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Concentrations of cellulose, lignin and nutrients in the stemwood of four clones of 7-year-old hybrid aspen 
(Populus tremula L. x P. tremuloides Michx.) were studied on 50 permanent experimental plots established 
for the afforestation of abandoned agricultural lands in Estonia. Quantitative evaluation of hybrid aspen 
chemical components indicated a relatively high cellulose and low acid-insoluble lignin concentration, and 
especially a high C/L ratio, compared to other poplar species. Regression analyses showed strong 
relationships between stemwood N, P, K, cellulose and lignin concentrations, but no dependence on soil 
chemical composition was established. Height, diameter and annual increment were strongly dependent on 
stemwood N, K and P. Based on the results obtained, clones of hybrid aspen appear as economically 
promising for the afforestation of abandoned agricultural lands, in large-scale, short-rotation commercial 
plantations, for pulpwood and bioenergy production. 
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INTRODUCTION 

Cellulose, the main polymeric component 
of the plant cell wall and the most abundant 
polysaccharide on earth, has a simple 
chemical composition: the polysaccharide 
consists of D-glucose residues linked by β-
1,4-glycosidic bonds forming linear 
polymeric chains of over 10000 glucose 
residues. Although chemically simple, the 
extensive intermolecular bonding pattern of 
cellulose generates a crystalline structure 
which, together with other cell wall 
components, such as hemicellulose and 
lignin, result in very complex morphologies.1 
After cellulose, lignins are the second 
abundant organic C-compounds occurring in 
the biosphere as a major fraction in wood, 
usually found in the secondary cell walls. 
Lignins represent approximately 25% of the 
terrestrial biomass.  

 
The cell walls of the wood of broad-

leaved trees may contain approximately 40-
50% cellulose, 17-35% lignins and 15-35% 
hemicelluloses,2,3 as depending on tree 
species and growth conditions.4 The wood of 
the trees is composed5 of cellulose, lignin 
and hemicelluloses in approximate ratios of 
2:1:1. During tree growth, cellulose 
microfibrils give the cell walls tensile 
strength, while the lignin from the cellulose 
fibrils gives them rigidity. 

Chemically, lignin is not a strictly defined 
molecule like cellulose, being characterized 
by a great deal of variation in its chemical 
composition and physical properties.6 It has 
taken a long time for scientists to recognize 
the complexity of lignins. Today, we know 
that lignin composition varies not only 
among the different species, but also among 
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different plant organs and even in different 
cell layers.7,8 For example, it has been noted 
that lignin concentration recorded in the 
roots of Picea abies L. may be over three 
times higher than that from the needles of the 
tree.9  

As a result of the gradual advance of 
knowledge, lignins are described as 
polymeric natural products arising from 
enzyme-initiated and chemically driven 
dehydrogenative polymerisation of primary 
precursors, possessing a p-hydroxycinnamyl 
alcohol structure.10 Significant progress has 
been made in recent years towards better 
understanding lignin biosynthesis. However, 
the formation and properties of lignins still 
remain among the “open questions” of tree 
physiology, requiring the scientists’ extra 
attention for understanding the processes of 
heartwood formation and regulation for 
forestry utilizations.6 

Genetic improvement of the cell wall 
polymer synthesis in forest trees is one of the 
major goals of forest biotechnology, with 
possible impact on the end-product 
utilization.11 Several laboratories have 
produced and are field-testing transgenic 
trees with significantly reduced lignin and 
increased cellulose contents, yet with a 
normal growth and development. 
Consequently, the recent developments 
provided opportunities for genetically 
modifying some important wood properties, 
so that energy, paper or solid wood products 
can be now realized. 

Since the end of the 1980s, aspen wood 
has been viewed as an important raw 
material for the pulp and paper industry. As 
aspen is low in lignin and high in 
carbohydrates, its wood is amenable to many 
kinds of chemical or mechanical pulping.12-15 
Aspen has thin-walled fibres of narrow 
diameter, which are ideal for producing a 
high-density paper sheet with a smooth 
surface.13,16 The white-coloured aspen wood 
bleaches easily, reducing the use of 
chemicals and making the production of 
aspen pulp less harmful to the environment. 
In boreal and hemi-boreal conditions, aspens 
are fast-growing, cold resistant trees which 
may be cultivated in both natural and 
plantation forest systems for the production 
of a variety of products, such as pulpwood, 

energy wood and aspen logs. Similarly to 
other Populus species, aspens (primarily 
European aspen (P. tremula) in Eurasia and 
trembling or quaking aspen (P. tremuloides) 
in North America) have been subjected to 
intensive selection and breeding 
investigations, for selecting progenies with 
industrially valuable features, e.g. fast 
growth, resistance to pests and diseases, 
improved physico-chemical wood properties, 
etc. This has been favoured by the high 
genetic variability of aspens.17 Both P. 
tremula and P. tremuloides have huge 
natural distributions with several 
geographical races and natural forms. 

