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ABSTRACT

'The study analyses three databases on tracheid length measurements in Norway spruce wood
(Picea abies (L.) Karst.). The measurements cover a wide range of tree age from juvenile wood to
very mature wood (<120 years) as well as large tree diameters (up to >60 cm). Fibre length was
measured in three different tree heights separately for earlywood and the according latewood.
The databases include the whole spectrum of log qualities that are classified in the Austrian
grading rules (FHP 2006). Non-linear regression (NLR) models were applied to investigate
the correlation between tracheid length and tree age, cambial age or radial distance from pith at
different tree heights.

Trend lines of the tracheid length regarding tree age, cambial age, tree height and inter-
annual variation were developed achieving high correlation coefficients up to r2 = 0.78. The applied
function to describe the tracheid length trend is based on a logarithmic curve (Bailey 1920). Due
to the proposed additional terms the function allows for a steeper increase of fibre length in the
juvenile growth phase as well a culmination/decrease at high age. The influence of log qualities
(grades) on the fibre length was illustrated.

The study gives a deeper insight on tracheid cell morphology in coniferous trees and can be
applied to select the most appropriate raw material for specific wood, pulp and paper products.

KEY WORDS: cambial age, log quality, juvenile / mature wood, Norway spruce (Picea abies (L.)
Karst.), radial trend, tree age, tracheid length, tree height.
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INTRODUCTION

Tracheids make up more than 90 % of the Gymnosperm wood (Fengel and Wegener 1984).
Therefore the characteristics of these cells dominantly determine the performances and efficiency
of the xylem tissue within the tree. Due to the simplicity of the gymnosperm wood composition
in terms of cell type diversity these cells have to cope with several tasks. The two main tasks are
sap flow conduction and mechanical stiffness. Consequently it can be assumed that the shape and
chemical composition of tracheids are a result of an evolutionary optimization process of nature to
enable the tree to withstand internal and external stresses.

Numerous studies have focused on specific aspects of tracheids such as their physiological
function (Kubler 1991, Sellin 1993, Burgert et al. 2004, Rosner et al. 2007), the cell morphology
(Frey-Wyssling 1968, Brindstrom 2001, Sarén et al. 2004), the mechanical performance of single
fibres (Burgert et al. 2005a, 2005b, 2005¢, Burgert 2006; Gierlinger et al. 2006) or xylem tissues
under various loading situations (Miller et al. 2003, Miller et al. 2004).

Sophisticated devices and analytic tools were developed to make the morphological, mechanical,
and chemical properties of tracheid cell structures measurable. Devices such as SilviScan™ for
example can perform accurate and rapid measurements of the tracheid cell dimensions in tangential
and radial direction (cell wall thickness, lumen diameter...) on a cross section without isolating
the fibres from the tissue (Evans 2000). The assessment of longitudinal characteristics such as
microfibril angle (Evans et al. 1999), spiral grain (Buksnowitz et al. 2008) or the crystallinity
index of the cellulose can also be performed on solid wood samples non-destructively. But for the
measurement of tracheid length the cells still have to be separated by maceration techniques (Dodd
1985) or dissected into tangential longitudinal microscope sections for the method proposed by
Bailey (1920), Ladell (1959) and Dodd 1985).

From previous research it is known that the characteristics of tracheid cells show a variety
of trends governed by genomics, age, or growth conditions. Several studies have focused on
the juvenile versus mature wood (Burdon et al. 2004), the effects of forest management such as
thinnings (Herman et al. 1998a), the effect of fertilization and growth speed on the tracheid length
(Lindstrédm 1997, Dutilleul et al. 1998, Mikinen et al. 2002a, b) the effect of genotype on the
tracheid length (Sirvié and Kédrenlampi 2000), the correlation between the tracheid length and
cross sectional properties (Sirvio 2001) or the potential climatic signals in fibre length (Wimmer
and Grabner 2000).

The present study is dedicated to the analysis of fibre length measurements of Picea abies L.
(Karst.) from three complementing projects in order to verify known basic age trends and radial
trends and reveal new aspects in terms of specific potentials.

Besides the physiological importance, the tracheid morphology and their mechanical properties
are of vital importance to numerous industrial processes. The behaviour and performance of solid
wood and wood-based-products is determined by specific properties on several hierarchical levels
from the chemical structure to the whole tree. Fibre length determines for example the potential
performance of paper and governs the production process and treatment (e.g. refining) of pulp
(Evans et al. 1997; Kibblewhite and Evans 2001). Due to this significant impact on many broad
scale applications and production processes (Brindstrom 2001) this study takes a closer look on the
length of the soft woods’ tracheid cells with the following main objectives:

* Detailed analysis and illustration of the tracheid length trends of Norway spruce wood
(Picea abies (L.) Karst.) including measurements up to a high tree age (>120 years) and large
diameters (>40 cm).

