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ABSTRACT

The properties of softwood tracheids vary within a tree. This within-tree variation is a major source
of variation between trees and stands. The cffect of cambium age on the length, coarseness, and
strength of Pinus silvestris and Picea abies tracheids is discussed. Distributions and correlations of
Pinus silvestris tracheids within two age classes are introduced. Between pulps of different cambium
age group, fiber length and coarseness are correlated; but within an age group, no correlation exists
between fiber length and cross-sectional fiber dimensions. Between age groups, the major source of
coarseness variation is cell-wall thickness; but within age groups, fiber perimeter also contributes to

€oarsencss.
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INTRODUCTION

The properties of softwood tracheids change
from the pith of the tree towards the bark. The
dimensions of tracheids, especially length, in-
crease (Dinwoodie 1961) and cell walls be-
come thicker (Nylinder 1953). The microfibril
angle decreases significantly at the early stages
of cambium aging, later showing only minor
change (Zobel and van Buijtenen 1989). With
perimeter and cell-wall thickness, the coarse-
ness of tracheids, defined as weight per unit
length, increases (Kibblewhite and Bawden
1992} as does the basic density of xylem (Zo-
bel and van Buijtenen 1989). Even if most
trends are quite common to conifers, there are
also differences between tree species (Zobel
and van Buijtenen 1989).

The tracheids are produced by the lateral
meristem of the tree, the cambium, and as
these tracheids become lignified during the
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same growing season as they are generated,
the dimensions of tracheids are consequen:ly
determined by cambial activity. As any living
organism undergoes aging, the change of t-a-
cheid properties from pith to bark can be :n-
terpreted as a consequence of the maturation
of the cambium.

Another argument, however, relates to the
fact that the cambium is produced by the api-
cal meristem of the tree. Thus the activity of
the cambium is possibly affected by the ma-
turity of the apical meristem (Olesen 1978).
This phenomenon results as the properties of
tracheids change as a function of height within
the bole even if cambium age is constant (At-
mer and Thorngvist 1982). However, the
change of tracheid properties as a function of
height is not typically logarithmic, which fa-
vors another kind of explanation for the vari-
ation with height. Growth regulators are mcst-
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ly produced in the foliage and then transported
to the lower parts of the bole (Larson 1969;
Little and Savidge 1987), so the supply of
these regulators may be at their highest at the
region of the crown limit (Larson 1969).

The activity of the cambium varies not only
in the scale of tree age, i.e., from the pith to-
wards the bark and from the root towards the
top, but a considerable variation in tracheid
properties is found within any growing season.
The length of the tracheids does not change
dramatically, at least not for Pinus silvestris or
Picea abies (Omeis 1895; Mork 1928; Bisset
and Dadswell 1950), but the tracheid perime-
ter (with the radial diameter) decreases and the
cell walls become thicker. The microfibril an-
gle hardly changes within a growth ring within
these wood species (Paakkari and Serimaa
1984). Since the cell-wall thickness increases,
the basic density of xylem also increases (Zo-
bel and van Buijtenen 1989). Fiber coarseness
increases as well, but this change is not very
pronounced since the reduction in the fiber pe-
rimeter partly balances the increment of cell-
wall thickness (Johansson 1939; Meylan 1972;
Evans 1994; Evans et al. 1995a).

The physiological intensity of the tree may
affect any of the above-mentioned mecha-
nisms of tracheid formation. It is typical that
in spruce species there is a strong relationship
between growth rate and wood properties
(Manwiller 1972; Siddiqui et al. 1972; Erick-
son and Harrison 1974; Blouin et al. 1994;
Kéarenlampi and Suur-Hamari 1995); but with
pine species, only moderate effects of growth
rate on Xxylem properties are found (Dorn
1969; Saranpidd 1985; Zobel and van Buijte-
nen 1989; Kirenlampi and Suur-Hamari
1995). However, findings vary somewhat with
tree species and are confounded by age from
pith, and they may depend on the factors con-
trolling the growth rate. Further, all the mech-
anisms affecting the properties of tracheids
have so far been discussed within a genotype:
changes in genotype contribute to tracheid
properties not only between but also within a
species (Ericson et al. 1973; Blouin et al.
1994).
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Most studies discussing the variation of tra-
cheid properties have focused on the variation
of representative ‘‘average’ values within any
scale of variation under discussion. In reality,
the properties of tracheids are distributed, and
these distributions change with cambium age,
height within the tree, growth rate, and also
within a growing season. The distributions of
fiber properties are not insignificant. Some fi-
ber length distributions have been reported
(Ollinmaa 1959; Jackson 1988) as well as dis-
tributions of other fiber properties (Ollinmaa
1959; Evans 1994; Evans et al. 1995a, b). Fi-
ber length is quite normally distributed if the
fibers are not cut during pulping (Ollinmaa
1959; Jackson 1988). Fiber coarseness is ei-
ther normally distributed or skewed to the
right (Evans 1994; Evans et al. 1995b). Also
the distributions of density and cell-wal| thick-
ness are skewed to the right (Evans 1994;
Evans et al. 1995a, b), while the perimeter dis-
tribution is skewed to the left (Evans 1994).
In those investigations shapes of fiber property
distributions were measured mainly from
small pieces of wood, thus restricting tt e vari-
ation caused by seasonal changes in cambial
activity.

