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Abstract

Radial trend in several anatomical characteristics is a well known phenomenon in tree trunks, as the young cambium
forms juvenile wood before maturing. This phenomenon is stronger in softwoods than in hardwoods, and thus investigated
less in the hardwoods. Another factor that may cause variations in the wood anatomy is growth rate, as it differs between
growing sites of different fertility. In this study several anatomical characteristics were compared between silver birch
(Betula pendula Roth.) trees grown on different growing sites, of which two were fertile planted sites, and two less
fertile naturally regenerated sites. Several of the measured characteristics had a radial trend, commonly increasing with
cambial age, but decreasing in the case of number of rays per millimetre. However, radial diameter of earlywood fibres
seemed to reach a stable size around 20-30 years of age, and thus it could be suitable for determining the maturation of
silver birch wood. The clearest difference in wood anatomy between growing sites was that walls of both vessels and
fibres were thicker in trees of natural than planted origin. In addition, the diameter of ray cells was clearly larger in
naturally regenerated than in planted birches, although ray width was similar for all origins. The differences observed in
cell wall thickness between growing sites most probably affect other properties of birch wood (e.g. density and colour)

that are important in the mechanical use of birch timber.
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Introduction

The radial variation in wood properties is well
known in both hardwoods and softwoods. Wood prop-
erties change rapidly in the cambially youngest juve-
nile wood as the cambium ages, after which the change
evens out; the properties are quite constant in the
mature wood. In softwoods the variation is widely
studied, because the properties of juvenile and mature
wood differ from each other markedly, and the differ-
ence also has marked importance regarding the usage
of timber (e.g. Zobel and van Buijtenen 1989, Zobel
and Spraque 1998). The difference in properties be-
tween juvenile and mature wood is clearly smaller in
hardwoods, and mainly density, ring width and fiber
length has been studied in hardwoods in this respect
(e.g. Bhat 1980, Bhat and Kérkkdinen 1980, Bjorklund
and Ferm 1982, Luostarinen et al. 2009). Few studies
concerning radial variation of other anatomical char-
acteristics than fiber length in hardwoods exists, the
characteristics studied including cell wall thickness,
lumen diameter and ray width (e.g. Bhat 1980, Bhat and

Kirkkdinen 1980, Helinska-Raczkowska and Fabisiak
1999).

Differences in anatomical characteristics have
been observed to exist due to growth rate (Fujiwara
and Yang 2000) and thus differences in radial wood
anatomy may exist in trees of the same species grow-
ing on different sites. Silver birch (Betula pendula
Roth) plantations have been commonly established on
more fertile sites than natural stands, which empha-
sises faster growth of the planted trees. As a conse-
quence they reach the harvestable size younger, and
therefore they consist of larger proportion of juvenile
wood at that time. Some properties, i.e. wood density,
shrinkage (Mottonen and Luostarinen 2006) and col-
our (Luostarinen and Méttonen 2009) have been com-
pared between naturally regenerated and planted birch
trees with good results regarding the planted ones, but
additional information is needed to make more com-
prehensive evaluations about the quality of timber of
planted trees for the mechanical wood industry. Plant-
ed birch trees will play an increasingly important role
in the Finnish forest industry in the 2010s, because
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the oldest plantations will be mature for harvesting
during this period.

One aim of this study was to investigate how se-
lected anatomical characteristics of wood change when
birch trees age, and the differences in these anatomi-
cal characteristics between trees grown on different
growing sites. Another aim of this study was to com-
pare the achieved results with earlier found density and
colour results of planted and naturally regenerated
birches to find out any possible linkage between these
properties, important in the mechanical usage of birch
timber, and anatomical properties. Thus the results can
be taken into account in the cultivation of birch, be-
cause this information helps to evaluate the effect of
fast growth on the juvenility and the quality of timber
of the planted birch trees in the use.