* Empirically extract a mathematical description of the observed tracheid length trends from
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the measurement data.
* Provide results based on an extensive data set derived from representative samples for the
Alpine region and the surrounding area.
* Include different log quality grades in the analysis to representatively reflect on the practical
situation in the sampling region.
Concluding, a more detailed knowledge of the potential properties and variability of tracheid
cells is needed to use wood innovatively as a raw material for technical application and provided a
solid basis to better understand the wood anatomical structure of coniferous trees.

MATERIAL AND METHODS

'The data from three separate projects were merged to investigate the tracheid length in Norway
spruce wood (Picea abies (L.) Karst.).

* 1st project: Fundamental material assessment of large diameter spruce wood (Teischinger
and Miiller 2006)

+ 2ndproject: Quality grading of resonance wood for musical instrument making (Buksnowitz
2006, Buksnowitz et al. 2007)

+ 31 project: Quality of juvenile Norway spruce wood grown in plantations (Hannrup et al.
2002, 2004)

All three projects include fibre (tracheids) length measurements and together they cover all
qualities-grades of Norway spruce wood. The used grades are in accordance with the Austrian
grading rules (FHP 2006). The supreme quality of knot-free logs free from defects (grade A) is
represented in the 20 project. The grades B (good average quality), C (below average) and Cx
(inferior quality) are covered by the 15t project. The 3t project does not represent a specific grade
but provides information on juvenile wood from plantations.

Within the projects 1 and 2 numerous anatomical, mechanical, acoustical, optical and chemical
properties were investigated on several hierarchical levels with the aim of deriving the potential of
large diameter round wood in contrast to small diameter logs with a high proportion of juvenile
wood. Data from the 3 project were included in this study to cover the properties of juvenile wood
grown in plantations when comparing the quality grades in terms of fibre length.

Material from the 15t project

In the “large diameter wood project” (1t project) 72 logs (36 individual trees) of Norway
spruce (Picea abies (L.) Karst.) were harvested in two contrasting regions at three sites with different
altitude ranges. The sample logs represented three different log-qualities and three different tree
heights (butt log, middle log, crown log) (Buksnowitz et al. 2008). From each log a specimen
covering the complete radius from pith to bark was taken. At several radial positions the fibre length
for earlywood and the according latewood was determined separately.

Material from the 274 project

Within the “resonance wood project” (2 project) 84 samples from different Norway spruce
(Picea abies (L.) Karst.) individuals from numerous resonance wood regions in Europe were
collected. 78 of them were raw violin tops. Six non-resonance wood samples were added, which
were graded as ‘joinery-quality’ by the retailer. These samples were A-quality (FHP 2006) and link
the supreme quality with the lower qualities of the 15t project. For each sample the fibre length of
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the earlywood and the latewood was determined separately at two different radial positions. The
sampling positions were 10 mm from the pith-side and 10 mm from the bark-side of the 100 mm
(radial) specimen (Buksnowitz 2006, Buksnowitz et al. 2007). Due to the required large diameters
and the slow growth of resonance wood the samples showed up to 180 rings, not taking the juvenile
part of the stem into account, which has already been discarded at the date of sampling. Therefore
it was assumed that the estimated ring age of the samples exceeded 200 in a majority of cases. As a
result this project extended the available data at the very high age end of the scale.

Material from the 3rd Project

The 34 project sampled 73 clones at two different sites and a sub sample of 29 full-sib crossings
from 15 parents (Hannrup et al. 2004).

In the 15t and 2nd project the wood was macerated in a solution of 2.65 g K,Cr,O5 + 5 ml
65 % HNOj; + 25 ml H,O. A detailed description of the maceration procedure is given by Jeffrey
(1917). The tracheid lengths were measured on images, which were captured with a digital
camera (Olympus DP 10) mounted on an incident light microscope (Olympus SZH 10 - research
stereo) at a twenty-fold magnification. The obtainable accuracy is within the range of 10 pm. The
image analysis program was Olympus DP Soft 3.0. For each sampling position 40 fibre length
measurements were averaged.

Within the 34 project a radial strip (approx. 3 mm wide) was prepared from each disc and cut
tangentially into matchstick sized pieces. The splinters were macerated by heating in equal parts
(by volume) of glacial acetic acid and hydrogen peroxide. After four hours the macerated samples
were washed in distilled water and agitated vigorously to separate the tracheids. The tracheid
length was determined applying a Kajaani FS-200 automated fibre length analyser. Samples were
diluted in distilled water to provide a flow rate of 40-60 fibres per second. The mean tracheid length
and tracheid length distribution (length weighted) was determined by measuring at least 15000
tracheids for each of the 287 samples. Applying this method the average fibre length includes also
broken or crooked fibres. Therefore these results were mainly used to support the results derived
from Project 1 and 2.

