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Within a tree, density varies in the radial and longitudinal 
directions, the degree, type and direction of this variation 
differing between species (Zobel and van Buijtenen 1989).

The density of Scots pine (Pinus sylvestris L.) and most 
other conifers increases from pith to bark. Additionally, 
it decreases with a slowing rate from the tree base to the 
top. In the radial direction, density varies with cambial age, 
earlywood and latewood proportions, growth rate, and the 
differences between juvenile and mature wood (e.g., Cown 
1974; Grekin and Verkasalo 2010; Guller et al. 2012). The 
decrease of density towards the top is typically most inten-
sive in the stem base, due to the younger average age of 
wood and a higher proportion of juvenile wood in the top 
(Uusvaara 1974, 1991; Kollmann and Côté 1984; Zobel and 
van Buijtenen 1989; Repola 2006; Kärkkäinen 2007; Auty 
et al. 2014).

Wood density is significantly influenced by growth con-
ditions within a forest stand. Factors such as site fertility, the 
spatial distribution of trees and a tree’s position within the 
stand affect both the growth rate and the proportion of stem 
wood in the total growth (Kellomäki 1981; Uusvaara 1991). 

1  Introduction

The size and quantity of structural wood constituents deter-
mine the density of wood (Kollmann and Côté 1984; Fengel 
and Wegener 1989). The inherited properties, along with 
physiological, mechanical and environmental factors, affect 
those constituents, their spatial variation and the perceived 
overall density of timber among other wood properties 
(Cown 1974; Kollmann and Côté 1984; Gort-Oromi 2010). 
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Abstract
The basic density and shrinkage properties of Scots pine wood from commercial first and second thinning-stage forests 
were studied in eastern Finland with a reference from final-felling forests. Linear mixed model analysis was applied, 
indicating statistically significant differences in basic density between stand types and forest site types, with significant 
effects of cambial age and height position. Additionally, the 2-level interaction terms between site type, cambial age and 
height position were significant. In Myrtillus type sites, the basic density was 380  kg/m3 for first-thinning wood, and 
407 kg/m3 and 406 kg/m3 for second-thinning and final-felling wood, respectively. Young thinning trees showed, on aver-
age, wider growth rings (2.83  mm) compared to mature trees (2.04  mm). Density and latewood proportions increased 
with tree age, particularly in poor site types, whereas the growth ring width had opposite effects. Significant differences 
were observed in radial, tangential and volumetric shrinkage across stand types, height positions and radial positions, 
while the longitudinal shrinkage model indicated statistically significant differences between radial positions only. The 
radial shrinkage was 4.04% in the first thinnings and 4.44% in the second thinnings, while the tangential shrinkage was 
6.98% and 7.16%, respectively. The substantial variation in properties, particularly in the first thinnings, likely reflected 
the presence of juvenile wood, stem form defects and reaction wood in the harvested material, making it less suitable for 
mechanical processing. The results confirmed that the properties of second-thinning wood enable its use in applications 
requiring higher density and allowing reasonable shrinkage.
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Thinning, drainage and similar changes in the growth envi-
ronment typically lead to accelerated growth, which subse-
quently decreases wood density (Cown 1973; Kollmann and 
Côté 1984; Rikala 2003; Varhimo et al. 2003; Richter 2015).

Accelerated growth alters the anatomical structure of 
wood, impacting both the fibre width and the proportion of 
cell wall within the cross-section of the growth ring. This 
process especially promotes the formation of earlywood, 
leading to a lower overall density of wood (Uusvaara 1974; 
Mäkinen et al. 2002). The properties of coniferous wood tis-
sue are markedly different depending on the season of forma-
tion, as the density of latewood surpasses that of earlywood 
due to its thick, lignin-rich tracheid walls, compressed cells 
and small lumens (Fengel and Wegener 1989; Bowyer et al. 
2007; Fries and Ericsson 2009; Forest Products Laboratory 
2010; Richter 2015). The site conditions affect the density 
of latewood more than that of earlywood, and to a larger 
extent, the properties of earlywood depend on the genetic 
variation between individual trees (Fernandes et al. 2017).

Growth rings become thinner as their distance to the pith 
increases. Additionally, increased crown competition within 
forests begins to limit tree growth (Richter 2015). Thus, the 
growth rings tend to be thicker in young trees and within the 
juvenile wood area compared to those in mature trees and 
the mature wood. The first 5–20 growth rings from the pith 
are considered to form the juvenile wood zone in conifers 
(Zobel and van Buijtenen 1989; Thörnqvist 1990; Bowyer 
et al. 2007; Gryc et al. 2007; Kärkkäinen 2007; Forest Prod-
ucts Laboratory 2010). Regarding Scots pine, both early 
transition of 10–15 rings from the pith (Wilhelmsson et al. 
2002) and late transition of 22 rings, on average (Sauter et al. 
1999; Mutz et al. 2004), were reported from juvenile wood 
to mature wood. It has also been suggested that, rather than 
defining the juvenile wood area by growth rings, a threshold 
value of wood density could be used to differentiate between 
juvenile wood and mature wood (Cown 1992). Covering a 
conical area in the central core of a stem from base to top, 
the proportion of juvenile wood in the total tree volume is 
higher in young trees than in adult trees and this proportion 
increases towards the top (Zobel and van Buijtenen 1989; 
Zobel and Sprague 1998; Pereira et al. 2003; Gryc et al. 
2007). The tracheid cell walls of juvenile wood are thin and 
the latewood proportion is low, resulting in markedly lower 
density and strength compared to mature wood (Thörnqvist 
1990; Zobel and Sprague 1998; Burdon et al. 2004; Bowyer 
et al. 2007; Gryc et al. 2007; Forest Products Laboratory 
2010). The high content of juvenile wood significantly lim-
its the usability of wood material, particularly in mechanical 
processing and for products requiring high strength (Cown 
1992; Dumail and Castera 1997; Zobel and Sprague 1998). 
Additionally, it can have negative effects in certain pulping 
processes.

The shrinkage of wood due to drying is anisotropic, being 
the most extensive in the tangential direction and about 
half of that in the radial direction, whereas the longitudinal 
shrinkage is of minor magnitude (Forest Products Labo-
ratory 2010; Pang 2002). The shrinkage of the earlywood 
tracheid cells is anisotropic whereas the latewood tends to 
shrink relatively evenly in different directions (Watanabe et 
al. 1998; Kärkkäinen 2007). Thus, the anisotropy of shrink-
age usually decreases with increasing density (Kärkkäinen 
2007; Grekin and Verkasalo 2010). High transverse shrink-
age generally correlates with high density, while longitu-
dinal shrinkage decreases as density increases (Pang 2002; 
Calvo et al. 2006; Gryc et al. 2007; Kärkkäinen 2007; For-
est Products Laboratory 2010; Grekin and Verkasalo 2010). 
However, the transverse shrinkage is lower in juvenile wood 
than in mature wood. Conversely, longitudinal shrinkage is 
higher, due to the high microfibril angle of the secondary 
wall S2 and the associated compression wood and spiral 
grain (Boutelje 1973; Cown 1974; Ying et al. 1994; Pereira 
et al. 2003; Bowyer et al. 2007; Riesco Muñoz and Díaz 
González 2007; Grekin and Verkasalo 2010; Ruano et al. 
2022). The sapwood of mature trees tends to shrink more 
than heartwood due to its higher density, and this shrinkage 
is primarily influenced by the properties of latewood tra-
cheids (Gao et al. 2022). Calvo et al. (2006) noted that wood 
material farthest from the pith, despite its higher density 
and better mechanical properties, exhibits many unfavour-
able characteristics, including lower dimensional stability. 
The shrinkage and swelling characteristics, along with the 
resulting dimensional stability, are crucial from an industrial 
perspective. Uneven shrinkage in different directions can 
lead to checking, warping, and drying deformations. There-
fore, the anisotropic nature of wood might be one of its most 
disadvantageous characteristics as a material (Pang 2002).

