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Highlights
• The absence of forest management does not always mean economic loss.
• With dense spontaneous regeneration of birch and Norway spruce, the first competition release

can have a high impact on future stem development.
• Significantly different effects on stand volume production and diameter development of

Norway spruce can be expected with different biomass harvest strategies.

Abstract
Timber production and profitability were evaluated for spontaneously-regenerated mixtures on two 
formerly clearcut areas. The abandoned areas developed into birch-dominated (Betula pendula 
Roth and Betula pubescens Ehrh.) stands with successional ingrowth of Norway spruce (Picea 
abies (L.) H. Karst.). An experiment with randomized treatments within blocks was established, 
using three management strategies and one unthinned control, resulting in variation in optimal 
rotation age, merchantable volume and species composition. The management strategies were 
evaluated based on total production (volume) by using measured growth data 42 years after 
clearcutting and the modelled future stand development. The long-term effects of spontaneous 
regeneration and management strategies were evaluated based on land expectation value (LEV) 
and compared with a fifth management strategy using artificial regeneration and intense thinnings. 
12 years after treatment, at a stand age of 42 years, the unthinned control had produced the highest 
total stem volume. At interest rates of 2% or higher, the unmanaged forest was an economically 
viable strategy, even compared to an intensive management strategy with a preferred merchant-
able timber species. Interest rates clearly impacted the profitability of the different management 
strategies. This study shows that when spontaneous regeneration is successful and dense, the first 
competition release can have a high impact on the development of future crop trees and on the 
species mixture.
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1 Introduction

For over a century, the forests of Fennoscandia have mostly been managed as even-aged stands, 
with the majority of productive forestland actively managed for wood production (Yrjölä 2002; 
Josefsson and Östlund 2011; Lundmark et al. 2013). Forestry has long been a cornerstone of 
the Swedish economy, which has resulted in laws and regulations to ensure sustainable timber 
production (Hagner 2005; Jansson et al. 2011). Swedish forest legislation requires reforestation 
measures to be applied directly after a final felling. In regenerated areas, two tree species are almost 
exclusively used: Norway spruce (Picea abies (L.) H. Karst.) and Scots pine (Pinus sylvestris L.). 
Depending on tree species, regeneration method, site conditions and region, new forest must be 
considered established within 5–15 years and be approved according to the Swedish Forestry Act 
(Skogsstyrelsen 2019a, 2019b).

When choosing among different forest management alternatives, it is common to compare 
net present values (NPVs), which depend on interest rates (Simonsen 2013). The dominant forest-
management strategy in Sweden is even-aged management (Albrektson et al. 2012), using planting, 
tending and commercial thinnings (often one or two), before a final harvest using clearfelling. In the 
last five years, more than 80% of clearfelled area in Sweden was regenerated by planting, around 
10% was naturally regenerated, with the remaining part seeded or left without active measures. 
More than 85% of the clearfelled area was mechanically scarified to expose bare mineral soil 
(Skogsstyrelsen 2019b), helping to increase survival of planted and naturally-regenerated seedlings 
(Karlsson and Nilsson 2005; Holmström et al. 2017). The combination of birch and Norway spruce 
in young stands is well studied in Swedish forestry, especially using birch as a nursing shelter over 
Norway spruce (Andersson 1985; Mård 1996; Bergqvist 1999; Klang and Ekö 1999; Grönlund and 
Eliasson 2019). Birches are pioneer species and grow best in the overstorey since they are shade 
intolerant (Hynynen et al. 2009). Norway spruce is a secondary species that is considered semi-
shade tolerant and can survive in darker understories (Assman 1970; Andersson 1985). Despite 
the majority of the clearfelled area in Sweden being artificially regenerated, around 2000–4000 
hectares are still unmanaged and allowed to spontaneously regenerate each year, half of which is 
without soil scarification (Skogsstyrelsen 2019b). Such areas in Fennoscandia without any active 
regeneration methods, or where planting has failed, tend to spontaneously regenerate with birch 
(Betula pendula Roth and Betula pubescens Ehrh.) (Holgén and Hånell 2000; Götmark et al. 2005; 
Karlsson et al. 2010), and sometimes also with later ingrowth of Norway spruce (Nilsson et al. 
2002; Hanssen 2003). These unmanaged clearfelled areas are usually considered to regrow slowly 
if at all, reducing future production. However, in areas where the spontaneous regeneration is suc-
cessful, the stands can develop at full density.

