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Effects of altitude on tracheid differentiation and
lignification of Norway spruce

W. Gindi, M. Grabner, and H. Wimmer

Abstract The effect of altimde on Hgnification is important in developing an understanding of what drives natural
variation in wouod properties, Cambia of two Norway sproce trees, growing at altitudes of 580 and 1260 m as.l., were
periodically sampled o measare racheid dimensions and cellular Hgnin content. The low-clevation tree showed a
higher rate of cell division with thicker cell walls and wider growth rings. The maturation phase of tracheids at high

elevation was completed by the end of October while low elevation latewood tracheids were
vealed by ultraviclel microscopy, lignin content in single cells, az well as in complete tre
elevation. Rank correlation analysis indicated high neg:
ss. It is hypothesized that tree
helps o ma

corvesponding wall thickne
walls with an increased lign

n content which

Key words: aftitude,

stll hgnilying, As re-
ings, was higher at high

ive correlation hetween lignin content of tracheid cell walls and
s growing al higher altitodes compensate for the thinper coll

tain mechanical integrity of the xylem.

wn, (racheid, wood (ormation. aliraviolet microscopy.

Résomeé : Pour micux comprendre ce gul conlrdle fa variation naturelle des propriétés du baois, il est apportun
Fexaminer fes effets de Paltitude sur la Heaification. Afin de mesurer les dimensions des trachéides ef lewr teneur
cellulaire en lignine, les auteurs ont périodiquement échantillonné Jes cambiums de deux épincttes do Norvége poussant

A des altinades de 580 et 1260 m, & la méme latiude. L

arbre & bagse Elévation monfre un taux  plus élevé de divi-

sions cellulaires, avec des parois cellulaires plus épaisses, of montre des anneaux de croissance plus larges. A hante

aftitude, la pha

derniéres trachdides sont encore en voile de lignification. La tencor en Lignine des
anneaux de crofssance complets, est plus importante en altitude. LM analyee

corrélation néas

dantes. On formule Uhypothése que les arbres poussant & haute altitude comy

de maturation des trachéides est complétée vers {a fin & octobre, alors an’a faible altitude Ioy

ales individuelles ainsi gue des

i

=nt pour des parols

minces, par une feneur accrue en lignine qui aide & maintenir Vintégrité mécanique du xyidme formé.

Mots cldy

{Traduit par la Rédaction]

Introduction

Wood formation is driven by a number of factors (Larson
1962; Zimmermann 1964) resnfting in considerable variabil-
ity of wood properties within a given species (Zobel and van
Buijtenen 1989). The genetically determined tendency of an
individual tree to form high-density wood (Rozenberg and
Cahalan 1997) may be enhanced or weakened by mechanical
stresses {Timell 1986); climatic variabifity (Fritts 1976);
availlability of light, nutrients, and water supply (Kozlowski
and Pallardy 1997); or silvicultural practices including fer(il-
tzation (Cown and MeConchie 1981).

In softwoods, tracheid morphology is influenced by pholo-
period, light intensity (Jenking et al. 1977, Wilkes 1987),
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altitude, hgnine, trachéides. {formalion du bois, microscopie en ultraviclet.

and temperature (e.g., Denne 1976). At higher elevations or
fatitudes, temperature and seasonal length become increas-
ingly limiting for tree growth (Tranguilling 1979), and a gen-
eral decrease in ring width, cell wall thickness, latewood
percentage, and wood density is evident (Panshin and De
Zeeuw 1064: Lassen and Okkonen 1969 Lisse and
Prujesiefken 1986). Hakkila (1969) showed that zeographical
paiterns of wood structural properties of Scols pine (Pinus
sylvestriy L.y and Norway spruce (Picea abies (L) Karse)
were predictable with Tatitude but not with longitude,

While wood structaral properties seem to have clear trends
with elevation and latitude, patterns of chemical wood prop-
erties are unclear. Trendelenburg and Mayer-Wegelin {1955)
and Kim et al. (1989) report a decrease in lignin content
with greater hatitudes. However, these findings seem 1o con-
tradict Nylinder and Higghund (1954) who report that cetlu-
lose vields of Norway spruce, as an inverse measure of
lignin content, were lower as latitude and elevation becarpe
greater. A significant decrease in kraft pulp yield for Euca-
fyptus  globulus Labill. and  Eucalyprus nitens (Dean &
Maid.) Maid. with increasing elevation was also reported by
Beadle ot al. (1996).