First thinnings and the following, intermediate cuttings 
are part of the forest management practices in the Nor-
dic countries. The thinning methods in Finland, Sweden 
and Norway have been described in the forest manage-
ment guidelines (Yrjölä 2002). Thinnings primarily aim 
to improve the future growth potential, dimensions and 
quality of the forests. However, the yield of merchantable 
timber, saw logs and pulpwood from the first thinnings is 
low. Overall, thinnings account for 25–30% of the total 
cutting income for forest owners during the forest rotation 
period, underlining the significance of intermediate cut-
tings as a source of raw material for the wood processing 
industry in Finland (Äijälä et al. 2019). In 2019, first thin-
nings produced 5%, and later thinnings 36%, of the total 
yield of roundwood from standing sales of all tree species. 
Specifically for Scots pine from standing sales, 27% of logs 
and 66% of pulpwood were harvested from thinning forests 
(Torvelainen et al. 2021).
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In the Nordic countries, the wood products industries uti-
lise mainly standard saw logs from final fellings as well as 
from second and later thinnings. The small-diameter logs 
or short logs, i.e. small-sized timber from thinnings or the 
uppermost parts of final felling trees, are less common in 
sawmilling. Small-sized timber is primarily used in selected 
outdoor applications, environmental construction, less 
demanding construction, and packaging (Wall et al. 2005; 
Mauno 2021; Toikka 2024). Additionally, it is often pro-
cessed into bioenergy. Earlier research has identified alter-
native uses for small-sized timber, such as advanced biofuels 
and in innovations based on lignin valorisation (Mauno 
2021). In the production of cross-laminated timber (CLT) or 
glue-laminated timber (GLT), using small-sized timber can 
improve material efficiency, especially with more advanced 
processing methods (Hernandez et al. 2005; Fredriksson et 
al. 2015). Information about critical wood properties and 
their variation is important from an industry perspective. It 
may also be valuable for the forest owners during timber 
sales and in forest management planning.

The data were collected from eastern Finland, which is 
an important region for the growing and utilisation of Scots 
pine. The objective of this study was to assess the basic 
density and shrinkage properties of Scots pine wood from 
commercial first and second thinning stage forests in eastern 
Finland. We hypothesised that these properties differ sig-
nificantly from those of pine wood from final felling forests. 
As the direct and indirect effects of age on wood properties 

are well-known, both internal and external factors, such as 
the cambial age of tree and forest site type, respectively, 
were used as predictive factors in the statistical analyses. 
Previous research on the properties of young wood mate-
rial, especially from thinnings and the pulpwood section 
of trees, is plentiful. In contrast, there are fewer published 
studies focusing on the second thinning removal and the 
wood properties that are most significant for wood products 
(Hakkila et al. 1995, 2020; Varhimo et al. 2003; Wall et al. 
2005; Kask and Pikk 2009).

2  Materials and methods

2.1  Wood specimens

The data for the study were collected from 10 Scots pine-
dominated first-thinning and second-thinning forest stands 
in eastern Finland (62–63° N, 30° E), and the reference 
material was collected from two final-felling stands in the 
same area (Table 1). The stands were mainly located in the 
state forests. The availability of stands was limited due to 
the relatively strict selection criteria based on the proper-
ties of the stands. Thus, the dataset did not include all pos-
sible combinations of stand and site types in the area. The 
study stands were from mineral soils, including Myrtillus, 
Vaccinium and Calluna types, and from transformed types 
of drained peatlands, Vaccinium vitis-idaea and dwarf-shrub 
transformed types. The site types and other stand properties 
were verified through forest management plans, which were 
available for all study stands.

Ten sample trees were felled from each study stand and 
the complete dataset of 121 felled sample trees was uti-
lised to measure basic density, shrinkage and average of 
growth ring width, while a subset of 64 trees was taken for 
a detailed measurement of growth rings. The sample trees 
were required to have at least one 2-m-long section of stem 
which met the quality and size specifications for saw tim-
ber, specifically for saw logs, small-sized logs, or balks. The 
trees were cut into 1.4–3.5 m logs down to the minimum 
top diameter of 8 cm, which, on average, was located at the 
height of 12 m in the standing trees (70% of the tree height). 
One approximately 30-mm thick disc was sawn from the 
lower end of each log, including the top, which was left in 
the forest. The total number of discs in the study was 838.

The discs were further cut in the laboratory so that either 
three or five clear-wood specimens were made from each 
disc, following the south-north line marked in them in 
the forest (Fig. 1). The positioning of specimens aimed at 
obtaining information from the assumed juvenile-wood (20 
first growth rings from the pith outwards) and mature-wood 
areas (from the 21 st growth ring outwards); thus, when 

Table 1  Properties of the study stands by stand type and site type 
before harvesting
Stand type Site type 

(number of 
stands)

Trees/ha Age 
(years)

Breast-
height 
diameter 
(cm)

Height 
(m)

First 
thinning

Myrtillus 
type (2)

1,800 33 13.8 12.6

Vaccinium 
type (2)

2,300 44 12.9 13.9

Vaccinium 
vitis-idaea 
transformed 
type (2)

1,353 43 14.0 13.4

Average 1,818 40 13.6 13.3
Second 
thinning

Myrtillus 
type (1)

1,500 68 22.4 21.3

Vaccinium 
type (1)

1,100 66 20.9 21.6

Calluna type 
(1)

1,600 70 14.6 15.4

Dwarf-shrub 
transformed 
type (1)

1,833 90 15.5 14.6

Average 1,508 74 18.4 18.2
Final 
felling

Myrtillus 
type (2)

478 80 28.4 25.2
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according to the standard ISO 3131 (International Organi-
zation for Standardization 1975). The mean density of the 
specimens represented the density of the disc from which 
the specimens were sawn.

The average basic density (kg/m3) of a stem was calcu-
lated applying the equation for the area-weighted wood den-
sity (AWD) presented by Hannrup and Ekberg (1998):

AWD = Σ aidi

Σ ai
,� (1)

 where ai = cross-sectional area of the disc i and di = density 
of the disc i.

The total shrinkage values (βm, %) in radial (r), tangential 
(t) and longitudinal (a) direction were assessed according to 
the standard ISO 4469 (International Organization for Stan-
dardization 1981) and calculated as follows:

β m = lm max − lm min

lm max
• 100,� (2)

 where lm max = dimension (mm) of specimen measured 
above the fibre saturation point in direction m and lm min = 
dimension (mm) measured as oven dry in direction m.

The maximal volumetric shrinkage βV, % was assessed 
according to the standard ISO 4858 (International Organiza-
tion for Standardization 1982), and calculated as follows:

β V = lr max lt max la max − lr min lt min la min

lr max lt max la max
• 100.� (3)

possible, one specimen was prepared from the pith (‘P‘), 
two from the middle of the disc radius (‘N1‘, ’S1‘), and 
further two more close to the edges (‘N2‘, ’S2‘). The total 
number of specimens in the study was 3,560.

The dimensions of the specimens were 20  mm in the 
radial and tangential directions and approximately 30 mm 
in the longitudinal direction.

Out of 3,560 specimens, 2,350 were included in the lin-
ear mixed model for basic density. These comprised speci-
mens with known radial position (all the specimens located 
in the pith (P) and N1/S1 and N2/S2 specimens in the subset 
of 64 trees.

