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» At the first thinning stage, zone thinning resulted in lower removals and incomes than low
thinning.

*  The total removal and income from the first thinning and subsequent simulated cuttings did
not differ between thinning treatments.

*  Zone thinning is a feasible option for the first thinning.

*  Onpeatland, zone thinning would diversify stand structure and encourage natural regeneration.

Zone thinning is designed to improve harvesting productivity in the first commercial thinning and
facilitate the transition to continuous cover forestry by encouraging natural regeneration. In zone
thinning, the density of the remaining stand varies between strip roads 30 m apart, from heavily
thinned roadside zones to untreated zones >10 m from the road. In the subsequent thinning, strip
roads are opened in the untreated zones. This study first compared the characteristics and remov-
als of Norway spruce (Picea abies (L.) H. Karst.) dominated stands after zone and low thinning.
Thinning treatments were applied in two planted stands on mineral soil at the first commercial
thinning stage, and in two advanced thinning stands on drained peatlands. The harvested removals
were obtained from the harvester records. Secondly, the post-treatment development and removal
of the experimental plots were predicted using a distance-dependent, individual-tree simulator
that had been developed for spruce-pine (Pinus sylvestris L.) mixtures. On zone-thinned plots
of young thinning stands, the number of stems per ha was significantly higher, and the amount
harvested was significantly lower, compared to low-thinned plots. In advanced thinning stands,
the stand basal area and volume were higher on zone-thinned plots than on low-thinned plots.
Total removals (harvested and simulated) and cutting incomes during the rotation period did not
differ between zone and low thinning treatments. This suggests that zone thinning could be used
for the first thinning without reducing timber production or revenues.
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1 Introduction

The primary aim of thinning is to improve the growth and quality of the remaining trees, allowing
them to develop into valuable timber, by removing undesirable trees. Thinning young stands also
enhances the forest’s vigour and resilience, improving the forest’s ability to withstand wind and
snow damage (Venildinen et al. 2020). Despite their silvicultural importance (Mékinen and Isomaki
2004; Huuskonen and Hynynen 2006; Nilsson et al. 2010; Niemisto et al. 2018), first commercial
thinnings are frequently postponed or not carried out (Korhonen et al. 2024), largely because cur-
rent harvesting systems yield limited economic returns when stem size and removal volumes are
low (Kérha et al. 2004; Ahtikoski et al. 2021). Therefore, there is a need to develop a thinning
method that is operator-friendly and considers both efficient harvesting and forest management
recommendations for young stands.

Selective thinning from below (hereafter low thinning) has emphasised uniform spacing
and timber yield, often resulting in relatively homogeneous stand structures (Kelloméki 2024).
Implementing continuous cover forestry (CCF) instead of traditional rotation forestry, which
involves thinnings and clearcutting, would likely yield significant ecological, economic and social
benefits (Rautio et al. 2025). However, beginning CCF on logging sites where the forest stand is
quite regularly structured and has only undergone low thinning may be challenging (Bianchi et al.
2023). Selecting and successfully implementing the appropriate harvesting method requires thor-
ough preliminary planning specific to each stand, as well as the right technology, working methods
and skilled personnel (Leppénen et al. 2025). Therefore, a thinning method is needed to encourage
natural regeneration and start the transition to CCF by moving towards an irregular stand structure.

Variable density thinning (VDT) differs from conventional thinning in that the density of the
remaining trees within a stand varies (Carey 2003). VDT is a silvicultural strategy designed both to
accelerate forest growth and to promote spatial heterogeneity and structural complexity. The zone
thinning method, a variant of VDT, was developed for the first thinning to create three harvesting
zones along the strip roads (Fig. 1). The idea is that thinning intensity decreases from the strip
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Fig. 1. The schematic picture showing the first thinning according to the zone thinning method. The
strip roads are 30 m apart, with a 10-m-wide unharvested zone between them. The zones parallel to the
strip roads have varying intensity of thinning. In the second thinning, the strip roads are opened into the
unharvested zone, and the stand is thinned to create a uniform density throughout the stand area. Source:
Ovaskainen et al. (2024).
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road towards the 10-m-wide untreated zone in the middle of the strip roads. In the first thinning,
the distance between the strip roads is set at 30 m, with the area 0—6 meters from the centre of the
strip roads being thinned heavily. Only individual trees that are easy to cut are harvested from the
4-m-wide zone between the heavily thinned and untreated zones. The aim is that the subsequent
thinning will open the strip roads into the untreated zone, after which the remaining density will
be at the same level throughout the stand area. In principle, the strip roads from the first thinning
will not be used for the subsequent thinning.