This study presents a comparison of tracheid formation
and lignification thronghout the 1998 growth season mea-
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sured in Norway spruce trees grown at altilades of 580 and
12600 m a8l respectively. Cell wall thickness and cellnlar
liganin content of newly formed tracheids are determined and
analysed and altitndinal trends are compared with gross
lignin contents.

Materials and methods

Btudy sites and savaple trees

Two Norway spruce sites locased al the north-facing slope
Hochanger Mountain near the town, Brick an der Mur (477
15°167E; Fig. 1) were selected: the valley site was at 580 m asl,
and the mountain site was ot 1260 m asl The soil at the valley
site was deep with moderate clay content, while the mountain site
had a higher pmpmlmu of coarse-grained gneiss minerals. Water-
holding capacity was bigh on both sites. The vailey gife 18 o
gnr Larch (Picea-Lerixy forest with mountain maple (Acer
pseudoplatarns 1) and Boropean ash (Fraxinus excelsior L) in the
understory, The apper site is basically 2 sprmee forest with larch
(Larix decidia ML) added and rowanteee (Sorbus aucuparie L)
in the upderstory. Stocking density was 0.8 for both sites. The as
belongs to the central Augirian Alps. Brock an der Mur, 482 m
a.sl receives an average annual rainfall of 774 mm. 'I‘hc annual
nean alr lemperalore measured at 482 moasl is 8.6°C, The cli-
mate diagram (Fig. 23 R;hmv'i; that the area has a moderaie continen-
tal climate. Because of ihe similar site charactesistics ar both
altitudes, inchuding soil water-holding capacity, aspect, and frradia-
tion, differences in growth between the two sites are mainly due 1o
temperature aned length of growing season. Mean femperaure at
the moontain site during the 1998 prowing season was 5.87C lower
than that measured st the valley site (Fig. 2).

Measovement of ring width

increment cores were Laken rom 18 tees from each site, with
twao cores per ree. After drving and polishing with sanding paper,
samples were cross-dated (Cook and Kairiukstis 19900 and early-
woold and lwewood swidth measored 1o the nearest 10 i on 2
LINTAB measuring slage connected 1o a computer using THAP
software (Rinp 1996). Ring width was calenlated by adding early-
woed and Tatewood width; mean radial growth curves were calcu-
Lated for hoth sites.

Lltraviolet microscopy
Two representative trees, Le.,

straight trees with no visible de-
fects exhibiting average growth rate according (o merement cores,
were chosen for lignin analysis. The two trees (V, valley; M,
meuntain) were repeatedly visited and sampled during the 1998
erowing season on the following dates: 4 April {only V), 30 Aprid
22 May, 28 June, 12 July, 1 Avgast, 8 September, 20 October. and
28 December. Sample blocks cut from breast height included the
outer xylent, the cambium, and part of the phicem. ‘Qzlmplc: sizes
were 25 mm in the axial direction, 10 mm i:snﬂommlh, and 10 mm
in the radial direction, containing up to eight growth rings. Sam-
ples were immersed i FAA (formaldehyde - acetic acid - alcoholy
(Gerlach 1984) immediately after removal and stored for 24 weeks,
To minimize effects of wounding, the consecufive samples were
taken from the stem in an upwzm! spiral fashion, keeping a mini-
mum distance of 10 cm. After ringing the sample blocks with dis-
tilled water, small pieces were cul, dehydrated in a graded sevies of
cthanol (40, 60, 80, and 100%) and aceione (1009, and embedded
in epoxy resin (Spurr 1969). These samples contained the com-
pleted 1997 growth ring, all the cells formed during the 1998
growing season, the cambiwm cells, as well as some philfoen cells,
Transverse sections (1 um} were out on a Lewca ultamicrotome
equipped with a diamond kpife. Sections were placed on quartz
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Fig, 1. Location of the study area in Austria. V, valley siter M,
mountain sie
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Fig, 2. Temperatire and precipiistion (1961-1990 mean) of the
study area measured at 482 m asd., and the FIO¥ temperature
curves measured divectly at the sample sites: 580 m (valley) and

i

1260 m {mountain) a.st, respectively.
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olass slides and coversd with quartz cover slips. With a ZEISS
MEPM-800 photometer—microscope, ultraviolet (UV) absorbance was
determined in the secondary cell walls (§2) of at least four parallel
radial cell files spanning the entire increment in the xylem formed
during 1998, Abhsorbance of the completed tracheids in the 1997
tree ring was also determined in an identical way. Lignin confent
was caleulated [rom absorbance measurements according o Fergus

WL (1969).