This study evaluates different management strategies on land without investment in regen-
eration, but with spontaneous regeneration of birch and Norway spruce. The first objective was 
to test the relative impact of competition release on total volume production over time (which is 
expected to be low) vs. the development of the future crop trees (which is expected to be high). A 
second objective was to evaluate timber production and profit over the full stand rotation for dif-
ferent selection management strategies starting from the first competition release in dense mixed 
regenerations. The management strategies were compared both with an unmanaged control and 
with an intensive management-simulation starting from regeneration.
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2 Material and methods

2.1 Site and measurements

The experiment was established in the spring of 2007 on two sites where no active regeneration 
measures had been taken since final felling in 1977. Both sites are on the east central coast of 
Sweden and have mesic glacial till soils. Site A (long term experiment, SLU 1475) is at 62°56´N, 
17°56´E with altitude 115 m and site B (long term experiment, SLU 1476) is located at 62°23´N, 
17°11´E with altitude 140 m. At establishment, both sites consisted of naturally-regenerated Norway 
spruce (Picea abies) and birch (Betula pendula and Betula pubescens), with a minor proportion of 
other broadleaved tree species (mainly grey alder (Alnus incana (L.) Moench)). The stem density 
on each site was approximately 15 000 ha–1 of which almost 75% was birch (Table 1). Natural 
mortality had already begun at both sites at the time of experiment establishment and the basal 
area of dead trees was 0.3 m2 ha–1 (site A) and 1.2 m2 ha–1 (site B).

In total, five blocks were established, two at site A and three at site B. Using a randomized 
block design, each block was subset into four plots: three management strategies and one unman-
aged control plot (CTR). All management strategies began with a commercial thinning of small-
dimension trees used as fuelwood, hereafter called ‘biomass harvest’, but the selection of retained 
stems varied with treatment and strategy. In each strategy the target of the stand in final felling 
was set and the harvest selections were made to achieve these targets with the future crop trees, 
aiming for 1300 stems ha–1 of Norway spruce (NS), 1200 stems ha–1 of birch (BI) and a mixture 
with 1300 stems ha–1 of Norway spruce and 1200 stems ha–1 of birch (MIX) (Table 2). Out of all 
birches remaining after the biomass harvest, over 99.9% were silver birch.

Table 1. Stand characteristics at each site before biomass harvest at the start of the experiment in 2007. Numbers 
inside parentheses are standard deviations. QMD = quadratic mean diameter.

Site Species Stem density (ha–1) QMD (cm) Dominant Height (m) Basal area (m2 ha–1)

A Norway spruce 2473 (530) 3.9 (0.6) 7.3 (1.0) 2.9 (0.6)
Birch 11 425 (4106) 5.2 (0.8) 13.8 (0.7) 22.9 (1.0)
Other broadleaves 1040 (589) 3.7 (1.6) - 1.1 (0.9)

B Norway spruce 3158 (1251) 3.5 (1.0) 7.5 (2.0) 2.9 (1.4)
Birch 10 642 (1023) 5.7 (0.4) 14.8 (0.7) 27.1 (2.7)

 Other broadleaves 1308 (1154) 2.3 (1.4) - 0.8 (1.3)

Table 2. Stem density and quadratic mean diameter (QMD) after the establishment of the experiment in 
2007. The management strategies are a non-thinned control (CTR), biomass harvest and thinning to pro-
mote pure stands of Norway spruce (Picea abies) (NS) and birch (Betula pendula) (BI) or a mixture of 
Norway spruce and birch (MIX).

Site Treatment Stems ha–1  QMD (cm)
Spruce Birch Other broad-

leaves
 Spruce Birch Basal area 

(m2 ha–1)
Volume  

(m3 ha–1)

A CTR 2117 9842 842 4.0 5.4 26.9 134.4
NS 1208 0 0 4.7 - 2.1 7.1
BI 0 1167 0 - 9.9 9.0 52.7

MIX 1267 1200 0 4.4 10.4 12.1 69.4

B CTR 2983 11 300 1172 2.9 5.7 30.6 174.7
NS 1406 0 0 4.2 - 2.0 6.3
BI 0 1161 0 - 10.5 10.0 64.4

 MIX 1400 1183 17  3.3 10.5 11.5 70.6
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The experimental plots were 20×30 m, surrounded by a 5 m buffer zone with the same 
management strategy as the plot. Dominant and co-dominant trees of good vitality (undamaged, 
well-developed and symmetric crowns) were retained during thinning, and other trees removed 
according to the strategies. Quality (stem straightness, branch diameter, lack of damage) and spa-
tial distribution of the trees were considered subordinate to vitality when designating future crop 
trees. To compare the development of the future crop trees in thinned and unthinned stands, future 
crop trees of Norway spruce and birch were also selected and measured within CTR according to 
the same criteria as in NS, BI and MIX plots. In CTR an intended strip road was considered when 
selecting the reference crop trees to maintain the size of the selection pool, but no cutting was 
carried out. Later, the selected trees in CTR and the trees retained after the first thinning in NS, BI 
and MIX were all defined as crop trees.