The zone thinning method offers several potential benefits in logging, all of which would
encourage the adoption of this new working method (Ovaskainen 2009; Palander et al. 2012;
Ovaskainen et al. 2024). The thinning intensity is high near the strip road, meaning many trees to
be removed are located close to the strip road and harvester. The search time and distance of the
trees to the harvester are shorter, there is more working space due to lower tree density, and fewer
growing trees are damaged. Furthermore, the harvester head can be controlled more accurately when
the harvester is closer to the trees. The harvester operator has better visibility, and the machine’s
lights are more effective. More logging residue accumulates on the strip roads as more trees are
harvested close to roads. As a result of this method, the forest has a varied density, comprising
both thinned and untreated areas. Zone thinning thus diversifies stand structure and can serve as
a transition cutting to CCF, especially if natural seedlings regenerate on the strip roads of the first
thinning and on the heavily thinned zone alongside them.

Karhumaa (2021) compared the time consumption and productivity of zone and low thin-
ning using a harvester simulator and virtual stands, with first and second thinnings performed
by professional harvester operators. Zone thinning increased combined productivity by 17-21%
compared to low thinning, mainly due to larger trees felled during the second thinning. It also
reduced tree damage in the first thinning, while no differences were observed in the second thin-
ning. Ovaskainen et al. (2024) examined the harvesting productivity in zone and low thinning in
Norway spruce-dominated stands at the first thinning stage. On their harvesting areas, the removal
harvested in low thinning was almost 50% higher than in zone thinning. Despite lower removal
volumes, the cutting of zone thinning was about 8% more productive than low thinning in the first
thinning. Zone thinning also resulted in less damage to remaining trees, although the difference
was not statistically significant (Uusitalo 2023).

These results suggest that the zone thinning method could increase the harvesting productivity
of the first thinning operation, as its features are similar to those of systematic thinning methods
(boom-corridor thinning) and make the harvester’s boom easier to use (Bergstrom et al. 2010; Nuu-
tinen et al. 2020; Nuutinen et al. 2021; Bergstrom et al. 2022). However, the zone thinning method
raises questions about its effects on the structure, growth and quality of the growing stock, while
simultaneously diversifying stand structure and facilitating the implementation of CCF. Further
information is required on thinning removals and the spatial distribution of remaining trees, as
well as on how stands will develop in future compared to low-thinned stands.

This study aimed to compare the characteristics, removals and incomes of zone- and low-
thinned stands dominated by Norway spruce. Thinning treatments were implemented on the plots
in two young thinning stands on mineral soil and in two advanced thinning stands on drained
peatland. Due to different harvesting strategies, the post-treatment stand structure (stem number,
stand basal area and volume, mean diameter and height) and volumes harvested (sawlogs, pulpwood
and mean stem volume) are expected to differ between the methods. The future development and
subsequent cuttings of the plots were predicted using a distance-dependent stand growth simula-
tor. Our hypothesis was that total removals and cutting incomes during the rotation period do not
differ, regardless of whether zone or low thinning was done on the plots.
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2 Material and methods
2.1 Description of sites, treatments and data collection

Thinning experiments were established, and the data were collected as outlined in Table 1. The
thinning treatments were carried out in four stands dominated by Norway spruce (Picea abies
(L.) H. Karst.) in Central and Eastern Finland (Fig. 2, Table 2, Supplementary file S1: Fig. S1,
available at https://doi.org/10.14214/sf.26007). Stands 1 and 2 were planted and represent young
thinning stands at the stage of the first commercial thinning, whereas Stands 3 and 4 were natu-
rally regenerated and represent advanced thinning stands that have not been thinned previously
(Table 2). According to the Finnish site type classification (Cajander 1949), Stands 1 and 2 were
growing on medium-fertile mineral soil (Myrtillus type). Stands 3 and 4 were growing on drained
peatlands of medium fertility, i.e., Vaccinium myrtillus drained peatland forest type (Laine et al.
2018). In young thinning stands, zone thinning was aimed to improve harvesting productivity, and
in peatland stands, this thinning method was used as a transition to CCF.

