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Highlights
• Early commercial first thinning at the top height of 11 m with tree selection targeting high 

quality of remaining stems was more profitable in a Scots pine stand than thinning from below 
at similar time or delayed thinning 10 years later.

• After early first thinning only one intermediate thinning was needed, but a late thinning at 
age of 60 years was feasible in connection with increased amount of high quality butt logs 
after artificial pruning.

• The optimal rotation period for a Scots pine stand using a lower interest rate of 1% was 80–85 
years depending on the thinning pattern. With a higher rate of 4%, the optimal rotation took 
only 60 years.

Abstract
The objective of the study was to ascertain the effects of tree selection (thinning from below, 
from above and according to stem quality) and timing of first commercial thinning (early and 
delayed) on the growth, yield and quality of trees in a Scots pine (Pinus sylvestris L.) stand. A 
long-term field experiment (25 years) was measured in 5-year periods and the further develop-
ment was simulated with growth and yield models to final cuttings using alternative rotation 
periods of 55–85 years. The measurements included also the exact location and type of technical 
defects detected on all trees in the experimental plots. The measured volume increment per unit 
area during the study period, 25 years after the early thinning stage was the lowest in the plots 
thinned from below, and the highest in the plots thinned from above or in the delayed thinning 
plots. However, the largest volume of saw logs during the whole rotation of 80 years was yielded 
after early first thinning according to the quality. The largest volume of very high-quality butt 
logs was produced by pruning connected with early thinning from above, and a smaller volume 
after early thinning according to stem quality but no after thinning from below or delayed first 
thinning. Without pruning an early quality thinning with one intermediate thinning was the most 
profitable thinning treatment in the Scots pine stand regardless the rotation length or the interest 
rate used. By interest rates of 1% and 2%, the optimal rotations were 80–85 years and 70 years 
respectively. A late thinning at the age of 60 year with long rotation was profitable only for the 
pruned pine stands with a low interest rate.
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1 Introduction

The forest regeneration via planting or direct seeding of Scots pine was common, yearly 75 000–
125 000 ha, during the years 1970–1990 in Finland (Finnish Statistical Yearbook of Forestry 2004). 
Therefore, the total area of Scots pine stands reaching the first thinning phase is currently high. In 
2005–2014 the annual area of first thinnings was on average 189 000 ha, but due to neglected and 
delayed operations the need for first thinnings is still larger, annually 250 000 ha according to the 
National Forest Programme 2015 (Ministry of Agriculture and Forestry 2011; Finnish Statistical 
Yearbook of Forestry 2013). About 75% of these areas are nowadays Scots pine dominated.

The control of the stand density through thinnings has been a tool frequently used in 
increasing growth of remaining trees and improving stem quality by removing low-quality stems. 
While thinning from below may increase merchantable stem volume (saw logs and pulpwood), 
it has usually decreased the total volume increment per unit area compared to an unthinned stand 
(Assmann 1970; Zeide 2001; Mäkinen and Isomäki 2004a,b). In many studies, the merchantable 
volume increment has not declined with decreasing stand density, over a wide range of stand den-
sities (Eriksson and Karlsson 1997).

The stem quality in planted Scots pine stands has often been low due to fertile sites and low 
stand density during sapling stage (Varmola 1980; Uusvaara 1983; Lämsä et al. 1990; Uusvaara 
1991; Varmola and Salminen 2004; Huuskonen et al. 2008; Huuskonen et al. 2014). On site of 
medium fertility typical for Scots pine, the variation in stem quality is large (Kärkkäinen and 
Uusvaara 1982; Varmola 1996; Huuskonen et al. 2008). The amount and diameter of branches, 
the major determinants of log grading, are highly correlated with stem diameter (Kärkkäinen and 
Uusvaara 1982; Varmola 1996). Because thinning from below directs growth to larger trees, it may 
not be the best thinning type in first thinnings in terms of stem quality (Huuskonen et al. 2014), 
although the tallest trees with thick branches, so called “wolf trees”, are usually removed.

Trees slightly smaller than the dominant ones, so-called codominant trees, with narrow 
crowns and thin branches have usually the best quality among the stems of a stand (Lämsä et al. 
1990; Huuskonen et al. 2014). Retaining codominant trees and removing dominant ones have 
increased volume increments in Scots pine stands (Mielikäinen and Valkonen 1991). Thinning from 
above aims at increasing immediate harvesting incomes and increasing number of saw log sized 
trees during a rotation. In Scots pine stands the volume increment was slightly greater; +3% (Vuokila 
1977) and +7.6% (Mielikäinen and Valkonen 1991) or at the same level as after thinnings from 
below (Eriksson and Karlsson 1997; Nilsson et al. 2010). However, Pettersson (2008) has found 
lower volume increments (–10%) after thinning from above and quality thinning compared with 
thinning from below. In Norway spruce stands thinnings from above has been resulted in slightly 
lower volume increments; –4% (Mielikäinen and Valkonen 1991), –6% (Eriksson and Karlsson 
1997), or not significant difference between thinnings from above and from below (Vuokila 1977; 
Nilsson et al. 2010).

The shortage of high quality timber in future has increased the conversation about better 
growing guidelines to produce high quality stems. The possibilities to develop the quality of trees 
by thinning are better at late pre-commercial thinning than earlier (Ruha and Varmola 1997; Var-
mola and Salminen 2004), and tree selection according to stem quality and size is flexible at this 
stage (Huuskonen 2008). Stem quality can be increased also by artificial pruning. The pruning is 
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not suitable for trees with thick branches and must be done in young pine stands (Uusvaara 1991; 
Uusvaara 1993) and can be, therefore, poorly connected with delayed first thinning. So the new 
experimental approach to compare early and late commercial first thinnings with different tree selec-
tion principles is needed. Thinnings from above are mostly studied older pine stands (Mielikäinen 
and Valkonen 1991; Eriksson and Karlsson 1997) and the entirety including the timing, number 
and style of thinnings as well as different rotations are mostly based on simulations with growth 
models (Hyytiäinen and Tahvonen 2002; Huuskonen et al. 2004), not on measured permanent 
experiment as it was partly done in this study.