Of the 3,560 specimens, 3,515 were included in the lin-
ear mixed model for radial shrinkage, 2,720 for tangential 
shrinkage, 3,512 for longitudinal shrinkage and 2,706 for 
volumetric shrinkage. The tangential shrinkage was not 
measured from the pith-enclosed specimens, because both 
specimen dimensions in the cross-sectional surface were 
radial, while the tangential dimension was absent. Outliers 
identified in the radial, tangential and longitudinal measure-
ments were excluded from the dataset, as they were most 
likely attributable to measurement errors. The volumetric 
shrinkage model included only those samples for which 
valid measurements were available in the radial, tangential 
and longitudinal directions.

2.2  Methods

The basic density (henceforth referred to briefly as den-
sity) of wood was determined using the oven-dry method 

Fig. 1  Locations of the specimens in the discs, and a specimen for the basic density and shrinkage measurements
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Square root transformation was performed to reduce het-
eroscedasticity of the residuals. The cut-off p-value for the 
variables was 0.05. The model selection was based on the 
likelihood-ratio test; thus, the model with the lowest − 2 log-
likelihood value was chosen. Overfitting of the model was 
prevented by including only 2-level interaction terms to the 
model but excluding all the 2-level interaction terms with 
the development class of the stand.

Radial, tangential, longitudinal and volumetric shrinkage 
was modelled using a linear mixed model

β M = b0 + standk + rposn + h + uts + ults + ϵ ,� (5)

 where βM = shrinkage (%), radial, tangential, longitudinal or 
volumetric, b0 = intercept, standk = stand type, rposn= radial 
position, h = height position (m), uts = random tree effect, ults 
= random log effect, ε = random error term.

In tangential shrinkage uts was omitted to avoid overpa-
rameterization of the model.

3  Results and discussion

3.1  Growth ring width and latewood proportion

The analysis of growth ring width using descriptive statis-
tics indicated notable variations in growth rates across dif-
ferent site types. Where comparisons were possible, such as 
in the Myrtillus and Vaccinium site types, differences were 
also observed between the stand types (Table 2). The wid-
est growth rings were measured in Myrtillus type, while the 
narrowest were found in the dwarf-shrub transformed type. 
Results showed a decreasing growth rate when moving 
towards less fertile site types. Numerous previous studies 
have shown that soil nutrient levels significantly influence 
the growth rate and wood density of Scots pine, as well as 
properties such as branchiness, (e.g., Cown 1974; Uusvaara 
1981; Lämsä et al. 1990; Huuskonen et al. 2014). These fac-
tors, in turn, influence the quality and potential applications 
of sawn timber. In Scots pine, the correlation between fast 
growth and wood density is usually negative (Hakkila 1966; 
Repola 2006; Hakkila et al. 2020). The effect of growth rate 
on density is most pronounced in young stands (Björklund 
and Walfridsson 1993). The results by Lämsä et al. (1990) 
on young Scots pine indicated that the fertile site type and 
wide spacing resulted in fast growth and thick branches, 
thus decreasing the quality of sawn timber due to large knots 
visible in the wood material. Varmola (1996) observed that 
on the most fertile site types, i.e., Myrtillus type and bet-
ter, even a substantial increase in the stand density does not 
mitigate the negative effects of fast growth on quality, espe-
cially those caused by the large branch diameter.

The growth ring width was measured from the discs with a 
light microscope and the earlywood and latewood propor-
tions using an image analysis system (WinDENDRO™, 
Régent Instruments Inc., Québec, Canada). The tree-wise 
growth ring width and earlywood/latewood proportions 
were calculated as the mean values of all discs sawn from 
each tree in Chap. 3.1.

2.3  Statistical analyses

Descriptive statistics on basic density, shrinkage, growth 
ring width and latewood proportion were presented sepa-
rately for the stand and site types. Due to the data struc-
ture, the statistical comparisons between all stand types 
were possible in Myrtillus type only, whereas Vaccinium 
type enabled comparisons between the first and second thin-
nings. The within-tree variation of density and shrinkage 
were assessed both in the radial direction, from pith to bark 
and in the longitudinal direction, from the tree base to the 
top. The radial and vertical within-tree variations of density 
and shrinkage were further studied using logarithmic, expo-
nential and linear models.

The generalized linear mixed model (GENLINMIXED) 
procedure in IBM SPSS Statistics was used to analyse the 
significance of potential predictor variables for the basic 
density and shrinkage and to fit the models to the data. Pair-
wise contrasts of categorical values were calculated with 
least significant difference (LSD) test.

The analysis of variance (ANOVA) was employed to 
compare the juvenile wood growth rates (20 first year rings 
from the pith outwards) across the stand types in Chap. 3.2.4.

The R-square values between basic density and the tree-
level variables were calculated to identify predictors for the 
model. A linear mixed model was developed to analyse the 
basic density of trees (Eq. 4). The stand-level and tree-level 
variables and their transformations were used as predictors. 
The data had a hierarchical structure, which was considered 
by including the random effects of stand, tree and log in 
the variance component model. Forest site type, stand type, 
cambial age and a common logarithm (log10) transformation 
of vertical position were included as variables.

Basic density was modelled by fitting the square root 
transformation of a linear mixed model
√

ρ = b0 + sitej + standk + cmbage + log10 (h) + sitej ∗ cmbage

+ sitej ∗ log10 (h) + cmbage ∗ log10 (h) + us + uts + ults + ϵ ,
� (4)

 where ρ = basic density (kg/m3), b0 = intercept, sitej = forest 
site type, standk = stand type, cmbage = cambial age (years), 
h = height position (m), us = random stand effect, uts = ran-
dom tree effect, ults = random log effect, ε = random error 
term.
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for Scots pine, the latewood percentage increased from pith 
outwards and stabilised when approaching bark, but where 
Pinus obovata and Pinus sibirica were concerned, the incre-
ment of latewood proportion from pith to bark was gradual. 
Vargas-Hernandez et al. (1994) reported an increase in the 
latewood proportion of Douglas fir (Pseudotsuga menzie-
sii) with age, although the increase was irregular during the 
initial years. As the latewood formation starts only when 
the elongation of the leading shoot has ended, the latewood 
proportion markedly depends on the length of its formation 
period (Vargas-Hernandez and Adams 1991). The proximity 
of foliage organs favours the formation of earlywood, hence 
usually resulting in low latewood proportion in young trees 
(Larson 1969).

In general, the wood material from sites with high or 
medium fertility (Myrtillus type and Vaccinium type) had 
a lower latewood proportion than the wood from sites with 
low fertility (Calluna type, Vaccinium vitis-idaea trans-
formed type and dwarf-shrub transformed type). As an 
exception, the latewood percentage on Vaccinium vitis-
idaea transformed type was at the same level with the sites 
of high or medium fertility. The standard deviation of late-
wood proportion was relatively consistent across the site 
types, except for the dwarf-shrub transformed type, where 
the variation was notably lower. The results were consistent 
with earlier studies on Scots pine in which high site fertility 
was associated with accelerated growth, resulting in wider 
earlywood area of growth rings in boreal conditions (e.g., 
Hakkila 1966; Hakkila et al. 2020). A potential explana-
tion is that wide growth rings are linked to high levels of 
photosynthesis, which require greater water transportation 
capacity, as in softwoods, water primarily moves through 
the earlywood (Kärkkäinen 2007).