The statistical analysis was performed using the software package SPSS 15.0. The trend lines
of tracheid lengths at different tree heights were generated by non-linear regression (NLR) models.
'The models used the tree age, the cambial age or the radial distance from the pith as independent
variable. The NLR-coeflicients were estimated applying the Levenberg-Marquardt method defining
the iteration procedure.

The tree age was defined as the number of years that passed from germination of the seedling
to the formation of the investigated ring. The cambial age stands for the age of the cambium in the
year of the ring formation, which is equivalent to the number of annual increments from the pith to
the investigated ring (Grabner and Wimmer 2006).

RESULTS AND DISCUSSION

The main part of the investigation of fibre length trends was performed using the data collected
in project 1. Fibre length was analysed in three different tree heights (butt log, middle log, crown log).
In combination with three independent variables (tree age, cambial age, radial distance from pith)
nine scatter plots (A to I) were generated (Fig. 1). For each scatter plot the measurements were divided
into earlywood and latewood. For each of the resulting 18 groups of fibre length measurements a
trend line was fitted to the data points by applying the above-mentioned NLR routine (Fig. 1).
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RADIAL-, AGE- and HEIGHT-TRENDS of FIBERLENGTH in PICEA ABIES (L.) Karst.
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Fig. 1: Radial trends, age trends, and height trends of fibre length in Picea abies (L.) Karst.
Abbreviations: EW ... earlywood, LW ... latewood, FL ... fibre length, T ... fibre length trend, n ...
number of measured fibres, min ... minimum fibre length, max ... maximum fibre length, av ... average
Sfibre length, stdev ... standard deviation.

The underlying function used in the NLR models is displayed in formula. It proofed to be
a suitable option to describe the trends within the data at hands.

y=alnx)-bx¢+d/xe+f

y ... fibre length (dependent variable) (um)
X ... independent variable (tree age in years (a), cambial age in years (a) or radial distance from

pith (mm))
a, b, ¢, d, e ... coeflicients estimated by the NLR
f ... offset

In accordance to Bailey (1920) or Teischinger and Miiller (2006) the basic trend can be described
by a natural logarithmic function “y = a.In(x) + £” of the cambial age. The results displayed in Fig. 1
prove that this type of function is also highly suitable to be applied for “tree age” and “radial distance
from pith” as independent variables. Two additional terms were introduced to properly describe the
deviation of the fibre length trends from the plain logarithmic function. The term “ - b.x¢” allows
the fibre length to decrease at high age, whereas the term “ d/x¢ “ allows a steeper increase of fibre
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length in the juvenile phase and the transition phase from juvenile to mature wood.

Fig. 1 provides information on the number of fibre length measurements in each group, the tree
heights in meters, the minimum /maximum/ average fibre length as well as the standard deviation
separately for earlywood and latewood. Additionally the correlation coefficients (r2) for the trend
lines are displayed besides the scatter plots. The coeflicients to formula 1 are compiled in Tab. 1.

Tab. 1: Coefficients estimated by the non-linear regression models for each combination of tree height,
earlywood / latewood and dependent variable (tree age, cambial age, radial distance from pit/z),
Abbreviations: BL ... butt log, ML ... middle log, CL ... crown log, ew ... earlywood, w ... latewood,
t-a ... tree age, c-a ... cambial age, r—p ... radial position from pith.

MODEL COEFFICIENTS
ht:geht zone m?;':iea'::: " a b c d e f
BL ew t-a 1372.059 2.373323 1.247096 -820.643 | -0.006202 729.625
BL Iw t-a 1267.676 1.320456 1.357928 -506.082 0.062388 791.968
BL ew ca 67.220 5.691089 1.208827 1467.256 | -0.321311 222.336
BL Iw ca 227.021 3.346651 1.249171 1519.755 | -0.269651 319.725
BL ew r-p 894.092 | -10.424038 | 0.653508 | -1520.590 | -0.001831 | 1651.028
BL Iw r-p 882.750 -6.329782 | 0.657215 -274.900 | -0.015826 714.281
ML ew t-a 2495.708 3.075630 1.348023 | -8933.611 | 0.034244 | 3380.679
ML Iw t-a 2210.229 6.069340 1.216493 | -8771.763 | 0.083271 3303.176
ML ew ca -517.989 | 13.075925 | 1.186942 1782.896 | -0.395024 274.073
ML Iw ca -408.128 | 11.838955 | 1.174394 1821.875 | -0.371652 377.531
ML ew r-p 1476.255 -2.345413 0.121275 6914.017 0.817298 -2249.189
ML Iw r-p 1412.187 0.166091 0.080090 6426.139 | 0.854527 | -1723.321
cL ew t-a 2378.762 0.764542 1.575203 | -11211.749 | 0.081649 3139.468
cL Iw t-a 2379.038 0.865336 1.534090 | -10233.570 | 0.072471 2802.254
cL ew ca -68.879 5.218301 1.300462 1492.325 | -0.352177 350.954
cL Iw ca -295.813 3.028988 1.424600 1560.694 | -0.368160 636.167
cL ew r-p 1314.071 | -6.556853 | 0.055576 | 4630.898 | 0.794518 | -1357.531
cL Iw r-p 1197.934 | -13.281641 | 0.640655 3980.588 | 0.697940 | -1013.635

In the following the aspects, which are derived from Fig. 1, are discussed. Fibre length
measurements were rounded to 10 pm.