Material and methods

The wood samples were taken from birch boards
(30 mm x 70 mm x 1200 mm) that belonged to a study
in which colour changes of sawn birch timber during
drying was studied (Luostarinen and M6ttdnen 2009).
Fifteen silver birch (Betula pendula Roth) trees were
taken for the experiments from each of the selected
growing sites, located in North Karelia, eastern Fin-
land: 1) naturally regenerated medium-fertility MT
(Myrtillus-type) site, 2) naturally regenerated low-fer-
tility VT (Vaccinium-type) site, 3) a typical planted
forest regeneration area of high fertility OMT (Oxa-
lis-Myrtillus-type), and 4) an abandoned agricultural
field afforested by planting, all four on mineral soil.
The sites will later be referred to in this paper as MT,
VT, OMT and field, respectively. On the naturally re-
generated sites the age of the harvested trees was 70-
80 years while on the planted sites, which represent-
ed the oldest planted birch trees in North Karelia, the
age was 33 years. Only healthy planted trees with
sound (according to visual inspection) wood were
accepted as sample trees; this was determined from the
cross-cut ends of logs after felling.In naturally regen-
erated trees the darkened wood around the pith, which
virtually always develops in mature birch trees, was
not used for the study. Thus the cambially youngest
wood used in this study was 20-30 years for the nat-
urally regenerated birches; other cambial age classes
(CAC:s) for them were 30-40 and 60-80 years and for
the planted birches 0-10 and 10-20 years, in addition
to 20-30 years. Thus comparison between naturally re-
generated and planted birches was made for the CAC
20-30 years, and averages for anatomical characteris-
tics were counted for CACs, but not for growing sites
as between growing sites the mean age of the studied
wood was different.

The wood samples were stored in a freezer (-20°C)
in plastic bags until crosscuts were prepared. For the
microtomy, the samples were softened in 4 % ethylen-
ediamine for 4 days, after which they were rinsed in
tap water 3 times for 2 hours to make it easier to com-
plete the crosscuts (Carlquist 1982). Crosscuts were
then stained with safranin-alcian blue (Fagerstedt et
al. 1996) and mounted with DePex. Each characteristic
(see Table 1) was measured ten times from each sam-
ple, the average of these measurements being the re-
sult for one sample, using Image-Pro software. From
the cells their whole diameter (lumen + 2 x wall) was
measured, from fibres and vessels both in radial and
tangential direction. Measured cell wall thicknesses
represented the thickness of one wall. Ray number was
counted for a distance of one millimetre (mm) in a tan-
gential direction. Ray width was measured in microm-
eters (um) and in cell numbers in earlywood and late-
wood, and average tangential diameter of ray cells was
calculated by dividing the metric ray width by the ray
width as cell numbers. As birch is a diffuse porous
species, latewood is not pronounced in it. Instead,
there are 3-4 cell layers at the end of each annual ring
in which the cells are clearly flattened when compared
with the cells of earlier part of a ring. Those 3-4 lay-
ers were classified as latewood, and the zone without
flattening of cells was classified as earlywood.

The results were analysed with the General Line-
ar Model (GLM) multivariate procedure of the SPSS
statistical software. GLM is a typical variance analy-
sis that compares the means of different groups, as-
suming that the results are normally distributed and
the variances of groups do not differ significantly from
each other. GLM comparisons were made for each
anatomical characteristic between growing sites with-
in a CAC, between CACs within a growing site, and
between CACs when the results of growing sites were
combined. The characteristics tested between early-
wood and latewood were the width of rays, radial di-
ameter of fibres and tangential diameter of ray cells;
these comparisons were made with Kruskall-Wallis test.
Kruskall-Wallis test is nonparametric, used in the cases
that GLM could not be used.

Results

A radial trend was observed within each growing
site for most of the measured characteristics (Figures
1,2, 3, 4, and 5). The size of most of the characteris-
tics increased with increasing cambial age, with sev-
eral significant differences (Figures 1, 2, 3 and 4).
However, the number of rays decreased (Figure 5). The
trends were emphasised when the results for the CACs
were calculated for combined growing sites (Table 1).
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Figure 1. a) Wall thickness, b) radial diameter, and c) tan-
gential diameter of vessels by cambial age classes and grow-
ing sites

Observed significant differences between CACs in-
cluded both diameters and wall thickness of vessels,
tangential diameter and wall thickness of fibres in both
earlywood and latewood, and width of rays (um) and
tangential diameter of ray cells in both earlywood and
latewood, as well as ray number per distance of one
millimetre (Table 1). In addition, the increase in the
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Figure 2. a) Wall thickness, b) radial diameter, and c) tan-
gential diameter of earlywood fibres by cambial age classes
and growing sites

radial diameter of earlywood fibres levelled off between
CACs 10-20 and 20-30 in planted trees.