After the applied management in spring 2007, all crop trees were permanently marked with 
individual numbers at breast height (1.3 m above ground). Trees were measured before treatment 
in Nov/Dec 2006 and in June 2007, Oct/Nov 2010, Aug/Sept 2012, March 2016 and May 2019. 
Diameter at breast height (DBH; 1.3 m above ground), species and damage were recorded for all 
trees. Tree height and height to the base of the living crown were measured on randomly selected 
sample trees. The number of sample trees per plot varied between 16–51 for Norway spruce and 
11–44 for birch. In spring 2016 a second thinning was conducted but only in the two management 
strategies with birch crop trees, reducing the birch density in the MIX and BI strategies to 400 and 
700 stems per hectare respectively, following birch thinning guidelines (Raulo 1987; Rytter et al. 
2014). The database used for taxonomic nomenclature in this paper is Missouri Botanical garden 
(Missouri Botanical Garden 2021).

2.2 Calculations

DBH was used to calculate basal area (m2) and the relationship of diameter and height for sample 
trees was used to estimate the height of all trees whose height was not measured, using species-
specific height functions (Eq. 1), where x = 2 for Norway spruce and x = 3 for birch (Näslund 1947). 
The a and b parameters were calculated separately for each plot, revision and tree species.

H DBH

a b DBH

x

x�
� �� �

�1 3 1. ( )

The stem volumes of all trees were calculated using the measured diameter and the calculated 
estimated heights using species-specific volume functions for northern Sweden from Andersson 
(1954) for trees with DBH < 5 cm and Brandel (1990) for larger trees. However, non-crop trees 
in the control, whose stems were not all initially numbered, were not included in this calculation. 
The volume of dead trees in the control was instead estimated by multiplying the decrease in stem 
number between two measurements (Fig. 1) by the median volume of a measured tree in the control 
at that time. Total stand volume production (m3 ha–1) was summarized as the standing volume, the 
accumulation of harvested volumes and the estimated volume of dead wood.

Mean stem diameter (cm) in the treatment plots was estimated both for the stand mean, 
defined as the quadratic mean diameter (QMD) and the mean diameter of the 300 dominating trees 
(DBHdom), corresponding to the 300 largest stems per hectare from when the crop trees first where 
numbered. Living crown ratio was calculated as the proportion of tree crown length in relation to 
the tree height for all sample trees.
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2.3 Statistical analysis of observed growth

The effect of competition release was tested for total volume production, DBHdom and crown length 
using a linear model (Eq. 2).

Y strategy site Y19 0 2� � � ( )

, where Y19 is either volume production (m3 ha–1), DBHdom (cm) or crown length (m) in 2019 per 
plot, the fixed factor strategy is the thinning strategy for the plot and site is one of the two sites A 
and B. Included in the equation was also a covariate Y0 which was the initial estimate of standing 
volume (m3 ha–1), QMD (cm) or average tree height (m) for each plot, measured directly after the 
biomass harvest. Block was also tested as a fixed factor in the linear models and was excluded 
after comparisons of AIC, adjusted R2 and normality of residuals, since it did not have a significant 
effect and did not strengthen the model.

Tukey’s tests were used, to test for significant differences between management strategies 
on total volume production, DBHdom for Norway spruce and crown length for birch. All statistical 
tests were performed in R 3.6.1 (R Core Team 2019). The packages lmerTest (Kuznetsova et al. 
2017) and TukeyC (Faria et al. 2019) were used to statistically evaluate differences between means, 
at significance level p = 0.05. Residuals of the linear models showed no indication of violating the 
assumptions of normality or constant variance.

2.4 Simulations and economic analysis of management alternatives

2.4.1. Forecasting stand development

Future stand development and management of the experimental plots after 2019 were simulated in 
the Heureka forestry decision support system (Wikström et al. 2011) to evaluate the management 
strategies over a full rotation. Inputs to Heureka included site data (e.g., latitude, site index, and 
vegetation type), stand characteristics (age, management history) and individual tree data (spe-

Fig. 1. Average stem density of birch and Norway spruce (Picea abies) (stems hectare–1) in unmanaged control 
(CTR) plots. Error bars show standard deviations.
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cies, diameter, and height). The observed values from the first measurement of all individually-
measured trees were used as inputs and the observations from the following years were used to 
calibrate the development in the Heureka models. Heureka simulates stand development using 
empirical models (Elfving 2010; Fahlvik et al. 2014) and calculates basal area development with 
a combination of stand-wise and tree-wise growth models. The stand-wise models determine the 
growth rate whereas the tree-wise models are used to distribute stand-wise growth of single trees 
(e.g., Fahlvik et al. (2014)). The Heureka system also includes models for estimation of mortality 
and ingrowth. Stand development in Heureka is estimated in 5 year periods. Treatment-specific 
thinnings in Heureka, were simulated based on decisions regarding the timing of thinning, the 
proportion of basal area removed, thinning form (size of removed trees in relation to the remain-
ing stand) and the distribution of the removal among spruce, pine and broadleaves. Heureka also 
includes functions for bucking of commercial wood assortments.