The aim of this study was to compare the effects of different thinning types in early and 
delayed commercial first thinnings on the growth and quality of a Scots pine stand. The stand growth 
and yield as well as profitability of the treatments over the whole stand rotation were compared 
using alternative rotation periods. The study was based on a long-term permanent experiment (25 
years) and its further development was simulated with growth and yield models (Motti-simulator) 
for the rest of the rotation period. Niemistö (1994) has reported the initial five-year development 
of the same experiment.

2 Materials and methods

2.1 Study stand and thinning treatments

The material was collected from a thinning experiment in Kajaani (64°27´N, 27°97´E, temperature 
sum = 1025 d.d.) established in 1987 to a Scots pine stand at the age of 30 years, regenerated by 
direct seeding in 1957. The stand located on a medium fertility site classified as Vaccinium myrtillus 
forest site type (Cajander 1926), typical for Scots pine in the region, with a site index (H100) of 
26 m (Vuokila and Väliaho 1980). Precommercial thinning to the density of 1800–2000 pines ha–1 
was taken place at the seedling stage with the top height of 3.1–3.5 m in 1972. All broadleaved 
trees were cleaned out in 1968. At the beginning of the experiment in 1987, the mean values 
(min–max in brackets) were 2034 stems ha–1 (1716−2210 stems ha–1) in stand density, 108 m3 ha–1 
(96−136 m3 ha–1) in stem volume, 12.9 cm (11.9−14.0 cm) in mean diameter at breast height and 
11.1 m (10.6−11.7 m) in dominant height.

The experiment included 12 plots á 1000 m2 (surrounded at least by a 5 m buffer zone of the 
same treatment) for four first thinning treatments with three replicates which were randomly placed 
in the plots. Three different early first thinning treatments were thinning from below, thinning from 
above and quality thinning at the stand age of 30 years and a delayed first thinning treatment ten 
years later with one plot per each thinning type above (Fig. 1). In the plots of early first thinnings, 
stands were thinned again (named here second thinning) at the age of 45 years. When the rotation 
period was 70 years or longer, an alternative intermediate thinning (named simulated late thinning) 
was simulated at the stand age of 60 years according to the previous thinning method in each sample 
plot. The randomly selected initial thinning type in each plot was repeated in the later treatments.

Thinning intensities were determined according to the general recommendations for stand 
basal areas after thinnings (Fig. 1) used in private owned forests in Finland (Metsänhoitosuositukset 
1989). In all thinning treatments, small suppressed or sick trees incapable of surviving, as well 
as all of the clearly damaged trees (crooked, forked etc.), were removed in first thinnings. In the 
subsequent selection, thinning from below removed smaller trees and thinning from above removed 
mostly dominant trees, but a regular spatial distribution of the trees was maintained throughout 
the plots. In quality thinning, the technical quality of the trees was the most important selection 
criteria, i.e., remaining stems were straight with small branches and vital crowns.
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In the plots of thinning from above 400 high quality stems per hectare were pruned to the 
height of 5 meters in early spring 1988, i.e., one year after first thinning, when the base of living 
crown was at the height of 3.8 m on average. The treatment is named “thinning from above with 
pruning”.

2.2 Field measurements and stand simulations

After the establishment, the plots were re-measured 5 times in five-year periods from 1987 to 2012 
when the stand age was 55 years. Tree species, stem diameter at breast height (DBH), damage and 
mortality were recorded for each tree on the plots. In the selection of sample trees, the probabil-
ity of a tree being selected was proportional to its diameter, but the sample trees were randomly 
distributed over a plot. In the first measurement, extra sample trees were selected to ensure that 
the number of sample trees was sufficient (20–40 per plot) after the thinning. If a sample tree was 
removed in the second thinning, it was substituted by a similar one. Tree height (h), height of the 
living crown base and stem diameter at the height of 6 m (d6.0) were measured on the sample trees. 
The crown base was defined as the lowest whorl with at least one living branch that is separated 
from other living whorls above it by no more than one dead whorl. The mean annual increment 
(MAI) was calculated as a net volume increment per year (m3 ha–1 a–1) for each 5-year period.

The external quality of each tree was measured and recorded in the first and last measure-
ment. Every tree on each plot was visually assessed for the stem quality, with particular attention 
to technical defects (sweep, crooks, branchiness, and scars) affecting log grading according to the 
bucking rules of saw logs (Airaksinen 1994). The type, starting point and length of each defect 
were recorded. Dead branches thicker than 40 mm in diameter were classified as technical defects. 
Also all branches over 15 mm in diameter from the stump up to the height of 6 m were noticed.

After the last measurement the stand development was simulated with growth models up 
until the end of the rotation period using the Motti simulator in which individual tree-level models 
of cross-sectional area increment and height growth were used (Hynynen et al. 2002; Salminen et 
al. 2005). For the calibration of the stand growth, the development of the plots was predicted also 
for the last measurement period from the stand age of 50 years to the age of 55 years (calibration 
period). The measured increments were systematically higher than the predicted ones. Therefore, 

Fig. 1. Development of stand basal areas in the four thinning treatments including the effect of mortality.
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the growth models in the Motti simulator were calibrated to correspond with the mean growth 
level of the whole experiment during the calibration period. Corrections to the growth models of 
tree height and DBH were 30% and 35% respectively in all treatments. To avoid the overestima-
tion of differences between the treatments, separate calibrations in different treatments or plots 
were not used.