Fibre length

The longest individual latewood fibres (maximum value 7560 pm) were found in the crown
logs, whereas the mean fibre length was longest in medium tree height (Fig. 1 D, E, F) with
4710 pum for earlywood and 4880 um for latewood. The fact that the longest fibres can be found
in medium tree heights (40-50 % of height) can be confirmed by previous studies (Helander 1933,
Schultze-Dewitz and Gétze 1973, Atmer and Thornqvist 1982, Kucera 1994). These findings are
in contrast to the results of (Mikinen et al. 2007) who found no significant correlation between the
vertical location along the stem and the fibre length.

Early wood fibres versus latewoo fibres

Generally earlywood fibres (min: 1080 pum, mean: 4610 pm, max: 7460 um) appear to be
shorter than latewood fibres (min: 1340 pm, mean: 4750 pm, max: 7560 pm) of the same tree age,
cambial age or radial distance from pith (Fig. 1 A - I). This confirms the studies of (Helander 1933,
Vasiljevic 1955, Frimpong-Mensah 1987). A recent study on the variation of tracheid length within

annuals rings of Norway spruce found (non-significant) 2-4 % longer fibres in latewood than in
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earlywood with a generally high variation from ring to ring (Mikinen et al. 2008).

The study at hands showed that earlywood fibre (standard deviation (stdev): 1230 pum) and
latewood fibre (stdev: 1200 pm) lengths show approximately the same variance that increases
from pith to bark, which in accordance to (Herman et al. 1998b). Although they do not increase
exponentially like stated in the mentioned study.

Fibre length —age trends

After an initial steep increase of fibre length (Fig. 1 A, B, D, E) (tree age / cambial age: 0-50)
the trend flattens, which can partly be explained by the theory of Bannan (1963, 1965, 1967). His
studies ascribe the fibre length to the number of cambium cell that divide in a pseudo-transverse
(anticlinal) manner resulting in fibres of half-length. The number of these cell divisions is inversely
proportional to the tree superficies surface, explaining the initial steep increase in average fibre
length. Numerous studies confirm this initial trend in fibre length (Helander 1933, Necesany
1961, Boutelje 1968, Marton et al. 1972; Atmer and Thornqvist 1982, Frimpong-Mensah 1987,
Kucera 1994, Saranpii 1994, Herman et al. 1998a, Saranpii et al. 2000). The expansion of the
circumference of the tree (Bannan 1965), the limitation of the cell elongation to approximately 9 %
(Bailey 1920) and the transformation of fusiform initials into ray initials (Panshin and De Zeeuw
1980) play an additional role of defining the fibre length trend.

The results of this study clearly indicate that the fibre length trend in Fig. 1 (A, B, D, E)
culminates at a tree age / cambial age of around 120 years and decreases slightly beyond the age of
about 130. This is in accordance to an early st udy of (Helander 1933), who reported a fibre length
decrease near the bark in old trees. The results are in contrast to other studies reporting different
radial patterns in tracheid length in mature wood. Atmer and Thérnqvist (1982) and Kucera (1994)
examined a constant length after the maximum was reached, whereas another study reports of a
continuous increase in tracheid length (Necesany 1961).

Fibre length — height trends

The NLR for the crown log using tree age as independent variable shows a less steep increase
and a less distinct culmination of fibre length.

The NLR for the crown log using cambial age as independent variable shows an earlier
culmination (cambial age: approx. 90) and earlier decrease in fibre length.

In the crown logs (Fig. 1 G, H, I) the fibre length variation is higher than in lower logs (Fig. 1
A, B, C), which is also expressed in lower 12 values.

Fibre length — radial distance trends

Fibre length-measurements plotted over the radial distance from pith show different trend line
behaviour (Fig. 1 C, F, I) than for tree age and cambial age. The initial increase in fibre length is less
steep and turns into a flatter, almost linear, increase from a radial distance from pith of 50-100 mm.
This can be explained by the known trend in tree ring width from wide rings close to pith to narrower
rings close to bark. Due to this overlaying of the “annual increment width trend” in Fig. 1 C, F, I the
fibre length trend has a less distinct initial increase and remains at steady slope at high diameters.