2.4.2. Costs of forest operations

Time expended for pre-commercial thinning (PCT) and understorey cleaning prior to biomass 
harvest was based on time studies of motor-manual PCT (Bergstrand et al. 1986; SLA Norr 1991). 
The cost for motor-manual PCT was 33 € h–1. Understory cleaning prior to felling in CTR was 
assumed to cost 189 € h–1.

Felling costs were calculated from productivity norms of biomass harvest (selective tree-
based multi-tree handling – TMFFSel), (Sängstuvall et al. 2012), thinning (Brunberg 1997) and final 
felling (Brunberg 2007). Forwarding costs were based on productivity norms of biomass harvest 
(Sängstuvall 2010) and forwarding of round wood (Brunberg 2004). The forwarder and harvester 
costs were 75 and 75 € h–1 at biofuel thinning, 66 and 94 € h–1 at thinning and 75 and 104 € h–1 at 
final felling, respectively.

The planting cost was 472 € ha–1 and the cost per sapling was 0.24 €. The cost for soil 
preparation was 214 € ha–1.

2.4.3. Assortments and prices

The price list for spruce timber included two quality classes with maximum prices of 59 and 
40 € m–3 for class 1 and 2 timber, respectively. The minimum top diameter of spruce timber logs 
was 14 cm and the pricing varied with the dimension of the logs. In all simulations, 87% of timber 
logs were assigned to class 1 and 13% to class 2. The pricing of birch timber was uncertain due to 
a limited market in Sweden. To handle the uncertainty, separate calculations were made for birch 
timber prices of 42 € m–3 (BirchLow) and 53 € m–3 (BirchHigh), respectively. The minimum top 
diameter of birch timber logs was 14 cm.

The price of pulpwood was 25 and 29 € m–3 for spruce and birch, respectively. The minimum 
top diameter of pulpwood was 5 cm. The market for biofuel in Sweden is uncertain as well, so we 
made separate calculations for biofuel prices of 14 € Mg–1 (BioLow) and 42 € Mg–1 (BioHigh) 
dry weight, respectively.

2.4.4. Management strategies

The strategies in the economic evaluation were the same as the four management strategies in 
the experiment. Inputs to the Heureka system were diameters and heights of both numbered and 
unnumbered trees in 2019 together with necessary site and stand data. A fifth strategy reflecting 
an intense management with planted Norway spruce (PL) and subsequent thinnings was also 
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simulated as a reference. Simulations were carried out from the time of the last measurement until 
final felling according to the management strategies:

- CTR: Stand development was simulated with no further management actions, except for an under-
story cleaning right before the final felling.

- BI: Stand development was simulated with no further management actions.
- NS: Two thinnings were simulated 20 and 40 years after the start of the simulation.
- MIX: One additional thinning of both spruce and birch was simulated 15 years after the start of 

the simulation.
- PL: Reference reflecting traditional management of a planted monoculture of spruce. Stand devel-

opment from regeneration to final felling was simulated in Heureka. The stand was planted in 
year 1 with 2000 spruce plants ha–1. PCT to remove naturally-regenerated trees was carried out 
in year 15. The stand was thinned in years 40, 55 and 70.

Different rotation lengths were simulated and the rotation that maximized Land Expectation 
Value (LEV) according to Eq. 3 was selected for each management strategy and interest rates. The 
minimum stand age at final felling was restricted to 65 years for all strategies to prevent harvest of 
too weakly dimensioned forests and to consider the Swedish forestry act (Skogsstyrelsen 2019a). 
All simulated thinnings were carried out from below, removing trees in all diameter classes but 
more frequently from the smaller diameter classes, since we want to retain the larger, most vital 
stems. Thinning from below is the common practice in Sweden (Wallentin 2007) and has previously 
been shown to have a positive effect on net stem volume production of Norway spruce (Nilsson 
et al. 2010). Management strategies were based on guidelines for birch and Norway spruce in 
Sweden (Skogsstyrelsen 1985; Raulo 1987). Values from the experimental plots were used as site 
parameters in the simulations of PL.

2.4.5. Economic calculations

Costs and income from the biomass harvest in 2007 in the BI, NS and MIX treatments assumed 
that all trees < 5 cm DBH were motor-manually cleaned before thinning. The extracted biomass 
was assumed to include stems and living branches of thinned trees with DBH > 5 cm. The biomass 
of thinned trees was calculated with functions from (Marklund 1988).

The timber assortments, costs and income of simulated thinnings and final felling were 
calculated within the Heureka system. Also, the assortments and income from thinning of birch 
in 2016 were calculated within the Heureka system and costs of machinery were calculated using 
the same set of time consumption functions as in Heureka.

The reference year in the calculations of net present value was the year of final felling of 
the previous stand (t = 0 in Eq. 3) for all management alternatives. LEV was calculated according 
to Eq. 3, where R is the net amount in euro of cleaning, biomass harvest, thinning or final felling; 
c is the net present value of regeneration costs; t is time since last final felling (yr); u is rotation 
length (yr) and r is the interest rate. Regeneration cost was only relevant for PL.