In the hemi-boreal and boreal region, a 
hybrid between P. tremula and P. 
tremuloides (known as hybrid aspen) has 
been found as the most suitable one for 
growing in short rotations of 20-30 years for 
the production of pulpwood; even shorter 
rotation times are recommended for energy 
wood coppicing systems.18-23 Hybrid aspen 
displays superior growth compared to its 
parent species, as due to heterosis,24 reaching 
maturity in a twice shorter period than 
European aspen. The interest in establishing 
aspen plantations has been driven by several 
factors. First, there is an increasing demand 
for aspen pulp in the region. Thus, aspen 
plantations would help to preserve the old 
aspen forests. Secondly, the establishment of 
short-rotation forest plantations is 
recommended for the abandoned agricultural 
lands in Estonia and in the neighbouring 
countries. Forest plantations provide an 
option to raise the socio-economic value of 
such agriculturally degraded landscapes. 

For Estonian forestry, hybrid aspen is a 
relatively new tree. About 700 ha of 
commercial hybrid aspen plantations have 
been established since 1999 on abandoned 
agricultural lands.22 All these plantations 
have been aimed at producing aspen 
pulpwood in 25-year rotations. The first 
generation is planted and the combined 
production of energy and pulpwood is 
recommended for successive root-sucker 
generations.21 Under Estonian conditions, the 
early growth of hybrid aspens has been 
highly variable, as depending on the physico-
chemical properties of the previous field 
soils. Under well-suited conditions, hybrid 
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aspen has shown22,23 fast growth during the 
first 5-7 years. 

Although hybrid aspen has been subjected 
to intensive selection and monitoring work in 
experimental plantations in the hemi-boreal 
region (in several Baltic Sea countries and 
North America), less studies have focused on 
its growth and industrial wood properties in 
large-scale commercial plantations. The 
current study will provide an overview of 
cellulose, lignin and nutrient content in 
hybrid aspen stemwood under various site 
conditions, at an early age, in relation to tree 
growth, clonal background and soil 
properties. For establishing these plantations, 
selected clones with proven superior growth, 
compared to the parent species, were used. 

The authors assume that a faster growth 
could also mean lower lignin and higher 
cellulose contents in wood, compared to pure 
P. tremula and P. tremuloides. 
 
MATERIALS AND METHOD 
Study area 

The study was carried out within the network 
of permanent experimental plots, on 7-year-old 
hybrid aspen (Populus tremula L. x P. 
tremuloides Michx.) plantations, established for 
the afforestation of abandoned agricultural lands 
in Estonia (Fig. 1). The plantations were 
established in 1999-2000 with 1-year-old 
micropropagated plants belonging to 27 different 
hybrid aspen clones.22 

 

 
Figure 1: Location of 24 hybrid aspen plantations (marked as circles) where the experimental plots (n = 50) 
have been established. The numbers indicate the plantations the model trees representing the four most 
abundant clones (10, 16, 17, 34) were taken from 

 
Plant material analyses 

Investigations were carried out on 50 
experimental plots, on 24 commercial hybrid 
aspen plantations over Estonia (Fig. 1). From 
each experimental plot, one model tree was 
selected on the basis of the stem diameter at 
breast height (DBH, cm) from the upper half of 
the DBH distribution of all trees within the plot. 
The height (H, m) and annual height increment 
(AHI, m) of the model trees were also measured. 
Among 50 model trees, 18 different hybrid aspen 
clones were present. Four clones were 
represented by at least 6-8 trees, offering the 
opportunity to study the variation of wood 
properties and their relations with soil properties 
within and among clones. According to the 
Finnish Plant Production Inspection Centre, these 
clones are marked as C05-99-10, C05-99-16, 
C05-99-17 and C05-99-34, although, in the text, 
only the short versions of clone names (10, 16, 
17, 34) will be given. The parameters under study 

were analyzed in two data sets: all 50 model trees 
together (mean of model trees) and separately by 
four most abundant clones. 

For the analysis of wood chemical quality, a 
stemwood sample disk (length: 5-10 (20) cm) at 
1.3 m height was taken from each model tree. 
These samples were dried at +70 ° C to constant 
weight and milled to 0.5 mm. In all samples, the 
concentrations of cellulose, acid-insoluble lignin 
and macronutrients N, P and K were determined. 