Zone and low thinning treatments were applied in all the four stands. Low thinning removed
suppressed and subdominant trees, while aiming at an even density of the remaining trees between
strip roads 20 m apart. In the zone thinning method, the trees were thinned at different intensities
depending on their distance from the strip roads (Fig. 1). The strip roads were spaced 30 m apart,
with a 10-m-wide unharvested zone between them and heavily thinned zones close to the strip roads.
Young thinning stands (1 and 2) were pre-cleared and harvested in October 2022. In advanced thin-
ning stands (3 and 4), thinning treatments (without pre-clearing of undergrowth) were carried out
in February—March 2025. In young thinning stands, the harvester base machine was the John Deere
1170G harvester equipped with the CH6 crane (reach of 10.7 m) and the H424 harvester head, and
in advanced thinning stands, the Komatsu 901 harvester with the 200H crane (reach of 11 m) and
the C93 harvester head. Both forest-machine manufacturers have their versions of boom-tip control
which assists the harvester operator in coordinating boom-tip movements. Boom-tip control also
enables the determination of the stump position of the felled tree. Harvester production (hpr) files
recorded by harvesters were used to calculate the volumes of sawlogs and pulpwood (Skogforsk
2025). This study does not report species-specific timber assortments due to the varying mixture
of Scots pine (Pinus sylvestris L.) and birch (Betula spp.) among the plots.

Table 1. Workflow of establishing experiments, collecting data and conducting simulations in the study
stands in Central and Eastern Finland.

Stands 1 and 2 in Central Finland Stands 3 and 4 in Eastern Finland

1. Selecting stands for thinning treatments. 1. Selecting stands for thinning treatments.
2. Allocating the treatments within stands. 2. Locating the plots within the stands.

3. Cutting and recording the hpr files. 3. Allocating the treatments for the plots.

4. Locating plots within stands and measuring the 4. Cutting and recording the hpr file for each plot.
remaining trees on the plots. 5. Measuring the remaining trees on the plots.

5. Calculating the plot-wise removal using plot loca- 6. Calculating plot-wise removal using hpr files.

tions and the hpr files. 7. Calculating stand characteristics and harvested
6. Calculating the stand characteristics and harvested removals for each plot.

removals for each plot. 8. Running simulations using the remaining trees as
7. Running simulations using the remaining trees as initial stand states.

initial stand states.
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Fig. 2. Locations of the spruce-dominated stands (*) used to study
the zone and low thinning treatments in Central and Eastern Finland.

Table 2. Number of plots measured in Stands 1—4 located in Central (1 and 2) and Eastern Finland (3 and 4) and stand
age according to UPM-Kymmene’s forest resources data. In total, 30 plots were included in the study: 18 zone-thinned

plots and 12 low-thinned plots.
Stand Location Stand age Number of plots Second thinning** Time
(years)  Zone  Low Total Time since Thinning since final
thinning* thinning (years) intensity (%)  cuting
(years)
1 Jamsa (61°48'N, 24°46°E) 37 4 2 6 10-15/15 24-34/17-25 30
2 Orivesi (61°47°N, 24°44°E) 33 2 1 3 15/10 29/31 30
3 Outokumpu (62°46'N, 29°01'E) 63 6 4 10 10-15/10-15 33-46/28-35 25
4 Outokumpu (62°45'N, 29°00'E) 68 6 5 11 10-15/15-20 27-38/21-24 35
* On the zone thinning plots of Stands 1-3, trees were removed using thinning from below, whereas in Stand 4, both large and small

trees were removed.
** Time since and intensity in second thinning are given separately for zone- and low-thinned plots. Three low-thinned plots in Stand 4

had no second thinning before clearcutting.