LEV R r c
r

r
t

t

t

u u

u� � �� � �
�

�
�

�

�
��

�� �
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�

�
� 1

1

1 1
3

0

( )

LEV was calculated for four different interest rates: 1, 2, 3 and 4%.
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3 Results

3.1 Observed mid-rotation growth and yield

The competition release had a significant negative effect on total stem volume production until the 
last measurement 2019 at a stand age of 42 years (Table 3, Fig. 2). The total stem volume production 
was significantly higher in the unmanaged control (CTR) ( 315 ± 15 m3 ha–1; this and all subsequent 
error intervals are standard deviations) compared to the management strategies targeting different 
future crop trees: mixed (MIX) (269 ± 7 m3 ha–1 ), birch (BI) (239 ± 11 m3 ha–1) and Norway spruce 
(NS) (222 ± 10 m3 ha–1) . These values only differed significantly between MIX and NS (Table 4).

Table 3. Analysis of variance (type II Wald χ2 test) for total volume production, diameter at breast height for the 300 
largest stems ha–1 (DBHdom) by tree species (Picea abies and Betula pendula) and living crown ratio for birch (Betula 
pendula). QMD = quadratic mean diameter.

Response variable Tree species Variable F-value df P-value

Volume Strategy 21.762 3 1.546e–05 
Initial volume 2006 5.083 1 0.04

Site 3.486 1 0.083
DBHdom Norway spruce Strategy 29.623 2 6.281e–05

Norway spruce Initial QMD 2006 2.168 1 0.172
Norway spruce Site 3.227 1 0.103

DBHdom Birch Strategy 1.062 2 0.38
Birch Initial QMD 2006 1.2 1 0.3
Birch Site 3.74 1 0.08

Living crown length Birch Strategy 27.768 3 4.005e–08

Birch Tree height 4.968 1 0.035
Birch Site 28.351 1 1.613e–05

Fig. 2. Total standing stem volume (m3 ha–1), biomass harvest in 2007, birch (Betula pendula) thinning harvest 
in 2016, and mortality between 2007 and 2019. The management strategies are a non-thinned control (CTR), 
biomass harvest and thinning to promote pure stands of Norway spruce (Picea abies) (NS), birch (BI) or a 
mixture of Norway spruce and birch (MIX).
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On the other hand, the competition release had a significant positive effect on the develop-
ment of the future Norway spruce crop trees. DBHdom for Norway spruce differed significantly 
between the three strategies (NS, MIX and CTR) (Tables 3 and 4) and the variation among blocks 
was largest in CTR (Table 5, Fig. 3) in 2019. For birch there was no significant difference in 
DBHdom among the three management strategies BI, MIX and CTR at the latest measurement in 
2019 (Fig. 3, Table 3) with an overall mean of 18.1 cm. (Table 5). However, the length of living 
crown for birch was significantly longer after competition release than in CTR in 2019 (Table 4), 
so was not the case at the first measurement of crown length in 2010. The living crown ratio of 
birch was 44 ± 5%, 46 ± 6% and 50 ± 7% for BI, MIX and CTR at the first measurement in 2010.

The quadratic mean diameter was 16.1, 13.3 and 12.4 cm for the BI, MIX and NS respec-
tively and 6.5 cm for CTR (see Table 5 for species-specific QMD). Diameter distribution show the 
layering of Norway spruce and birch in MIX and CTR, with birch in the overstory and Norway 
spruce in the understory (Fig. 4). Birch mortality was highest in CTR. Between 2007 and 2019 
an average of 610 stems were lost per hectare and year (Figs. 1 and 2) and the proportion of birch 
stems declined from 82% to 57% due to high mortality of birch and ingrowth of Norway spruce.

Table 4. Volume production in each strategy and control, diameter at breast height for the 300 largest 
stems ha–1 (DBHdom) for Norway spruce (Picea abies) and crown length for birch (Betula pendula) in 
2019. Letters in the final column indicate significant differences among strategies using Tukey t-test 
(within response variables) at p = 0.05.

Response variable Tree species Strategy  Average total stem volume 
production (m3 ha–1),

average DBHdom (cm),  
average crown length (m)

Significance

Volume CTR 315 a
MIX 269 b
BI 239 b
NS 222 c

DBHdom Norway spruce CTR 9.8 a
Norway spruce MIX 12.6 b
Norway spruce NS 16.9 c

Living crown length Birch CTR 6.08 a
Birch MIX 8.45 b
Birch BI 8.65 b

Table 5. Average stem diameter at breast height for the 300 largest stems ha–1 (DBHdom), quadratic mean diameter 
(QMD), total stem volume production and basal area for all stems, and average living crown ratio for the sample trees 
of birch (Betula pendula) and Norway spruce (Picea abies) in the different management strategies at the latest meas-
urement in 2019. Numbers inside parentheses are standard deviations. The management strategies were a non-thinned 
control (CTR), biomass harvest and thinning to promote pure stands of Norway spruce (NS), birch (BI) or a mixture of 
Norway spruce and birch (MIX). 