Thereafter, the calibrated Motti simulator was used to predicting the growth of all the standing 
trees in 5-year periods to the end of the rotation. Without the simulated late thinning, alternative 
rotation periods were 55, 60, 65, 70, 75 and 80 years (Fig. 1). Alternatively, a late thinning was 
simulated at the age of 60 years with the predicted dominant height of 21.4 m (Fig. 1). The harvested 
trees in the simulated late thinnings were selected manually at the age of 55 years with the similar 
principle as in previous thinnings. According to the predicted height and diameter increment and 
prevailing thinning recommendations in Finland (Hyvän metsänhoidon suositukset 2006), the final 
number of trees to be removed was adjusted to correspond with the stand basal area of 21 m2 ha–1 
on each plot after thinning. With the late thinning, final cuttings were simulated at the stand ages 
of 70, 75, 80 and 85 years.

2.3 Timber volumes and financial performance

The heights of tally trees were predicted using Näslund’s (1937) height curve, fitted for each plot 
with the help of the tree heights measured on the sample trees on each plot. Mean stand character-
istics and volumes of different timber assortments were calculated in two stages. Cutting removals 
of different timber assortments from first and second thinnings were calculated using the KPL 
software without exact stem quality data (Heinonen 1994) and stem volumes were estimated by 
volume functions (Laasasenaho 1982) based on measured DBH, h and d6.0.

In simulated late thinnings and final cuttings, the harvested trees were bucked into different 
timber assortments using the more sophisticated bucking-to-value simulator (Kilpeläinen 2002) 
based on the dynamic programming approach (Pnevmaticos and Mann 1972; Näsberg 1995). This 
simulator takes account of stem dimensions estimated by polynomial taper curve models (Laas-
asenaho 1982) and detected defects on all trees measured at the age of 55 years.

Possible timber assortments in thinnings and final cuttings were saw logs, high quality (grade 
A) butt logs, small-diameter saw logs and pulpwood with allowable log lengths and top diameters 
(over bark) presented in Table 1. Saw logs were cut to the fixed lengths in 3-dm modules, except 
pulpwood which was able to cut using free lengths between 2.8 m and 5.5 m. The unit prices (in 
euro per solid cubic meter over bark) for different timber assortments were based on the average 
stumpage prices in thinnings and final cuttings during the years 2011–2014 in Finland (Luke’s 
statistical services 2015).

Table 1. Minimum top diameters (D, over bark), log lengths (L), and stumpage prices of different timber assortments 
used in thinnings and final cuttings according to the mean unit prices during the years 2011–2014 in Finland (Luke’s 
statistical services 2015).

Early first  
thinning

Delayed first  
thinning

Second  
thinning

Simulated late 
thinning

Final  
cutting

Timber assortment Diameter and log length Stumpage prices (€ m–3)

Grade A butt log D ≥ 22 cm, L = 28−58 dm 65 65 65
Conventional saw log D ≥ 15 cm, L = 37−58 dm 40 47.5 47.5 55
Small-diam. saw log D ≥ 12 cm, L = 31−43 dm 20 20 20 25
Pulpwood D ≥ 6 cm, L = 28−55 dm 12.5 13.5 14.5 14.5 17.5
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Other defects than thin branches, like sweep over 1 cm m–1, crook, multiple vertical 
branches, decay and stem scars, were not allowed for conventional saw logs, grade A butt logs and 
small-diameter saw logs. Small dead branches (diameter < 40 mm) were allowed for saw logs and 
small-diameter saw logs, but not for grade A butt logs. However, single thin living or dead branches 
(diameter < 15 mm) in grade A butt logs were accepted. The stem parts that contained defects were 
bucked as pulpwood or waste wood including jump butts, off-cuts and top-cuts.

For financial comparisons the net present values (NPV) of the plots were calculated at the time 
of the experiment established using the interest rates of 1%, 2%, 3% and 4%. Because of alternative 
rotation periods, the “Bare Land Value, BLV” at the timing of final cutting was taken into account 
using the formula of Faustman (1849). The future tree generations were grown and managed equally 
to the ongoing rotation. The costs of different operations were average unit costs during the year 
2012 in Finland as follows: 380 € ha–1 for soil preparation, 700 € ha–1 for planting, 400 € ha–1 for 
early tending five years after the regeneration and 350 € ha–1 for pre-commercial thinning 15 years 
after the regeneration (Finnish Statistical Yearbook of Forestry 2013). Because of high uncertainty 
in pruning costs and in additional prices of pruned, high quality stems, we presupposed in our 
case, that the cost of pruning and the extra price for pruned stems would equally compensate each 
other. The final criterion for comparing the profitability of thinning treatments was the sum of NPV  
(= ongoing rotation) and BLV (= future generations) discounted to the stand age of 30 years at the 
beginning of the experiment. Further this criterion is called combined net present value CNPV1…
CNPV4 with the interest rates of 1…4%.

The statistical differences among the treatments were analysed through one-way covariance 
analysis. The pairwise comparisons were performed through computing of generalised least-square 
means of the treatment effects. Differences were denoted significant with the p-values under 0.05 
and nearly significant with the p-values between 0.05 and 0.10. Restricted maximum likelihood 
(REML) estimation in “Anova” procedure was used in the analysis (IBM SPSS Statistics Version 
22.0, PASW Statistics).