3.2  Basic density

3.2.1  Average stem density

The average basic density of individual sample trees was 
414  kg/m3, with a standard deviation of 30  kg/m3. This 
value was calculated as the area-weighted stem density. 
Basic density and its tree-to-tree variation were the highest 
in second thinning trees, 435  kg/m3 (std. dev. 29  kg/m3), 
the values being lower in first-thinning trees 404 kg/m3 (std. 
dev. 28 kg/m3) and in final-felling trees 406 kg/m3 (std. dev. 
17  kg/m3). The positive effect of tree age on the average 
basic density of a stem is illustrated in Fig. 2a. Even though 
the trend is clear (R2 = 0.245), there is considerable varia-
tion in area-weighted stem density in all stand types.

In the first-thinning and final-felling trees, the average 
basic density of a stem was at the same level as in other 
studies on Scots pine. It should be noted that in most of the 

In this data, stand type had a complex effect on growth 
ring width. When comparing materials from Myrtillus sites, 
the growth ring width of trees was higher in the first thin-
nings than in the second thinnings or final fellings, on aver-
age (Table  2). Where the Vaccinium type was concerned, 
the difference between first and second thinnings was mar-
ginal. The order of second thinnings and final fellings may 
indicate notable differences in the other growth conditions 
of sample trees. The factors such as minimal shading due 
to the low stand density or dominant position of a tree are 
known to promote the growth of trees which, in turn, is neg-
atively correlated with the latewood proportion and further, 
with wood density (Kellomäki 1981; Butterfield 2003). In 
our study, the final-felling trees likely benefited from the 
growth impulse provided by the previous thinning, or thin-
nings, and the subsequent wider spacing. This probably 
increased the width of growth rings formed after thinning, 
compared to the second-thinning forests where the number 
of trees per hectare was relatively high, thus suppressing 
the growth of individual trees. The results on growth rate 
followed the findings by Kärenlampi and Riekkinen (2004) 
on the decreasing growth rate along with the tree age. Simi-
larly, Knapic and Pereira (2005) noted that the growth rate 
of maritime pine (Pinus pinaster Ait.) decreases along with 
the cambial age.

The descriptive statistics indicated minor differences in 
the latewood proportions between the stand types and the 
site types (Table  2). The differences between stand types 
were small but with relatively high standard deviations. 
Sarkhad et al. (2022) studied pine species and noted that 

Table 2  Mean values and standard deviations of the growth ring width 
(mm) and latewood proportion (%) of trees by site type and stand type
Site type First thinning Second thinning Final 

felling
Growth ring width (mm)

Myrtillus 2.83 ± 0.57 
(n = 20)

2.00 ± 0.23 
(n = 10)

2.04 ± 0.35 
(n = 20)

Vaccinium 1.78 ± 0.54 
(n = 21)

1.95 ± 0.31 
(n = 10)

–

Calluna – 1.16 ± 0.29 
(n = 10)

–

Vaccinium 
vitis-idaea

2.24 ± 0.52 
(n = 20)

– –

Dwarf-shrub – 1.01 ± 0.27 
(n = 10)

–

Latewood proportion (%)
Myrtillus 33.2 ± 2.4 

(n = 14)
33.2 ± 1.2 (n = 5) 34.7 ± 2.2 

(n = 10)
Vaccinium 34.4 ± 3.1 

(n = 10)
34.2 ± 1.3 (n = 5) –

Calluna – 36.8 ± 2.4 (n = 5) –
Vaccinium 
vitis-idaea

35.7 ± 3.6 
(n = 10)

– –

Dwarf-shrub – 36.3 ± 0.7 (n = 5) –
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The latewood proportion and growth ring width had 
opposite effects on the average basic density of a stem. Spe-
cifically, the basic density increased with higher latewood 
proportions, whereas an increase in the growth ring width 
corresponded to lower basic density values (Fig. 2b and c). 
In addition, the R2 value between growth ring width and 
area-weighted stem density was considerably higher (0.427) 
than the corresponding value between latewood proportion 
and area-weighted stem density (0.179). The results illus-
trated in Fig. 2b and c were expected based on the higher 
density of latewood and the findings that latewood width 
remains relatively constant while the earlywood width 
is more affected by the increase in the growth rate (e.g., 
Mäkinen et al. 2002; Bowyer et al. 2007; Kärkkäinen 2007; 
Richter 2015). The correlation between ring width and 
wood density is influenced by climatic patterns. Sites that 
experience spring drought but subsequently enjoy favour-
able growth conditions during the later growing season may 

former research, before and during the 1960’s, the results 
were obtained from naturally regenerated forests which, 
due to their slower growth and presumably more inconsis-
tent forest management, were expected to hold somewhat 
higher basic density than the current commercial forests in 
Finland (e.g., Hakkila 1966; Hakkila 1979). More recently, 
Kankare et al. (2022) studied wood properties of Scots pines 
approaching the second thinning stage and reported some-
what higher mean densities than those in our study.

In contrast to the Finnish studies, very high average ring 
density values, 588  kg/m3, were reported in Portugal for 
mature trees with the average age of 46–66 years, thus indi-
cating a good suitability of Scots pine for reforestation espe-
cially in the mountain areas (Fernandes et al. 2017). Our 
study focused on thinning forests and therefore the final-
felling trees, which usually have the highest wood density, 
were less present in this data than in the reference studies.

Fig. 2  (a) Age (years), (b) latewood proportion (%) and (c) growth ring width (mm) of sample trees versus area-weighted stem density (kg/m3) 
by stand type
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thinnings than in mature trees, probably due to the presum-
ably higher juvenile wood proportion of young trees in their 
data on Scots pine from the mountain areas in Galicia, in the 
north-western Spain. Hakkila et al. (2020) concluded that 
owing to the higher latewood proportion, the basic density 
of mature trees is higher than the density of young trees.

3.2.3  Vertical and radial variation of density

Wood density varied within the trees, decreasing from base 
to top in all stand types (Fig. 3), as typical for Scots pine 
and other species with increasing density from pith to bark 
(e.g., Uusvaara 1974; Calvo et al. 2006; Auty et al. 2014). 
The change in density along with the height is due to the 
lower average cambial age of wood and the increase in rela-
tive proportion of juvenile wood in the upper parts of stem 
(Jalava 1945; Kollmann and Côté 1984; Zobel and van Bui-
jtenen 1989; Uusvaara 1991; Kärkkäinen 2007). Supporting 
the findings by Uusvaara (1974) and Repola (2006), Fig. 3 
illustrated that the longitudinal decrease in density was the 
most intensive in the stem base and levelled towards the top. 
At all heights, the wood density was the lowest in first thin-
nings, whereas the difference between final fellings and sec-
ond thinnings was negligible. Similarly to our study, Deng 
et al. (2014) found for Chinese red pine (Pinus massoniana 
L.) that independent of the height position within a tree, the 
density of mature trees surpassed that of young trees.

In the vertical direction, density was the highest in the 
stem base, i.e., at the relative height of 10% or lower, and 
the lowest density was found at the top of the merchantable 
stem. The difference between the lowest and highest stem 
parts was approximately 80  kg/m3 and the gap increased 
along with the age of the trees. The vertical variation in 
density in our study was smaller than that in, for instance, 
Repola (2006), Deng et al. (2014) and Hakkila et al. (2020), 
as they recorded differences of over 100 kg/m3 between the 
tree base and the top for Scots pine and Chinese red pine. 
More in detail, Hakkila et al. (2020) reported the basic den-
sity of 409, 447 and 465 kg/m3 for 5-meter butt logs of Scots 
pine in first thinnings, second or third thinnings and final 
fellings, respectively. In upper logs, the corresponding val-
ues of basic density were 373, 399 and 393 kg/m3. Accord-
ing to Hakkila et al. (1995), the density at stump height of 
the first-thinning trees was approximately 15% higher than 
that at the top. Riesco Muñoz and Díaz González (2007) 
observed for thinning-stage Scots pine only a 5% decrease 
in basic density from the stem base to the height of five 
metres, the basic density of a 5-meter butt log being 470 kg/
m3, on average. They concluded that the density had less 
effect on the number of merchantable timber assortments 
obtained from a tree than the stem diameter at different 
heights. Moreover, based on the modest vertical decrease 

exhibit a positive relationship between growth ring width 
and wood density. However, it is more likely that the major-
ity of the growth increment occurs in spring, resulting in a 
negative correlation between density and growth ring width 
(Wimmer and Downes 2003).