The concentration of total N (%) in plant 
samples was determined by the standard Kjeldahl 
procedure; P (%) was determined spectro-
photometrically and K (%) was determined 
flamephotometrically.  

Lignin (L) was determined as acid-insoluble 
lignin.10,25 The air-dried plant material was 
ground and extracted with acetone (100%) at 5 
ºC, ethanol (96%), ethanol-benzene solution (1:1, 
v/v) and water at 60-70 °C, to remove the sugars, 
proteins, interfering phenolics and other soluble 
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compounds. The residue was dried at 70 °C for 
24 h and used to determine acid detergent fibre 
(ADF), neutral detergent fibre (NDF) and acid 
detergent lignin (ADL). 

For the determination of fibres, 
FibertecI&MSystems (Foss AB, Denmark) 
elaborated by Van Soest25 were used. In the first 
step, NDF was determined after treatment with a 
neutral detergent solution (sodium lauryl sulphate 
and EDTA), the residue consisting of cellulose, 
hemicellulose and lignin. 

The next step was to determine ADF after the 
treatment of the residues with an acid detergent 
solution (cetyl trimethylammonium bromide in 
sulphuric acid solution); the residue consisted of 
cellulose and lignin. 

Finally, ADL was determined after initial 
treatment for ADF measurement, followed by the 
removal of the cellulose fraction through 
extraction with 72% H2SO4. A fraction of acid-
soluble lignin and cellulose could be lost during 
this procedure.10,25 The acid-resistant residue was 
recovered by filtration on a glass crucible with 
asbestos filter, carefully washed and dried at 70 
°C for 24 h to constant weight (Precisa 205A 
SCS, Switzerland). This residue contains only 
insoluble Klason lignin (hereafter called 
‘lignin’).10,26 After weighing, the residue was 
ashed at 525±25 °C for at least 5 h and lignin was 
calculated after correcting the mineral elements.25 

Simple subtraction rules were used to 
calculate cellulose (C): ADF – ADL = Cellulose. 
The results for lignin and cellulose were 
expressed as dry mass percentage of the plant 
material (% dw). 

The analyses were performed in the 
Laboratory of Biochemistry of the Estonian 
University of Life Sciences. 

 
Soil analyses 

For a correct assessment of the tree state, the 
relationships between wood quality and chemical 
soil properties on the experimental plots were 
analysed. For the collection of soil samples, steel 
bore cylinders were used and the soil humus 
horizon was analysed on four locations from each 
experimental area. The total N (%) in soil 
samples was determined by the Kjeldahl 
procedure. To analyse the available P, K, Ca and 
Mg amounts (mg.kg–1) in the soil, a Mehlich 3 
extractant was used. The soil pH in 1M KCl 
suspensions was measured in a 10 g to 25 mL 
ratio. For the characterization of the experimental 
area, the arithmetic mean values of four analysed 
subsamples were used. The analyses were 
performed by the Laboratory of Agrochemistry of 
the Agricultural Research Centre in Saku 
(http://pmk.agri.ee). 

Statistical analyses 
Descriptive statistics were calculated and 

simple regression analysis was performed27 by 
Statistica 7. The normality of the studied growth, 
soil and foliar variables was checked by the 
Kolmogorov-Smirnov test; the soil variables 
(concentrations of N, P, K, Ca and Mg) were log-
transformed, after which the data followed a 
normal distribution. One-way Anova followed by 
Tukey’s HSD test was used for multiple 
comparison of the clonal means of the studied 
variables. The mean values are followed by ± 
standard error. Pearson correlation coefficients 
were used to estimate the dependencies between 
the morphological and chemical parameters in 
stemwood, as well as between the parameters of 
stemwood and soil chemical composition. An α = 
0.05 level of significance was applied in all cases. 
 
RESULTS AND DISCUSSION 

To get additional information for 
interpreting the state of young hybrid aspen 
trees on the different experimental plots in 
Estonia, the physical and chemical properties 
of the soil were investigated. The 
concentration of N, P, K, Ca and Mg and the 
level of pH in soil humus horizons from the 
experimental plots were rather similar, with 
the exception of the experimental plots for 
clone 17, which showed some more 
nutrients, and for clone 16, characterized by 
relatively lower nutrient concentrations 
(Table 1). The higher nutrition level was 
reflected in the growth of clone 17, and the 
height and annual increment of trees from 
clone 17 were higher by 21 and 38%, 
respectively, than the mean, whereas the 
concentration of cellulose and lignin and the 
mineral composition in stemwood did not 
differ statistically from the mean (Table 2). 