In paper products, for example, long; fibers
are largely responsible for mechanica prop-
erties, and small particles mostly stand for the
optical properties. Furthermore, the he eroge-
neity of the fibers as such may well cor tribute
to the properties of products made from the
fibers (Alava and Ritala 1990; Kairenlampi
1995a, b). Another issue that has not received
much attention is the fact that the prcperties
of tracheids are not statistically independent of
each other. The behavior of a fiber product,
for example, clearly changes with the corre-
lation of cell-wall thickness and fiber length.
Thus, it is important to know whether the
properties of tracheids are correlated within
any scale of variation.

Between growth rings, fiber length correlat-
ed negatively with microfibril angle ard pos-
itively with wood density In Pinus taeda
(Bendtsen and Senft 1986). Between pilps fi-
ber length has been observed to correlate pos-
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itively with cell-wall thickness and coarseness
in Pinus silvestris and Picea abies (Kdrenlam-
pi and Suur-Hamari 1995). When comparing
average values between growth rings or pulps
in Pinus radiata, cell-wall thickness correlates
positively with coarseness, but when compar-
ing these properties within one growth ring or
pulp, cell-wall thickness and coarseness are
not well correlated (Evans et al. 1995b). Al-
though the cell-wall percentage in crosscut
section of wood was highly correlated with
specific gravity in Douglas fir (Ifju and Ken-
nedy 1962), coarseness and density did not
correlate within or between pulps in radiata
pine (Evans 1994; Evans et al. 1995b). Be-
cause coarseness is important to paper quality,
density is an insufficient indicator of pulp-
wood quality (Evans 1994). Perimeter and
cell-wall thickness are not correlated within
growth rings because of their independent de-
velopment during the growth season (Evans et
al. 1995b).

OBJECTIVE

In this paper, we intend to study the distri-
butions and correlations of tracheid properties.
First, we review recent results concerning the
variation of mean values of tracheid properties
between laboratory kraft pulps of Pinus sil-
vestris and Picea abies as a function of cam-
bium age. Then, we present a more detailed
study of two fiber populations classified ac-
cording to cambium age. We analyze how the
distributions of fiber properties of Pinus sil-
vestris are affected by cambium age. Finally,
we introduce correlations of fiber properties
within populations classified according to
cambium age, where most of the variation is
due to cambial activity within a growing sea-
son.

EXPERIMENTAL

The experimental pulps analyzed in this
study were produced from chips originating
from pine logs cut from 1 to 4 meters above
the ground. The first thinning sample included
stems of young, 28-year-old trees. The slab-
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wood sample was produced by sawing the log:
of old trees longitudinally so that only the out-
er parts of the logs were used in chipping (an-
nual rings from 45 to 100). The chips were
kraft pulped in a laboratory mill.

The fibers of small samples were lightl/
stained by acridine orange fluorochrome dye.
Handsheets of 2 g/m? were formed from fibers.
Microscope object slides were mounted into
the wet press together with the sheets that re-
sulted as the fibers entangled with the slides.
A drop of mounting medium (DPX Mountart
for histology; refractive index of 1.5) on the
fibers and a cover slip completed the slide fcr
subsequent viewing. All the measuremenis
were made in the wet stage (between the mez-
surements, the slides were wrapped with moist
paper and stored in a refrigerator, thus pre-
venting drying).

