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Abstract 

Non-destructive testing of wood density, as is already done for Eucalyptus, can allow for early 
selection of birch trees for breeding programmes and stands for harvesting. In this work, external stem 
quality traits were visually assessed in a family trial of downy (Betula pendula) and silver (B. 
pubescens) birch in southern Sweden. A subsample of trees was measured for wood density using the 
Pilodyn resistometer portable NDT tool. An X-ray microdensitometric analysis of the subsample of 
trees was completed using the Itrax X-ray machine for increment cores taken from the south face, 
through the pith to the north bark at 1.3 m stem height. The Pearson’s r value for Itrax density and 
Pilodyn density was high (0.580 for downy birch and 0.795 for silver birch), and this correlation 
means Pilodyn should provide a good estimate of average birch wood density. Neither species had 
stable wood density values at age 13 and both species’ density increased over time from pith to bark. 
Ring width influence on stem density was minor or non-existant, and may vary between birch species. 
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Introduction 

Birch has a long history in Sweden as a timber species, but mainly for furniture and non-structural 
uses. It is now predominantly used for firewood, pulp and paper production. These are low value uses 
for a species which covers over 10% of Sweden’s total forest area (Götmark et al. 2005). The solid 
wood properties of birch growing in Sweden are considered too low for structural use and limited 
works accurately measure or aim to improve birch solid wood properties. Wood density is considered 
to be an important solid wood property (Johansson et al. 2013), and Skogforsk (the forestry research 
institute in Sweden) has already worked to incorporate density into their breeding program (Stener 
and Hedenberg 2003). Other studies have included variation in birch wood density within the stem 
(Heräjärvi 2004; Repola 2006) but limited work is available comparing density between growth rings. 
There is also a shortage of studies on birch species which relate wood density between different ages, 
which can be used to select the best individuals earlier (Apiolaza 2009). 
The Pilodyn wood tester is used to provide a standing estimate of outermost density for a given stem. 
The tool provides an estimate of density by relating penetration depth to wood density (resistance to 
force). Previously, this tool has been used in breeding programmes for Eucalyptus (Raymond and 
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MacDonald 1998; Wu et al. 2010) and birch (Stener and Hedenberg, 2003), but is commonly used for 
conifers (Chen et al. 2015). The Pilodyn tool is simple to apply, and measured values are strongly 
correlated with wood density (Gao et al. 2017). It only measures the outer-most wood at a single point 
but is still used in tree breeding programmes today to indicate differences between families. 

Wood density can quickly and with relatively minimal damage be gained from X-ray densitometry on 
radial cores (Bergsten et al. 2001; Fries and Ericsson 2009). An advantage of taking cores is that the 
radial density profile will include the pith and avoid any defects or anomalies, since these can be 
checked visually in the field. A radial density profile also allows the comparison of wood density and 
growth rate between years, but identifying ring boundaries is particularly difficult for birch 
(Vanhellemont et al. 2016). Different X-ray machines available for this purpose include the SilviScan, 
QTRS-01X Tree Ring scanner, the Itrax Multiscanner that combines digital X-ray radiography and 
XRF multi-element analysis, medical CT scanners and micro-CT scanners (Jacquin et al. 2017). 

For many species it is beneficial to select trees with higher density at younger ages to reduce the total 
volume of low density wood produced. If denser wood occurs earlier, or if density between ages is 
related, early assessments can be used to find higher density stems earlier. This study investigates the 
range of density values between growth rings for two birch species in a genetic field trial with 13 
year-old trees. It is desirable to establish fast and accurate determinations of wood density, so the 
relationship between density estimates from Pilodyn and the Itrax core scanner was also investigated. 

Method 

Description of the site 

This work is part of a larger project investigating the wood quality of birch in Skogforsk’s south 
Swedish tree breeding programme. The 13 year old downy (Betula pendula) and silver (B. pubescens) 
birch trial at the Nybro site (56.836 N, 16.023 E; close to Åsmundsryd, Sweden) was visually and 
mechanically assessed (NDT) in October 2018. The site was planted in 2004 at 2 × 2 m spacing with 
completely randomized single tree plot design using Skogforsk’s bred silver and downy birch 
families. Mortality, uprooting and suppression meant that some additional stems were missing or too 
small to count. Family ID and tree plot, row and stem position were recorded for each tree and have 
been actively monitored over time. Nybro usually has monthly temperature values between -5 ˚C and 
+22˚C, but can reach extremes of -22 ˚C and +27 ˚C. Monthly rainfall is usually 13 to 58 mm, but it
can exceed 113 mm rainfall in a single month. There is usually no water deficit during the growing
season, which in an average year is between the 11th of May and October 1st (data for 1980-2016,
weatherspark.com). Figure 1 is the site layout map and GPS coordinates.

