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ABSTRACT 

The three-dimensional morphology of four whole Norway spruce latewood tracheids is described 
in this work. Tracheids are shown to have a characteristic shape composed of five different morpho- 
logical zones. Visualization of the different morphological zones was accomplished with the use of 
computerized three-dimensional (3D) reconstruction. 3D reconstructions were generated from stacks 
of micrographs obtained from serial sections of a wood block. The micrographs were processed and 
integrated in a CAD-based computerized modeling system using Non-Uniform Rational B-Splines 
(NURBS), which produces 3D reconstructions consisting of surfaces or volumetric bodies. Volumetric 
changes in relation to hydration state of latewood tracheid segments were studied. It was found that 
tracheid tips swell less than central regions, and that as a consequence of swelling, the cell walls of 
Norway spruce latewood tracheids expand inward towards the lumen. 

K t ~ ~ w o r d s :  Three-dimensional, reconstruction, modeling, spruce, Piceu ubies, latewood tracheids, 
tracheid width, cell-wall thickness, swelling, shrinkage. 

INTRODUCTION 

Tracheid distribution, length, width, and 
cell-wall thickness of a variety of tree species 
have been continuously studied by many sci- 
entists (Helander 1933: Vasiljevic 1955; Ban- 
nan 1965; Fengel 1969; Panshin and de Zeeuw 
1980; Atmer and Thornqvist 1982; Sarampaa 
1994; Tyrviiinen 1995; Lindstrom 1997; Her- 
man et al. 1998). These types of data were 
often derived from measurements performed 
on sections or macerated tissue. These mea- 
surements often show great variations and nor- 
mally do not take into account longitudinal 
variations of tracheids or their three-dimen- 
sionality. The microstructure of tracheids is 
known to be important for the physical and 
mechanical properties of wood and wood 
products. It will also influence the physical 
and mechanical properties of pulp and paper. 

Only a few attempts to produce three-di- 
mensional (3D) reconstructions of wood struc- 
ture at the microscopical level have been made 

so far (Lewis 1935; Suzuki et al. 1991; Fujii 
1993; Fujita and Saiki 1996; Wang and Shaler 
1998). In early work by Lewis (1935), serial 
transverse sections were used to study the ar- 
rangement and shape of pine tracheids. 3D vi- 
sualization was achieved with the use of wax 
plate reconstructions. Suzuki et al. (1991) vi- 
sualized the arrangement of wood cells in pop- 
lar by connecting their centers of gravity along 
a stack of images. Fujii (1993) studied the 
anatomy of some Japanese species of Fraga- 
ceae on resin casts with scanning electron mi- 
croscopy. The resin casts were achieved by 
embedding dry wood blocks in polystyrene 
and completely removing cell walls through 
repeated treatments with peroxidelacetic acid 
solutions and sulfuric acid. Fujita and Saiki 
(1996) created a 3D reconstruction of the dis- 
tribution of vessels in Aesculus turbinata. In a 
more technical oriented paper, Wang and Shal- 
er (1998) presented computer simulations of 
the three-dimensional microstructure of wood 
fiber composite materials, although in this 
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study fibers were represented as rigid cylin- 
ders. 3D models are now being used more fre- 
quently in biological science to provide new 
perspectives into the morphological organiza- 
tion of biological structures and tissues 
(Emons and Mulder 1998; Zelling and Perk- 
told 1998). 

Wood shrinks anisotropically during drying. 
In coniferous wood, this phenomenon has 
been considered to arise mainly from the dif- 
ference in shrinkage between earlywood and 
latewood. although it is influenced by ray tis- 
sue, microfibrillar orientation, and pit structure 
(Kollmann and C8tC 1984). However, separat- 
ed earlywood by itself has been reported to 
show transverse anisotropic shrinkage (Pen- 
toney 1953; Nakato and Kajita 1955; Watan- 
abe et al. 1998). This fact suggests that aniso- 
tropic shrinkage may also be related to cell 
shape and arrangement. 