The fibers and the points of measurement
were randomly selected from the slides by line
sampling with the help of an image analyss
system (IAS) attached to a light microscop:.
IAS consisted of a CCD-camera (Cohu
MSI12E), a frame grabber (Matrox IP8) at-
tached to a microcomputer, and analysis soft-
ware (Image Pro Plus 1.3). The real length of
the sampled individual fibers was measured
using the TAS. The cross-sectional dimensions
(perimeter and cell-wall area) of the fibers
were measured by TAS from pictures produced
by a CLSM (confocal laser scanning micro-
scope, manufactured by Leica; for more dz-
tails, see Moss et al. 1993). By CLSM it is
possible to generate fiber cross-sectional ira-
ages through optical sectioning (see e.g., Jang
et al. 1991, 1992; Robertson et al. 1992; Moss
et al. 1993). The average cell-wall thickness
was calculated on the basis of fiber perimeter
and cross-sectional area (Eq. 1).

P-VP2-16 X A

T =
3 , (1

where T = average cell-wall thickness, pm: P
= fiber perimeter, wm; and A = cross-secticn-
al area without lumen, pm?

The cross section of a fiber is assurmed to
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Fic. 1. Fiber length of Scots pine and Norway spruce

as a function of cambium age. (Kérenlampi and Suur-Ha-
mari 1995).

be rectangular in Eq. (1.) Thus, the result is
not dependent on the degree of collapse. If the
lumen is totally collapsed and the cross section
happens to be nearly circular, Eq. (1) is not
valid, and Eq. (2) should be used.

P-VP2-4XmXA
B 2 X 7 )

T )
The representativeness of the sampling system
was verified by comparing the fiber length re-
sults with the results of the Kajaani FS-200
fiber length analyzer.

VARIATION OF TRACHEID PROPERTIES WITH
CAMBIUM AGE

Recent observations (Kédrenlampi and Suur-
Hamari 1995) suggest that the length-weighted
mean of fiber length of laboratory kraft pulps
increases strongly with cambium age (Fig. 1).
However, in the case of spruce (Picea abies),
the fiber properties depended also on growth
rate, whereas the properties of pine (Pinus sil-
vestris) were almost independent of it (Kér-
enlampi and Suur-Hamari 1995). This agrees
with earlier findings (Stairs et al. 1966; Dorn
1969; Manwiller 1972; Siddiqui et al. 1972;
Zobel and van Buijtenen 1989).
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Fic. 2. The relationship of fiber coarseness and fiber
length. (Kérenlampi and Suur-Hamari 1995).

The mean values of fiber length and coarse-
ness are almost linearly proportional tetween
pulps classified according to cambium age
(Fig. 2) (Kdrenlampi and Suur-Hamari 1995).
No significant variation was found in the zero-
span tensile index of well-bonded handsheets
(Fig. 3) (Kdrenlampi and Suur-Hamari 1999).

The distributions of fiber properties within
two pine pulps have been examined ir detail.
These two particular pulps (originating from

Zero-span tensile index, Nm/g
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Fic. 3. Fiber strength index as a function of cambium
age. (Kdrenlampi and Suur-Hamari 1995).



182

Frequency, %

First thinning n = 147
n =142

- - = Slabwood

20 -
18 4
16 -
14 4
12 4

o 1t 2 3 4 5 6
A. Length, mm

WOOD AND FIBER SCIENCE, APRIL 1997, V. 29(2)

Frequency, % First thinning n = 147
= =~ -~ Slabwood n=142

20 - Effect of chipping removed

18 4
16
14 4
12 -
10 -
8-
6 A
4 -
2
0

0 1 2 3 4 5 6
B. Length, mm

Fic. 4. Distributions of fiber length in two pine pulps of different cambiur age. A: observed distribution, B: length

distribution before chipping (approximated by Eq. (3)).

the material used in the study of Karenlampi
and Suur-Hamari 1995), a first thinning pulp
and a slabwood pulp, have been circled in Fig.
3. On the basis of 150 randomly selected, nev-
er-dried fibers of each population, we find
from Fig. 4a that the length of fibers is some-
what more widely distributed in the first thin-
ning pulp. Wider distribution is understood
here as greater coefficient of variation. In first
thinning fibers, the coefficient of variation was
22% larger than in slabwood fibers (0.33 and
0.27, respectively). However, these fiber
length distributions have been affected by the
chipping procedure: the longer the fiber, the
greater the probability of fiber failure in chip-
ping. In Fig. 4b the original frequency of fi-
bers in any length class has been approached
by diminishing the fiber portions originating
from longer fibers and dividing the result by
fiber survival probability according to Eq. (3).

