95 0.98 0.72
Planted pine stand Sel; BCTsemit BCTyy

Plot 1 1.32 <0.01 1.07 0.19 1.18 <0.01

Plot 2 1.33 <0.01 1.11 0.10 1.21 <0.01

Plot 3 1.25 <0.01 1.22 <0.01 1.12 <0.05

Plot 4 1.16 0.01 1.10 0.06 1.17 <0.01

Plot 5 1.23 <0.01 - 1.09 0.11

Plot 6 - -- 1.10 0.13

Planted birch stand Sel, BCTsemiz BCTsemiz

Plot 1 1.30 <0.01 1.13 0.05 1.04 0.50

Plot 2 1.24 <0.01 1.07 0.28 1.06 0.31

Plot 3 1.29 <0.01 1.09 0.14 1.08 0.14
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3.2 Removal in thinning

In the seeded pine stand, the removal volume in selective thinning and BCT treatments varied
only slightly (Table 5). However, the average stem volume of removals in BCT treatments was
30% higher than in selective thinning (Sel;), and respectively, the number of trees (dbh > 70 mm)
removed in BCT was 22% lower than that in selective thinning (Sel;). In the planted birch stand,
the number of trees with a dbh > 70 mm removed in BCTy.,;» was 21% lower than in selective
thinning (Sely) and in BCTgemiz 32% lower; respectively, the number of trees with a dbh <70 mm
that were removed was 39 and 24% lower (Table 5). In the planted pine stand and planted birch
stand, the average stem volume removal of BCT treatments was 8 and 3% higher than in selective
thinning. The relative mean stem volume in BCT treatments was on average 14% higher than in
selective thinning (Table 5). In the seeded pine stand, planted pine stand and planted birch stand,
the proportion of trees (dbh > 70 mm) left to grow in BCT treatments was on average 55, 60 and
55%; in selective thinning, it was 43, 50 and 39%, respectively (Tables 1 and 3).

Table 5. Relative mean stem volume (without top and branches) of the removal of selective thinning (Sel) and
boom-corridor thinning (BCT) and relative mean stem volume of trees remaining in Sel and BCT in comparison
with the mean stem volume before thinning. The thinning treatments are described in Table 2.

No. of Density of removed  Volume of Mean stem  Relative mean  Relative mean

plots (stems ha™1) removal volume of  stem volume of stem volume of

(m3ha™!) removal removal! growing stock?
(dm?) (%) (%)

Experiment Treatment Mean +SE Mean +SE Mean +SE

Seeded pine  Sel; 5 1028 63.1 65 1.9 64 3.8 100 115
stand’ BCT, 5 802 70.7 68 4.1 85 32 119 98
BCT¢ 5 836 57.3 66 4.6 79 4.3 122 97
BCTemit 5 776 70.2 64 23 84 6.5 119 95
Planted pine  Sel; 5 834 62.1 56 4.5 67 2.1 100 120
stand’ BCTsemit 4 710 44.5 56 4.8 79 3.6 113 103
BCTie 6 630 49.3 41 33 66 2.0 102 115
Planted birch Sel, 3 2393 99.1 92 102 39 3.5 100 120
stand* BCTemiz 3 1563 128.1 62 8.1 41 8.1 108 102
BCTemis 3 1770 1069 69 4.5 39 2.3 117 107

I Ratios of stem volumes of removal of thinning treatments where the reference value (100) is the mean stem volume of selec-
tive thinning.

2Relative mean stem volume remained in treatments by comparison with the mean stem volume before thinning. The reference
value (100) is the mean stem volume of each treatment before thinning.

3 dbh > 70 mm.

4dbh 30-69 mm & dbh > 70 mm.

13



Silva Fennica vol. 55 no. 3 article id 10462 - Nuutinen et al. - Comparing the characteristics of boom-corridor ...