The fibre length decrease at high radial distance from pith is additionally suppressed by the fact
that the majority of logs were already up to 600 mm in diameter at an age that has not reached the
fibre length culmination point as shown in Fig. 1 A, B, D, E, G and H. This fibre length trend over
the radial distance from pith is supported by several studies that found a negative relationship between
annual ring width and tracheid length in Norway spruce (Helander 1933, Frimpong-Mensah 1987,
Herman et al. 1998b, Saranpii et al. 2000, Mikinen et al. 2007). The negative relationship between
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circumferential growth rate and the fibre length (Fujiwara and Yang 2000) explain why the radial
distance from pith controls the pattern of the fibre length trend (Sarén et al. 2001).

Correlation coefficients of NLR models

The models using the cambial age as independent variable (Fig. 1 B, E, H) reach slightly
higher values for correlation coefficients (r2) than the ones using tree age (Fig. 1 A, D, G).

Correlation coefficients up to 12 = 0.78 indicate a good fit of the NLR. A strong correlation
between cambial age and fibre length was also found in a study on pulp properties (Suur-Hamari
1997). A study investigating 33 years old Norway spruce also found the tracheid length dependent
on the logarithm of the cambial age, giving an r2 = 0.87 (Lindstrém 1997). A model presented by
(Mikinen et al. 2007) predicted 82.8 % of the total variation in tracheid length using distance from
pith and the site index as independent variables. Taking into account that both studies investigated
only the initial phase of the fibre length trend and the latter allowed more explaining variables, the
correlation coefficients of the present study are comparable.

Fibre leght —log quality

Fig. 2 includes the fibre length measurements of project 1, 2 and 3 illustrating the tracheid
length of different ,grades of Picea abies (Karst.) L. wood using box plots.

The leftmost “juvenile” group stands for the measurements performed in project 3. The
juvenile samples (up to 15 years) support the trends in Fig. 1 showing consistently short fibres at
low tree age.

7000

6000=
4000=

3000+

FIBRE LENGTH (um)

2000 B3

1000=
n=287"  n=5919 n=5081 n=6360 n=6720
T T T T

juvenile  Cx c B A
QUALITY / GRADES

Fig. 2: Fibre lengths in different grades (,qualities®) of Picea abies (L.) Karst. wood.

Abbreviations: Cx ... inferior quality logs, C ... low quality logs (below average), B ... average to good
quality logs, A ... supreme quality logs, , Juvenile®... plantation wood.

*... each sample included at minimum 15.000 fl measurements.

The groups Cx, C, and B (defined in “Materials and Methods”) are derived from project 1
following confirming the trends shown in Fig 1. The quality grades according to the Austrian
grading rules (FHP 2006) are mainly defined by macroscopically visible defects and features such as
knots. The older the tree the likelier is a knot free trunk surface resulting in a higher grade. Therefore
the logs, which were assigned to grading class C have the tendency to be older than Cx logs.
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Group A stands for fibre length measurements performed on very old clear wood samples from
project 2 (resonance wood). The slightly shorter fibres in Group A support the trend of decreasing
fibre length at high tree age / cambial age the NLR models in Fig. 1 shows.

'The variation on fibre length within group A is lower (whiskers for the 5 % and 95 % percentile)
as the samples did not contain juvenile wood like the groups Cx, C and B did.

CONLUSIONS

The study clearly confirms that tracheid length (fibre length) in Picea abies (L.) Karst. is
subjected to tree age trends, cambial age trends and trends of radial distance from the pith. In
general the observed tracheid length trends for cambial age and tree age show an initial steep
increase followed by a culmination and a slight decrease. Using radial distance from the pith as an
independent variable the decrease of fibre length at higher distances to the pith was not observed.

The trend lines that were fitted into the tracheid length measurements and the derived non
linear regression models can serve as an indicator which fibre lengths can be expected at a certain
tree age, cambial age, radial distance to the pith in a certain range of the tree height for comparable
regions of orgin. Due to the high correlation coefficients up to 2 = 0.78 this could find a possible
application in raw material choice with regional relevance.

At high age contradictory trends are reported in literature (Necesany 1961, Atmer and
Thornqvist 1982, Kucera 1994, Sirvi6 and Kirenlampi 2001). In contrast to them the present study
observed a slight decrease in fibre length at a tree age >130 years. The behaviour of the tracheid
length trends at high age is of special importance in mountainous regions like the Austrian Alps
were forest management and the protective needs require large diameter trees.

It could be shown that the radial distance to pith is not the most reliable parameter to estimate
the fibre length, as it does not necessarily contain consistent information on the driving factor,
which seems to be the age.

When using the diameter of a log to estimate the fibre length the annual increment width
has to be considered in order to take into account, whether the fibre length is still increasing,
culminating or already decreasing.

It can be concluded that despite numerous other anatomical and morphological changes with
age and diameter (such as cell wall thickness, cell diameter, coarseness and micro fibril angle) the
position of the tracheids within the stem has to be considered, when it comes to specific applications
where tracheid length is a vital parameter.

The up to 7.5 mm long fibres that were found in large diameter (old growth) Norway spruce
(Picea abies (L.) Karst.) wood point towards innovative applications where these properties are
advantageous.