The present study was expected to 
evidence essential differences between 
hybrid aspen clones and to select those 
suitable for forestry. As known, wood 
formation in trees is under genetic control 
and considerable differences appear among 
species, it even being possible to observe 
genotypes within species. A comparison of 
wood chemical components gave evidence of 
significant differences in cellulose and lignin 
concentrations among the hybrid aspen 
clones used in our experiment and other 
Populus species. Stem lignin and cellulose in 
P. tremuloides control trees and transgenic 
lines altered during lignin biosynthesis, 
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ranging28 between 10.7-22.2% and 41.4-
53.3%, respectively. The concentration of P. 
alba wood cellulose was3 between 46.53-

49.26%, and lignin concentration – between 
17.23-25.23%.

 
 

Table 1 
Chemical composition (mean ± S.E. and range) of soil humus horizons on different experimental plots 

 

Clone № 
plots pH P,  

mg.kg–1 
K,  

mg.kg–1 
N,  
% 

Ca,  
mg.kg–1 

Mg,  
mg.kg–1 

10 6 5.9 ± 0.27 
(4.9–6.7) 

77 ± 14.1 
(42–141) 

118 ± 20.2 
(67–201) 

0.15 ± 0.021 
(0.09–0.20) 

1817 ± 285.3 
(973–2830) 

120 ± 27.2 
(21–186) 

16 8 5.8 ± 0.33 
(4.8–7.2) 

75 ± 12.7 
(29–132) 

101 ± 19.8 
(43–204) 

0.14 ± 0.021 
(0.07–0.24) 

2164 ± 667.5 
(621–5270) 

80 ± 22.8 
(18–209) 

17 6 
5.3 ± 0.21 
(4.3–5.8) 

92 ± 41.0 
(8–291) 

128 ± 34.9 
(53–246) 

0.33 ± 0.205 
(0.07–1.36) 

2627 ± 1350.2 
(832–9340) 

189 ± 100.3 
(53–687) 

34 7 6.0 ± 0.35 
(4.8–7.39 

60 ± 16.9 
(21–149) 

184 ± 55.0 
(63–459) 

0.19 ± 0.035 
(0.10–0.32) 

2519 ± 908.1 
(1070–7860) 

143 ± 25.9 
(80–278) 

Mean 
of plots 50 5.7 ± 0.11 

(4.1–7.3) 
79 ± 7.5 
(8–291) 

127 ± 10.7 
(43–459) 

0.18 ± 0.027 
(0.07–1.36) 

2044 ± 240.8 
(621–9340) 

138 ± 18.5 
(18–687) 

 
Table 2 

Mean characteristics ± S.E. and ranges of growth and stemwood components of hybrid aspen clones  
from the experimental plots* 

  

  Mean of 
model trees Clone 10 Clone 16 Clone 17 Clone 34 

№ trees 50 6 8 6 7 

H, m 4.2 ± 0.25 
(1.7–8.8) 

3.5 ± 0.34 a* 
(2.1–4.3) 

4.0 ± 0.44 a 
(2.6–6.3) 

5.1 ± 0.82 a 
(1.9–7.4) 

3.4 ± 0.48 a 
(1.7–5.0) 

DBH, cm 
3.1 ± 0.25 
(0.9–7.5) 

2.9 ± 0.42 a 
(1.2–4.1) 

3.0 ± 0.58 a 
(1.4–6.5) 

4.2 ± 0.81 a 
(1.0–6.5) 

2.3 ± 0.46 a 
(0.9–4.3) 

AHI, m 
0.8 ± 0.06 
(0.2–1.8) 

0.6 ± 0.14 a 
(0.2–1.1) 

0.8 ± 0.09 ab 
(0.6–1.3) 

1.1 ± 0.20 b 
(0.5–1.7) 

0.6 ± 0.10 ab 
(0.2–1.0) 

Cellulose, % 59.6 ± 0.34 
(52.0–65.5) 

58.5 ± 0.72 ab 
(57.0–60.8) 

60.2 ± 0.96 b 
(57.5–65.5) 

57.0 ± 0.44 a 
(55.2–58.1) 

60.2 ± 0.80 ab 
(56.6–63.3) 

Lignin, % 10.9 ± 0.17 
(9.1–13.7) 

11.1 ± 0.52 a 
(9.8–13.3) 

10.9 ± 0.40 a 
(9.5–12.4) 

11.7 ± 0.55 a 
(10.1–13.1) 

10.5 ± 0.58 a 
(9.3–13.7) 

C/L 5.5 ± 0.10 
(4.1–6.8) 

5.3 ± 0.26 a 
(4.3–5.9) 

5.6 ± 0.23 a 
(4.6–6.4) 

4.9 ± 0.25 a 
(4.2–5.6) 

