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Highlights
• Stem bark is significantly denser than wood and does not follow the same variation patterns 

along the stem.
• The main trend in radial variation of wood density was the increase from pith to bark.
• There is a weak relationship between mean basic density and commonly measured stand and 

tree parameters.

Abstract
The objective of this study was to investigate basic density and its within-stem variation by 
studying 84 European aspen stems from 28 forest stands in Latvia. The studied forest stands 
covered all age classes from young stands to matured forests in representative growth conditions 
of European aspen. The densities of 2722 wood and 1022 bark specimens were measured from 
the sampled trees. Only the knot-free wood specimens without obvious wood defects were chosen 
for analyses. A map of basic density summarizing its radial and axial variations was constructed 
to show species-specific, within-stem variability and the relationships between density and tree 
and stand variables were examined. Stem wood and bark of the European aspen show different 
patterns of basic density variation along the tree stem. Wood density increases from pith to bark 
up to certain dimensions and shows a slight decrease afterwards. The weighted basic density of 
bark (446 ± 39.6 kg m–3) was higher than stem wood density (393 ± 30.4 kg m–3). Our results sug-
gest that wood and bark density measurements obtained at breast height can be used for reliable 
estimation of the densities of whole-tree stem components, while tree parameters such as diameter 
at breast height (DBH), tree height and social status or stand parameters, including number of 
trees, basal area and age, are weak predictors in this context.
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1 Introduction

European aspen (Populus tremula L.) is one of the world’s most widely distributed tree species 
(Worrell 1995a). In Fennoscandia, aspen most often occurs as an admixture species in coniferous 
or birch-dominated stands (Heräjärvi 2009b; Rytter et al. 2016), which makes it difficult to supply 
to the forest products industries. Territorially scattered timber resources is one of the reasons why, 
despite the well-known qualities of aspen wood (white-colored, lightweight, homogenous, and 
easy to machine), its main uses are pulping and energy (Heräjärvi 2009a). Although European 
aspen is capable of regenerating by root suckers, and natural stands are highly productive (Tsarev 
2013), indicating the potential of this native tree species for coppice, the hybrid aspen (Populus 
tremuloides × P. tremula) is outcompeting the native species in the production of woody biomass 
in short rotation forestry (Tullus et al. 2012; Smilga et al. 2015). These are the main reasons why 
European aspen plays only a minor role in forestry in many European countries, as previously 
ascertained by Rock (2007) and Worrell (1995b).

Unlike in other European countries, European aspen in Latvia is a widespread tree species. 
According to national forest inventory data, the timber resources total of European aspen in Latvia 
is 63.4 million m3 (CSB 2015) out of 180 million m3 in the whole Nordic–Baltic region (Rytter et 
al. 2016). Local industry has found a use for aspen timber in the production of niche products, such 
as the wooden handles of gardening tools and the interiors of saunas, which makes high-quality 
aspen logs a desirable raw material in the timber market.

The exploration of wood density variations within stems is important for evaluating wood 
quality to determine the wood’s optimal use for specific products. Data on basic density in tree 
stems are also needed for biomass estimation as determined by multiplying the stem volume with 
the average stem wood density, the determination of the energy potential of wood and the appraisal 
of carbon stored in the tree stems. For such calculations, not only the wood density but also the 
density of the bark has to be considered.

The first attempt to study wood density variation in Latvia was made in the 1960s, when 
variation in aspen wood density among different morphotypes was reported (Smilga 1967). Basic 
wood density and its variations within the stems of European aspen have been investigated in a few 
studies in Finland (Kärkkäinen and Salmi 1978; Kärki 2001; Heräjärvi and Junkkonen 2006), while 
those of trembling aspen (Populus tremuloides Michx.) were studied in North America (Yanchuk 
et al. 2007). Common features of these studies are that the authors have focused on the technical 
quality of aspen wood, have mostly dealt with matured trees and have avoided investigations of 
bark density.

Our purposes are to extend the knowledge of variations in basic density within the stems 
of European aspen at various tree dimensions and to report the density of aspen bark based on 
material obtained in Latvia.