Birch Norway spruce
BI MIX CTR NS MIX CTR

DBHdom (cm) 18.7 (0.7) 18.1 (0.8) 17.4 (0.9) 16.9 (2) 12.6 (1.5) 9.8 (0.6)
QMD (cm) 16.1 (0.7) 17.4 (0.6) 9.5 (0.7) 12.4 (1.5) 9.2 (1) 5.6 (1.2)
Total stem volume production (m3 ha–1) 239 (11) 139 (20) 257 (93) 222 (10) 39 (10) 33 (8)
Basal area (m2 ha–1) 14.4 (0.4) 9.4 (0.8) 31.4 (2) 15.3 (1.8) 8.8 (1.3) 8.1 (1.4)
Living crown ratio (%) 57 (5) 53 (5) 42 (3) 90 (1) 89 (2) 79 (1)
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Fig. 3. Average diameter at breast height (cm) for the initially largest crop trees (DBHdom) of Norway spruce 
(Picea abies) and birch (Betula pendula) (300 stems hectare–1) between 2010 and 2019 for the different man-
agement strategies. The management strategies are a non-thinned control (CTR), and biomass harvest and 
thinning to promote pure stands of Norway spruce (NS), birch (BI) or a mixture of Norway spruce and birch 
(MIX). Error bars show standard deviations.

Fig. 4. Diameter distribution for Norway spruce (Picea abies) and birch (Betula pendula) in the different management 
strategies at the latest measurement in 2019. The management strategies included a non-thinned control (CTR), and 
biomass harvest and thinning to promote pure stands of Norway spruce (NS), birch (BI) or a mixture of Norway spruce 
and birch (MIX).
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3.2 Full rotation simulations of yield and economy

The simulated production over a full rotation, based on measured initial data, demonstrated that 
competition release through the different management strategies had a long-term effect on assort-
ments and amounts of extractable wood. The management strategy MIX with future crop trees of 
both birch and Norway spruce, resulted in the greatest total extraction of biomass (biofuel, pulpwood 
and timber combined) during a rotation period. The highest MAI (mean annual increment) was 
found in CTR, followed by PL, MIX, NS and BI. In CTR, MIX and BI the greatest share of the total 
removal of round wood was pulpwood, while in NS and PL the greatest share was timber (Table 6).

Ranking the different management strategies by land expectation value (LEV) gave different 
results depending on the interest rate. The influence of different biofuel and birch timber prices 
on strategy rankings were however minor (Fig. 5, Table 6). PL had the greatest mean LEV at an 
interest rate of 2% or less. CTR produced the greatest LEV at interest rates of 3% or more when the 
biofuel price was low, when the biofuel price was high NS had the greatest LEV. BI had the lowest 
LEV for all scenarios up to a 2% interest rate, while above a 2% interest rate the price of biofuel 
and birch timber determined if it was BI or PL that had the lowest LEV. The negative LEV of BI, 
NS and PL at high interest rates was caused by negative net revenue from the biofuel thinning in 
scenarios with low biofuel prices. CTR had the most stable LEV across the different scenarios. 
The differences among the five strategies were consequently smallest when pricing for biofuel and 
birch timber was more competitive with Norway spruce timber prices and under low interest rates.

Table 6. Simulated results of average annual stem volume production (MAI, m3 ha–1 yr–1), net revenue (€ ha–1 yr–1) and 
harvested assortments: Bio = Biomass (ton DW ha–1 yr–1); Pulp = pulpwood (m3 ha–1 yr–1); Tim = timber (m3 ha–1 yr–1) 
for sites A and B. R = rotation length (yr). Mortality before the first measurement of CTR, BI, NS and MIX in 2007 
was unknown and was not included in MAI. Biofuel prices were BioLow = 14 € and BioHigh = 42 € Mg–1 DW and 
for birch timber BirchLow = 42 € and BirchHigh = 57 € m–3. The management strategies were a non-thinned control 
(CTR), biomass harvest and thinning to promote pure stands of Norway spruce (Picea abies) (NS), birch (Betula pen-
dula) (BI) or a mixture of Norway spruce and birch (MIX) and a simulated reference of planted Norway spruce with 
conventional thinning for roundwood production (PL).