The more detailed results of the present study are based on a wide data basis, give a deeper
insight on tracheid cell morphology in coniferous trees and can be applied to select the most
appropriate raw material for specific wood, pulp and paper products.

ACKNOWLEDGEMENT

One part of this research was funded by the Austrian program “Factory of Tomorrow”
(“Fabrik der Zukunft”) a subprogram of a research and technology initiative by the Austrian
Federal Ministry of Transport, Innovation and Technology (BMVIT).



WOOD RESEARCH

10.

11.

12.

13.

14.

15.

16.

17.

18.

10

REFERENCES

Atmer, B., Thorngvist, T., 1982: The properties of tracheids in spruce (Picea abies) and pine
(Pinus sylvestris) Department of Forest Products, SLU, 134 pp.

Bailey, I. W., 1920: The cambium and its derivate tissues. II. Size variations of cambial
initials in gymnosperms and angiosperms. American Journal of Botany 7: 11

Bannan, M. W,, 1963: Cambial behaviour with reference to cell length and ring width in
Picea. Canadian Journal of Botany 41: 11

Bannan, M. W., 1965: The length, tangential diameter, and length/width ratio of conifer
tracheids. Canadian Journal of Botany 43: 17

Bannan, M. W., 1967: Sequential changes in rate of anticlinal division, cambial cell length,
and ring width in the growth of coniferous trees. Canadian Journal of Botany 45: 1359
Boutelje, J., 1968: Juvenile wood, with particular reference to northern spruce. Svensk
Papperstidning 71: 4

Brindstrom, J., 2001: Micro- and ultrastructural aspects of norway spruce tracheids: A
review. IAWA Journal 22: 333-353

Buksnowitz, C., 2006: Resonance wood of Picea abies. Doctoral Thesis - Institute of Wood
Science and Technology Vienna University of Natural Resources and Applied Life Sciences
- BOKU Vienna, 211 pp.

Buksnowitz, C., Teischinger, A., Miiller, U., Pahler, A., Evans, R., 2007: Resonance wood
(Picea abies (L.) Karst.) - Evaluation and prediction of violin makers' quality-grading. Journal
of the Acoustical Society of America 121: 2384-2395

Buksnowitz, C., Miller, U., Evans, R., Teischinger, A., Grabner, M., 2008: The potential of
SilviScan’s X-ray diffractometry method for the rapid assessment of spiral grain in softwood,
evaluated by goniometric measurements. Wood Science and Technology 42: 95-102
Burdon, R. D., Kibblewhite, R. P., Walker, J. C. F, Megraw, R. A., Evans, R., Cown,
D. J., 2004: Juvenile versus mature wood: A new concept, orthogonal to corewood versus
outerwood, with special reference to Pinus radiata and P. taeda. Forest Science 50: 399-415
Burgert, I., 2006: Exploring the micromechanical design of plant cell walls. American
Journal of Botany 93: 1391-1401

Burgert, 1., Frihmann, K., Keckes, J., Fratzl, P., Stanzl-Tschegg, S., 2004: Structure-
function relationships of four compression wood types: Micromechanical properties at the
tissue and fibre level. Trees - Structure and Function 18: 480-485.

Burgert, 1., Eder, M., Frihmann, K., Keckes, J., Fratzl, P., Stanzl-Tschegg, S., 2005a:
Properties of chemically and mechanically isolated fibres of spruce (Picea abies L. Karst.). Part
3: Mechanical characterisation. Holzforschung 59: 354-357.

Burgert, I, Frihmann, K., Keckes, J., Fratzl, P., Stanzl-Tschegg, S., 2005b: Properties of
chemically and mechanically isolated fibres of spruce (Picea abies L. Karst.). Part 2: Twisting
phenomena. Holzforschung 59: 247-251

Burgert, I., Gierlinger, N., Zimmermann, T., 2005c: Properties of chemically and
mechanically isolated fibres of spruce (Picea abies L. Karst.). Part 1: Structural and chemical
characterisation. Holzforschung 59: 240-246

Dodd, R.S., 1985: Fiber length measurement systems: A review and modification of an
existing method. Wood and Fiber Science 18: 11

Dutilleul, P., Herman, M., Avella-Shaw, T, 1998: Growth rate effects on correlations among
ring width, wood density, and mean tracheid length in Norway spruce (Picea abies). Canadian

Journal of Forest Research 28: 56-68



Vol. 55 (4): 2010

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

Evans, R., 2000: SilviScan and its future in wood quality assessment. Appita Inc, Melbourne,
Aust. (1): 271-274

Evans, R., Hughes, M., Menz, D., 1999: Microfibril angle variation by scanning X-ray
diffractometry. Appita Journal 52: 363-367

Evans, R., Kibblewhite, R.P., Stringer, S., 1997: Kraft pulp fibre property prediction from
wood properties in eleven radiata pine clones. Appita Journal 50: 23-25