A methodology for computerized 3D recon- 
struction and visualization of wood micro- 
structure has been developed within the Wood 
Ultrastructure Research Centre (WURC), De- 
partment of Wood Science, Swedish Univer- 
sity of Agricultural Sciences, Uppsala, Swe- 
den. 3D reconstructions are easily generated 
from stacks of micrographs obtained from se- 
rial sections of wood blocks. The micrographs 
are processed and integrated in a CAD-based 
computerized modeling system using Non- 
Uniform Rational B-Splines (NURBS) for the 
extraction of shapes. 3D reconstructions con- 
sisting of surfaces or volumetric bodies can be 
produced. The 3D models can be moved in X, 
Y, and Z directions allowing tilt and rotation. 
This allows the examination of reconstructions 
from different angles. Reconstructions can 
also be digitally sectioned and deformed and 
are capable of providing linear and volumetric 
measurement data. Norway spruce wood and 
pulp fibers are currently being studied using 
this technique. Image analysis and computer- 
ized 3D reconstruction were combined in the 
present work to reveal the micromorphology 
of whole Norway spruce latewood tracheids as 
a first step in the modeling of whole tracheid 
structure. 

The objective of the present work was to 
study whole tracheid morphology and physical 
behavior in wood with the aid of computerized 
3D reconstruction. This type of approach may 
provide a more detailed understanding of Nor- 
way spruce (Picea ubies) wood fiber structure 
and properties. 

MATERIALS AND METHODS 

The samples used in this work came from 
a wood disc of Norway spruce (Picea abies 
[L.] Karst) collected at one quarter of tree 
stem height from a tree that was growing in 
the center of Sweden (LudvikalHallefors). The 
tree was 51 years old and the stem was grow- 
ing with an inclination of 10". A block (10 mm 
X 10 mm X 15 mm) comprising year rings 
38-43 was taken from the outer part of the 
disc in an area free from compression wood 
and was prepared for serial sectioning using a 
sledge microtome. A total of 192 consecutive 
transverse sections (20 p thick) were made 
without further pretreatment. The shortest unit 
length corresponds to 20 pm. Sections were 
mounted on objective glasses with water and 
scanned for tracheid tips with a light micro- 
scope to allow localization of a suitable area 
to begin image acquisition. One hundred for- 
ty-two transverse sections covered four whole 
tracheids belonging to one and the same radial 
row. Sequential images of hydrated transverse 
sections were acquired using a light micro- 
scope fitted with a CCD-camera attached to a 
computer (Pentium 11). The sections were then 
dried at room temperature and coated with car- 
bon prior to observations with a scanning elec- 
tron microscope (JEOL JSM-5800LV). Se- 
quential images of dried sections were taken 
with the scanning electron microscope (SEM) 
at the same position as for the hydrated sam- 
ples. All images were stored and processed 
digitally. The four latewood tracheids studied, 
which derived from the same cambium mother 
cells, were numbered in a decreasing sequence 
(9, 8, 7, and 6 )  towards the year ring border 
at the latewood side. Image analysis was per- 
formed with the softwares ImagePro PLUS 
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Dimensional variation along the length of tracheid 6 
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FIGS. 1-4. Variation in radial and tangential widths along the length of dried latewood tracheids. Shaded areas 
represent neighboring rays. R (right) and L (left) denote the position of rays seen from a tangential view. 
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Dimensional variation along the length of tracheid 8 
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TABLE 1. Length of the tracheids studied. The shortest unit length corresponds to 20 prn. 