Strategy Interest  
rate (%)

BioLow_BirchLow Assortment BioHigh_BirchHigh Assortment 
R MAI Net Bio Pulp Tim R MAI Net Bio Pulp Tim

CTR 65 8.9 1029 0.0 4.4 0.9 65 8.9 1029 0.0 4.4 0.9
BI 1 65 5.6 505 0.8 2.7 0.6 70 5.6 770 0.7 2.8 0.6
MIX 97 7.3 1078 0.4 3.3 1.8 105 7.3 1257 0.4 3.2 1.9
NS 107 6.9 1200 0.7 1.1 3.1 110 6.9 1430 0.7 1.1 3.1
PL 93 8.3 1806 0.0 2.2 4.1 93 8.3 1806 0.0 2.2 4.1
CTR 65 8.9 1029 0.0 4.4 0.9 65 8.9 1029 0.0 4.4 0.9
BI 2 65 5.6 505 0.8 2.7 0.6 65 5.6 748 0.8 2.7 0.6
MIX 85 7.3 948 0.5 3.5 1.5 87 7.3 1136 0.5 3.5 1.6
NS 95 6.9 1065 0.8 1.2 2.9 97 6.9 1340 0.8 1.2 3.0
PL 85 8.2 1729 0.0 2.4 4.0 85 8.2 1729 0.0 2.4 4.0
CTR 65 8.9 1029 0.0 4.4 0.9 65 8.9 1029 0.0 4.4 0.9
BI 3 65 5.6 505 0.8 2.7 0.6 65 5.6 748 0.8 2.7 0.6
MIX 75 7.2 799 0.6 3.6 1.2 80 7.2 1053 0.5 3.6 1.4
NS 95 6.9 1065 0.8 1.2 2.9 95 6.9 1312 0.8 1.2 2.9
PL 75 7.9 1509 0.0 2.5 3.7 75 7.9 1509 0.0 2.5 3.7
CTR 65 8.9 1029 0.0 4.4 0.9 65 8.9 1029 0.0 4.4 0.9
BI 4 65 5.6 505 0.8 2.7 0.6 65 5.6 748 0.8 2.7 0.6
MIX 75 7.2 799 0.6 3.6 1.2 75 7.2 983 0.6 3.6 1.2
NS 95 6.9 1065 0.8 1.2 2.9 95 6.9 1312 0.8 1.2 2.9
PL 70 7.7 1367 0.0 2.6 3.5 70 7.7 1367 0.0 2.6 3.7
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4 Discussion

4.1 Observed growth

Assuming the spontaneous regeneration is successful and dense, the first competition release can 
have a big impact on future stem development and on the species mixture. For Norway spruce, 
which was initially suppressed, the competition release had a significant positive effect (Figs. 2 
and 3, Table 3).

Previous studies show similar patterns of dense and unthinned stands producing higher total 
stand volume compared to sparser and thinned stands (Simard et al. 2004; Niemistö 2013; Pretzsch 
2020). However, one can argue that these are only mid-rotation values and the stands’ future total 
volume may be more or less affected by mortality rates.

Competition release in the different strategies had a significant positive effect on DBHdom 
of Norway spruce in 2019 (Table 3). The NS strategy had the largest DBHdom followed by the 

Fig. 5. Simulated land expectation value (LEV) for five management alternatives (x-axis), under four commodity price 
scenarios (names at the top of the figure) and interest rates between 1 and 4%. Bars show calculated LEV at sites A 
(unfilled) and B (filled). Biofuel prices were BioLow = 14 € and BioHigh = 42 € Mg–1 DW and birch timber prices 
BirchLow = 42 € and BirchHigh = 57 € m–3. The management strategies were a non-thinned control (CTR), biomass 
harvest and thinning to promote pure stands of Norway spruce (Picea abies) (NS), birch (Betula pendula) (BI), a mix-
ture of Norway spruce and birch (MIX) and a simulated reference of planted Norway spruce with conventional thinning 
for roundwood production (PL). Age at final felling within parentheses.
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MIX and CTR (Table 4), indicating reduced growth of Norway spruce due to competition from 
the higher stem density in the MIX and CTR strategies. This is in line with the results from previ-
ous studies (Mäkinen and Isomäki 2004; Juodvalkis et al. 2005), where the diameter of Norway 
spruce increased with increasingly intense thinning. The large variation in standard deviation of 
DBHdom for Norway spruce between the different management strategies and the control (Fig. 3) 
might be explained by the difference in stem density and patchiness, as seen in different standard 
deviations of stem density, between sites A and B at the establishment of the trial (Table 1). How-
ever, competition release in the different management strategies did not have a significant effect 
on DBHdom of birch (Fig. 3). It is possible that an earlier competition release could have yielded a 
faster diameter development that could have resulted in the strategies having an effect on DBHdom 
for birch. Rytter and Werner (2007) found that deciduous pioneer tree species in southern Sweden 
start to develop diameter differences before the stand is 10 years old. This could mean that the 
competition between the birches in the first 30 years of this study restricted growth to the extent that 
the competition release following biomass harvest didn’t make any difference. Later results from 
the Rytter and Werner (2007) trial also support this interpretation by indicating that early rotation 
diameter loss can’t be compensated for later in the rotation period (Rytter 2013). In addition, the 
birches had a more similar standard deviation of DBHdom between strategies and the control than 
Norway spruce (Fig. 3). This could further imply that the competition release for the birches came 
too late, and that they had already self-thinned in the overstorey.