Fengel, D., Wegener, G., 1984: Wood - Chemistry, Ultrastructure, Reactions. De Gruyter,
Berlin

FHP, 2006: Osterreichische Holzhandelsusancen. Kooperationsplattform Forst Holz Papier
(FHP), Wien

Frey-Wyssling, A., 1968: The ultrastructure of wood. Wood Science and Technology 2: 73-83
Frimpong-Mensah, K., 1987: Fibre length and basic density variation in the wood of Norway
spruce (Picea abies L. Karst.) from northern Norway. Meddelelser fra Norsk Institutt for
Skogforskning, 40 pp

Fujiwara, S., Yang, K.C., 2000: The relationship between cell length and ring width and
circumferential growth rate in five Canadian species. IAWA Journal 21: 335-345
Gierlinger, N., Schwanninger, M., Reinecke, A., Burgert, I., 2006: Molecular changes during
tensile deformation of single wood fibers followed by Raman microscopy. Biomacromolecules
7:2077-2081

Grabner, M., Wimmer, R., 2006: Variation of different tree-ring parameters in samples from
each terminal shoot of a Norway spruce tree. Dendrochronologia 23: 111-120

Hannrup, B., Cahalan, C., Chantre, G., Grabner, M., Karlsson, B., Le Bayon, 1., Jones,
G.L., Maller, U, Pereira, H., Rodrigues, J.C., Rosner, S., Rozenberg, P., Wilhelmsson, L.,
Wimmer, R., 2004: Genetic Parameters of Growth and Wood Quality Traits in Picea abies.
Scandinavian Journal of Forest Research 19: 14-29

Hannrup, B., Grabner, M., Karlsson, B., Miiller, U., Rosner, S., Wilhelmsson, L., Wimmer,
R.,2002: Genetic parameters for spiral-grain angle in two 19-year-old clonal Norway spruce
trials. Annals of Forest Science 59: 551-556

Helander, B.A., 1933: Variations in tracheid length of pine and spruce. Foundation for Forest
Products Research of Finland 14: 75

Herman, M., Dutilleul, P., Avella-Shaw, T., 1998a: Growth rate effects on temporal
trajectories of ring width, wood density, and mean tracheid length in norway spruce (Picea
abies L. Karst.). Wood and Fiber Science 30: 6-17

Herman, M., Dutilleul, P., Avella-Shaw, T., 1998b: Intra-ring and inter-ring variations of
tracheid length in fast-grown versus slow-grown Norway spruces (Picea abies). IAWA Journal
19: 3-23

Jeffrey, E.C., 1917: The Anatomy of Woody Plants. University of Chicago Press.
Kibblewhite, R.P., Evans, R.. 2001: Dimensional relationships among radiata pine wood
tracheid, and chemical and TMP pulp fibres. Appita Journal 54: 297-303

Kubler, H., 1991: Function of spiral grain in trees. Trees: 125-135

Kucera, B., 1994: A hypothesis relating current annual height increment to juvenile wood
formation in Norway spruce. Wood and Fiber Science 26: 15

Ladell, J.L.., 1959: A new methode of measuring tracheid length. Forestry 32: 2

Lindstrém, H., 1997: Fiber length, tracheid diameter, and latewood percentage in norway
spruce: development from pith outwards. Wood and Fiber Science 29: 21-34

Mikinen, H., Jaakkola, T., Piispanen, R., Saranpii, P., 2007: Predicting wood and tracheid
properties of Norway spruce. Forest Ecology and Management 241: 175-188

11



WOOD RESEARCH

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

12

Mikinen, H., Jyske, T., Saranpid, P., 2008: Variation of tracheid length within annual rings
of Scots pine and Norway spruce. Holzforschung 62: 6

Mikinen, H., Saranpid, P., Linder, S., 2002a: Effect of growth rate on fibre characteristics
in Norway spruce (Picea abies L. Karst.). Holzforschung 56: 449-460

Mikinen, H., Saranpii, P., Linder, S., 2002b: Wood-density variation of Norway spruce in
relation to nutrient optimization and fibre dimensions. Canadian Journal of Forest Research
32: 185-194

Marton, R., Rushton, P., Sacco, J.S., Sumiya, K. 1972: Dimensions and ultrastructure in
growing fibers. Tappi Journal 55: 5

Miiller, U., Gindl, W., Teischinger, A., 2003: Effects of cell anatomy on the plastic and
elastic behaviour of different wood species loaded perpendicular to grain. IAWA Journal 24:
117-128

Miller, U,, Sretenovic, A., Gindl, W., Grabner, M., Wimmer, R., Teischinger, A., 2004:
Effects of macro- and micro-structural variability on the shear behavior of softwood. IAWA
Journal 25: 231-243

Necesany, V., 1961: The variation of "normal"” wood in view of its structure. Faserforschung
und Textiltechnik 12: 9