5.9 ± 0.35 ab 
(4.1–6.8) 

N, % 
0.25 ± 0.010 
(0.11–0.57) 

0.28 ± 0.028 a 
(0.20–0.39) 

0.23 ± 0.017 a 
(0.15–0.28) 

0.24 ± 0.015 a 
(0.19–0.30) 

0.26 ± 0.020 a 
(0.19–0.34) 

P, % 0.043 ± 0.0012 
(0.028–0.073) 

0.048 ± 0.0039 a 
(0.037–0.061) 

0.045 ± 0.0027 a 
(0.035–0.058) 

0.044 ± 0.0021 a 
(0.035–0.049) 

0.041 ± 0.0024 a 
(0.035–0.049) 

K, % 0.054 ± 0.0032 
(0.030–0.131) 

0.054 ± 0.0039 a 
(0.047–0.068) 

0.050 ± 0.0023 a 
(0.043–0.057) 

0.056 ± 0.0024 a 
(0.049–0.066) 

0.066 ± 0.0023 a 
(0.044–0.066) 

*Letters denote significant differences of means determined by Tukey HSD test after one-way ANOVA 
 

 
The chemical wood composition of P. 

tremula involved29 46.3% cellulose and 
21.8% lignin. The clones of hybrid aspen in 
Estonian experiments had much lower lignin 
(10.5-11.7%) and higher cellulose content 
(57-60.2%) in stemwood (Table 2), which 
recommends hybrid aspen as a promising 

source for energy, paper or solid wood 
production. A significant criterion for wood 
utilisation in the paper industry is the C/L 
ratio, which was, on the average, 5.5 in the 
stemwood of aspen clones 10, 16, 17 and 34, 
indicating that, in hybrid aspen, the cellulose 
ratio was higher than that of P. alba, Fagus 
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silvatica L., Quercus robur L., Salix alba L. 
and many other deciduous trees in which this 
parameter3 is below three.  

As known, lignin and cellulose 
biosynthesis in plants depends on several 
factors, related both to the plant and to the 
environment. Regression analysis revealed a 
linear dependence between the mean 
concentration of N, P K and cellulose, and a 
strong relationship between lignin and 
cellulose in the stemwood of clones (Table 
3). The concentration of cellulose was 
negatively correlated with that of lignin (p < 
0.001). The negative relationships and the 
fact that the reduction of the lignin content 
leads to higher ratios of cellulose in aspen 
stemwood had been already reported by 
several authors.5,30 

The nitrogen from trees or soil is 
considered to be an important factor for both 
lignin and cellulose biosynthesis. For 
example, a high N fertility increases the 
concentration of cellulose in long-leaf pine 
(Pinus palustris Mill.) seedlings, resulting,31 
however, in a lower lignin concentration. 
Experiments with transgenic aspen (Populus 
tremuloides) lines with low lignin and high 
cellulose contents in stems, associated with 
higher N concentrations in leaf tissues, 
support32 this idea. Also, a significant linear 
relationships between soil N concentration 
and the corresponding cellulose in reference 
plants was observed.33  

Although numerous researches reported 
relationships between lignin and N in plants 
and soils,2,9,34,35 our results did not reveal any 
relationships between N in soil or tissues and 
lignin for the hybrid aspen clones studied 
(Table 2). However, it is fairly clear that, in 
the case of N deficiency, high lignin and 
tannin contents may occur in plants.2,9,34 
Contrary to previous verified results, Pitre et 
al.35 demonstrated that a high N supply 
decreases lignin staining in the newly formed 
secondary xylem, although the Klason lignin 
content remains unchanged. Consequently, 
as in our experiments only acid-insoluble 
Klason lignin was determined, it is 
impossible to make any final decision on the 
relationships between N and lignin for hybrid 
aspen clones. A thorough checking is needed 
not only for Klason, but also for other forms 
of lignin. 

An increase in pH and Ca and K content 
in the cell wall compartment favours the 
oxidation of phenolics, the esterification with 
cell wall carbohydrate polymers and 
lignification.36 Moreover, an efficient Ca 
supply has a significant influence on wood 
formation in poplar (Populus tremula x 
Populus tremuloides) clones.37 We agree 
with other authors,34,38 that K is needed for 
lignification through a protein and 
polysaccharide enzymatic process. However, 
we detected a relationship between K 
concentration in stemwood and lignification 
only for hybrid aspen clone 10 (Table 3). 
Although Dünisch and Bauch39 found a 
positive influence of K and Mg fertilisation 
on cellulose in coniferous trees, we did not 
establish any relationships between cellulose 
concentrations and K and Mg in soil and in 
stemwood for hybrid aspen.  