3.3 Simulated development of remaining trees

The future development and management of remaining trees on the treatment plots in the seeded
pine stand and planted pine stand were simulated until the end of the rotation. The subsequent
selective thinning from below removed smaller trees and, simultaneously, a minimum allowed
distance of 1 m between remaining trees was applied. In the seeded pine stand, all treatment plots
were thinned to the same remaining stand basal area 20 years after the first thinning, and the
clearcutting was simulated 35 years after the first thinning. In the planted pine stand, depending
on the number of stems per ha, one or two selective thinnings were done before the clearcutting
30 years after the first thinning.

In the seeded pine stand, the total removals of BCT treatments in the second thinning were
significantly higher (23—53%) than in selective thinning (Fig. 5). The total removal of the second
thinning and clearcutting on boom-corridor thinned (BCTepmij) plots was significantly higher (10%)
than that on selectively thinned plots. In the planted pine stand, the total pulpwood removal of the
simulated thinnings and clearcutting on boom-corridor thinned (BCTse,;1) plots was significantly
higher (18%) than that on selectively thinned plots (Fig. 6). In the seeded pine stand and planted
pine stand experiments, the first thinning treatment did not have a significant effect on the saw log
removals of the simulated thinnings and clearcutting.
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Fig. 5. Simulated removals (Mean + SE) of the second selective thinning and clearcutting after the first thinning treat-
ments on the treatment plots in the seeded pine stand. The thinning treatments are described in Table 2. Removals
marked with different letters are significantly different (p < 0.05).
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cantly different (p < 0.05).

4 Discussion

Thinning experiments were established in two Scots pine stands and one birch-dominated stand
to assess the long-term growth and timber quality effects of boom-corridor (BCT) and selective
thinnings (Sel) done at the first commercial thinning phase. In this study, the post-thinning stand
characteristics and spatial patterns, as well as the simulated development of the stands, were
described and compared. Tree growth and quality will be studied by follow-up measurements.

All treatment plots within the experiment were thinned to the same remaining stand basal
area, and consequently, the number of remaining stems per ha in the BCT treatments was on
average 16—46% higher than in selective thinning. After selective thinning and BCT, the number
of remaining trees was in accordance with the forest management recommendations applied in
Finland (Aijili et al. 2019). The higher number of remaining stems per ha in BCT was expected
due to the systematic thinning in BCT, which removes, with the same intensity, large and small
trees. Selective thinning was done as thinning from below, which focuses on the removal of sup-
pressed and subdominant trees.

In Sweden, Ahnlund Ulvcrona et al. (2017) established small-diameter Norway spruce-
and Scots pine- dominated experiments at 6—10 m mean height. They also found that BCT with
I-m- (BCTyy,) and 2-m-wide corridors (BCTyy,) resulted in a higher stem number per hectare
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than selective thinning; the difference was 3.4-5.0-fold. However, the difference in the number of
dominant future crop trees (dbh > 80 mm) was not as high: in selective thinning, 662 remaining
trees per hectare and in BCT;,, and BCT,,,, 812 and 829 remaining trees per hectare, respectively.

In our experiments, the completely systematic BCT methods (BCT, and BCTy) evenly
removed trees from the size distribution, in which case the average stem volumes before and after
thinning were similar. The semi-selective boom-corridor thinning methods (BCTemi1, BCTsemin
and BCTgemi3) included advisory pre-marked corridor locations wherein the effect of BCT on the
average stem volume of growing stock varied from —5 to +7%. The selective BCT (BCTy) in the
planted pine stand, where the operator had planned the corridor system, increased the average stem
volume by 15%. Correspondingly, in selective thinning, the average stem volume was increased by
20%. Thus, it seemed that in selective BCT, it may be possible to combine the benefits of selective
thinning (e.g., tree quality) and BCT.

In our study, selective thinning increased the stem size of the growing stock significantly
more compared to BCT treatments because in selective thinning, primarily, the smallest trees were
removed, whereas BCT evenly removed trees from the whole size distribution. In the study by
Isoméki and Viisdnen (1980), the mean diameter was 2.5-3% higher in selectively thinned plots.
Respectively, in the study by Ahnlund Ulvcrona et al. (2017), selective thinning increased the
mean diameter of standing trees by 4-36% compared to BCT. The reason for the larger increase
of the mean diameter in the study of Ahnlund Ulvcrona et al. (2017) was that their experimental
stands were dense and unmanaged small-diameter energy wood stands, whereas in the experiments
by Isoméki and Viisénen (1980), stands were well-managed first-thinning stands, similar to the
stands in this study.