Panshin, AJ., De Zeeuw, C., 1980: Textbook of Wood Technology. McGraw-Hill Book
Company, New York

Rosner, S., Klein, A., Miiller, U., Karlsson, B., 2007: Hydraulic and mechanical properties
of young Norway spruce clones related to growth and wood structure. Tree Physiology 27:
1165 -1178

Saranpid, P., 1994: Basic density, longitudinal shrinkage and tracheid length of juvenile
wood of Picea abies (L.) Karst. Scandinavian Journal of Forest Research 9: 68 -74

Saranpii, P., Personen, M., Sarén, M., Anderson, S., Siirid, S., Serimaa, R., Paakkari, T.,
2000: Variation of the properties of tracheids in Norway spruce (Picea abies L. Karst.). In:
Savidge RA, Barnett JR, Napier R (eds) Cell and molecular biology of wood formation.
BIOS Sientific Publishers Ltd, Oxford, Pp 337-345

Sarén, M., Serimaa, R., Andersson, S., Saranpii, P., Keckes, J., Fratzl, P., 2004: Effect of
growth rate on mean microfibril angle and cross-sectional shape of tracheids of Norway
spruce. Trees Structures and Functions 18: 354 -362

Sarén, ML.P., Serimaa, R., Andersson, S., Paakkari, T., Saranpii, P., Pesonen, E., 2001:
Structural variation of tracheids in norway spruce (Picea abies L. Karst.). Journal of Structural
Biology 136: 101-109

Schultze-Dewitz, G., Goétze, H., 1973: Investigation on the fibre length, density and
compression strength of internodial and circumnodial of the species Scots pine (Pinus
sylvestris L.) Norvay spruce (Picea abies Karst.) and Douglas fire a (Pseudotsuga menziesii
Franco) Drevirsky Vyskum 18(1): 33 - 44

Sellin, A., 1993: Resistance to water flow in xylem of Picea abies (L.) Karst. trees grown under
contrasting light conditions. Trees 7: 220 - 226

Sirvi6, J., 2001: Variation of cross-sectional properties within single Norway spruce
,3tracheids. Wood and Fiber Science 33: 16 - 25

Sirvio, J., Kirenlampi, P., 2000: Two scales of variation in Norway spruce tracheid properties.
Wood and Fiber Science 32: 311-331

Sirvio, J., Kdrenlampi, P., 2001: Fiber property models for Norway spruce trees and logs.
Paperi ja Puu 83: 474-481



Vol. 55 (4): 2010

59.

60.

61.
62.

Suur-Hamari, H., 1997: Classified wood raw materials for diversified softwood kraft pulps.
Paperi ja Puu/Paper and Timber 79: 404-409

Teischinger, A., Miller, U., 2006: Holzeigenschaften von Nadelstarkholz und sein
technologisches Potential. Schweiz. Z. Forstwes. 157: 4

Vasiljevic, S., 1955: Tracheid length within a growth ring. Glas sum Fak, Beograd 10: 29
Wimmer, R., Grabner, M., 2000: A comparison of tree-ring features in Picea abies as
correlated with climate. IAWA Journal 21: 403-416.

CurisTorH BuksNnowiTz
UnN1vERsITY OF NATURAL RESOURCES AND APPLIED L1FE SCIENCES VIENNA
DEPARTMENT OF MATERIAL SCIENECS AND PROCCES ENGINEERING
InsTITUTE OF WOOD SCIENCE AND TECHNOLOGY
PETER JorDAN STRASSE 82
A-1190 VIENNA
AUSTRIA
E-mail: christoph.buksnowitz@boku.ac.at
Phone: +43-699-15049217
ALFRED TEISCHINGER
UN1vERSITY OF NATURAL RESOURCES AND APPLIED LIFE SCIENCES VIENNA
DEPARTMENT OF MATERIAL SCIENECS AND PROCCES ENGINEERING
INsTITUTE OF WoOD SciENcCE AND TECHNOLOGY
PETER JoRDAN STRASSE 82
A-1190 ViENNa
AusTRIA

MicHAEL GRABNER
UN1vERSITY OF NATURAL RESOURCES AND APPLIED LI1FE SCIENCES VIENNA
DEPARTMENT OF MATERIAL SCIENECS AND PROCCES ENGINEERING
InsTITUTE OF WOOD SCIENCE AND TECHNOLOGY
PETER JoRDAN STRASSE 82
A-1190 VIENNA
AusTRIA

UrricH MULLER
ComPETENCE CENTER FOR WooD CoMPOSITES AND WooD CHEMISTRY
ST.-PETER-STARSSE 25
A-4021 Linz
AUSTRIA

Leo Mann
ComPETENCE CENTER FOR WooD CoMPOSITES AND WooD CHEMISTRY
ST.-PETER-STRASSE 25
A-4021 Linz
AUSTRIA

13



WOOD RESEARCH

14