It has been often shown that tree growth 
is correlated with lignin and cellulose 
concentration in stems. For example, in oak, 
the cellulose content increases with the radial 
growth of a tree and decreases with its 
height.3 On the other hand, intensive 
lignification may stop the extension of cell 
walls7 and cause growth cessation of plants.2 
However, our experiment with hybrid aspen 
clones revealed no statistical relationships 
between cellulose and lignin concentrations 
in stemwood and the growth parameters of 
trees (Fig. 2, Table 3). A comparison of the 
lignin concentration in the stem with that of 
other poplar species3,28,29 suggests no 
inhibition in the growth of aspen clones on 
our experimental plots, as due to a relatively 
low lignin concentration in their stems. 
Statistically significant relationships between 
height growth, diameter and annual 
increment of clones 17 and 34 and the lignin 
content in their stems were established 
(Table 2), but not in the case of mean results 
(Fig. 2). 

Although no relationships were found 
between lignin and cellulose concentrations 
in stemwood and growth parameters, strong 
relationships were established between mean 
height growth, DBH and all studied 
macronutrients in stemwood (Table 4). 
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Table 3 
Linear regressions between average concentrations of cellulose (C), lignin (L) and their ratio (C/L) in stemwood and the morphological and chemical 

characteristics of the most frequent hybrid aspen clones (10, 16, 17, 34) and the chemical characteristics of soil 
 

Parameter  Mean of 50 model trees Clone 10 Clone 16 Clone 17 Clone 34 
  C L C/L C C L C/L L C/L C L C/L C L C/L 
Growth                
H -0.03 -0.14 0.11 0.59 0.67 -0.60 0.61 0.57 -0.48 -0.05 0.34 -0.28 0.67 -0.60 0.61 
DBH -0.10 -0.09 0.05 0.53 0.58 -0.56 0.56 0.51 -0.43 -0.16 0.39 -0.37 0.58 -0.56 0.56 
AHI -0.14 0.03 -0.07 0.63 0.75 -0.81* 0.80* 0.63 -0.56 -0.69 0.44 -0.61 0.75 -0.81* 0.80* 
Wood                
N -0.47** 0.27 -0.34* -0.41 -0.68 0.57 -0.56 -0.58 0.45 -0.04 -0.17 0.10 -0.68 0.57 -0.56 
P -0.47** 0.23 -0.34* -0.43 -0.58 0.48 -0.49 -0.52 0.38 -0.15 -0.19 0.08 -0.58 0.48 -0.49 
K -0.54** 0.26 -0.38* 0.43 0.20 0.06 0.07 0.94* -0.89* -0.74 0.05 -0.32 0.20 0.06 0.07 
C 1.00 -0.51*** 0.70*** 1.00 1.00 -0.91** 0.96** -0.43 0.60 1.00 -0.10 0.45 1.00 -0.91** 0.96** 
L -0.51*** 1.00 -0.97*** -0.41 -0.91** 1.00 -0.98*** 1.00 -0.98** -0.10 1.00 -0.93** -0.91** 1.00 -0.98*** 
C/L 0.70*** -0.97*** 1.00 0.49 0.96** -0.98*** 1.00 -0.98** 1.00 0.45 -0.93** 1.00 0.96** -0.98*** 1.00 
Soil                
pHKCl 0.23 -0.09 0.14 0.06 0.06 0.19 -0.04 -0.26 0.27 -0.05 -0.57 0.47 0.06 0.19 -0.04 
P 0.07 -0.25 0.22 -0.22 0.44 -0.50 0.51 -0.25 0.36 -0.11 0.03 -0.03 0.44 -0.50 0.51 
K 0.06 -0.23 0.22 -0.69 0.22 -0.31 0.29 0.03 -0.04 -0.29 -0.59 0.41 0.22 -0.31 0.29 
N -0.03 -0.10 0.05 0.41 0.10 -0.43 0.36 -0.46 0.39 -0.24 -0.29 0.14 0.10 -0.43 0.36 
Ca 0.12 -0.17 0.16 0.41 0.30 -0.37 0.38 -0.19 0.17 0.03 -0.43 0.37 0.30 -0.37 0.38 
Mg 0.09 -0.17 0.14 0.45 0.46 -0.49 0.51 -0.54 0.50 -0.05 -0.37 0.27 0.46 -0.49 0.51 

Significant correlations are marked as follows: *0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001
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Figure 2: Relations between mean concentrations of cellulose, lignin and their ratio and DBH of trees 
 

Table 4 
Linear regressions between average N, P and K concentrations in stemwood, the morphological 

characteristics of the most frequent hybrid aspen clones (10, 16, 17, 34) and soil chemical characteristics  
 