Some differences were observed between growing
sites within a CAC (Figures 1, 2, 3, 4, and 5). The differ-
ences observed in vessels and fibres were more often
between a planted origin and a naturally regenerated
origin (in CAC 20-30) than between the two planted
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Figure 3. a) Wall thickness, b) radial diameter, and c) tan-
gential diameter of latewood fibres by cambial age classes
and growing sites

origins or the two naturally regenerated origins (Figures
1, 2 and 3): wall thickness both in fibres and vessels was
larger in the wood of the naturally regenerated trees than
in that of the planted trees, and radial diameter of ves-
sels was larger in the planted than in the naturally re-
generated birches, while tangential diameter of latewood
fibres was larger in the naturally regenerated than the

planted birches. However, radial diameter of the fibres
was similar between origins (Figures 1, 2 and 3). Early-
wood fibres were wider than latewood fibres; also the
fibre walls were thicker in the earlywood; with fibre wall
thickness increasing radially more in the earlywood than
in the latewood (Table 1). Regarding the rays, their width
was similar in the naturally regenerated and in planted
birches, both when compared the metric widths and those
determined according to cell number (Figure 4). The tan-
gential diameter of the ray cells, particularly in the ear-
lywood, was clearly larger in the wood of the naturally
regenerated than in that of the planted birches.
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Figure 4. Width of rays as a) micrometres and b) cell
number, and c) tangential diameter of ray cells in earlywood,
and width of rays as d) micrometres and e) cell number, and
f) tangential diameter of ray cells in latewood by cambial
age classes and growing sites
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Table 1. Averages (x) and standard errors of the mean (SE) of measured anatomical characteristics by cambial age classes (CAC's)

Cell 0-10 10-20 20-30 30-40 60-80
type Anatomical characteristics X SE N X SE N X SE N X SE N X SE N
Vessels  Radial diameter of cells (um) 100.2 1.2 96 101.8 3.1 21 103.9 0.9 156 104.3 3.9 17 107.6 1.4 48
A B
Tangential diameter of cells (um) 69.9 0.8 96 71.4 2.6 21 73.2 0.7 156 76.3 2.6 17 81.4 1.3 48
A AB B C
Thickness of wall (um) 1.4 0.01 96 1.4 002 21 1.5 0.01 156 1.5 0.04 17 1.6 0.03 48
A AB B C
Fibres Radial diameter of cells in earlywood (um) 20.2 0.2 96 215 0.4 21 20.7 0.2 156 20.5 0.5 17 20.5 0.3 48
a a a a a
Tangential diameter of cells in earlywood (pm) 16.4 0.2 96 16.4 0.4 21 17.0 0.2 156 18.0 0.5 17 18.6 0.3 48
Ab A Ab Bb
Thickness of wall in earlywood (um) 1.5 0.02 96 1.5 0.07 21 1.7 0.03 156 2.0 0.2 17 2.1 0.08 48
Ac AB Bc Cc
Radial diameter of cells in latewood (pm) 5.5 0.07 96 5.6 0.2 21 6.0 0.07 156 6.8 0.2 17 6.7 0.2 48
a a a a a
Tangential diameter of cells in latewood (um) 14.3 0.2 96 15.4 0.6 21 14.8 0.2 156 17.4 0.5 17 17.0 0.3 48
Ab Ab B Bb
Thickness of wall in latewood (pm) 1.4 0.02 96 1.4 0.06 21 1.5 0.02 156 1.8 0.07 17 1.8 0.06 48
Ac AB Bc C Cc
Rays Number/mm, measured tangentially 11.9 0.2 96 11.6 0.5 21 11.2 0.2 156 10.4 0.4 17 10.5 0.4 48
A B
Width in latewood (um) 16.1 0.3 96 17.0 0.8 21 16.4 0.3 156 17.2 0.8 17 18.4 0.4 48
Aa a Aa a Ba
Width in earlywood (um) 7.9 0.1 96 8.1 0.2 21 8.6 0.1 156 8.8 0.4 17 9.9 0.2 48
Aa ABa Ba a Ca
Width in latewood (as cell number) 1.7 0.003 96 1.7 0.06 21 1.7 0.02 156 1.7 0.06 17 1.6 0.03 48
b b
Width in earlywood (as cell number) 1.6 0.03 96 1.6 0.04 21 1.6 0.02 156 1.6 0.04 17 1.7 0.03 48
b b
Tangential diameter of ray cell in latewood (um) 9.3 0.1 96 9.8 0.3 21 9.6 0.1 156 104 0.3 17 112 0.2 48
Ac A Ac Bb
Tangential diameter of ray cell in earlywood (pm) 5.1 0.05 96 5.0 0.05 21 5.3 0.06 156 5.6 0.2 17 5.8 0.09 48
ABc A Bc Cb