After measurements of UV absorbance, the sections were im-
mersed in a solution of 19 agueous gentian violet for | min. Thig
resufted in an intense violel staining of mature and differentiating
cell walls. Excess staining solation was removed by rinsing twice
with distifled water, Thereafier, the sections were placed onto glass
slides using a drop of distifled water as embedding mediom. Thick-
ness of the tangential tacheid walls aned lumen width were deter-
mired 1o the nearest 0.2 tm on successive cells in a radial divection
using a microscope equipped with a video camera commected 1o @
computer using the public domain NI IMAGE program (devel-
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oped al the LS. National Institule of Health and available on the
Enternet at hitp://ssh.infonih.gov/sib-image/). According to Deane
(1988, tracheids with a lumen smalier than haif of the tracheid di-
ameter measurad in radial direction were classified as laiewood,

Determination of gross lignin content

In spring of 1999, twelve millimetre thick cores were inken from
eight trees al the valley site and eight rees at the mountain site, in-
cluding the wrees V oand T sampled during 1998 for UV micros-
copy. The 1998 growth ring ol all 16 tees, and the proviously
formed rings 1995, 1996, and 1997 of rees V and T, were sepa-
raled into individoal ring samples and extracted with water and
acetone. Bxtractive-free samples were milled in a Relsch rotary
mill and dried at 103°C. According 1o Johnson et al, (1961), 12.0-
F4.00 g of the fraction passing a 4001um sfeve were t,().mf_ﬂt?fc!v
dissolved in acetylbromide resgent. To overcome problems of
weak repeatability (Dence 1992; Rodrigues et al. 1999), ail sam-
ples were  digested .L;imnitnnctmm_\t Ultraviolet  absorbance  at
280 nm was determined using a Pharmacia LEB Biochrom 4060
UV-visible spectrophotometer in reference to a blank solution pre.
pared in parallel with the samples. Lignin concentration was calcu-
lated by relating the absorbance of vnkaown samples © the
absorbance of spruce samples with kunown Klason Hgnin contenis
determined according to TAPPI standard T222 om-88.

Resuits

Average radial growth

Radial growth curves of trees w:rmp'h;i from the two s‘ifva;
are shown i Fig, 3. Both sites were fairly even aged. With ¢
mean age of 98 £ 3 vears the mountain trees were 16 yca;i
akder than the valley trees (82 & 5 vears). The mesn snnual
growth rate {cambium age at feast 20 years) was 2.035 mm
for the valley site and .27 mm for the mountain site, Mean
tatewond percentage of the valley site trees wasg 30 + 4%,
which was considerably higher than the 16 + 3% measured
at the mountain site.

Time course of cell wall thickening and Lgnification
On & April, the cambium at the valley site wag still dor

mant, and the mountain site was not yel accessible because
of persisting snow cover. On 30 April, the cambium of both
trees Voand M had resumed cell division, but newly pro-
duced xylem cells had not entered the phase of radial en-
largement, On 22 \/I;zy the first cells entered the thickening
phase in tree V, while in tree M tracheids were still enlarging
without wall thickening. A monih later (28 June) aboui 50%
of the annual radial increment was completed in tree V. Be-
tween five and six earlywood tracheids had reached full lig-
nification al this stage (Fig. 4b). Tree M oaly completed one
thivd of the annval increment o this date (Fig. 4a) with no
fully matured tracheids (Fig. 4h). In mid July, 80-90% of
the earfywood tracheids were fuily thickened in both sample
trees. T tree 'V lignification started (ie., lignin became first
detectable} 11 cells behind wall thick (Lm% and in tree M
lignification was lagged by 5 celis. By mid-July tree V had
completed 47 xylemn cells per radial file, while tree M had
only completed 26 (Figs. 4g, 45, and 5). Transition from
earlywood to latewood commmenced shortly before 12 July in
tree Voand a few days after this date in tree M. On 1 August
the cambia were still active in both trees, and by 8 Seplem-
ber, both cambia no longer showed evidence of new xylem

)
-

Fig. 3. Mcan radial growth of the valley (580 m n.8.1) and the
mountain (1260 m a.s1.) site with each curve representing 18
spruce frees. A S-year moving average is drawn trough each