Length in p111 

' ln lchc~d no. Tip I T-lone I Mtddle zone T-.zone 2 'TIP 2 Total length (TIP IITlp 2)  

9 320 200 1700 60 540 2820 1.69 
8 300 340 1680 20 500 2820 1.66 
7 180 340 1940 20 380 2840 2.1 1 
6 200 40 2220 20 380 2840 1.9 
Average 250 230 1885 30 450 2830 1.84 
ca. 9% 8% 67% I % 16% 100% 

(version 4.0) and Rhinoceros (version 1.1). 
Mathematical and statistical calculations were 
performed with Microsoft Excel 97. The mor- 
phological variation within each tracheid 
transverse section was plotted along the total 
tracheid length. 3D reconstructions of tracheid 
segments were generated combining CAD 
(computer aided design) and visualization 
softwares. The images were aligned in relation 
to each other with the help of reference points 
(year ring border, rays, and neighboring tra- 
cheids). The transverse shape of tracheids was 
extracted from each image and positioned in 
sequence in the computer. 3D reconstruction 
was accomplished by separating the serial 
planes in the Z direction with a corresponding 
gap of 20 pm in between and linking the serial 
tracheid segment shapes using Non-Uniform 
Rational B-Splines (NURBS). Visualization 
was accomplished with a high degree of free- 
dom, although here they are only displayed in 
tonalities of the grayscale. Although bordered 
and cross-field pits are of high importance in 
the study of tracheid microstructure, they were 
not displayed in the reconstructions presented 
in this work. A section thickness of 20 a m  
was necessary to get a complete set of trans- 
verse sections covering whole tracheids. This 
section thickness did not allow the detailed re- 
construction of bordered and cross-field pits. 
Much thinner sections are needed to allow a 
more detailed 3D reconstruction of these 
structures. 

RESULTS AND DISCUSSION 

Trucheid morphology 

Image analysis of serial micrographs re- 
vealed that the four latewood tracheids studied 

had a characteristic shape with alternating di- 
mensions along the tracheid length. After plot- 
ting radial and tangential tracheid width along 
the tracheid length, it became evident that the 
tracheids were composed of distinct morpho- 
logical zones (Figs. 1-4). Five different mor- 
phological zones were identified (Fig. 5). The 
lengths of these different zones are summa- 
rized in Table 1. At the beginning of the plots 
(Figs. 1-4), radial and tangential widths in- 
crease progressively, with the radial width ex- 
ceeding the tangential width until a point 
where they coincide. This morphological zone 
was defined as thejirst tracheid tip. The length 
of this zone varied from 180 pm to 320 pnl. 
Radial and tangential widths remain close with 
more or less the same value up to a certain 
length until they begin to delineate. This mor- 
phological zone was defined as the jirst tran- 
sition lone. The length of this zone varied 
from 40 pm to 340 pm. After delineation, th~e 
tangential width increases, stabilizes, and de- 
creases towards a second cross-over, while th~e 
radial width remains fairly constant and less 
than the tangential width. This third morpho- 
logical zone was defined as the middle zone. 
The length of this zone varied from 1,680 pm 
to 2,220 pm. At the second cross-over, the ra- 
dial wall width becomes greater than the tan- 
gential width. Here, the change in width di- 
mension occurs more rapidly than at the jirst 
transition zone. This morphological zone was 
defined as the second transition zone. Th~e 
length of the second transition zone varied 
from 20 pm (Figs. 1-3) to 60 pm (Fig. 4). 
Finally, the radial and tangential cell-wall 
width decreases, with the radial width exceed- 
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FIG,. 5 .  Schematic representation of the 5 different tracheid morphological zones. 

ing the tangential width until they coincide at 
the very tip of the tracheid. This last morpho- 
logical zone was defined as the second tru- 
cheid tip. The length of this zone varied from 
380 pm to 540 Fm. 