(9]
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Field measurements were taken in spring (Stands 1 and 2) and late summer (Stands 3 and 4)
0f 2025. In each stand, rectangular plots of 30 x 30 m (900 m?) or 30 x 20 m (600 m?), depending
on the distance of strip roads (30 m in zone thinning and 20 m in low thinning), were established
(Suppl. file S1: Figs. S2—S4). All remaining trees (height > 1.3 m) were mapped and measured by
species, diameter at breast height (dbh) and harvesting damage. Damage was classified as tree top
broken and stem or root wound, including broken roots at least 2 cm in diameter and no further
than 1 m from the stem. All visible wounds, regardless of size, were recorded. In cases of both
wounds and breakage, a broken treetop was recorded. On each plot, 30 trees were sampled for
height (dm), and the sample was designed to be representative of the diameter distribution and
species. The Cartesian coordinates of the trees were determined by their distance from a reference
point and their angle from a reference direction (north).

In advanced thinning stands (3 and 4), the plots were set up prior to harvesting, and the
harvesting removal on each plot was obtained from the plot-specific hpr files. In young thinning
stands (1 and 2), the plots were established and measured after harvesting. Information on thinning
removal from the plots was obtained by referring the plot locations and the locations of the removed
trees in the hpr files (i.e., harvester head location at the time the tree was cut). For two low thinning
plots, the hpr data only included the location of the harvester itself rather than the location of the
removed trees. Therefore, the thinning removal on these plots was less precise than on the others.

2.2 Calculations, simulations and data analyses

The post-thinning stand characteristics were calculated for each plot using field measurements and
the KPL software (Heinonen 1994). The remaining trees were partitioned into timber assortments
by using the taper curve functions of Laasasenaho (1982). No deductions were made for defects;
the volumes of timber assortments were based on the dimensions of the trees only. As the plots had
not been measured prior to treatment, the pre-thinning volume for each plot was obtained using
the remaining trees and harvested removals.

Zone and low thinning affect differently the spatial distribution of the remaining trees. The
clustering or regularity of locations of the remaining trees was examined using the Clark-Evans test
(Clark and Evans 1954). This test for aggregation in a spatial point pattern of trees was performed
with the statistical software R version 4.5.1, and the clarkevans.test function in the statspat pack-
age (R Core Team 2025). The Clark-Evans index, R, is defined as the average nearest-neighbour
distance for randomly sampled points, divided by the expected distance to the nearest neighbour.
This dimensionless index R is equal to 1 in a completely random pattern. R > 1 indicates regularity,
while R < 1 indicates clustering. The null hypothesis of complete spatial randomness at the 0.05
level was tested by using a two-sided test, a Monte Carlo simulation and a Donnelly edge correction.

The future development of the remaining trees and subsequent cuttings of the plots were
simulated using a distance-dependent individual-tree models (Pukkala et al. 1998). The simulation
started by using the spatial location, species, dbh and height of the trees remaining on the plots as
inputs. Since the stand simulator predicted the diameter and height increments of pines and spruces,
birches were considered as pines. Laasasenaho’s (1982) functions were used to calculate the timber
assortments of the removed trees, without making any deductions for defects. Following Tapio’s
(2025) silvicultural recommendations, the second thinning was simulated after 10-20 years as low
thinning with a minimum distance of 1 m between remaining trees on each plot (Table 2). Three
low-thinned plots in Stand 4 had no second simulated thinning before clearcutting, because stand
basal area did not reach the thinning threshold (26 m? ha™!) within the first 20 years. In advanced
thinning stands, the intensity of thinning on half of the zone-thinned plots exceeded the recom-
mended one-third of the stand’s basal area. In the second simulated thinning, no new strip roads
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were needed on the low-thinned plots, whereas new strip roads (4.5 m wide) were simulated 30 m
apart on the unthinned zones of the zone-thinned plots. Clearcutting was simulated 25-35 years
after the first treatment, with the same rotation length was applied to all plots within the stand.
Clearcutting was also simulated in zone-thinned plots on peatland, where CCF was aimed, to
achieve comparative simulation results.

Incomes from removals were calculated using the averages of the last five years stump-
age prices in Central and Eastern Finland over the last five years during the felling seasons of
2020-2024 (Luke Statistics 2025). Only stumpage prices for spruce were used to avoid the con-
founding effects of varying species mixtures among the plots and different timber prices for pine
and spruce. The following prices for spruce were applied to removals from thinning and clearcut-
ting: 22.58 € m3 and 26.13 € m3 for pulpwood, and 60.87 € m3 and 71.30 € m™3 for sawlogs,
respectively. Due to the smaller size of the stems removed in the first thinning of Stands 1 and 2,
all the thinning removal was considered pulpwood and a pulpwood stumpage price of 17.48 € m3
was applied.