In our study, the removal volumes per hectare of BCT and selective thinning were at the
same level. However, in BCT, fewer and larger trees were removed as compared to selective thin-
ning. In the study by Isoméki and Véisénen (1980), the removal per hectare of BCT was one third
larger than that in selective thinning. However, in their study, the average diameter of removed
trees did not differ significantly between the treatments.

In the second simulated thinning, the removals after BCT were significantly higher than that
after selective thinning in the seeded pine stand, but not in the planted pine stand. This difference
can be explained by the fact that the number of remaining trees after BCT was higher than after
selective thinning, especially in the seeded pine stand. In Finland, the higher thinning removal is
a factor that improves the profitability of harvesting, especially in small-diameter first thinnings
(Kérha et al. 2001; Oikari et al. 2008).

The saw log volumes harvested in intermediate thinnings and clearcutting were at the same
level after selectively and BCT first-thinned plots. In the long-term field study by Mékinen et al.
(2006), the share of saw log volumes in the pine experiments was 43 % for selective thinning and
38% for BCT; for the spruce experiments, the values were 57 and 53%, respectively. However, it
should be noted that Mékinen et al. (2006) only monitored growth after one motor-manual first
thinning, which does not correspond to current mechanical harvesting where the thinning is done
two or three times during the forest rotation time. In our simulations, quality defects were not con-
sidered, and thus, the simulation results should be interpreted with caution. Our simulations were
conducted in managed Scots pine stands, and therefore, the simulation results cannot be applied
on, for example, unmanaged stands with different stand structure and earlier stand development.

The post-thinning stand characteristics and the simulated development of remaining trees
indicated that, from the silvicultural point of view, the BCT methods applied in this study are
feasible in pine and birch stands at the first commercial thinning phase. Sufficient dominant and
co-dominant crop trees were left growing in BCT, and later, in the subsequent selective thinning,
the spatial arrangement of trees changed towards a more regular spacing.
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Based on the results of this and earlier studies, we compared selective thinning and BCT
done at the first commercial thinning phase (Table 6). In our study, the corridor system with strip
roads removed about half of the standing trees. Thus, such a systematic thinning is easier to perform
compared to selective thinning and, likely, renders harvester operators to perform similar thinning
intensities. Based on the simulated development of remaining trees in this study, the saw log pro-
duction after boom-corridor thinning and selective thinning was at the same level. Furthermore,
we found that in the simulations, the volume removal per hectare of BCT was significantly higher
than that in selective thinning. Also, the relative stem volume of removal in BCT treatments was
significantly higher than that in selective thinning, which leads us to infer that the BCT method
increases the average volume of removed trees. Both higher removal per hectare and larger size of
removed trees increase the profitability of BCT harvesting. In the study of Karlsson et al. (2015),
no significant differences in tree mortality between BCT and selective thinnings were found.
However, the question arises whether BCT jeopardises the quality of saw logs, especially in pine
stands. We agree with Mékinen et al. (2006) that in future studies, the effects of thinning methods
on wood quality and stem damage need to be clarified.

According to Ahnlund Ulvcrona et al. (2017) and Witzell et al. (2019), BCT maintained a
higher diversity of tree sizes and species (i.e., structural heterogeneity) which results in increased
stand biodiversity and provides an opportunity to grow uneven-structured forests. Also, according
to Puettmann et al. (2009), selective thinning aims to homogenise stand structure, density and
composition, and respectively, BCT allows the development of vertical heterogeneity and, pos-
sibly, different age classes. The BCT is possible to conduct without cost-intensive pre-clearing
and therefore it has the potential to maintain habitats for several canopy-associated organisms
(Roder at al. 2010). However, the corridor thinning patterns create gaps that may efficiently

Table 6. Comparison of selective thinning (Sel) and boom-corridor thinning (BCT) done at the first thinning phase.