3 Results

3.1 Measured stand characteristics

After early first thinnings at the age of 30 years, when the plots were thinned to the equal basal 
areas of 13.7 m2 ha–1 (Fig. 1), the stand densities in the plots of quality thinning or in the plots of 
thinning from below were 1300 or 1000 stems ha–1, the mean DBH 12.3 or 13.8 cm and the aver-
age diameter of the thickest branch 22.2 or 25.3 mm, respectively. In the plots of thinning from 
above these stand characteristics were close to them in quality thinning. In the plots of delayed first 
thinning, 2070 stems ha–1 with the mean DBH of 12.7 cm were stayed to be thinned 10 years later.

The thinning types were compared with each other using thinning quotients expressed as 
ratios between the stem basal area weighted mean diameters of harvested trees and all trees before 
thinning. In early thinnings at the age of 30 years the average thinning quotients were 0.81 for thin-
ning from below, 1.07 for quality thinning and 1.08 for thinning from above. In second thinnings, 
ten years later, the respective quotients were 0.89, 1.00 and 1.07. In simulated late thinnings at the 
age of 60 years these quotients were 0.91–0.95 for thinning from below and quality thinning, but 
over 1.00 for thinning from above.

According to the latest measurements at the age of 55 years, the basal area and total stem 
volume were close to each other in all the first thinning treatments (Table 2). The stand density 
was the lowest (593 trees ha–1 on average) in the plots of thinning from below and the highest 
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(792 trees ha–1) in the plots of thinning from above with pruning. A slightly lower total stem volume 
(212 m3 ha–1 on average) in the plots of thinning from below was caused by windfalls, but the dif-
ferences between the treatments were not statistically significant. The mean height of sample trees 
was not statistically lower in the treatments of quality thinning and thinning from above compared 
to the other treatments. The dominant heights were almost equal regardless the treatment. Accord-
ingly, the mean DBH was the highest, 22.1 cm, in the plots of thinning from below and the lowest, 
19.5 cm, in the plots of thinning from above with pruning.

Moreover, the diameter distributions at the stand age of 55 years indicated systematic dif-
ferences between the thinning treatments (Fig. 2). The smallest DBH-variation in the diameters of 
the sample trees was in the plots of quality thinning, i.e., most stems were middle-sized, 16–24 cm 
thick in DBH. The number of stems below the minimum diameter of saw logs was the highest in the 
plots of thinning from above with pruning. During the measurement period of 25 years, mortality 
varied a lot between individual plots and between 5-year periods, but the differences in mortalities 
between the thinning treatments were not statistically significant (Table 2).

Table 2. Mean characteristics of the growing stock at the stand age of 55 years in the plots of four different thinning 
treatments.

Thinning from below Quality thinning Thinning from 
above + pruning

Delayed thinning

Variable Mean SD Mean SD Mean SD Mean SD

Stem number, ha–1 (a)593 93 753 55 (a)792 97 663 119
Mean DBH, cm (a)22.1 1.8 20.1 0.9 (a)19.5 1.1 21.2 2.1
Mean height, m 19.3 0.7 18.6 0.7 18.6 0.7 19.1 0.9
Basal area, m2 ha–1 22.7 0.8 24.2 0.7 24.0 1.4 23.4 0.6
Total volume, m3 ha–1 211.6 3.8 218.0 9.2 220.5 18.0 219.3 8.6
Saw log-sized volume, m3 ha–1 167.7 19.4 151.5 20.4 144.2 26.3 164.8 29.3
Saw logs (b), m3 ha–1 105.3 15.1 118.3 29.2 96.0 28.1 92.9 15.8
Reduction in saw log volume, % (c) 37% 23% 33% 43%
Grade A butt logs, m3 ha–1 0.7 1.2 0.6 1.1 3.9 4.1 0.0 0.0
Small-diameter saw logs, m3 ha–1 28.1 10.5 46.9 10.1 46.3 9.5 34.6 12.6
Pulpwood, m3 ha–1 70.8 17.4 50.3 14.3 72.6 8.0 84.3 5.1
Cumulative mortality, m3 ha–1 
during 25 yrs

15.2 10.8 6.7 2.4 11.6 5.7 12.2 1.4

(a) nearly significant difference (0.05 < p <0.10) between these two treatments, (b) includes grade A butt logs, (c) quality reduction in the 
saw log volume due to the defects according to the bucking simulation, as a percentage of the total saw log-sized volume.

Fig. 2. DBH distributions for the four thinning treatments at the stand age of 55 years.
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3.2 Growth

During the 15-year period after early first thinnings, the measured annual volume increment did 
not differ among the plots of thinning from below, thinning from above with pruning and quality 
thinning (Fig. 3). No significant difference was found during the first 5-year period after the second 
thinning as well. However during the next period at the stand ages of 50–55 years thinning from 
above with pruning resulted in the higher volume increment (10.1 m3 ha–1 a–1) than thinning from 
below and quality thinning (9.6 m3 ha–1 a–1).

The annual volume increments in the plots of delayed first thinning differed periodically 
from those in the plots of other thinning treatments (Fig. 3). During the first 5-year period at the 
stand ages between 31–35 years, the volume increment in the plots of delayed first thinning was 
on average 2.9 m3 ha–1 a–1 higher than in the plots of early first thinnings, but during the second 
5-year period no difference was found between the treatments. During the third 5-year period, 
in the delayed first thinning plots just thinned at the beginning of the period, the increment was 
significantly lower than in the other thinning treatments. Later the volume increment in the plots 
of delayed thinning recovered, and was significantly higher than after second thinning in the plots 
of quality thinning and thinning from below. The volume increments decrease typically 0–5 years 
after thinning and increased over 5 years after thinning (Fig. 3).