2 Materials and methods

The study materials comprised a total of 84 European aspen trees located in 28 forest stands 
representing a wide range of populations of this species in Latvia. The selected forest stands 
cover all age classes from young stands to matured forests in conditions suitable for the growth 
of productive aspen forests – well-drained mineral soils. Temporary, circular plots with an area of 
500 m2 were laid out to characterize each stand, and three stems representing the range of social 
statuses of trees – dominant, codominant and subdominant (FAO 2014) – were sampled for density 
measurements (Table 1).
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The tree stems were cross-cut towards the top into 1- or 2-m sections depending on the 
stem length (1-m sections for stems with a length below 20 m or 2-m sections for stems with a 
length over 20 m). To determine the weighted wood density of the entire stem and explore its 
within-stem variation, sample discs were collected at the base of each stem section as well as at a 
height of 1.3 m and at the midpoint of the first section. The locations of the discs along the stem 
were expressed as a relative height and ranged from 0 (butt) to 100 (top). The sample discs were 
transported to the laboratory for measurements of basic density, which was defined as the ratio of 
oven-dry mass to green volume.

The specimens for the knot-free density measurements were prepared from the discs using 
the scheme presented in the study of Liepiņš et al. (2017). The wood and bark specimens were 
measured separately, and density was determined using Precisa XB 220A scales equipped with 
a Precisa density determination set (Part no: 350-8556). Before the density measurements were 
conducted, all specimens were saturated with water by immersion for 24 hours (Ilic et al. 2000). 
For the calculation of basic density, all specimens were dried at 105 °C until a constant weight 
was achieved.

The weighted average formula was used to calculate the mean density of each sample 
disc from the specimens and their corresponding areas. The weighted density data from sample 
discs were used to represent axial variation in density in stems. The volume of each stem section 
(between two sample discs) was estimated using Smalian’s approach (Liepiņš et al. 2017). The 
density of each stem section was averaged from the values obtained from sample discs at both 
ends of the section, except for top sections in which the density of base sample discs was used. 
The weighted average formula was used to calculate mean stem density with bark (SD) from the 
sections’ densities and corresponding volumes. The same approach was used to calculate mean 
stem wood density (SWD) and mean stem bark density (SBD).

The relationships between SD, SWD and SBD and tree and stand characteristics were deter-
mined using Spearman’s correlation. The effect of tree social status (dominant, codominant and 
subdominant) on basic density was determined using one-way ANOVA. Data normality assump-
tions were tested using the Shapiro-Wilk test and Levene’s test was used to test for equality of 
variances between groups. Trees were sampled in 28 stands; between- and within-stand variations 
were analyzed using a linear mixed model analysis, in which the predictor variables in the models 
were treated as fixed effects and stand was treated as a random effect. Calculations were performed 
using the “lme4” package (Bates et al. 2015) in R software. Basic density variations within stems 
were modeled using ordinary kriging interpolation techniques in ArcMap 10.5 software.

Table 1. Characteristics of the sample trees and stands.

Tree (N=84) Stand (N=28)
DBH, 

cm
H, 
m

SWD, 
kg m-3

SBD, 
kg m-3

SD, 
kg m-3

Age, 
years

G, 
m2 ha-1

Number of stems 
per hectare

Mean 13.8 16.6 393 446 399 23 16.1 1685
Min 2.7 3.7 337 373 346 5 0.5 420
Max 34 29.9 472 570 481 76 45.2 3400
Std 8.3 8.5 30.4 39.6 29.6 18.2 11.5 782

DBH – diameter at breast height, H – tree height, SWD – stem wood density, SBD – stem bark density, SD – mean stem density, 
G – stand basal area, Std – standard deviation.
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3 Results

The weighted stem wood density of European aspen was 399 kg m–3, and according to the Wil-
coxon test, the difference between SWD and SBD was significant (p < 0.001). Although SBD is 
greater than SWD by an average of 53 kg m–3 (Table 1), significant differences were found only 
in the lowest part of the stem – below 60% of relative tree height (Fig. 1).