3.2.2  Variation of average stem density according to stand 
type and site type

Based on the descriptive statistics, the site type and stand 
type markedly affected the basic density (Table 3). Among 
the site types, the wood density was lowest in the first thin-
nings of Myrtillus type and Vaccinium vitis-idaea trans-
formed type. Wood from Vaccinium type, dwarf-shrub 
transformed type and Calluna type had higher density and 
the differences between site types were notable. Similarly, 
Hakkila (1966) reported a statistically significant differ-
ence in the basic density of first-thinning wood between 
fertile and poor mineral soil site types in Finland. Instead, 
Aleinikovas and Grigaliūnas (2006) found no statistically 
significant differences in the wood density between three 
forest site types with different fertility levels in Lithuania. 
Guller et al. (2012) observed that while the radial growth 
of young Calabrian pine (Pinus brutia) trees was dependent 
on the forest site properties, the wood density did not vary 
statistically significantly between the site types. Accord-
ing to Carson et al. (2014), the growth rate as such had a 
weak correlation with wood density while the stand density 
and the silvicultural manipulation of trees by pruning had a 
greater effect.

The results indicated that in Myrtillus type the density 
was higher in the second thinnings and final fellings than 
in the first thinnings. In the second thinnings, the density 
in Myrtillus type was at the same level with that of the Vac-
cinium type. Moreover, the difference in the Vaccinium type 
between the first and second thinnings was small. In our 
study, the second-thinning stands originated mostly from 
site types which were poor in nutrients and with relatively 
high age, whereas the final-felling forests were from Myrtil-
lus type. Riesco Muñoz and Díaz González (2007) noted 
that the density of Scots pine was lower in young trees from 

Table 3  Mean values and standard deviations of the average stem den-
sity (kg/m3) by site type and stand type
Site type First thinning Second thinning Final 

felling
Average stem density (kg/m3)

Myrtillus 380 ± 30 (n = 20) 407 ± 41 (n = 10) 406 ± 17 
(n = 20)

Vaccinium 425 ± 37 (n = 21) 420 ± 17 (n = 10) –
Calluna – 471 ± 40 (n = 10) –
Vaccinium 
vitis-idaea

400 ± 24 (n = 20) – –

Dwarf-shrub – n –
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maximum cambial age around 90 years found in the mature 
trees and none of the studied strata indicated a clear culmi-
nation or a downward-turning trend for density in the radial 
direction.

Where the site types were concerned, at all radial loca-
tions from the pith and at the 5-m height, density was higher 
in the poorest mineral soil site type, i.e., Calluna type, than 
in Myrtillus and Vaccinium types (Fig.  4a). Instead, there 
was a constant difference in the density between dwarf-
shrub and Vaccinium vitis-idaea transformed types in 
drained peatlands (Fig. 4b). According to Uusvaara (1974), 
an exceptionally high nutrient content of forest soil empha-
sises the effect of site type on wood density. In our study this 
kind of pronounced effect was not noticed as Myrtillus type 
was the most fertile site type. As presented in Fig. 4c for 
Myrtillus type forests, the average density was very similar 
in all stand types in terms of location from the pith.

In our study, the difference in wood density between pith 
and close to bark was at its highest at the relative height-
position of 10–20%. The wood density of conifers gener-
ally increases outwards from pith at all height-positions, the 

in density, Riesco Muñoz et al. (2008) suggested that the 
second and even the third logs of the thinned trees could be 
utilised as raw material for the timber industry. In our study 
the sample discs at the diameter of 8 cm represented the tree 
top whereas for instance Repola’s (2006) study included 
there the full unmerchantable top sections and Hakkila et 
al. (1995) considered the top section beyond the diameter 
of 7 cm.

The wood density increased in the radial direction from 
pith to bark (Figs. 4, 5, 6). The density was clearly lower 
in the core, including the pith, than close to the bark, thus 
increasing along with the tree age. In southern Finnish con-
ditions, the density of mature Scots pine trees was noted to 
reach its highest value at the tree age of 80 years (Hakkila 
1979). Moreover, several studies reported the increment of 
wood density from pith outwards and its stabilisation after 
20–30 growth rings, as well as a decrease over the first 
growth rings followed by an increase towards the bark (e.g., 
Hakkila 1966; Riesco Muñoz et al. 2008; Auty et al. 2014; 
Kimberley et al. 2015; Dias et al. 2018). In this study, the 
sample trees were mainly from thinning forests, with the 

Fig. 3  Vertical variation of the basic density (kg/m3) within a stem by stand type. Fit curves: Myrtillus type, cambial age of 15 years
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the 2-level interaction terms between site type, cambial age 
and height position were very significant (p < 0.001).

In pairwise comparisons between the site types, a sig-
nificant difference was observed between Myrtillus and Cal-
luna types (p = 0.033) (Table  5). The parameter estimates 
indicated that the soil nutrient levels markedly affected the 
basic density of wood, resulting in the highest densities in 
the poorest site types of this study, both in mineral soils 
(Calluna type) and in drained peatlands (dwarf-shrub trans-
formed type). Similarly, in the study by Kask et al. (2021), 
the site characteristics were concluded to affect the basic 
density so that less fertile site types produced higher wood 
density in comparison to Myrtillus type.

Significant differences were observed between stand 
types in the pairwise comparison of the first and second 
thinnings (p = 0.018), indicating that the basic density 
was higher in older stands (second thinning) compared to 

difference being largest at the relative height of 10% and 
diminishing above that towards the top of the tree (e.g., 
Cown 1974; Uusvaara 1974). Guller et al. (2012) reported 
that the increase in wood density of Calabrian pine (Pinus 
brutia) from pith to bark was primarily due to the higher 
latewood proportion close to the bark. A similar conclusion 
could be made in our study based on the increasing radial 
trend of latewood proportion and density.

3.2.4  Linear mixed model for basic density

According to the square root transformation of the linear 
mixed model for basic density, the differences between site 
types, cambial age and the logarithm of height position were 
very significant (p < 0.001) (Table  4). Furthermore, differ-
ences between stand types were significant (p < 0.05). All 

Fig. 4  (a) Radial variation of basic density (kg/m3) within a stem by 
site type in mineral soils in second thinnings. (b) Radial variation of 
the basic density (kg/m3) within a stem by site type in peatlands. Lin-
ear fits: Vaccinum vitis-idaea type in first thinning and dwarf-shrub 

type in second thinning. (c) Radial variation of the basic density (kg/
m3) within a stem by the stand type. Linear fits: Myrtillus type. In all 
Figures the linear fits were presented for the height position of 5 m
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first and second thinnings were only 24  mm and 12  mm, 
respectively. Thus, based on our assessment, the ‘P’ speci-
mens predominantly represent juvenile wood, while the 
‘N1/S1’ specimens likely consist of both juvenile wood and 
mature wood – or solely mature wood depending on growth 
rate – and the N2/S2 specimens correspond to mature wood. 
The cumulative width was counted as the average of two 
opposite measurements from the pith outwards. In the anal-
ysis of variance, the differences in growth rate between the 
different stand types were statistically significant in Myrtil-
lus type (F(2,58) = 17.542; p < 0.001), but not in Vaccinium 
type (F(1,29) = 2.796; p = 0.105).