CAC's 0-10 and 10-20 includes only planted origins, CAC 20-30 includes both planted and natural origins, and CAC's 30-40 and
60-80 only natural origins. N — number of boards from which samples were taken. Different capital letters in a row indicates
statistically significant difference. Same lower case letter in same characteristics of earlywood and latewood indicate statistical-
ly significant difference between earlywood and latewood. If no letter is written, the CAC does not differ significantly from any
other CAC or the wood types do not differ from each other regarding the characteristics.
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Figure 4. (Continuation)

Discussion and conclusions

Several of the studied anatomical characteristics
had, as it was expected, a radial trend in silver birch
wood, which could be seen within a growing site, both
in planted and in naturally regenerated birch trees, or
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Figure 5. Number of rays in distance of one millimetre,
measured tangentially by cambial age classes and growing

in combined material of all the studied trees. The trend
was seen particularly in vessel dimensions, which in-
creased from CAC 0-10 to CAC 60-80 without clear
levelling off. Thus vessel diameter is not a good indi-
cator for determining maturation age of silver birch
wood, although in hybrid poplar (Populus x euramer-
icana (Dode) Guinier), which is also diffuse-porous
(Peszlen 1994), and in some ring-porous tree species
(Helinska-Raczkowska 1994, Helinska-Raczkowska and
Fabisiak 1999, Tsuchiya and Furukawa 2009) vessel size
can be used for indicating it. However, the maturation
age indicated by vessel size is higher than that de-
fined by the fibre length. When compared to the di-
mensions measured earlier for silver birch vessels (Bhat
and Kiarkkédinen 1980), the dimensions were larger in
this study, both in naturally regenerated and in plant-
ed trees, which is most probably caused by genetic
and site differences between studied trees. In addition,
walls of vessels were thicker and the radial diameter
of them smaller in the naturally regenerated than in the
planted birches in this study, which, as well, may be
caused by both genetic and site factors. The differ-
ences in wall thickness and diameter of vessels be-
tween the planted and naturally regenerated birches
may partly explain the smaller density of the wood
observed in the planted birch trees (Mo6ttonen and
Luostarinen 2006).

In addition to vessel size, the size of fibres in-
creased radially in the trunks. In this study the differ-
ences between CACs were best observed for radial di-
ameter and thickness of wall of earlywood fibres. In
planted birches, the increase in the radial diameter of
earlywood fibres, levelled off between CACs 10-20 and