Figure 1 – Map of Nybro site layout where each square represents 2 × 2 m and trees were 
planted at each corner. The site also has a row of buffer trees which were not measured. 
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Stem assessment 

The stem diameter of all birch trees in the site was measured in a north-south direction at a height of 
1.3 m using callipers. This measurement height was shifted slightly above or below if there were 
defects like branches or a multileader preventing accurate measurement. The height at which rough 
brown bark changed to smooth white bark was recorded for each tree from the ground to the average 
height where the stem ceased to have rough bark dominating. This rougher bark is often referred to as 
‘fissured bark’ and is a darker brown.   

Trees were ranked for some stem quality traits on a scale of 1-9 where 1 is the worst and 9 is the best. 
These traits included straightness: a score of 9 would be a perfect bole; branch angle: a score of 9 is a 
90˚ angle to the stem; branch frequency: a score of 9 is for the lowest 8 m of the stem is branch free; 
and branch diameter: a score of 9 is an insignificant branch diameter compared to the stem diameter at 
the same height, while a score of 1 is a branch almost the same diameter as the stem. 

Pilodyn measurement 

The Pilodyn 6J Forest (PROCEQ, Zurich, Switzerland) was used at 1.3 m height on the north and 
south stem face of birch trees. For both stem faces, the average value from two Pilodyn measurements 
was recorded. If any extreme or failed measurements occurred, more measurements were taken, and 
on some occasions the bark was peeled to see if the striker pin had entered the wood. Pilodyn was 
then converted from mm penetration to g/cm3 using the formula in Chen et al. (2015). 

Itrax analysis 

For X-ray microdensitometry, 5 mm cores were collected at 1.3 m height from south-north to ensure 
the pith was included in the sample. Cores were stored in paper tubes until they were glued into a 
wooden frame with a 6 mm rivet. The glued cores were sawn to a thickness of 2 mm using a fine 
grade circular saw. The sawn samples were placed into the Itrax flatbeam core scanner (Cox 
Analytical Systems, Mölndal, Sweden) for an analysis according to Bergsten et al. (2001). The X-ray 
images were processed using the software LIGNOVISION™ (RINNTECH, Heidelberg, Germany). 
The ring boundaries were determined by peak density values or visual sample assessment where 
boundaries were smooth or blurred. The output from LIGNOVISION™ includes ring number, an 
average light intensity value, and ring width for automatically selected or user defined ring 
boundaries. The output light intensity value was corrected using a moisture calibration value based on 
average temperature and humidity during the Itrax operation, and a plastic calibration sample of 
known thickness and density measured at the same time. Sample thickness was measured using a 
digital point calliper along the sample length, and light intensities values were also corrected using the 
actual sample thickness. 

Statistical analysis performed 

A subsample of 20 trees were selected from a larger dataset for the analysis in this paper. Considering 
only defect free stems, 10 silver birch trees and 10 downy birch trees were selected, for which at least 
13 tree rings had been identified and measured in LIGNOVISION™ in both the north and south 
direction. Pilodyn and Itrax values were compared between the north and south stem faces using 
MicroSoft Excel (MicroSoft Office 2016) paired and unpaired two-tailed t-tests in their data analysis 
add-on, with a significance level of α=0.05. The Pearson function in Microsoft Excel (MicroSoft 
Office 2016) was used for calculating the Person r value for correlations between variables, where 
above 0.5 was considered indicative of a likely relationship between variables. The software package 
R version 3.6.0 (R core team, 2019) was used for graphics, with the tidyverse package used for line 
graphs and scatterplots. Scatter plots had a trendline fitted using the trendline function and included a 
95% confidence interval (calculated by R). 
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Results 

Range of values 

Values from the stem quality assessment are summarized by species in Table 1. Silver birch has a 
higher level of variability for diameter at 1.3 m height (DBH) and the height of rough brown bark 
(Bark height). The qualitative traits are straightness (straight), branch angle, branch thickness and 
branch frequency. Since these were ranked from 1-9 and for only 10 trees per species, the key thing 
they show for this subsample is that downy birch had slightly higher average quality than silver birch 
for straightness. Branch angle, thickness and frequency were similar between species, but slightly 
higher for silver birch than for downy birch. 