Fig. 3. Current annual volume increment in the coming 5-year period 
(m3 ha–1 a–1) from the establishment of the experiment to the end of the stand 
rotation in the four thinning treatments. Stand development was measured from 
the age of 30 years to 55 years and simulated thereafter. ∆ indicates the thinning 
realised at the beginning of the targeted growth period and * indicates a signifi-
cant difference (p < 0.05) compared with the other treatments.
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During 25 years at the stand ages between 31–55 years, the measured volume increments 
were, on the average, 8.2–8.3 m3 ha–1 a–1 in the plots of thinning from below and quality thin-
ning, but 8.8–8.9 m3 ha–1 a–1 in the plots of thinning from above with pruning and delayed thin-
ning (Fig. 4). The differences in volume increments between the treatments were not statistically 
significant. The simulated annual volume increments after the stand age of 55 years were lower 
than the measured increments at the ages between 31–55 years and the annual volume increments 
continued to decrease after the stand ages over 55 years (Fig. 3 and 4). The volume increments 
after the stand age of 55 years were the highest in the plots of thinning from above with pruning 
and quality thinning due to the higher number of stems and the lowest in the plots of thinning 
from below regardless the simulated late thinning which at the stand age of 60 years decreased 
remarkably increments after that thinning (Fig. 4).

3.3 Cutting removal

3.3.1 Thinning removals

In early first thinnings at the age of 30 years only pulpwood and small sized waste wood were 
bucked, but in second thinnings 15 years later a little amount of conventional saw logs and small-
diameter saw logs (on average 20–22 m3 ha–1 depending on the treatment) were also harvested 
(Table 3). In early first thinnings, the pulpwood removal was the lowest in the plots of thinning 
from below, as it was also in second thinnings 15 years later, when the total commercial roundwood 
removal (incl. saw logs and pulpwood) was 50–58 m3 ha–1 depending to the thinning treatment. The 
differences in the total removals from first and second thinnings between the plots of alternative 
selection principles (thinning from below, thinning from above with pruning and quality thinning) 
were not significant.

Fig. 4. Mean annual volume increment (m3 ha–1 a–1) with standard deviation in 
the four thinning treatments during the measurement period (M 31–55 years) 
and during the simulated period without a late thinning at the age of 60 years  
(S 61–80 years) and with that thinning (ST 61–80 years). * indicated a sig-
nificant difference (p < 0.05) between the treatments during the corresponding 
period.
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In delayed first thinning at the age of 40 years, the removal of saw logs and pulpwood was 
substantially higher than in early first thinnings at the age of 30 years, over 100 m3 ha–1 includ-
ing 9 m3 ha–1 of conventional saw logs and 22 m3 ha–1 of small-diameter saw logs (Table 3). The 
total commercial roundwood removals in first and second thinnings were the lowest in the plots of 
thinning from below (81 m3 ha–1 in two thinnings) and the highest in the plots of delayed thinning 
(103 m3 ha–1 in one thinning).

The saw log removals were 23–32 m3 ha–1 in simulated late thinnings at the age of 60 years 
(Table 3), the lowest in the plots of thinning from below and the highest in the plots of thinning 
from above with pruning. The pulpwood removal was the lowest (18 m3 ha–1) in plots of quality 
thinning and the highest (27 m3 ha–1) in the plots of delayed thinning. The differences between 
the treatments in the total cumulative removal from all thinnings to the age of 60 years were not 
significant. Even though the total cumulative thinning removal was high in the plots of delayed 
thinning, conventional saw log removal was low.

3.3.2 Final cutting removals

The removals of grade A butt logs in final cuttings increased rapidly at the rotation ages over 60 
years in the plots of thinning from above with pruning and more slowly in the plots of quality 
thinning (Table 3). The simulated late thinning increased the removals of grade A butt logs in final 
cuttings up to 71 m3 ha–1 in the plots of thinning from above with pruning and up to 23 m3 ha–1 
in the plots of quality thinning at the rotation of 85 years. In the other treatments, the removals of 
grade A butt logs were negligible.

Regardless of the rotation period, the saw log removals (incl. grade A butt logs) in final cut-
tings were significantly higher in the plots of quality thinning compared with the other treatments 
(Table 3). In quality thinning, the saw log removals reached 300 m3 ha–1 at the rotation age of 80–85 
years and were on average 35 m3 ha–1 higher than in the other treatments. The plots of thinning 
from above with pruning also resulted in high saw log volumes but the difference compared with 
the other treatments was not significant.

The removal of small-diameter saw logs in final cuttings decreased with increasing rotation 
periods due to larger-sized stems and higher proportions of saw logs (Table 3). In final cuttings at 
the age of 55 years, the removal of small-diameter saw logs was 28–47 m3 ha–1 and correspondingly 
at the age of 80 years 12–31 m3 ha–1 depending on the treatment. In final cuttings, the pulpwood 
removal slowly increased with increasing rotation periods (Table 3).

3.3.3 Total removals

The total commercial roundwood removals from all cuttings were 20–50 m3 ha–1 lower in the 
plots of thinning from below compared with the other treatments which produced the commer-
cial roundwood on average 357, 420 and 487 m3 ha–1 during the rotations of 60, 70 and 80 years 
respectively (Table 3). The simulated late thinning at the age of 60 years decreased the total yield 
by 5–10 m3 ha–1 depending on the rotation period and treatment.

The total removal of saw logs (incl. grade A butt logs) was the lowest in the plots of thinning 
from below and delayed thinning (Table 3). Compared with these two treatments, the saw log 
removals in the plots of thinning from above with pruning were 6–41 m3 ha–1 higher and in the 
plots of quality thinning 11–56 m3 ha–1 higher depending on the rotation length. The total removal 
of small-diameter saw logs was 7–18 m3 ha–1 lower in the plots of thinning from below than in 
the other treatments (Table 3).
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The total removal of pulpwood was the highest in the plots of delayed thinning and the lowest 
in the plots of quality thinning (Table 3). The total removal of pulpwood and small-diameter saw 
logs together was almost independent of the rotation length. Only in the plots of quality thinning 
there was a weak trend downwards when final cutting age was increasing.