In Myrtillus type forests, the higher growth rate of juve-
nile wood in the first-thinning stands compared to the older 
stands accounts for the observed differences in basic den-
sity. The growth of Scots pine trees is usually slowing down 
with the age (Kärenlampi and Riekkinen 2004; Knapic and 
Pereira 2005). In addition, the faster growth of the first-
thinning trees may be due to the current, more intensive sil-
vicultural practices, such as tending of sapling stands. We 
assume that regarding the proportions of juvenile wood, a 
difference between the first-thinning and second-thinning 
stands would have been observed also in drained peatlands. 
In drained peatlands, the first-thinning trees were relatively 
young at the time of this study and thus, the accelerated 
growth due to the drainage had started early, maybe even 
in the sapling phase of the forest. The second-thinning trees 
were markedly older and their growth had been very slow 
before the drainage, due to which the absolute volumetric 
proportion of juvenile wood could be expected to be lower 
in the second thinnings than in the first thinnings.

younger stands (first thinnings). The difference between 
the first thinnings and final fellings was not significant 
but, however, relatively close to the limit of significance 
(p = 0.068). These results are consistent with the findings of 
Auty et al. (2014), who observed a decreasing proportion 
of low-density wood with increasing tree age. Their study 
compared wood material from trees harvested at 70 years 
and 100 years, demonstrating this trend. The results suggest 
potential changes in wood material as sapwood transitions 
to heartwood, which is characterised by a higher content of 
extractives (Kärkkäinen 2007). It should be noted, however, 
that only two final-felling stands were included in the pres-
ent study, which contributes to the uncertainty of the results.

In Scots pine, the juvenile wood section can be roughly 
represented by the first 20 growth rings from pith outwards: 
Mutz et al. (2004) modelled the transition between the juve-
nile and mature wood to approximately 22 years. In our data 
from Myrtillus type, the cumulative widths of the first 20 
growth rings in the butt logs of the first thinnings, second 
thinnings and final fellings were 56, 24 and 34 mm, respec-
tively. In Vaccinium type, the corresponding values for the 

Table 4  Fixed effects in the linear mixed model for the basic density 
(kg/m3)
Source F df1 df2 p
Site type 6.139 4 2332 < 0.001
Stand type 3.441 2 2332 0.032
Cambial age 41.943 1 2332 < 0.001
Height position log10 975.526 1 2332 < 0.001
Site type * Cambial age 22.182 4 2332 < 0.001
Site type * Height position log10 24.738 4 2332 < 0.001
Cambial age * Height position log10 428.633 1 2332 < 0.001

Fig. 5  Radial, tangential, longitudinal and volumetric shrinkages (mean values ± 95% confidence interval) according to the (a) stand type and (b) 
the radial position of a specimen. The data points were presented for the height position of 3 m
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In our study, both the horizontal and vertical positions 
within a tree had a very significant effect on basic density. 
The coefficients for cambial age and height position indi-
cated that the density increased along with the age from pith 
to bark and decreased from base to top. The results echoed 
the findings on Scots pine by Uusvaara (1974), where the 
tree age and height position within a tree were observed as 
significant factors when modelling the basic density. Auty et 
al. (2014) studied the within-tree variation of basic density 
in Scots pine using a mixed-effects model similarly to our 
study and proved that the wood density can be modelled 
with the factors such as the cambial age, growth ring width 
and the height position in the stem.

We observed that the interaction term of site type and 
cambial age was significant for basic density, thus implying 
a decrease in relative differences in basic density between 
the site types as cambial age increased. The corresponding 
trend was clearly noticeable in vertical position: in fertile 
site types, basic density decreased more slowly from the 
stump towards the top than in the less fertile site types. 
Moreover, there was a significant interaction between cam-
bial age and height position, with density increasing more 
rapidly at higher positions for a given distance from the pith 
towards the bark.

Most of the unexplained variation was observed at the 
residual level (Table 6). Furthermore, unexplained variation 
at the tree and log levels was relatively high. This might be, 
i.e., due to the previous silvicultural actions in the stands or 
the spatial distribution of trees and its effects on root com-
petition and light conditions. At the stand level the variance 
was relatively low. R2 value, which describes how well the 
model explains the variability of observed data, is relatively 
good (0.471).

3.3  Shrinkage

The shrinkage of Scots pine wood was roughly 4% in the 
radial, 7% in the tangential and 0.3% in the longitudinal 
direction, while the volumetric shrinkage was 11%, on 
average (Table 7). The results were either comparable to or 
slightly lower than those reported in earlier studies. In the 
data from mature and later thinning stage Scots pines from 
Finland and Sweden, the radial shrinkage varied between 
2% and 5% and the tangential shrinkage between 5.5% and 
8.5%, depending on the cambial age, height position within 

Higher heartwood content in older stands might also 
explain the increase in density to some extent. According to 
Edvardsson et al. (2022), median age for the first heartwood 
ring formed in Scots pine is between 25 and 40 years in 
certain regions in Sweden. Uusitalo (2004) concluded that 
in southern Finland, the heartwood formation of Scots pine 
starts approximately at the cambial age of 20 years. Since 
the proportions of extractives such as pinosylvin, resin acids 
and free fatty acids increase during the heartwood forma-
tion, this may change not only the chemical properties but 
also the mechanical properties of wood (Bergström 2003; 
Pereira et al. 2003; Kärkkäinen 2007).

Table 5  Fixed coefficients of the square root transformation in the 
linear mixed model for the basic density (kg/m3). Normal probability 
distribution is assumed
Variable Estimate Std. 

Error
95% Confi-
dence Interval
Lower Upper

Intercept 21.253 0.472 20.326 22.179
Site type (ref: Dwarf-shrub)

Myrtillus –1.243 0.419 –2.064 –0.422
Vaccinium –0.143 0.421 –0.969 0.683
Calluna type 0.276 0.465 –0.635 1.188
Vaccinium 
vitis-idaea

–0.626 0.488 –1.582 0.331

Stand type (ref: Final felling)
First thinning –0.558 0.306 –1.157 0.041
Second thinning 0.094 0.339 –0.571 0.759

Cambial age 0.003 0.003 –0.002 0.008
Height position log10 –2.116 0.152 –2.415 –1.818
Interaction of site type and cambial age (ref: Dwarf-shrub 
* Cambial age)

Myrtillus * Cam-
bial age

0.024 0.003 0.018 0.030

Vaccinium * 
Cambial age

0.000 0.004 –0.007 0.007

Calluna * Cam-
bial age

0.015 0.005 0.006 0.024

Vaccinium vitis-
idaea * Cambial 
age

0.002 0.007 –0.011 0.016

Interaction of site type and height position log10 (ref: Dwarf-shrub * 
Height position log10)

Myrtillus * 
Height position 
log10

1.006 0.159 0.694 1.318

Vaccinium * 
Height position 
log10

0.347 0.171 0.012 0.681

Calluna * Height 
position log10

–0.061 0.206 –0.465 0.343

Vaccinium vitis-
idaea * Height 
position log10

0.701 0.193 0.323 1.079

Cambial age * Heigh posi-
tion log10

0.027 0.001 0.025 0.030

Table 6  Variation of random effects in linear mixed model for the basic 
density (kg/m3)
Random effect Variance Fitting statistics
Stand 0.057 R2 0.471
Tree 0.346 Bias 0.06 (0.3%)
Log 0.245 RMSE 1.05 (5.3%)
Residual 0.566
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revealed significant differences in radial shrinkage between 
the first and second thinnings, with the second thinnings 
exhibiting a markedly higher shrinkage (p = 0.002). The 
parameter estimates for radial shrinkage indicated 0.33% 
points lower value for the first-thinning wood than for the 
final-felling wood, while the shrinkage of the second thin-
ning wood was 0.20% points higher than the final-felling 
reference. The differences between the first thinnings and 
final fellings (p = 0.118), as well as between the second thin-
nings and final fellings (p = 0.362) were not significant.