A closer examination of the plots revealed 
other interesting features. The tracheids stud- 
ied were arranged radially in the same row 
with tracheid 6 closest to the annual ring bor- 
der at the latewood side and tracheid 9 the 
most distant. Taking this into consideration, it 
is interesting to note that there is a change in 
dimension that seems to be closely related 
with the position of the tracheids in the row 
(Table 1 ) .  The length of the tracheid tips and 
transition zones showed a trend in becoming 
shorter towards the annual ring border. On the 
contrary, middle zones seem to become lon- 
ger. A closer look at the dimensions of tra- 
cheid tips and transition zones revealed that 
the jfirst trucheid tips are shorter than the sec- 
ond trrzcheid tips, and that on the contrary the 
,first transition zones are larger than the secorzd 

transition zones (Table 1 ,  Figs. 1-4). This in- 
dicates that it should be possible to define the 
orientation of these tracheids in the stem with 
one tip pointing upwards and the other down- 
wards. Unfortunately, this was not possible in 
this study. The data presented in Table 2 also 
show that the mean width dimensions as well 
as maximal width dimensions decrease to- 
wards the annual ring border. On the contrary, 
the tangential width at the point of maximal 
radial width increases towards the annual ring 
border. This implies that the middle zone mor- 
phology is also varying along the tracheid 
row. 

Although tracheid width in Norway spruce 
has not been studied in such detail previously, 
some comparison with data by Fengel (1969) 
might be valid. In his work, the mean radial 
and tangential "diameters" of latewood tra- 
cheids are 13.1 and 32.1 Fm, respectively. In 
the present study, the mean radial width of the 
tracheids studied varied from 17.8 Fm to 25.9 
pm, and the mean tangential width from 23.6 

TABLE 2. Krrclitrl urzd ru~grn t i t r l  w3idth.s LIIOIIS the rruc.heid le~rgrh. 
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TARI.F 3.  Troc.haitl I c r ~ g / l ~  c~oinpri.sirr,q cross,field pit regions. 

Length ~n brn 
- 

'l'q? I Mtddlc ~ o r ~ c  TIP 7 

l ~ t a c l ~ c ~ ~ l  II,, K ~ g h l  l clt I<~ght Lelt K ~ g h t  Left TOTAI. I R ~ p h t  Left 1 

ym to 26.3 yln. On the other hand, maximum 
radial width ranged from 20.5 pm to 29.9 pm 
and rnaximum tangential width from 3 1.7 pm 
to 35.5 p i .  Maximum values were expressed 
at the nzidcile zone of the tracheids, which cor- 
responds on average to ca. 67% of the tracheid 
length (Table 1). The discrepancy found be- 
tween these results may not be very relevant 
because of the limited number of tracheids 
measured in the present study, but it indicates 
that measurements made on random transverse 
sections of wood block may fail to consider 
the morphological variations along tracheid 
lengths and tracheid rows. The great variation 
in data derives from the mean values of all 
measured transverse and tangential tracheid 
widths, which undoubtedly are measured at 
different tracheid lengths. Tracheid measure- 
ments may be over- or underestimated, which 
may have implications on the modeling of 
wood and wood fiber properties. Modeling of 
fiber properties may be improved by a better 
knowledge of the three-dimensional tracheid 
morphology. The use of 3D modeling tech- 
niques to study the morphological variation of 
tracheids within annual rings, in the same row, 
and between rows will provide the means to 
improve rnodeling of fiber properties. 

The plots (Figs. 1-4) also show the occur- 
rence of contact regions with rays or cross- 
field pit regions and their location along the 
tracheid length. For ease of understanding, the 
position of neighboring rays is denoted as 
right and left as seen from a tangential point 
of view. A total of seven rays were in contact 
with the tracheids studied. At the,first truclzeid 
tips. there was only one ray passing on the 

right, and at the second tracheid tips a ray 
passing on the left. No rays were in contact 
with the transition zones. The highest frequen- 
cy of contact with rays was at the middle zontis 
where three rays were passing on the right and 
two on the left of the tracheids. A decrease 
and subsequent increase in tangential widths 
followed each contact with the rays. Aroun~d 
1000 ym of the tracheid length was in contact 
with rays. Approximately 500 pm of contact 
areas were located on the right side of the tra- 
cheids and ca. 500 pm were located on the 
left side. In average 740 pm of contact areas 
were located at the middle zones (Table 3). 
This corresponds on average to ca. 40% of the 
total length of middle zones. In these areas the 
cellulose microfibrils change orientation when 
passing around the pits in the cell wall (Bailey 
and Vestal 1937). The orientation of cel1ulor;e 
microfibrils (i.e., microfibril angle) is also be- 
lieved to affect the mechanical properties of 
wood fibers (Watson and Dadswell 1964; Page 
and El-Hosseiny 1983; Cave and Walker 
1994). 