Table 1 – Average and standard deviation (StDev) for stem quality assessment of downy and silver birch 
Species Value DBH (mm) Bark height (cm) Straight Branch 

angle 
Branch 

thickness 
Branch 

frequency 
Downy Average 106.9 22.0 5.7 4.4 5.1 4.7 

StDev 20.7 16.9 1.0 0.8 0.7 0.7 
Silver Average 126.3 70.0 4.9 4.7 5.3 5.5 

StDev 22.4 29.3 0.9 1.0 0.7 1.3 

It should be noted that no statistically significant difference was found between wood density values 
for north and south from Pilodyn and Itrax (average for rings 2-13) according to a t-test with 
significance level α=0.05. With 19 degrees of freedom, the t critical for two tailed t-test was 2.09, 
which was higher than the test statistics -0.68 for Pilodyn, and 1.54 for Itrax (rings 2-13 averaged). 
Therefore, an average value was used for Pilodyn (north and south) and Itrax (north and south) during 
subsequent analysis.  

Table 2 shows the overall average ring widths, and Pilodyn and Itrax wood densities for downy and 
silver birch. Density values from Itrax are presented as an average of rings 2 to 13 (R2-13) and for 
rings 12 to 13 (R12-13). Pilodyn should be most comparable to Itrax outermost rings since it measures 
the outermost wood (10-20 mm penetration depth), and here rings 12 and 13 were chosen since all 
trees in the the subsample had these values recorded. The average also smooths out some possible 
issues due to incorrect ring identification. Birch is a diffuse-porous species and distinguishing 
between year rings can be difficult since the growth ring is fairly uniform. Wood density values were 
lower for downy birch than for silver birch, and were lower from Itrax (0.429 g/cm3 for downy and 
0.439 g/cm3 for silver) than from Pilodyn (0.528 g/cm3 for downy and 0.537 g/cm3 for silver). Silver 
birch had more variation in Itrax density values than downy birch, which is presented in Table 2 as 
higher standard deviations. The t-statististics for two tailed t-tests comparing downy birch to silver 
birch all had a t-critical value of 2, so the the two species were not considered significantly different, 
for a significance level of α=0.05.   

Table 2 – Average and standard deviation (StDev) for ring width and wood density (Itrax and Pilodyn) 
of downy and silver birch for rings 2 to 13 (R2-13) and 12 to 13 (R12-13). 

Species Value 
Ring width (mm) Density (g/cm3) 
R2-13 R12-13 Itrax: R2-13 Itrax: R12-13 Pilodyn 

Downy Average 3.597 2.835 0.387 0.429 0.528 
StDev 1.159 0.877 0.039 0.035 0.058 

Silver Average 3.727 2.798 0.396 0.439 0.537 
StDev 1.299 0.583 0.048 0.043 0.057 

Two tailed t-stat -0.385 0.140 -0.615 -0.560 -0.372

Ring width average for rings 2-13 did not seem to be related to Itrax wood density average for rings 2-
13 since the Pearson r values were below 0.5 (0.153 for downy birch and 0.114 for silver birch). A 
weak relationship existed between Pilodyn density values and average ring widths, and the direction 
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of this relationship was different between the two species (-0.278 for downy birch and 0.245 for silver 
birch). 

Radial wood density 

The Itrax wood density values by ring number are plotted in figure 2. The distribution is wider for the 
silver birch sample than for the downy birch sample, which was previously shown by a higher 
standard deviation. Neither species appears to have levelled off and both are still increasing in density. 
The black line for both species is the average wood density for that ring number, and they closely 
resemble each other in shape and slope.   

Figure 2 – Radial variation of Itrax wood density for individual downy and silver birch trees. 
Solid black lines are the average species wood density values (AvDowny and AvSilver, 
respectively). 