Growth parameters Soil parameters Stemwood 
nutrient H DBH AHI pHKCl P K N Ca Mg 

N -0.90* -0.91* -0.53 -0.21 0.16 -0.28 0.16 -0.1 0.18 
P -0.92** -0.76 -0.74 0.11 0.2 0.06 0.32 0.2 0.29 Clone 10 
K 0.24 0.6 -0.37 0.88* -0.17 0.88* 0.34 0.85 0.17 
N -0.94*** -0.92** -0.3 0.6 -0.26 0.53 0.38 0.54 0.83* 
P -0.85** -0.79* -0.1 0.51 -0.13 0.47 0.28 0.38 0.90** Clone 16  
K 0.2 0.34 0.54 -0.07 -0.12 -0.02 0.29 -0.15 0.14 
N -0.89* -0.93** -0.79 0.44 -0.33 0.24 -0.07 0.18 -0.03 
P -0.33 -0.38 -0.27 0.08 0.48 0.53 -0.8 -0.6 -0.66 Clone 17 
K 0.75 0.75 0.72 -0.72 0.26 -0.49 -0.45 -0.53 -0.45 
N -0.81* -0.71 -0.4 0.26 -0.4 -0.2 0.17 -0.08 -0.24 
P -0.97*** -0.94** -0.37 0.22 -0.38 0.1 0.01 0.24 0.1 Clone 34  
K 0.14 0.14 -0.22 0.76 0.17 -0.45 -0.44 -0.08 -0.29 
N -0.51*** -0.49*** -0.31* 0.09 -0.18 -0.08 -0.03 -0.02 0.04 
P -0.45** -0.42** -0.18 0.09 0 0.01 -0.11 -0.05 0.06 Mean of 50 

model trees  
K 0.41* 0.42* 0.24 -0.52** -0.34* -0.2 -0.05 -0.31 -0.09 

Significant correlations are marked as follows: *0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001 
 

CONCLUSIONS 
Hybrid aspen stemwood is characterized 

by a relatively high cellulose and low lignin 
concentration, which confirms its suitability 
for biotechnology, pulpwood and energy 
production or other fields of forest 
engineering. The clones evidence significant 
although small differences in wood 
composition, indicating the importance of 
considering wood properties, besides growth 
parameters, in the selection of the most 
economically promising clones. As hybrid 
aspen can be grown under a wide variety of 

site conditions and – in some situations – 
requires few inputs, it will undoubtedly be a 
key species in forestry in the future. 
Therefore, further basic research on wood 
formation, especially on lignin and cellulose 
biosynthesis pathways, is needed. 
 
ACKNOWLEDGEMENTS: The study was 
supported by the Estonian Science 
Foundation (grant No. 7298) and by the 
Estonian Ministry of Education and Research 
(project No. 0170021s08). 
 



Aspen wood 

 109

REFERENCES 
1 P. Maijala, Academic Dissertation, Helsinki, 
2000, 70 p. 
2 H. Miidla, Acta Comm. Univ. Tartuensis, Tartu, 
845, 11 (1989). 
3 R. Bodirlau, I. Spiridon and C. A. Teaca, 
BioResources, 2, 41 (2007).  
4 M. Mandre, Forestry Studies, 36, 72 (2002). 
5 W. J. Hu, S. A. Harding, J. L. Lung and J. 
Ralph, Nat. Biotechnol., 17, 808 (1999). 
6 H. Ziegler, in “Trees – Contributions to Modern 
Tree Physiology”, edited by H. Rennenberg, W. 
Eschrich, H. Ziegler, Leiden, Backhuys 
Publishers, 1997, pp. 531-544. 
7 A. Polle, T. Otter and H. Jr. Sandermann, in 
“Trees – Contributions to Modern Tree 
Physiology”, edited by H. Rennenberg, W. 
Eschrich, H. Ziegler, Leiden, Backhuys 
Publishers, 1997, pp. 455-475. 
8 R. Sykes, B. Kodrzycki, G. Tuskan, K. Foutz 
and M. Davis, Wood Sci. Technol., 42, 649 
(2008). 
9 M. Mandre, Water Air Soil Poll., 133, 363 
(2002). 
10 B. Monties, in “Methods in Plant 
Biochemistry”, edited by J. B. Harborne, Plant 
Phenolics, Vol. 1, London, Academic Press, 
1989, pp. 113-157. 
11 A. Samuga and C. P. Joshi, Physiol. 
Plantarum, 120, 631 (2004). 
12 M. Macleod, Pulp Pap. J., 5/6, 38 (1987). 
13 W. Karl, Pulp Pap. J., 45, 119 (1988). 
14 Q. Yu, P. Pulkkinen, M. Rautio, M. Haapanen, 
R. Alen, L. G. Stener, E. Beuker and P. M. A. 
Tigerstedt, Can. J. Forest Res., 31, 1348 (2001).  
15 Q. Yu, P. M. A Tigerstedt and M. Haapanen, 
Silva Fenn., 35, 15 (2001). 
16 J. Dhak, M. Pitz and B. R. Crossley, TAPPI 
Procs., Engineering and Papermakers 
Conference, 1997, pp. 347-352. 
17 B. Li, Forest. Chron., 71, 720 (1995). 
18 M. Liesebach, G. von Wuehlisch and J. Muhs, 
Forest Ecol. Manag., 121, 25 (1999). 
19 J. Hynynen and K. Karlsson, Procs. Workshop, 
Vantaa, Finland, May 16-18, 2001, pp. 99-100. 
20 L. Rytter and L.-G. Stener, Forestry, 78, 285 
(2005). 
21 L. Rytter, Forest Ecol. Manag., 236, 422 
(2006). 
22 A. Tullus, H. Tullus, A. Vares and A. Kanal, 
Forest Ecol. Manag., 245, 118 (2007). 
23 A. Tullus, H. Tullus, T. Soo and L. Pärn, 
Biomass Bioenerg., 33, 1617 (2009). 
24 B. Li, R. Wu, Theor. Appl. Genet., 93, 380 
(1996). 
25 P. J. Van Soest, “Nutritional Ecology of the 
Ruminant. Ruminant Metabolism, Nutritional 
Strategy, the Cellulytic Fermentation and the 