Analyses of variance were performed using the Univariate GLM procedure in IBM SPSS
Statistics (version 30; IBM Corp. 2024) to evaluate the effects of the thinning treatments on the
measured stand characteristics, as well as the harvested and simulated removals and incomes from
removals. These analyses were performed separately for the young (1 and 2) and advanced thin-
ning stands (3 and 4). A two-way ANOVA was performed using the stand and treatment effects,
as well as their interaction, as fixed factors. When evaluating the effects of the thinning treatments
on the volumes of and incomes from removals, initial differences between plots were corrected
for using the pre-thinning stand volume of the plot as a continuous covariate. Pairwise multiple
comparisons between treatments were performed using the Least Significant Difference (LSD)
test with a significance level of 0.05.

3 Results
3.1 Stand structure after thinning

In young thinning stands (1 and 2) on mineral soil, the number of remaining stems per ha was
significantly higher on zone-thinned plots than on low-thinned plots (Table 3). In advanced thin-
ning stands (3 and 4) on peatland, the stand basal area and volume of the zone-thinned plots were
higher than those of the low-thinned plots. Based on removals and post-thinning characteristics
of peatland stands, low thinning favoured pine. No significant differences were found in the pro-
portion of trees that were damaged in the thinning treatments. In young thinning stands (1 and
2), no broken treetops were observed, and in advanced thinning stands (3 and 4), 92% of damage
occurred as stem or root wounds.

Significant differences in the pre-thinning volumes were observed in advanced thinning
stands, so that the low thinning plots initially had a lower stand volume than the zone thinning plots
(Table 3). In young thinning stands, the pre-thinning volumes also differed between treatments,
resulting in a significant interaction of treatment and stand (p=0.040). These initial differences
between the plots were controlled by using the pre-thinning stand volume as a continuous covariate
when evaluating the harvested and simulated removals and incomes.

In young thinning stands, the spatial distribution of trees after zone thinning was regular, i.e.,
the Clark-Evans index R was significantly (p<0.01) greater than 1 (Suppl. file S1: Figs. S2—S4). The
regular spatial distribution of trees was also observed on zone-thinned plots in advanced thinning
stands. The spatial pattern of trees was random on each low-thinned plot.
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3.2 Harvested and simulated removals

Based on the estimated marginal means, the removal harvested in low thinning of young thinning
stands (1 and 2) was significantly 55% higher than in zone thinning (F=25.16, p=0.007) (Table 4).
On the contrary, the removal of the subsequent simulated cuttings was higher on zone-thinned
plots, especially for pulpwood (F=12.49, p=0.024). However, summing up the harvested and
simulated removals of young thinning stands over the rotation period revealed no significant differ-
ence between zone- and low-thinned plots. Also, the total incomes from thinnings and clearcutting
were not significantly different between the treatments (Fig. 3A). Based on the estimated marginal
means, no significant difference was found in the mean stem volume in the first thinning of zone
(72.6+3.5 dm?) and low (71.1+5.0 dm?) thinning plots.

In advanced thinning stands (3 and 4), total removals (harvested and simulated) of the
zone- and low-thinned plots were not significantly different (Table 4). No significant differ-
ences were found in mean stem volume in the first thinning of zone (295.3+17.4 dm?) and low
(254.6+20.8 dm?) thinning plots. The total incomes did not differ between treatments (Fig. 3B).
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Fig. 3. Estimated marginal means of the total income (€ ha™!) from thinnings and clearcut-
ting in Stands 1 and 2 in Central Finland (A) and in Stands 3 and 4 in Eastern Finland (B).
The net present value of incomes, using an interest rate of 0% and 3%, is determined at the
time of the first thinning treatment, performed using either zone or low thinning. Treatment
had no significant (p > 0.05) effect based on the two-way ANOVA.
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4 Discussion

This study described and compared how zone and low thinning influence stand structure and timber
removals over time in Norway spruce-dominated stands. Empirical measurements combined with
growth simulations were used to evaluate subsequent harvest outcomes. The simulations accounted
for the spacing of the remaining trees and strip roads, examining the effects of thinning methods
throughout the entire rotation period.