Cell-wall thickness was also shown to vary 
along tracheid length (Fig. 6). At the tracheid 
tips, the average thickness of the tangential 
wall was greater than the radial wall. Trunsi- 
tinn zones are also reflected in cell-wall thick- 
ness. After delineation towards the middle of 
the tracheid, the thickness of the radial wall 
becomes greater than that of the tangential 
wall. Cell-wall thickness varied between ca. 2 
ym to 7 ym along the tracheid length (dried 
state). By performing a linear regression using 
the average value of cell-wall thickness, it is 
possible to extract an equation that predicts thle 
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Cell wall thickness along the length of tracheid 8 
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FIG. 6. Variation in radial and tangential cell-wall thickness along the length of Tracheid 8 measured from dried 
transverse sections. Values are averages between the parallel cell walls in both directions. Shaded areas represent 
neighboring rays. 

average cell-wall thickness along the tracheid 
length (Fig. 7). The regression curve shows a 
rapid increase in average cell-wall thickness 
from the tips of the tracheids towards the mid- 
dle region, where the average cell-wall thick- 
ness increases and decreases progressively at 
a very low rate. Another possibility is that the 
data presented here may also reflect the rate 
of cell-wall deposition in the different seg- 
ments of the tracheid. 

3 0  reconstruction 

Visualization of the gross morphology of 
tracheids was accomplished using a 3D recon- 
struction method described in this work. Fig- 
ure 8 shows in detail 3D reconstructions of 
three different morphological zones of tra- 
cheid 6 in a dry state. Radial and tangential 
widths vary from the tracheid tip towards the 
middle. In Fig. 9, segments belonging to the 

Average of tangential and radial cell wall thickness along the length of tracheid 8 
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FIG. 7. Variation in average cell-wall thickness along the length of Tracheid 8 measured from dried transverse 
sections together with a linear regression curve. 
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FIG. 8. 3D reconstruction of 100-pm tracheid seg- 
ments generated from dried transverse sections. The 
shapes of segments from the first tracheid tip, ,first tran- 
sition zone, and middle zone of a tracheid are displayed. 
Note the change in radial and tangential widths along the 
length of the tracheid. 

different morphological zones of the four tra- 
cheids studied are shown. The segments are 
reconstructed in a row exactly as they were 
arranged in the wood matrix. Figure 10 dis- 
plays 14 hydrated latewood tracheid segments 
distributed in four rows. A new tracheid row 
is seen emerging on the lower right of the re- 
construction where the segments of tracheid 
tip regions are visualized. In this reconstruc- 
tion, the possible effect of hydration on the 
shape of the cell walls is also shown. Tracheid 
cell walls are seen irregular in thickness and 
expanded into the tracheid lumens. 

Volumetric changes in relation to hydration 
state of three neighboring latewood tracheid 
segments were studied with 3D reconstruc- 
tions (Fig. I I). Three 40-pm-long neighboring 
tracheid segments were reconstructed. The 

FIG. 9. 3D reconstruction of segments of the tracheidls 
studied showing their position in relation to each other in 
the wood structure. 

samples containing the tracheid segments were 
first mounted on an objective glass with wateir. 
This allowed the acquisition of sequential im- 
ages of fully hydrated tracheid segment:;. 
Thereafter, these same samples were dried pri- 
or to observation with a SEM, which allowed 
the acquisition of sequential images of dried 
tracheid segments. Two middle zones (1 and 
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1 / TAME 4. Measurement of  cell u'all volume of  three 40- 

Latewood 

FIG. 10. 3D reconstruction of a segment of latewood 
tissue showing different fiber segments. This reconstruc- 
tion was generated from hydrated transverse sections. 
Note the tiber tips of a new tracheid row appearing on the 
lower right side of the reconstruction. 