Chemistry of Forages and Plant Fibres”, Ithaca, 
Cornell University Press, 1987, 426 pp. 
26 S. Kajita, S. Hishiyama, Y. Tomimura, Y. 
Katayama and S. Omori, Plant Physiol., 114, 871 
(1997). 
27 StatSoft Inc. 2004. STATISTICA (data 
analysis software system), version 7, 
www.statsoft.com 
28 W. J. Hu, A. Kawaoka, C-J. Tsai, J. Lung, K. 
Osakabe, H. Ebinuma and V. I. Chiang, Procs. 
National Academy of Sciences, USA, 95, 5470 
(1998).   
29 B. N. Kuznetsov, S. A. Kuznetsova, V. G. 
Danilov and O. V. Yatsenkova, J. Sib. Fed. 
Univ., Chem., 1, 19 (2009). 
30 S. Andersson-Gunneras, E. Mellerowicz, J. 
Love, B. Segerman, Y. Ohmiya, P. M. Coutinho, 
P. Nilsson, B. Henrissat, T. Moritz and B. 
Sundberg, Plant J., 45, 144 (2006). 
31 J. A. Entry, G. B. Runion, S. A. Prior, R. J. 
Mitchell and H. H. Rogers, Plant Soil, 200, 3 
(1998). 
32 J. E. Hancock, W. M. Loya, C. P. Giardina, V. 
L. Chiang and K. S. Pregitzer, New Phytol., 173, 
732 (2007). 
33 J. J. Hendricks, R. J. Mitchell, K. M. Green, T. 
L. Crocker and J. G. Yarbrough, Commun. Soil 
Sci. Plant Anal., 35, 1207 (2004). 
34 E. Padu, L. Meiner and R. Selgis, Acta Comm. 
Univ. Tartuensis, Tartu, 845, 85 (1989). 
35 F. E. Pitre, B. Pollet, F. Lafarguette, J. E. K. 
Cooke, J. J. MacKay and C. Lapierre, J. Agr. 
Food Chem., 55, 10306 (2007). 
36 R. L. Heath and F. J. Castillo, in “Air Pollution 
and Plant Metabolism”, edited by S. Shulte-
Hostede, N. M. Darrall, L. W. Blank, A. R. 
Wellburn, London, Elsevier Applied Science, 
1987, pp. 55-75. 
37 S. Lautner, B. Ehlting, E. Windeisen, H. 
Rennenberg, R. Martyssek and J. Fromm, New 
Phytol., 173, 743 (2007). 
38 J. Fromm and R. Hedrich, in “The Apoplast of 
Higher Plants: Compartment of Storage, 
Transport and Reactions. The significance of the 
apoplast for the mineral nutrition of higher 
plants”, edited by B. Sattelmacher and W. J. 
Horst, Springer, Netherlands, 2007, pp. 137-149. 
39 O. Dünisch and J. Bauch, Holzforschung, 48, 5 
(1994). 