In the case of tangential shrinkage, all pairwise compari-
sons between the stand types were statistically significant 
(p < 0.001), the first thinnings having the lowest and the final 
fellings the highest shrinkage. Based on the parameter esti-
mates, the tangential shrinkage was 0.91% points smaller in 
the first thinnings than in the final fellings.

The differences in transverse shrinkage between the first 
thinnings and other stand types can be attributed to varia-
tions in wood density, the rapid growth of young, first-
thinning-stage trees and the presence of juvenile wood. The 
radial and tangential shrinkages were positively correlated 
with density, which in turn, was significantly lower in the 
first thinnings than in more mature stand types (Tables  3 
and 4). The low density is explained by the rapid growth 
rate of the first-thinning trees of this study, which leads to 
a higher proportion of earlywood rather than high-density 
latewood (Uusvaara 1974; Mäkinen et al. 2002). Due to its 
higher relative density, latewood tends to shrink more than 

a tree and the geographical region (Grekin and Verkasalo 
2010). In Czech Republic, Scots pine wood exhibited radial 
shrinkage ranging from 4.9 to 5.7% and tangential shrink-
age ranging from 7.2 to 8.1%, in a study which compared 
two cutting regimes, the shelterwood method and clearcut-
ting (Schönfelder et al. 2018).

Significant positive correlations were observed between 
radial shrinkage and density (0.161, p < 0.001), tangential 
shrinkage and density (0.258, p < 0.001), as well as volu-
metric shrinkage and density (0.296, p < 0.001). According 
to general understanding, there is a positive relationship 
between density and the aforementioned shrinkage prop-
erties, but the relationship between longitudinal shrinkage 
and density is negative (Yao 1969; Dumail and Castera 
1997; Calvo et al. 2006; Kärkkäinen 2007; Riesco Muñoz 
et al. 2008; Schönfelder et al. 2018; Hara et al. 2023). As 
an exception to the previous statement, compression wood, 
despite its higher density, is more prone to longitudinal 
shrinkage due to the deviating, high microfibril angle of the 
S2 layer (e.g., Saranpää 1997; Bowyer et al. 2007). More-
over, compression wood is often linked with juvenile wood, 
as well as with high microfibril angle and spiral grain and 
therefore, it usually has a higher tendency for longitudinal 
shrinkage than the normal wood (Bowyer et al. 2007; For-
est Products Laboratory 2010). In our data, however, the 
correlation of density and longitudinal shrinkage was not 
statistically significant (p = 0.839). Statistically significant 
correlations were noted between the radial and tangen-
tial shrinkage (0.286, p < 0.001), radial and longitudinal 
shrinkage (0.343, p < 0.001) and tangential and longitudinal 
shrinkage (0.090, p < 0.001).

Linear mixed models were constructed for the different 
shrinkage properties (Table  8). Based on the fixed coef-
ficients, the stand type and original height position of a 
specimen significantly affected the radial, tangential and 
volumetric shrinkage values. All studied shrinkage proper-
ties, including the longitudinal shrinkage, varied markedly 
according to the radial position of a specimen.

The linear mixed models indicated the lowest radial, tan-
gential and volumetric shrinkage values in the wood from 
the first thinnings (Table 9; Fig. 5a). Pairwise comparisons 

Table 7  Mean values and standard deviations of relative radial, tan-
gential, longitudinal and volumetric shrinkages by the stand type in 
clear wood specimens
Stand 
type

Radial 
shrinkage

Tangential 
shrinkage

Longitudinal 
shrinkage

Volumetric 
shrinkage

Mean ± Std. dev. (% ± %-points)
First 
thin-
ning

4.038 ± 1.291 
(n = 1183)

6.981 ± 1.554 
(n = 882)

0.430 ± 0.952 
(n = 1187)

10.825 ± 2.283 
(n = 877)

Second 
thin-
ning

4.442 ± 1.329 
(n = 1322)

7.158 ± 1.583 
(n = 1017)

0.137 ± 0.964 
(n = 1315)

11.249 ± 2.422 
(n = 1011)

Final 
felling

4.195 ± 1.367 
(n = 1010)

7.431 ± 1.606 
(n = 821)

0.286 ± 0.762 
(n = 1010)

11.414 ± 2.520 
(n = 818)

Table 8  Fixed effects in the linear mixed models for radial, tangential, longitudinal and volumetric shrinkage (%)
Dimension Radial Tangential
Source F df1 df2 p F df1 df2 p
Stand type 5.142 2 3509 0.006 24.516 2 2715 < 0.001
Radial position 256.420 2 3509 < 0.001 167.959 1 2715 < 0.001
Height position 71.504 1 3509 < 0.001 90.356 1 2715 < 0.001
Dimension Longitudinal Volumetric
Source F df1 df2 p F df1 df2 p
Stand type 1.883 2 3506 0.152 5.043 2 2701 0.007
Radial position 74.108 2 3506 < 0.001 312.910 1 2701 < 0.001
Height position 2.134 1 3506 0.144 198.060 1 2701 < 0.001
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in the N1/S1 samples, compared to the reference level of 
N2/S2 (Fig. 5b). The data was verified to eliminate poten-
tial measurement errors that could explain the unexpected 
shrinkage behaviour of P and N1/S1 samples. Kantieva et 
al. (2023) observed the lowest radial shrinkage of Scots 
pine between the pith and the medium of the tree radius, 
the most substantial differences being in the top part of the 
trunk. A similar pattern of radial shrinkage, with the high-
est values near the pith and followed by a rapid decline, 
was observed by Ruano et al. (2022) in a small dataset of 
black pine (Pinus nigra). In contrast to the results in this 
study, radial shrinkage remained stable in outer part of the 
tree after the rapid drop. In the models for Scots pine, radial 
shrinkage increased from the pith outwards and then sta-
bilized, which was largely due to the composition of the 
sample from mature or close to mature forests (Grekin and 
Verkasalo 2010).

For the longitudinal shrinkage, the differences between 
P and N1/S1 as well as between P and N2/S2 were signifi-
cant (p < 0.001). In addition, the difference between N1/S1 
and N2/S2 in the longitudinal shrinkage was close to the 
significance limit (p = 0.054). These results were aligned 
with earlier studies, as the longitudinal shrinkage usually is 
markedly higher in the juvenile wood area than in the outer 
parts of the cross section, (e.g., Bowyer et al. 2007; Riesco 
Muñoz and Díaz González 2007). Ivković et al. (2009) 
noted similar trends for radiata pine, characterised with a 

earlywood, with tangential shrinkage being particularly 
influenced by latewood (Kärkkäinen 2007). Based on the 
cumulative width of juvenile wood in different stand types, 
its proportion was markedly larger in the first thinnings than 
in the second thinnings or final fellings. Thus, the greater 
microfibril angle of the secondary wall in the juvenile wood 
area decreases the transverse shrinkage of the first-thinning 
wood (Bowyer et al. 2007; Kärkkäinen 2007).