20-30. Thus radial diameter of earlywood fibres can be
an indicator of maturation, even though fibre length and
microfibril angle has been observed to indicate an ear-
lier maturation of the silver birch wood, as they reach
the maximum at ca. 15™ growth ring from the pith (Bon-
ham and Barnett 2001). Similar trends to those found
in this study were also observed in hybrid poplar re-
garding the diameter and wall thickness of fibres (Pes-
zlen 1994), while in Eucalyptus globulus Labill. fibre wall
thickness did not differ significantly from pith to bark
(Ramirez et al. 2009). The fibre diameters measured in
this study corresponded to the birch fibre diameters
measured by Bhat (1980), while the fibre wall thickness
was clearly smaller than in Bhat’s (1980) study or the
values reported by Wagenfiihr (1996). The larger fibre
wall thickness in the earlywood than in the latewood,
which increased more with age, as well, emphasises the
importance of the earlywood for the density of birch
wood even though its lumens were larger than in the
latewood. The fibre wall thickness differed most be-
tween planted and naturally regenerated birches, with
it being smaller in the planted trees. This may be due
to differences in ethylene synthesis, the increase in
which stimulated the thickening of the walls in the study
of Ingemarsson et al. (1991). Increasing amounts of
ethylene is often connected to stress factors (Devlin
and Witham 1983), which may be more abundant in older
trees (Christmann and Frenzel 1997) and thus in less
fertile natural sites in the case of this study. In addi-
tion, on the better sites the earlier maturation age of
the wood causes smaller cells in the mature wood (Pes-
zlen 1994, Bhat et al. 2001), signs of which could also
be observed in fibre characteristics of planted birches
in this study. Furthermore, planted birches, which an-
nual rings are wider (Luostarinen and Méttonen 2009),
have proportionally more earlywood fibres that are large
in size, than naturally regenerated birches. Simultane-
ously thinner cell walls induce smaller amount of ligni-
fied cell wall material per volume unit in planted birch-
es, which may have an impact on the colour of the
wood, which is lighter in the planted birches (Luostarin-
en and Mottonen 2009). In addition, as a result of their
larger proportion the size and wall thickness of the fi-
bres affect, more than those of the vessels, the densi-
ty of wood, that has been observed to be lower in the
thinner-walled planted birches (Mottonen and Luos-
tarinen 2006).

The rays were unexpectedly narrow in the trees of
this study when compared with the results of Bhat and
Kérkkéinen (1980) for both methods of measuring (um,
cell number). However, they were inside the limit val-
ues mentioned by Wagenfiihr (1996). Several differences
were observed in the ray characteristics between the
CACs and between the growing sites. Tangential diam-
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eter of the ray cells as well as the width of rays (um)
increased with cambial age in some cases. Additional-
ly, in ring-porous Acanthopanax sciadophylloides
Franch. & Sav. the average ray width is strongly influ-
enced by the cambial age (Tsuchiya and Furukawa 2007).
Furthermore, the ray number/mm decreased slightly with
age, which is in accordance with the results of Bhat and
Kéarkkdinen (1980), who, however, found that the ray
numbers were clearly higher, and that the rays’ radial
decrease was larger than in this study. Instead, no clear
differences in the ray width were observed between sites
in this study, while for poplar the ray area was larger
the better the growing site was (Peszlen 1994). Between
sites the clearest difference was for the tangential di-
ameter of the ray cells both in the earlywood and late-
wood, where these cells were wider in the naturally
regenerated than in the planted birches. A reason for
this may be genetic as well as a different response of
plant’s physiology to sites of different fertility. The
hormone ethylene has been observed to increase the
size of individual ray cells as well as ray width (Yamamo-
to et al. 1987).

In this study it is not possible to compare the
radial trends between the planted and naturally regen-
erated sites because of the different ages of the trees.
However, in CAC 20-30 several cell dimensions differed
between the planted and naturally regenerated birch
trees: some of them were larger, and some smaller in
the planted trees. Radial diameter of the earlywood
fibres reached a stable size around 20 years of age in
the planted trees, which may mean that this charac-
teristic indicates maturation of the wood. From the
point of view of the mechanical use of wood, the most
important difference between woods of planted and
naturally regenerated trees is in the cell wall thickness,
because cell wall thickness most probably affects both
the colour and the density of the wood.
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PAJIMAJIBHBIE BAPUAIIUU B AHATOMUWM JPEBECHHBI BEPE3BI ITIOBUCJION
(BETULA PENDULA), BBIPAIIEHHOM B PA3JIMYHBIX MECTAX