CUrve,
)'-) -
4 Valley sile
N “ M
24 v i ‘f%g/;'v*ﬁh\
el
T sountain site W Mﬂ%
2] : } 1 Y ! T t r 3 y T
1890 1900 1910 1920 1930 1940 1650 1960 1970 1980 1990 2000
ear

being produced. During the first part of September, most
latewood cells In tree M were Fully thickened, while ihe
same process had just started in wee V. On 20 Octaber, wall
thickening was completed 1 both trees (Fig. 4a), bul lignin
was sl accumulating in the latewood cells of wes V
(Fig. 4by, At tlm end of 1998, tree V had completed 58 tra-
cheids per radial file, while tree M had 34 tracheids. In the
most active pcrmc, berween 22 May and mid-Yuly, the cam-
biwm of tree V preduced 0.6 cells/day, while tree M showed
a vate of 0.4 cells/day (rates caleulated by dividing the total
number of cells produced by the number of days). Mean cell
wall thickness was 3.3 2 0.2 wmin the earlywood and 6.4 +

0.4 pm in the E;licwood of tree V. In tree M the mean cell
wall thickness was 3.0 + 0.2 um in the earlywood and 5.1 +

(0.3 um in the h;lewuod.

Fignin content

Lignin concenteation in the secondary walls across the an-
nual growth ring was highest in earlywood with a linear
decrease towards latewood (Fig. 4b). The mean lignin con-
tent n suumcl‘lw walls of the growth rings 1997 and 1998 in
tree V owas 0.211 g-o™!, which was congiderably lower than
that of tree M with 0.234 g-g7'. This difference of Lignin
content was found also when determined after dissolution of
wood in acetylbromide: the eighi frees from the mountain
site show higher gross lignin content than the eight trees
frem the valley site (Fig. 0),

In Fig. 7 the cell wall thickness of tracheids formed in
1997 and 1998 is plotied along with their corresponding
lignin content. A rank correlation analysis revealed a nega-
tive relationship between cell wall thickness and lignin con-
tent of r = -0.71 (p < 0.001). For latlewood (according to
Mork’s definition) the correlation coefficient was still -0.54,
and for earlywood the correlation was —0.65.

Discussion

Wood formation studies in conilers focused primarily on
the processes of cell division, cell enfargement, and cell wall
thickening and less on Hgnification (e.g., Whitmore and
Zahner 1966; Skene 1969, Wodzicki 1971 Horacek et al,
1999), Sequences of lignification bave been coasidered only
for short portions of the growing season (Kutscha snd
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Fig. 4. Sequence of (@) cell wall thickening and (b) lignification
in the valley and mountain tree during the 1998 growing season.
The distance from the end of the previous increment (growth
ring houndary 1997-1998) provides the x axis. The dales given
indicale the day of sampling. Arrowheads marle the transition
from earfywood 1o Ialewood according to Denne ( 1988).
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Schwarzmann 1975; Imagawa et al. [976). The resulls pre-
sented in Figs. 4, 4, and 5 describe the thickening as well
as YHgnification of tracheid cell walls for a complete growing
SEASOIL

Because of the longer interval between the first fwo
samplings, a possible delayed resamption of cambial activity
in tree M conid not be detected. However, once cell produc-
Hon had initiated, tree V formed tracheids at 4 much higher
rate (Fig. 4a). The higher cambium activity at the valley site
is also reflected in its growth rates (Fig. 3), Latewood per-
centage, a8 a measure relaied 1o wood densgity (Bernhart
1064, Wimmer 1991, 1995) was higher in the valiey trees.
Since latewood percentage is highly susceptible to the inthi-
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ence of chimate (Schweipgrober 1989), this difference can be
explained hy the more favourable conditions in the valley,
where the average anmual temperature is 5.8°C higher.

At the site Tevel, at the tree ring level, and at the tracheid
cell wall level, lignin concentration was consistently higher
at the mountain site compared with the valley site (Fig. 6},
When Hgnin is related to cell wall thickness, highly signifi-
cant negative correlations were calculated (Fig. 7). The
higher lignin concentrations found in wood of trees grown at
the cooler mountain site seern to disagree with the finding
that Tow temperature during later summer and automy leads
to lower lignin content of terminal latewood tracheids (Cindl
and Grabner 2000; Cind! et at. 2000). However, since this is
onjy true for the very final tracheids formed, the picture for
the entire tree ring or even several tree rings is reversed. Our
resolts are, therefore, consistent with research that reported
lower pulp vyields at higher elevation (Nylinder and
Higghmd 1954; Beadie et al. 1996).