For the longitudinal shrinkage, difference between the 
first and second thinnings was close to the significance limit 
(p = 0.053), but statistically significant differences were not 
detected between any of the stand types, i.e., first thinnings 
and final fellings (p = 0.605), or second thinnings and final 
fellings (p = 0.332).

Where the volumetric shrinkage was concerned, statis-
tically significant differences were detected between the 
first thinnings and second thinnings (p = 0.011), as well as 
between the first thinnings and final fellings (p = 0.008). The 
difference between second thinnings and final fellings was 
not statistically significant (p = 0.539).

Within the stem cross-section only N1/S1 and N2/
S2 specimens were included in the analyses of tangential 
and volumetric shrinkages (Table  9). Both in the radial 
and tangential directions, all pairwise differences between 
the radial sample positions were statistically significant 
(p < 0.001). The model estimate for radial shrinkage was 
the highest in the pith-enclosed samples and the lowest 

Table 9  Fixed coefficients in the linear mixed model for radial, tangential, longitudinal and volumetric shrinkage (%). Normal probability distribu-
tion is assumed
Dimension Radial Tangential
Variable Estimate Std. Error t-Value Sig. Estimate Std. Error t-Value Sig.
Intercept 4.833 0.185 26.057 < 0.001 8.552 0.128 66.887 < 0.001
Stand type 
(ref: Final felling)

First thinning –0.331 0.212 –1.564 0.118 –0.911 0.130 –6.992 < 0.001
Second thinning 0.203 0.222 0.911 0.362 –0.454 0.117 –3.866 < 0.001

Radial position 
(ref: N2/S2)

P 0.219 0.046 4.749 < 0.001 – – – –
N1/S1 –0.623 0.039 –16.034 < 0.001 –0.515 0.040 –12.960 < 0.001

Height position –0.037 0.004 –8.456 < 0.001 –0.090 0.009 –9.506 < 0.001
Dimension Longitudinal Volumetric
Variable Estimate Std. Error t-Value Sig. Estimate Std. Error t-Value Sig.
Intercept 0.289 0.155 1.863 0.063 13.265 0.387 34.238 < 0.001
Stand type 
(ref: Final felling)

First thinning 0.092 0.178 0.517 0.605 –1.179 0.444 –2.658 0.008
Second thinning –0.182 0.187 –0.970 0.332 –0.285 0.466 –0.611 0.541

Radial position 
(ref: N2/S2)

P 0.300 0.027 11.116 < 0.001 – – – –
N1/S1 0.044 0.023 1.931 0.054 –1.054 0.060 –17.689 < 0.001

Height position –0.005 0.003 –1.461 0.144 –0.129 0.009 –14.073 < 0.001
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somewhat failed to detect the presence of reaction wood in 
the specimens.

4  Conclusion

The linear mixed model proved to be an effective method 
for assessing the impacts of multiple factors on basic density 
and the shrinkage properties of Scots pine wood. The results 
confirmed that wood with moderate or even relatively high 
basic density and acceptable shrinkage could be harvested 
from both final fellings and second thinnings.

The densities of second-thinning and final-felling wood 
were comparable. The relatively high age of the second-
thinning trees likely explained their higher density. This 
may be attributed to a significant proportion of latewood 
and a low proportion of juvenile wood in the mature wood 
material. As a Scots-pine forest reaches the second-thinning 
stage, tree growth begins to stabilise. This leads to a steady 
increase in the proportion of latewood and the commence-
ment of heartwood formation.

The linear mixed models indicated clear differences 
between the stand types in radial, tangential and volumet-
ric shrinkage at a given distance to the pith. According to 
the model parameters, the lowest shrinkage values were 
observed in first thinnings. This may be attributed to the 
presence of juvenile wood, as well as changes in silvicul-
tural practices over the decades. The initial growth of the 
current first-thinning forests has likely been accelerated by 
intensive forest management practices such as tree breed-
ing, tending of sapling stands and drainage of peatlands. 
Consequently, these practices lead to lower wood density 
and a reduced tendency for shrinkage, particularly in the 
radial and tangential directions.

The significant residual variation observed in the shrink-
age models can be partly attributed to random measurement 
errors, particularly in the case of longitudinal shrinkage. 
The data did not reveal any systematic errors. In general, 
the first-thinning wood showed a wider variation in the stud-
ied properties compared to other stand development classes, 
which may be due to the characteristics of immature wood 
material, such as juvenile wood. Furthermore, defects and 
the formation of compression wood diminish the suitability 
of wood for further processing and applications that require 
high quality standards. The stem form and other technical 
defects are especially prevalent in the thinning removal.

Our study highlighted the sensitivity of Scots pine wood 
properties to the effects of forest stands. Based on the 
observed density and shrinkage properties, raw material 
suitable for the wood products industry would be available 
from carefully selected first thinning forests. The differences 
between second thinnings and final fellings were mostly 

steep decrease of longitudinal shrinkage from the juvenile 
wood area outwards.

For the volumetric shrinkage the differences between 
N1/S1 and N2/S2 samples were statistically significant 
(p < 0.001) and the largest shrinkage was noted in the out-
ermost samples. Similarly, for instance Riesco Muñoz et al. 
(2008) and Hara et al. (2023) reported a positive correlation 
between volumetric shrinkage and cambial age.

The parameter estimates indicated decreasing wood 
shrinkage upwards from the tree base. The radial shrinkage 
decreased by 0.037% points per metre, while the tangential 
and volumetric shrinkage decreased by 0.090 and 0.129% 
points, respectively. These results were in line with earlier 
research, confirming the effect of the height position (Yao 
1969; Dumail and Castera 1997; Calvo et al. 2006; Riesco 
Muñoz et al. 2008; Schönfelder et al. 2018; Grekin and Ver-
kasalo 2010; Hara et al. 2023). However, minor or insignifi-
cant effects of height position have also been reported (e.g., 
Ruano et al. 2022).

Variation of random effects and fitting statistics of the 
models are presented in Table 10. In radial shrinkage model, 
residual variation was the most substantial source of random 
variation. In tangential shrinkage model, variance on the log 
level was higher than the residual variation. Approximately 
50% of the total random variation of longitudinal and volu-
metric shrinkages were on the tree level. R2 values are the 
highest in tangential and volumetric shrinkage models. In 
longitudinal shrinkage, both bias and RMSE values were 
very high and R2 value very low, which was most probably 
explained by the random inaccuracy of longitudinal shrink-
age measurements as well as the low absolute shrinkage val-
ues in comparison to radial and tangential shrinkages.

The stem form defects and related reaction wood present 
in the harvested material may partly explain the variation in 
shrinkage values. However, a detailed analysis of the factors 
would require more information about the growth condi-
tions and the external properties of the trees. Although clear 
wood specimens are expected to be free from defects, the 
simple visual inspection conducted in this study may have 

Table 10  Variation of random effects in linear mixed model for shrink-
age and fitting statistics (in %-points)
Random 
effect

Radial Tangential Longitudinal Volu-
metric

Tree 0.620 – 0.448 2.723
Log 0.102 1.404 0.088 0.760
Residual 0.905 0.872 0.305 1.998
Fitting statistics
R2 0.10.8 0.33.9 0.038 0.341
Bias –0.08 

(–1.8%)
–0.02 
(–0.2%)

–0.03 
(–10.4%)

–0.15 
(–1.3%)

RMSE 1.27 
(29.3%)

1.50 (20.8%) 0.90 (288.4%) 2.27 
(20.1%)
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insignificant, and the results confirmed that the properties 
of second-thinning wood are more consistent than those of 
first-thinning wood, enabling its use in applications requir-
ing high density and reasonable shrinkage behaviour.
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