Pilodyn values plotted against Itrax values 

The wood density values from Pilodyn were plotted as a function of Itrax density for rings 2-13 and 12-
13 in figure 3. Figure 3 also shows trendlines with shaded regions representing the 95% confidence 
intervals for the fitted values. The trend lines for both species are extremely similar and the confidence 
intervals overlap. For rings 2-13 the silver birch trend line has a slightly less steep slope than the downy 
birch trend line, but it reduced further when the most extreme value was removed. In a small sample 
however all points have high leverage so this individual was retained. When correlating Itrax values 
with Pilodyn values, the Pearson’s r was higher for the average density of rings 2-13 (0.580 for downy 
birch and 0.795 for silver birch) than for just an average of rings 12-13 (0.548 and 0.691 respectively). 
In figure 3 where the Itrax wood density of rings 12-13 is plotted against Pilodyn density (left), the 
downy birch trendline predicting Pilodyn from average Itrax density has a slope of 1.072 and an 
intercept of 0.064, while the silver birch trendline has a slope of 1.059 and an intercept of 0.082. The 
trendlines for rings 2-13 (right) had a slope of 1.336 and intercept of 0.006 for downy birch, and a slope 
of 1.390 and intercept of -0.004 for silver birch.  
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Figure 3 – Relationships between Pilodyn and Itrax wood density for rings 2-13 (right) and 
12-13 (left). The fitted trend lines and have 95% confidence intervals in shaded region.

Discussion 

In this sample all trees were planted at the same time and are the same age, so differences in wood 
density must be due to other factors like species, family growth and physical form. Here, our work 
focused on the differences between birch species as well on the effects of growth rate (ring width) on 
density. Silver birch had higher density values than downy birch in this study, which agrees with 
previous studies in Scandinavia (Bhat 1980; Heräjärvi 2002; Luostarinen and Verkasalo, 2000). The 
greater variation of density for the silver birch sample is possibly due to greater variation in stem size 
or growth rate, since age was constant for all trees. The wood density of diffuse-porous species is 
usually not influenced by the width of the growth rings (Hoadley 1990; Panshin and De Zeeuw 1980), 
yet some studies have found a relationship between birch growth rate and density (Bhat 1980; Velling 
1979). A significant negative relationship between ring width and density was previously found in 
juvenile silver birch (Liepiòð and Rieksts-Riekstiòð 2013) for Latvia. Our findings potentially show 
for Skogfork’s young Swedish birch a weak correlation between ring width and wood density that was 
different for the two species. Since the Pearson’s r values were well below 0.5, it is also possible that 
there is no correlation between ring width and density. A larger data set would help to confirm this 
and see if the direction of the relationship is different for the two birch species. 

Wood density varies throughout a tree from pith to bark and base to top (Heräjärvi 2004). Birch wood 
near the pith is less dense than the wood at the outer rings near the bark (Luostarinen and Verkasalo 
2000). The density values had not yet peaked in our sample and were still highly variable at age 13. 
However, for each individual tree there is a similar trend for increasing density from pith to bark (ring 
2 to 13) which indicates that it should be possible to select better stems during earlier measurements. 
The average density profile for each species showed that the general pattern of density increase was 
similar for the two birch species, but here the range was wider for silver birch. The pattern of 
increasing density from pith to bark also resembled the pattern for two Betula spp. described by 
Fukazawa (1984).   

The high Pearson’s r for Itrax values compared to Pilodyn indicates that the Pilodyn tool 
measurements are related to Itrax values, but the lower value for the outermost rings is unusual. It 
could be that the outer rings were more likely to have damage from sampling, and it is possible that 
averaging more growth rings slightly stabilized the values. Identifying ring boundaries in diffuse 
porous species is very hard without preparation of microscope sections, and this may also have hidden 
relationships between ring width and density that would show up in a larger sample. 
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Conclusions 

Pilodyn and Itrax wood density values were related, which validates the use of Pilodyn in field for 
rapid assessment of stem density. Pilodyn values were however overestimated, so it would be better 
used as indicative of the true stem density. It is not possible to conclude from this study the earliest 
age that Pilodyn could be used to predict final wood density. More studies are needed with mature 
trees for wood density determination in the juvenile and mature wood zones that would provide 
evidence of the predictive potential of Pilodyn.   

Pilodyn seems to be strongly related to Itrax density values and this relationship was similar between 
the two birch species. Values of ring width and density had no statistically significant difference 
between birch species. Ring width and density had a low Pearson’s r for both species meaning it is 
possible that ring density is independent of width. Although the two species did not have statistically 
significant differences in density and ring width, it would be worth treating the two species 
seprerately during further studies since averages and deviations were different. 
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