Selective thinning

Boom-corridor thinning

Thinning intensity

Thinning method

Stem damage and conse-
quent tree mortality

Soil damage

Cutting and forwarding

Sequential thinning
Wind and snow damage

Biodiversity

Pre-clearing

Thinning intensity varies according to the
operator.

In thinning below, primarily the smallest and
poor-quality trees are removed.
Quality thinning especially in pine stands.

Will occur especially when the trees are felled
to an un-thinned stand area.
Depends on the operator and stand structure.

The tops and branches are processed to the
strip road to reduce soil damage.

Small stem size and low removal per hectare
will result in low productivity and high har-
vesting costs.

Removed trees are larger and more even-sized
compared to BCT.

Can be reduced by the timing and intensity of
the thinning.

Risk to produce monoculture if the only aim is
to maximise saw timber production.

Too strong pre-clearing of undergrowth
decreases diversity.

High-quality harvester thinning requires pre-
clearing.

Thinning intensity will vary less if the
corridor system is designed right.

Does BCT endanger the quality thin-
ning?

Tree processing takes place in the cor-
ridors, increasing stem damage.

Are the logging residues sufficiently
obtained to the strip road?

The cost-efficiency of cutting and for-
warding probably increases.

The thinning removal per hectare is
higher than in selective thinning stands.

Does BCT increase damage risk?

BCT gives the opportunity to grow two-
storied or uneven forests.

BCT creates suitable thickets and game
habitats.

Integrated harvesting of energy and
pulpwood enables harvester thinning
without pre-clearing.
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capture snow and thereby increase the risk of snow damage (Valinger et al. 1993) and mimic
windthrow effects (Cristian et al. 1996). However, when harvested using the single-tree harvest-
ing method, the logging damage resulting from BCT was lower than that in selective thinning
(Lilleberg 1991). Furthermore, Lilleberg (1995) emphasised that the thinning method strongly
influences the harvesting costs associated with the first thinning as well as the value added by
the harvested pulpwood.

5 Conclusions

The first results from the application of boom-corridor thinning (BCT) in the management of
young pine and birch stands are promising. Before the first commercial thinning, the density of
the dominant trees varied from 1600 to 2000 trees per hectare, and the height and spatial structures
of the experimental stands were homogeneous. In BCT, the operator removed all trees from strip
roads and boom-corridors in a fan-shaped orientation or perpendicular to the strip roads. Depend-
ing on the standing trees, the width of and distance between corridors were about 2-2.5 m and
4-5 m, respectively. Constructing the strip roads and corridors removed about half the trees present,
resulting in 800—1000 remaining trees per hectare. In BCT, the processing of trees takes place at
the boom-corridor and strip road, whereas in selective thinning, debranching and crosscutting are
done at the strip roads and in the areas between the strip roads.
This study reveals that, compared to conventional selective thinning in young dense boreal
stands:
- after BCT, the number of stems per hectare was higher, although the number of future crop
trees was at the same level,
- the removal of the simulated intermediate thinnings and clearcutting in BCT treatments
was 10—-18% higher, and the saw log volumes were at the same level in both treatments,
- the BCT method increased the average volume of removed trees,
- the increased removal per hectare and the size of removed trees increase cost-efficiency
of cutting and forwarding,
- in unmanaged young stands, BCT can be conducted without cost-intensive pre-clearing
of the undergrowth, which creates post-stands with higher biodiversity, promoting the
development of uneven forests.

In the future, more experiments similar to those in this study need to be established under
various stand and site conditions, especially in unmanaged, dense young stands with a mix of tree
species and a heterogeneous size structure. Future research should investigate the possible growth
increase of corridor edge trees as well as the effects of corridor thinning on forest cover and diversity.

Further studies should determine the selection criteria for stands where BCT is feasible.
These criteria must take into account the profitability of harvesting and the development of the
remaining trees. Finally, taking BCT into actual use requires the cooperation of forest owners,
forest companies, contractors as well as research and education organisations. Special considera-
tion should be directed to the stand structure after the second thinning when selective thinning
is conducted. The likely positive effects of BCT on the profitability of forwarding have not been
studied yet, requiring further studies in this field.
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