The variation in SBD in the axial direction was more pronounced than for SWD, which 
also indicates the difference in variation patterns along the stem. The correlation analysis revealed 
a significant, negative correlation between SBD and relative tree height (Table 2), while SWD 
decreased sharply up to 20% of relative height and increased slightly afterwards. The range of axial 
density variation along the stem was 96 kg m–3 for SBD and 48 kg m–3 for SWD.

Except for the negative correlation between SBD and relative tree height, the correlation 
coefficients indicated only weak relationships between density and tree or stand characteristics; 
however, some of the relationships were significant. SBD was negatively correlated with the 
number of stems per hectare (p = 0.031) but positively correlated with DBH (p = 0.033). SWD was 
positively correlated with the distance from the pith (p < 0.001) but negatively correlated with the 
number of stems per hectare (p = 0.01), while SD was negatively correlated with the number of 
stems per hectare (p = 0.006).

The p-value corresponding to the F-statistic of one-way ANOVA is higher than 0.05 test-
ing the effect of tree social status on SD, SWD and SBD, suggesting that the differences are not 
statistically significant.

Fig. 1. Mean stem wood density (SWD, solid line) and stem bark density (SBD, 
dashed line) and their axial variation in European aspen stems. The difference 
between SWD and SBD was significant at the ***0.001 and **0.01 levels.

Table 2. Spearman’s correlation coefficients for basic stem density (SD), stem wood density (SWD), stem bark density 
(SBD) and tree or stand characteristics. Correlations were significant at the ***0.001, **0.01 and *0.05 levels.

Diameter at 
breast height

Tree height Number of 
stems per 
hectare

Stand basal area Stand age Tree relative 
height

Distance from 
pith

SD 0.12 0.12 –0.29** 0.1 0.12 –0.06
SWD 0.12 0.12 –0.28** 0.1 0.12 0.05 0.15***
SBD 0.23* 0.19 –0.24* 0.15 0.09 –0.55***
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The main trend in radial variation in SWD was that density increased from the pith to the 
bark, while the range of density distributions was reduced towards the top of the stem (Fig. 2). The 
lowest SWD in aspen stems was at 20–30% of relative tree height near the pith. The largest SWD 
radial variation was below 30% of relative height, where the mean range of density distributions 
was 42 kg m–3. The smallest radial variations were found at up to 80% of relative height, where 
density variation was just 5 kg m–3.

Because of the weak relationships between the density and tree characteristics, the mean 
density data at breast height were used to predict the mean values of SD, SWD and SBD:

SWD  SWDki k kiu= + × + +86 871 0 770 11 3. . ( ). ε

SBD  SBDki k kiu= + × + +181 571 0 541 21 3. . ( ). ε

SD  SDki k kiu= + × + +85 777 0 769 31 3. . ( ). ε

where SWD1.3, SBD1.3 and SD1.3 are the mean densities (kg m–3) at breast height for corresponding 
stem components; u is a random effect for stand k, modeling random intercepts; and ε represents 
a random effect for tree i in stand k. It is assumed that uk and εki are uncorrelated and normally 
distributed with means of 0.

Fig. 2. Basic density variation in stems of Euro-
pean aspen derived from density measurements 
in wood specimens. A relative height of 0% was 
defined as 1% of the measured tree height before 
felling.
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Thus, using density at breast height as a predictor, 67%, 72% and 45% of the variations 
without random effects can be explained for SD, SWD and SBD, respectively (Supplementary file 
S1, available at https://doi.org/10.14214/sf.7798). The magnitude of the average prediction error, 
calculated as the difference between the measured and estimated density values and expressed as the 
percent error, was smallest for SWD (3.2%) compared to SD (3.3%) and SBD (5.1%). In general, 
when applying the equations (Eq. 1, Eq. 2, and Eq. 3), the between-stand variance was larger than 
the within-stand variance, indicating less reliable predictions and larger density variation between 
stands. Incorporating the additional tree or stand variables (Table 2) into the equations resulted 
in unacceptably large percent relative standard errors (PRSE > 25%) of the parameter estimates 
(Sileshi 2014).