Further, the competition release through the management strategies had a significant positive 
effect on crown length (Tables 3 and 4), with BI having the longest crown followed by MIX and 
CTR in 2019 (Table 5). Crown length is an important indicator in silviculture of birch, and it should 
be at least 50% of the tree length to ensure vigorous growth (Niemistö 1991). The significant posi-
tive effect of competition release through the different strategies suggest that there perhaps in the 
future will be a significant difference in diameter growth of DBHdom for birch between strategies.

4.2 Economy & simulations

At interest rates of 2% or higher (Fig. 5), the unmanaged forest (CTR) was an economically viable 
strategy, even compared to intensive management with a preferred merchantable timber species 
(PL). At higher interest rates, high initial costs and long rotations of intensive management are 
more difficult to overcome, even with more lucrative timber assortments and higher yields. The 
intensive management strategy with artificial planting was only a better economic choice at a low 
interest rate (1%) (Fig. 5). Artificial regeneration using planting with soil scarification requires a 
larger investment, but ensures more predictable survival and stand development, and also offers 
the opportunity to use improved plant material (Nilsson et al. 2002; Simonsen 2013; Sikstrom et 
al. 2020).

 Biofuel prices affects the LEV (Fig. 5). This and the timber assortment differences between 
strategies (Table 6) imply that the profitability of different strategies can depend on local condi-
tions, since the prices for roundwood varies across the country (Skogsstyrelsen 2021). Age is an 
important parameter in the growth model and is negatively correlated to growth at a given basal area 
or tree size. This correlation is logical in single-storied and even-age stands. However, understory 
spruce in NS might respond to a release cutting in relation to tree size rather than to the age (Ferlin 
2002). Production in NS might be underestimated if released Norway spruce growth depends more 
on tree size than age. This needs to be evaluated as additional data about the stand development 
becomes available in the future.
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4.3 Adaptability

Although artificial regeneration practices in boreal forest, with soil scarification and planting of 
conifers, have proven highly efficient (Örlander et al. 1998; Hjelm et al. 2019) and profitable 
(Sikström et al. 2018), there is a need for management practices in areas where mixed forests 
spontaneously regenerate (Coll et al. 2018; Löf et al. 2018). Spontaneous regeneration is an oppor-
tunity for the forest owner to combine production and biodiversity on the same clearcut by leaving 
different tree species during pre-commercial thinning to create a mixed-species stand (Felton et 
al. 2016; Holmström et al. 2016). An expected positive effect of mixing birch into a spruce stand 
is an increase in bird biodiversity (Jansson and Andrén 2003; Felton et al. 2011; Lindbladh et al. 
2017). Replacing a monoculture with a mixed-species stand can also be a type of risk spreading 
(Yachi and Loreau 1999); by combining species with different functional traits the chance that at 
least some maintain their long-term function increases (Morin et al. 2014). A mixed-species stand 
also increases forest owners’ management alternatives when climate change causes difficult-to-
predict disturbances (Millar et al. 2007).

The type of forest management evaluated in this study – spontaneous or natural regenera-
tion, without active cultivation in combination with or without biomass harvest at a later stage – is 
a viable management strategy for both profit and volume production as long as the spontaneous 
regeneration is vigorous. However, the dense spontaneous regeneration that occurred at these sites 
is no guarantee at another site with similar traits. Multiple variables needs to be aligned for a dense 
and vigorous regeneration to occur (Karlsson et al. 2010; Holmström et al. 2016; Holmström et al. 
2017; Tiebel et al. 2020) . The different management strategies show very clearly that it is possible 
to create different types of stands to meet various objectives through strategic biomass harvest. This 
type of strategy could be a solution for regenerating sites where planted seedling survival is expected 
to be low. Factors reducing planted coniferous seedling survival include wet soils (Holmström et 
al. 2019) and incomplete soil scarification due to factors like rocky soils (Berg 1986; Sundblad 
2009; Luoranen et al. 2011). Today there are several digital tools available for locating sections of a 
clearcut unsuitable for planting conifers before going out to the field. Soil wetness maps and digital 
elevation models (Murphy et al. 2011; Ågren et al. 2014; Lidberg et al. 2020) are two examples. 
The biggest challenge of using spontaneous regeneration without active cultivation is predicting 
the success of regeneration on a specific site (Holmström et al. 2017). With further development 
of predictive models for spontaneous regeneration, less intensive cultivation can be an option, in 
combination with the low-investment management strategy to promote economic profitability, 
biomass production and birch mixtures. Ultimately, the naturally-regenerated mixed forest of birch 
and Norway spruce is a possible alternative when it comes to meeting the Swedish FSC standards’ 
(FSC 2020) recommendation of aiming for 10% deciduous trees in all stands across Sweden.
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