. L
m f()(]) X rl
f.(m) — > — <
r(n) 2T
L
lc
where f,(n) = original total length of fibers in
length class n, mm; fi(n) = measured total

fony = 3)

length of fibers in length class n, mm; |, =
average fiber length in length class n, mm; and
I = chip length, mm.

We find from Fig. 4b that the distribution
of the length of slabwood tracheids is consid-
erably narrower than the distribution of first
thinning tracheids. Coefficient of variation is
even 33% larger in first thinning fibers than in
slabwood fibers (0.28 and 0.21, respectively).
An obvious reason for the wider distribution
within the first thinning pulp is the effect of
cambium age on the dimensions of tracheids,
being greatest at low age (Boutelje 1968; Le-
wark 1986; Kucera 1994).

The distribution of fiber perimeter (Fig. 53),
determined from CLSM-images, is surprisir.g-
ly similar between the two pulps (cf. Evans et
al. 1995b). This indicates that the change of
coarseness with cambium age, seen in Fig. 2,
must mainly be due to change in the thickness
of the cell wall. This is also seen in Fig. 5b:
the cell-wall cross-sectional area, measured
from CLSM-images, shows a considerable cif-
ference between the two pulps. Further, "he
variation in cell-wall cross-sectional area is
much greater in the slabwood pulp. Tracheids
with small cell-wall area also appear in he
slabwood pulp, but large tracheid areas are 0t
found in the first thinning pulp.
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Frequency, % First thinning n = 104
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A. Perimeter, um
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different cambium age.

The findings for the cell-wall area are vir-
tually identical for the average cell-wall thick-
ness within fiber cross sections (see Fig. 6a).

The shape of the fiber cross section was de-
termined as the ratio of the longer and shorter
axis of an ellipse fitted to any cross section
image. The distribution of the shape of fiber
cross section was very different between these
two pulps, indicating that the cross sections of
slabwood fibers are much more isodiametric,

Frequency, % —First thinning n = 104
- - - Slabwood n=64
25 -
20 4
15 4
10 1
5 -
0 ,‘ .
0 2 4 6 8 10 12
A. Thickness, um
FiG. 6.

cambium age.
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Disiributions of fiber perimeter (A) and cell-wall area in cross section of fiber (B) in two pine sulps of

while first thinning fibers with narrower cell
walls tend to flatten in given pressure :ctions
(Fig. 6b).

CORRELATIONS OF FIBER PROPERTIES WITHIN
CLASSIFIED PULPS

Let us now examine how the properties of
tracheids are correlated within the two above
introduced pulps, both representing a relative-
ly narrow range of cambium age.

Frequency, % First thinning n = 104
- - = Slabwood

n =64
60 -

30 4
20 4

10 4

0 4 8 12 16 2)
B. Shape of cross-section

Distributions of cell-wall thickness (A) and shape of cross section of fiber (B) in two pine pulps of lifferent
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Fig. 7.
classified according to cambium age.

The length of pulp fibers does not correlate
with any other property measured from the fi-
bers of the pulps; the relationship of fiber
length and cross-sectional cell-wall area is
shown in Figs. 7a and 7b. This finding sup-
ports the hvpothesis according to which fiber
length does not appreciably change during one
growing season in P. silvestris (Bisset and
Dadswell 1950, see also Liese and Dadswell
1959); it is obvious that the cross-sectional

Area (cell wall), um? First thinning
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400 - s P .
300 -
200 1 y=19x+33
100 A *e R?=0.30
W% n=104
0 L] L L] 1] L
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Fic. 8.
classified according to cambium age.
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Corelations of fiber length and area of cell wall in cross section of fiber (coarseness) in two pine pulps

area of cell wall increases from earlywood to
latewood (Johansson 1939; Evans et al. 1995ia,
b), and if latewood fibers were considerably
longer, a correlation should be found between
the length and the cross-sectional area.