K. Jyocrapunen u B. Mérrénen
Pe3siome

PanpanbpHbIe TEHICHINH, MPOSBILIOIINECS B PA3HBIX aHATOMHYECKUX XapaKTEPHCTUKAX — 9TO XOPOLIO U3BECTHOE SIBIICHUE
JUISL CTBOJIOB JIEPEBBLEB, Iie PaHHMH KaMOuili oOpasyeT MOJOIYIO IpEeBECHHY IIepel CO3peBaHHEeM. JTO sIBICHHE CHIbHEe
HPOSIBIISICTCS. B aHATOMUYECKOM CTPOCHHHU JPEBECHHBI XBOWHBIX IOPOJ, YeM APEBECHHBI JIUCTBEHHBIX MOPOA U IO 3TOil
NPUYMHE OHO MEHEe M3YYEeHO B OTHOLIEHHMH mocienaHeid. CKopocTh pocTa siBisiercst (akTopoM, KOTOPbIH MOXET BBI3BIBATH
BapUALMM B AaHATOMHUHM JIPCBECHHBI, TOCKOJIBKY OHA M3MEHSETCS B 3aBUCHMOCTH OT IUIOZOPOAHOCTH MECTa IMPOM3PACTaHHs.
Llenbto ucciaenoBaHus ObUIO CpPaBHEHUE Pa3IMYHBIX aHATOMUYECKHUX XapaKTEPHUCTUK JepeBbeB Oepésbl moBuCIoOil (Betula
pendula Roth.) BeIpaleHHOH B pa3HBIX MECTax, ABa W3 KOTOPBIX OTHOCWIIMCH K JIECOIIOCAaKaM, a JBa JPyTuX ObLIM MeHee
IUIOZIOPOTHBIME MECTaMH €CTECTBEHHOTO BO30OHOBIEHHS. Pa3inyHbIC M3MEPEHHBIC XapaKTEPUCTHKK MMEIH PaJHalbHYIo
TEHACHIIMIO, YCUIIMBAIOIIYIOCS C BO3PACTOM KaMOus, HO YMEHBLIAIOLIYIOCS C YUCIOM Jiydeil Ha mumumerp. OJHAKoO, Kak
0Ka3aJIOCh, PaiiaJibHbIH TMaMETP BOJIOKOH PaHHEH IPEBECHHbI CIOCOOCH [0 CTUraTh CTa0MIIBHOTO pa3Mepa MPHOIU3UTENBHO B
Bo3pacte 20 seT uig nocagok U 30 JIeT Ipu ecTeCTBEHHOM BO300OHOBJICHUM JiepeBbeB. BeencTue BhlllieyKka3aHHON pa3HULIBL,
paguanbHBIA AUaMeTp BOJIOKOH PaHHEH APEBECHHBI MOXKET OBITH MCHOIB30BaH IS ONIPE/ICIICHAS 3PENIOCTH IePeBhEB OePE3bI.
V nepeBbeB, BBIPOCIINX B €CTECTBEHHBIX YCJIOBHUSX, KJIETOYHBIE CTEHKU COCY/IOB M BOJIOKOH OBUIH 3HAYUTEIIHHO TONIIE, YEM Y
JIepEeBbEB B TOCAAKaX. B JomonHeHue, THaMeTp Jy4eBbIX KIETOK ObLI 3HAYHUTEIBHO OOJIBIIE Y JEPEBbEB, BHIPOCIIUX B
YCJIOBUSIX €CTECTBEHHOT'O BO30OHOBIICHHH, XOTS IIMPUHA JTy4a Oblia OJMHAKOBOH BO Beex ciydasx. Hanbonee BeposTHO, 4TO
oOHapy)XeHHasl pa3HHIA B TOJIIMHE KICTOYHOH CTEHKH JIepeBbEB Oepe3bl, BHIPAIICHHBIX B Pa3HBIX MECTax, BIMACT U Ha
JpyTHe CBOMCTBa (HarmpuMep, INIOTHOCTD U IIBET) BaXKHBIE JUIS MEXaHWYIECKOTO MCHOJIb30BaHMs IIMIIOMATePHAIOB U3 OepE3Hl.

KioueBble cioBa: bepésa, quamerp, miIoA0pOAHOCTb, BOJIOKHO, CKOPOCTh pOCTa, JIy4d, COCYH, TOJIIMHA KJIETOUYHOMN
CTEHKH
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