Thinning treatments were implemented in young thinning stands on mineral soil and in
advanced thinning stands on drained peatland as their first thinning. These two different stages of
stand development and growing sites enabled us to compare the treatments under different condi-
tions. Spruce-dominated stands at medium-fertile sites were selected for this study. Using plot-level
data, we were now able to compare the effects of the thinning treatments on post-treatment stand
characteristics, as well as on harvested and simulated removals. Follow-up studies will analyse
the post-treatment growth, quality and damage at tree level.

The post-thinning growing stock (either stem number or stand basal area and volume, depend-
ing on the development stage of the stands) was higher on zone-thinned plots than on low-thinned
plots. Geometrical thinning methods such as boom-corridor and zone thinning both typically leave
more stems per hectare than low thinning (Nuutinen et al. 2021; Becs et al. 2024). Despite the
varying density of the remaining trees, the spatial distribution after zone thinning did not differ
greatly from that after low thinning. After the second thinning, the spatial distribution of the trees
will be more even once the untreated zones have also been thinned. In young thinning stands, fewer
remaining trees were damaged in zone thinning than in low thinning (Uusitalo 2023), whereas the
opposite was true in advanced thinning stands; however, the difference was not significant.

At the first thinning stage (Stands 1 and 2), low thinning resulted in significantly higher
(55%) removal and income compared to zone thinning. This was consistent with the simulation
study by Karhumaa (2021) and the thinning experiments by Ovaskainen et al. (2023). However,
when the unharvested zone was excluded, the volume harvested from the operational area of the
zone thinning plots did not differ significantly from that of the low thinning plots. This suggests
that the volume of timber removal per meter of strip road is similar in zone- and low-thinned
stands. On zone-thinned plots, the second simulated thinning yielded a significantly higher income
(36%) than on low-thinned plots. Therefore, zone thinning delays part of the removal and income
from the first thinning until the next one. Carbon balance (i.e., the difference between the amount
of carbon present on-site after and before thinning) is achieved more quickly after moderate thin-
ning intensity than after heavy thinning (Bianchi et al. 2024). Lower thinning intensity has been
suggested as a means of mitigating climate change in forest management. Zone thinning would
therefore align with this goal.

In advanced thinning stands (3 and 4), removals in the zone and low thinning did not differ
significantly. Theoretically, the removal in the operational area of zone thinning was 60% higher
than in low thinning. In these peatland stands, the higher removal of zone thinning may be explained
by the removing of both larger and smaller trees, which was intended to imitate CCF thinning.
Based on measurements and simulations of zone- and low-thinned plots, there were no significant
differences in total removals or income during the rotation period. Also, Mékinen et al. (2006) and
Becs et al. (2024) found that geometrical thinning and selective thinning from below resulted in
only minor growth differences in Norway spruce stands.

In future studies, particular attention should be given to stand development and the timing
of the subsequent thinning to prevent depressed tree growth, wind and snow damage and mortality
on untreated zones. In addition, the intensity of subsequent thinning should not exceed the recom-
mended one-third of the stand’s basal area. CCF could be a key focus of peatland forestry in the
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future, and thus advance regeneration (height < 1.3 m) was also measured on all the plots. Follow-
up growth and yield studies, as well as regeneration studies, particularly in peatland stands, are
needed to confirm the simulated development of zone-thinned stands and their transition towards
uneven-aged forests.

5 Conclusions

The observed post-treatment stand structures, together with projections of subsequent stand
development, indicated that zone thinning can be a viable management approach for both young
and advanced thinning stands dominated by Norway spruce. Rather than reducing long-term
yield potential, zone thinning primarily affects the temporal distribution of removals by retain-
ing a larger share of the growing stock after the first thinning and shifting part of the removal to
subsequent thinning. In addition to these stand-level effects, zone thinning may provide practical
advantages in harvesting operations and facilitate more diverse stand structures. This is particu-
larly relevant in management systems that aim for CCF. The broader application of zone thinning,
however, depends on its acceptance by forest owners, companies and contractors, as well as on
a clearer understanding of its economic implications. Specifically, further research is needed to
quantify how zone thinning influences harvesting efficiency and profitability under operational
conditions.
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