1 TOP VIEW 

PERSPECTIVE 

pm-long truc,heid segments. Segments I and 2 are ,from 
middle zones of two neighboring tracheids and segment 3 
,from a neighboring tracheid tip. 

Dried state Hydrated \late V ~ ~ l u r n e  increaie 
Trache~d \epment\ ( ~ r n ' )  (~*m')  (70) 

2) and one tracheid tip (3) are displayed in 
Fig. 11. Results from measurements of the 
cell-wall volume (Table 4) revealed that in the 
presence of water there was ca. 5% increase 
in total volume of the cell wall of the middle 
zones but only a 0.6% increase of the cell-wall 
volume at the tracheid tip. As seen in the 3D 
reconstruction (Fig. 1 I ) ,  the cell walls swell 
in the presence of water. As a consequence of 
swelling, the cell walls expand inward towards 
the lumen (Figs. 1 1  and 12). Although the 
shape of the tracheid tip changed slightly after 
hydration, the cell-wall volume at the tip re- 
mained practically the same. This may have 
occurred because of the limited size of its lu- 
men in combination with a thinner cell wall 
and by the action of forces applied by ex- 
panding neighboring tracheids. Watanabe et al. 
(1998) described how the cell walls of early- 
wood tracheids of some coniferous woods 

FIG. I I .  3D reconstruction of three neighboring tra- 
cheid segments in dried and hydrated states. Reconstruc- 
tions 1 and 2 are from segments of the middle zone of 
these tracheids. Reconstruction 3 is from one of the tips 
of the tracheid. Note the shape of the cell lumen in the 
different states 

FIG. 12. Transverse shape of the three neighboring tra- 
cheid segments in dried and hydrated states at three dif- 
ferent planes. The distance between planes in de Z direc- 
tion is 20 ym. Note the varying distacce between tra- 
cheids (i.e., varying thickness of the middle lamellae). 



Bardage-3D MODELING OF WHOLE NORWAY SPRUCE TRACHElDS 637 

shrink after drying, using a replica technique. 
They also found that normal earlywood of 
Cryptomeria obtusa shrank anisotropically by 
drying. Radial cell walls shrank less than tan- 
gential cell walls, a feature that was almost 
also constant for the other species they stud- 
ied. Shrinkage measurements were made on 
two-dimensional photos showing tracheid 
transverse sections. In the present work, 
shrinkage of cell walls was measured as the 
change in the cell-wall volume of tracheid seg- 
ments. The swelling of the cell wall of late- 
wood tracheids is more dramatic because of 
the greater thickness of the cell wall compared 
with the thickness of the cell wall of early- 
wood tracheids. The swelling of the cell wall 
inwards may also build up internal forces that 
may for instance prevent latewood pulp fibers 
from collapsing (Jang and Seth 1998). Aniso- 
tropic shrinkage of the middle lamellae region 
between the three neighboring tracheids stud- 
ied was also observed (Fig. 12). The distance 
between the tracheids changed depending on 
the hydration state and level within the 3D 
wood structure. Although this feature was ob- 
served, no attempts to measure dimension 
changes of the middle lamellae were made in 
this study. 

CONCLUSIONS 

The results from this work indicate that 
there is a potential for the use of computerized 
3D reconstruction of wood tissues to improve 
modeling of wood structure and ultrastructure. 
The systematic study of whole tracheid mor- 
phology will offer the means to develop more 
accurate models of wood and wood fibers and 
may improve the modeling of fiber properties. 
Nevertheless, 3D reconstruction techniques 
will allow a better interpretation of micro- 
scopical sections of wood tissue as well as the 
physical behavior of wood and wood fibers. 
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