4 Discussion

The mean SWD values reported in the literature for European aspen range from 376 kg m–3 to 
403 kg m–3 (Smilga 1988; Kärki 2001; Heräjärvi and Junkkonen 2006; Rytter et al. 2016). The 
mean value of SWD obtained in our study (393 kg m–3) is in line with previously reported values.

In numerous studies, stem biomass has been estimated by multiplying stem volume by wood 
density (e.g., Cienciala et al. 2006; Repola 2008, 2009). The average proportion of bark in European 
aspen stems varies from 7% to 23.6%, depending on tree age and size (Liepiņš and Liepiņš 2015); 
therefore, applying SWD data instead of SD data is causing a underestimation of stem biomass 
(according to our data up to 4%), as SBD is greater than SWD by an average of 53 kg m–3. The 
mean SD values derived in our study have not been reported before and can be advised for use if 
whole-stem biomass needs to be estimated from stem volume with bark. However, if density infor-
mation at DBH for individual trees is available, the more precise density values can be calculated 
using equations (1), (2) and (3).

The average density values of European aspen have large variations that cannot be explained 
by individual tree and stand parameters but is determined by the complex influence of multiple 
factors. In contrast to SBD, we did not find significant correlations between the tree variables (DBH 
and tree height) and SD or the tree variables and SWD (Table 2). Variation in SBD between and 
within stems is affected by the formation of dead rough bark, which is denser than smooth bark 
and more common in the lower part of stems of matured trees.

At the stand level, the densities of all stem components were significantly correlated with the 
number of stems per hectare; trees growing in stands with higher stocking tended to have lower wood 
and bark densities. Notably, this correlation can be explained by the presence of young stands in our 
data set, as their stand densities are higher, and there is a tendency for younger trees to be associated 
with lower wood density resulting from rapid growth (Saranpää 2003). Heräjärvi and Junkkonen 
(2006) reported that the ring width of European aspen decreases considerably after the trees reach an 
age of 15 years. In general, growth rate has little influence on wood density in Populus spp. (Zhang 
1995; Zobel and Jett 1995), which explains why the observed correlations are relatively weak.

We found that axial variation in the SBD of European aspen does not follow the same pattern 
as does that in SWD; likewise, the range of density variation in stem bark is considerably wider 
than in wood, as is known for other hardwood and softwood tree species (Hakkila 1989). Erickson 
(1972) studied SBD in various tree species in North America and noted that for aspen the mean 
SBD in the merchantable portion of the stem is 505 kg m–3, with slightly lower SBD in the top part 
of the stem (501 kg m–3). In our study, the mean density of bark was 499 kg m–3 at stump height 
and 403 kg m–3 in the top part of stems where bark is thinner, revealing larger density variations 
along the stem than reported in the aforementioned study.

https://doi.org/10.14214/sf.7798
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Our observations of within-stem density variations of European aspen wood (Fig. 2) are 
consistent with findings reported in earlier studies (Kärki 2001; Heräjärvi and Junkkonen 2006). 
Compared to other common tree species in boreal and hemiboreal forest regions, axial variation 
in the SWD of aspen is more irregular than that of Scots pine and silver birch, but it is similar 
to the pattern observed in Norway spruce stems (Repola 2006), since density decreases from the 
stump towards the top at the lower part of the stem before tending to increase later on (Fig. 1). 
This variation pattern exists irrespective to the distance from the pith (Suppl. file 2, available at 
https://doi.org/10.14214/sf.7798).

The visual assessment of the variation in basic density of young aspen trees (Suppl. file 2: 
Fig. A3, A5) is suggesting that the map of basic density (Fig. 2) summarizing the radial and axial 
variations and showing species-specific variability is also valid for the trees with smaller diameters 
not only for matured trees. In the lower part of the stem (below 50% of relative height), the peak 
in SWD is reached at a distance of approximately 8–10 cm from the pith. This is an important 
finding that can help locate the timber of maximum density if the best mechanical properties are 
desirable for creating specific products from aspen wood.
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