3.4 Financial performance of treatments and rotations

3.4.1 Cutting incomes

The incomes from early first thinnings at the age of 30 years were low, on average 400−440 € ha–1, 
but the incomes from delayed first thinnings at the age of 40 years were considerably higher, 
1765 € ha–1 (Fig. 5). Until the age of 45 years, the average cumulative income (1410 € ha–1) from 
two thinnings at the ages of 30 and 45 years was lower than the income from one delayed first 
thinning at the age of 40 years. In the simulated late thinning at the age of 60 years, the incomes 
were ca. 2000 € ha–1 in the plots of thinning from above with pruning and quality thinning, but 
in the plots of delayed thinning and thinning from below, the corresponding incomes were lower.

The total thinning incomes were the lowest in the plots of thinning from below, but the 
difference with the other thinning treatments was statistically significant only when the late thin-
ning at the age of 60 years was simulated. In that case, the total thinning incomes were 2860 and 
3560 € ha–1 in the plots of thinning from below and thinning from above with pruning, respectively.

Without the simulated late thinning, the final cutting incomes increased linearly from the 
age of 60 years to 80 years (Fig. 5), from 10 000 € ha–1 to 16 000 € ha–1 in the plots of thinning 
from below and delayed thinning. In the plots of quality thinning, the final cutting incomes were 
14–16% higher but the difference was only significant with the rotations of 70 years and longer. 
The final cutting incomes in the plots of thinning from above with pruning were 600–700 € ha–1 
lower than those in the plots of quality thinning without extra price for pruned logs.

Fig. 5. Total incomes (€ ha–1) from all thinnings and final cuttings using alternative rotation lengths of 55–85 years in 
the four different treatments without and with the late thinning at the age of 60 years. * indicated a significant difference 
(p < 0.05) between the plots of quality thinning and thinning from above with pruning vs. the other treatments in the 
final cutting incomes and ** in the total incomes.
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3.4.2 Financial superiority of treatments

The final financial profitability consists of the net present values (NPV) of the ongoing tree stand 
with several rotations and the bare land values (BLV) at each moment of the final cutting for all 
treatments. The BLV’s were positive by the interest rates of 1%, 2% and 3%, when the given 
regeneration costs and the incomes above were used (Table 4). However, when the interest rate of 
4% was used, the BLV’s were negative for all treatments. This means that it will not be feasible 
to grow similar Scots pine generations in future on this site, if the interest rate is 4% or more, but 
apply some other forest management regime. Instead of BLV-calculation for any other manage-
ment regime we appointed a low positive BLV for the interest rate of 4%, 250 € ha–1, equally for 
all treatments and plots.

The average BLV’s for compared treatments and rotations were 12 000 € ha–1 by the interest 
rate of 1%, 3150 € ha–1 by 2% and 600 € ha–1 by 3%. The highest BLV’s were 14 000, 3640 and 
850 € ha–1 respectively.

When an interest rate of 1% was used, the highest combined net present value (CNPV = NPV 
of ongoing stand + discounted BLV from the end of ongoing rotation) was reached with the 
rotation period of 80 years without the late thinning (Fig. 6A). This was found for all other treat-
ments but for the plots of thinning from above with pruning the best rotation was 85 years with 
the late thinning at the age of 60 years. Regardless the final cutting age the CNPV-order from the 
lowest to the highest for different thinning treatments was: from below – delayed – from above 
with pruning – quality. For most treatments the simulated late thinning decreased the CNPV’s by 
400–600 € ha–1, but not for the plots of thinning from above with pruning. In addition, the CNPV 
for this treatment surpassed the CNPV for quality thinning when the late thinning at the stand age 
of 60 years was simulated.

Table 4. Bare land values (BLV, € ha–1) at the moment of final cutting calculated from cutting incomes and 
given regeneration costs for the four different thinning treatments with alternative rotation lengths of 60, 70 and 
80 years with and without the late thinning at the age of 60 years.

Bare land values, € ha–1

Simulated late thinning at  
the age of 60 years excluded

Simulated late thinning at 
the age of 60 years included

Interest rate Thinning treatment Rotation length, yrs. Rotation length, yrs.
60 70 80 70 80

1% Below 10167 11253 11636 10948 11329
Quality 11932 13441 13939 12931 13486
Above + pruning 11293 12882 13538 12696 13564
Delayed 11003 12070 12434 11683 12131

2% Below 2753 2895 2771 2850 2777
Quality 3392 3638 3503 3541 3494
Above + pruning 3173 3463 3393 3480 3544
Delayed 3100 3233 3097 3169 3121

3% Below 530 474 304 482 357
Quality 832 802 605 795 665
Above + pruning 735 734 570 778 699
Delayed 716 655 478 658 545

4% (appointment) 250 250 250 250 250
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Raising the interest rate from 1% to 2%, the CNPV-order and differences between the treat-
ments were not changed (Fig. 6B). Now the highest CNPV was reached at the rotation of 70 years 
without the simulated late thinning. However, the decrease in CNPV caused by the late thinning 
was very low, only 1–2%. The CNPV for thinning from above with pruning deviated again from 
the CNPV’s for the other treatments and an optional late thinning at the age of 60 was profitable 
and the most profitable rotation period was 75 years.

When interest rates of 3% and 4% were used, the CNPV-order of the treatments was still 
similar to the order with the lower rates (Fig. 6C–D). Now an optional late thinning increased the 
CNPV for longer rotations (≥ 70 years) but was not profitable, because the highest CNPV was 
reached already with the rotations of 60–65 years using the interest rate of 3% and with the rota-
tion of 60 years using the interest rate of 4%.