The fiber perimeter and the cross-sectional
cell-wall area are correlated within both ex-
perimental pulps (Figs. 8a and 8b). This is
somewhat surprising since according to Fig.
5a, the fiber perimeter does not differ app-e-

Area (cell wall), um?

Slabwood
700 -
600 -
500 -
400 -
300 4
200 s
t Y R?=0.40
1004 we n = 64
0 L L} L) 4 1
0 50 100 150 200 250

Perimeter, um

Correlations of fiber perimeter and area of cell wall in cross section of fiber (coarseness) in two pine pulps
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FiG. 9. Correlations of cell-wall thickness and area of cell wall in cross section of fiber (coarseness) in two pine

pulps classified according to cambium age.

ciably between the two experimental puips (cf.
Kibblewhite and Bawden 1992; Kirenlampi
and Suur-Hamari 1995). Anyway, now we find
that within classified pulps, these two quanti-
ties are correlated.

There is naturally a causal relationship be-
tween fiber perimeter and cross-sectional area:
the area can be interpreted as a function of the
perimeter and cell-wall thickness. The appar-
ent weak connection between the perimeter

Thickness, um

First thinning
10 1 n =104
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8 -
7 o L
6 1 ‘e
5 4 L
4 - °§° .
\d
3 4 L ]
*®
1 1 o o %
0 L] L) L) L ] 1
0 50 100 150 200 250

Perimeter, um

and the cross-sectional area may just te due
to minor differences in the mean values of pe-
rimeter between pulps (Kibblewhite and Baw-
den 1992; Fig. 5a). Within the present exper-
imental pulps, there is a considerable va-iation
in perimeter (Figs. 5a, 8a and 8b), which re-
sults also in correlation between the perimeter
and the cross-sectional area.

The other primary component contributing
to the cross-sectional area of fibers, the thick-

Thickness, um Slabwood
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- ’ '
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FiG. 10. Correlations of cell-wall thickness and fiber perimeter in two pine pulps classified according to cambium

age.
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ness of the cell wall, shows considerable vari-
ation within both experimental pulps (Fig. 6a),
and also a correlation with the cross-sectional
area (Figs. 9a and 9b). Thus, within pulps clas-
sified according to cambium age, both the pe-
rimeter and the thickness contribute to the fi-
ber coarseness.

Since experimental pulps represented a rel-
atively small range of cambium age, one
might think that most of the within-pulp vari-
ation arises from the change of cambial activ-
ity within a growing season, where fiber pe-
rimeter decreases and the cell-wall thickness
increases (Johansson 1939; Saranpdi 1985;
Evans et al. 1995b), and thus a negative cor-
relation might be expected. However, outer
tracheid dimensions develop more rapidly af-
ter cell division, whereas the thickness of the
cell wall develops mainly after enlargement
and over a longer period of time (Larson 1969,
Murmanis and Sachs 1969; Skene 1969;
Brown 1970); Kozlowski 1971). Thus the tra-
cheid perimeter and cell-wall thickness are re-
sults of two different growth processes, and in
this case they are hardly correlated (Figs. 10a
and 10b). Previous observations indicate only
a slight correlation between cell-wall thickness
and perimeter of P. radiata (Evans et al.
19954, b).

CONCLUSIONS

We conclude that different methods of clas-
sification and fractionation of fiber raw mate-
rials result in very different distributions and
correlations of fiber properties.

Fiber length, cell-wall thickness, and
coarseness are strongly correlated between
pulps of Pinus silvestris and Picea abies, the
pulps being, classified according to cambium
age. No significant variation in fiber strength
has been observed (Kirenlampi and Suur-Ha-
mari 1995)

Within pulps of Pinus silvestris, classified
according to cambium age, cell-wall thickness
and coarseness were not correlated with fiber
length. Couarseness was related both to fiber
perimeter and cell-wall thickness, while be-
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tween pulps only the latter was significant.
There was no negative relationship betwecn
fiber perimeter and cell-wall thickness because
of their independent development processes
(Larson 1969; Murmanis and Sachs 1969;
Skene 1969; Brown 1970; Kozlowski 1971).

In this study, the consequences of only tv/o
mechanisms of wood variation were investi-
gated: the effect of cambium age and the va:i-
ation within a growing season. More effort is
needed to clarify the effects of the maturation
of the apical meristem, the supply of growth
regulators, and the possible effects of growth
rate. Such work is in progress.
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