3.4.3	Effect	of	bucking	options	and	prices

The economic response of bucking options was studied by using only two timber assortments: 
pulpwood and saw logs. The profitability naturally lowered by 3–5%, but the optimal rotation 
lengths didn’t change compared with the advanced bucking in which also small-diameter saw logs 
and grade A butt logs were harvested. Furthermore, the status of the delayed thinning improved 

Fig. 6. Combined net present values (CNPV, € ha–1) discounted to the stand age of 30 years using alternative stand 
ages of 55–85 years at final cutting in the four treatments when interest rates of 1% (A), 2% (B), 3% (C) and 4% (D) 
were applied. Bare land values discounted from the final cutting date are included. Grey lines mean the CNPVs after 
simulated late thinnings at the age of 60 years.
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and the status of pruning declined, especially with higher interest rates. The quality thinning was 
still the most profitable method and the sequence of thinning treatments didn’t change, even if the 
unit price for conventional saw logs were dropped to 45 € m–3. In this case the raising the interest 
rate (to the level of 4%) resulted in equal profitability for all other thinning treatments except for 
thinning from below being lower.

The better response for quality-based timber prices was studied by increasing the unit price 
for high quality grade A butt logs from 65 € m–3 to 100 € m–3, or in the other case decreasing the 
unit price for conventional saw logs from 55 € m–3 to 45 € m –3. The higher price for grade A butt 
logs improved the status of pruning connected with thinning from above. This treatment was now 
the most profitable when the rotation period was 75 years or longer and the late thinning at the 
stand age of 60 years was simulated. In the other case, the reduction in profitability caused by the 
lower unit price for saw logs was the smallest in the plots of delayed thinning and the largest in the 
plots of quality thinning, and that’s why the thinning treatments came closer to parity, especially 
with the higher interest rates.

4 Discussion

4.1 Growth and yield

A lot of empirical research about the effect of first and intermediate thinnings on the growth and yield 
on pine stands has been published in Northern Europe (Mielikäinen and Valkonen 1991; Eriksson 
and Karlsson 1997; Hynynen and Arola 1999; Mäkinen and Isomäki 2004b; Nilsson et al. 2010). 
In this study, the special attention was paid to the external quality of individual pine stems when 
the stand development and economic performance after different first thinnings were compared 
with each other. Similar empirical growth and yield studies according to detailed quality identifiers 
on pine stands have not been published in Finland, especially because the quality measurements 
(i.e., type and location of each defect) on standing trees are very expensive. Consequently only a 
single experimental stand was included in this study.

The volume increment in the plots of early first thinning from below was lower than the 
increments in the other treatments. One reason for this could be a higher amount of trees that has 
fallen due to strong wind, which can be occasional in this case. According to the study of Niemistö 
et al. (2018), the amount of wind damages didn’t differ between thinnings from below and from 
above in pine stands. The highest volume increments were achieved in the plots of delayed thin-
ning and early thinning from above. Similar results of delayed first thinning in pine stands have 
been found in Finland by Hynynen and Arola (1999) and Huuskonen and Ahtikoski (2005), and 
of thinning from above by Mielikäinen and Valkonen (1991).

The volume increment after thinning from above and delayed thinning in pine stands differed 
slightly from the volume increment after thinning from below in Sweden according to Eriksson 
and Karlsson (1997). In our study the highest average increment in the plots of delayed thinning 
is partly explained by temporarily lower volume increments in the other treatments after early 
first thinning (12 m3 ha–1 per 10-year period at the ages of 30−40 years). According to Mäkinen 
and Isomäki (2004b) the volume increment in moderately thinned pine stands during the 25-year 
period after first thinning was decreased only by 6–9 m3 ha–1 compared with the unthinned control. 
In this study the highest total stem wood productions for the whole rotation were reached by the 
plots of early thinning from above or delayed first thinning. According to growth simulations in 
central Finland, the delaying of first thinning by ten years resulted in a 32 m3 ha–1 higher yield of 
merchantable wood, mostly of pulpwood (Huuskonen and Ahtikoski 2005).
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The saw log yield was the highest with the quality thinning. This can be explained by larger 
number of high quality stems grown to the end of alternative rotation times without increment 
losses. The early stage is an advantageous time of first thinning to leave high-quality co-dominant 
trees to grow further and to harvest low-quality trees. A small volume of high quality butt logs 
were produced by the quality thinning but not any by thinning from below or delayed first thinning. 
However, a remarkable volume of high quality butt logs was reached only by the treatment with 
pruning connected with early thinning from above. The generalisation of the differences in the 
saw log yield above must be careful because of large variation in external quality between stands 
and stems (Huuskonen et al. 2008).

4.2 Economic performance

75–90% of the total incomes during the rotation period came from final cuttings, depending on 
the thinning treatment and rotations lengths used. The total incomes were the highest in the plots 
of quality thinning and thinning from above with pruning, and the lowest in the plots of thinning 
from below and delayed thinning.

The most profitable rotation time using the interest rate of 1% was not passed in this study, 
but is seems to be 85 years or more. By the interest rate of 2%, the most profitable rotation was 
70 years without a late thinning at the age of 60 years, but for pruned stands it was 5–10 years 
longer with that late thinning. By the higher rate of 3%, the length of the most profitable rotation 
was 60–65 years without pruning. Applying the rate of 4% the best rotation time seems to be only 
60 years for all thinning treatments.

However, in shorter rotation periods the average size of saw logs harvested in final cuttings 
was small, and that’s why the stumpage price used (55 € m–3) can be unrealistic high for shorter 
rotations. The average volume of saw logs bucked from a single stem increased from 220 dm3 
to 356 dm3 when final cutting delayed from the stand age of 60 years to the age of 75 years. For 
example, the mean annual yields of saw logs in the plots of quality thinning were 2.9 m3 ha–1 and 
3.8 m3 ha–1 over the rotations of 60 and 75 years respectively. Applying the fifteen years shorter 
rotation decreased the saw log yield in the long run by 24%.

If the pruning was not carried out, the early quality thinning with one intermediate thinning 
was the most profitable thinning treatment in Scots pine stands regardless the interest rate. We 
can’t have generalised economics of pruning connected with early thinning in this study, because 
we presupposed, that the cost of pruning and the extra price for pruned stems would equally com-
pensate each other. According to our assumption, the pruning was competitive, with lower inter-
est rates (1–2%) when the rotation period was long and an additional late thinning carried out. A 
similar trend towards longer rotations was not found with quality thinning in this study, obviously 
because of smaller volume of high quality butt logs.

In practice the higher additional price for high quality saw logs makes the pruning more 
profitable as said above (Uusvaara 1993), also by shorter rotation periods or higher interest 
rates. If the cost of pruning is 500 € ha–1, which was the average unit cost in 2012 in Finland 
(Finnish Statistical Yearbook of Forestry 2013), the compensatory price addition for high qual-
ity butt logs in final cuttings at the age of 80 years should be 11 € m–3 and 29 € m–3 with the 
interest rates of 2% and 4% respectively. The change of 100 € ha–1 in pruning costs means 
that the price change of grade A butt logs should be 2.2–5.9 € m–3 respectively with the inter-
est rates of 2–4%.
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4.3 Thinning treatments in forest practice

Four different first thinning treatments was studied and their further development predicted using 
nine alternative combinations of rotation lengths and number of thinnings, each of them repeated 
three times in the experiment (Fig. 1). Early quality first thinning with one intermediate thinning 
was the most profitable thinning treatment with high saw log production compared with respective 
first thinnings from below or one delayed first thinning regardless the rotation length or interest 
rate used. Early thinning from above connected to pruning was competitive with the late thinning 
on longer rotations using the higher price for high quality saw logs.

According to the study, the quality and value of the pine stand was increased when the stand 
was thinned according to the quality at the dominant height of 11 m. At this stage, the selection 
range, on other words the trees alternatively able to grow or remove in thinning, comprised of 
over 50% of standing trees before thinning. Later on this range will be narrowed because of the 
competition between trees and suppression of smaller trees by the tallest ones. That’s why the 
quality thinning does not achieve the advantages if the stand is thinned too late.

The technical quality of a pine stand can be similarly improved in a late pre-commercial thin-
ning as in an early commercial thinning (Salminen and Varmola 1990; Varmola 1996; Huuskonen 
and Hynynen 2006; Huuskonen et al. 2014). However young stands at this stage are expensive 
to harvest (Laitila 2008; Laitila et al. 2010; Karttunen et al. 2016) and the opposite is mostly 
recommended for forestry practise i.e., the combination of one heavy pre-commercial thinning at 
the seedling stage and one late first thinning with high pulp wood removal (Hyvän metsänhoidon 
suositukset 2006). Our results contest this recommendation, although the current pricing system 
and high harvesting costs favour the treatment regime with delayed first thinning. The price dif-
ference between saw logs and pulpwood of Scots pine has increased over the last decades (Finnish 
Statistical Yearbook of Forestry 2013). In contrast, only minor or non-existent price differences 
prevail between different quality classes of individual logs (Malinen et al. 2010).

4.4 Methodological considerations

Although the study was based on one experimental stand, the results from homogenous and well-
managed tree population in the onset of well-designed and well-accomplished large experiment 
are trustable. The methods and models used were also reliable because of common site type and 
stand structure, well-represented in the growth modelling data (Hynynen et al. 2002). Despite a 
relatively northern location of the experiment, the overall volume growth level of 8–9 m3 ha–1 cor-
responded to a typical increment in even-aged pine stands on Vaccinium (VT) and Myrtillus (MT) 
forest site types (Cajander 1926) frequent in southern and central Finland (Vuokila and Väliaho 
1980; Mäkinen and Isomäki 2004b; Hynynen et al. 2005). According to the calibration period 
at the ages of 50–55 years, the oncoming volume growth was elevated 30% above the average 
growth in the respective location and site type. This relatively high correction was made equally 
for all plots, thus being conservative as to differences between the treatments – not at least over-
estimating their effect. The other argument for the equal calibration was almost even basal area 
throughout the experiment (Fig. 1) during the calibration period and more than five years passed 
after a previous thinning.

Because of all above mentioned characteristics, our results are able to generalise with wide 
scale in the southern and central Finland despite the narrow study material. The results of this 
study can be applied in well managed, homogenous pine stands on the sites of medium fertility. 
However, the technical quality of an individual stand must be considered, because the stem quality 
varies a lot between and within young Scots pine stands (Huuskonen et al. 2008).
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It can be expected that the external quality of saw logs gets better with longer rotations. 
Probably this effect is smaller in the treatments of quality thinning and thinning from above because 
of initially better stem quality compared with the other treatments. So the external quality of pine 
stems at late final cuttings in the plots of thinning from below and delayed thinning can be underes-
timated. On the other hand the quality measurements at the stand age of 55 years can better indicate 
the internal quality of saw logs compared with measurements carried out later because the defects, 
especially thick knots, are still visible, or only covered by narrow woody layers.

More future research is needed from growth responses and damage risks of trees after differ-
ent selection principles in thinnings of young stands and from the availability to remove the biggest 
trees in first thinnings with alternative top heights and stand densities. More detailed studies on the 
end use value and pricing of stems with different quality and size are needed as well.
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