The mean lgnin content (determined in the growth rings
1007 and 199%) in secondary walls of the valley tee was
0.211 go and of the mountain tree 0.234 g-g ', which
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Fig. 6. Lignin contents at the (wo elevations: A, lignin of ihe
complete 1998 ree rings, eight trees per site (aceiyibromide bro-
mide method); B, lignin content of rings 1995 - 1898 of the val-
ley and the mountain tree (acetylbromide bromide methody; O,
mean lignin content in S2 layer of single tracheids formed in
1998 (UV microscopy), one tree per site, 74 mouniain and 126
valley tracheids. Error bars are SP.
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gives a difference of 0.023 zo'. This difference is smaller
than the nm—: obtained through gross lignin determination
{().{'}“»‘) g-07h Coté (1968) as well as Sarkanen and Mergert
{(1971) propose a relationship between cell wall geometry
and gross lignin content, which may explain the remaining
difference (ie., 0.016 zo™h). An estimate feads o the result
that the relatively larger contribution of the less ligpified
sccondary wall layer in thick cell walls explains this differ-
ance, The estimate assumes no rays and resin duets, constant
tangential tracheid diameter of 30 pm, lignin concentration in
the middle famella as determined by Fergug er al, (1969), a
thickness of the middle Iamella as given by Pengel and Stoll
(1973), anid dimensions of the cell comer middle lamella
area proposed by Wimmer and Lucas (1997).

With regard 1o mechanical strength, the findings of thig
study suggest a compensation of thin cell walls in wood
grown al high alitudes through increased Hgnification. In
fature research this hypothesis needs to be verified through
parallel measurements of cell wall mechanical properst
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and dignin conlent as well ay comresponding microfibril an-
gles, I also seems reasonabie that 2 high portion of the vari-
ability found in various lignin content studies are probably
explained by different cell sizes, as already indicated by
Wilson and Wellwood (1965), who consistently  found
higher Henin content in earlywood than in fatewood. There-
fore, fatore studies on lgnin or pulp vield of trees as related
to envirommenial effects should include cell morphological
measurements to control for this offect.

Raforonces

Beadle, C.L., Turnbult, C.R.A and Dean, G.H. 1996, Environmen-
tak effects on growth and kraft pulp yield of Eucalvpius globidus
and . mitens. APPIVA 1 49 230242,

Bernhart, A, 1064, Uber die Rohdichie von Fichtenholz, Holz Roh
Werkstolt, 22: 215228,

Cook, BER., and Kairiokste LA 19940, Methods of dendro-
chironology: applications i the environmental science. Kluwer
Academic, Dordrecht, Netherlands.

Coté, WA, 1968, Chemical composition of wood. In Principles of

wood sciecnce and technology I Edited by BEP. Kollmann and
WA, Coté. Springer-Vertag, Berlin. pp. 5578,

Cown, DI, and MceConchie, D1, 1981, Effects of thioning and
fertilizer applications on wood properties of Plaus radiate. N2,
I For. Sci. M‘"")-«‘Jl

Dence, CW, 1992, The determination of hgnin. /n Methods in
Hgnin chemisiry. Fdited by 5.Y. Lin and C.W. Dence. Springer-
Verlag, Berlin. pp. 3361

Denpe, M.E 1876, Effects of environmental change on wood pro-
duction and wood structure in Picea sitchensis seedlings. Ann
Bot. (London), 48 101V7-1028.

Denne, MLP. 1988, Definition of latowood according to Mork (1928).
It Assoc, Wood Anat, Ball, New Ser. 14 59-62.

Fengel, D, and Stoll, M. 1973 Cber die Verdindering  des

Zellquerschuitts,  der  Dicke  der  Zellwand  und  der
Wandschichten  von  Fichtenholz-Tracheiden mnerhalb  eines
Jalwrings. Holzforschung, 27: 1--7.

Fergus, B, Procter, AR, Scott, LAN., and Goring, DAL 1969,
The distribution of lignin ia sprucewood as determined by ultra-
violet microscopy. Wood Sci. Technol, 30 117138

Fritis, H.C. 1976, Tree rings and climate. Academic Press, Loadon.

Crerlach, I3, 1984, Botanische Mikrotechnik, Thieme Verlag, Stuttgart,

CGermany.
Cindl, W., Grabaer, M. 2000. Characteristics of spruce [Picea abies
(L.} Karst] latewood formed under abnormally low temperatures.

Holuforschung, 54: 9--11.

Giindl, W, Grabner, M., and Wimmer, . 2000. The influence of iem-
perature on {atewood lignin content in treeline Norway sproce
comnpared o raximum density and ring widih. Trees, 14: 400414,

Hakkila, P
pine and sprace pulpwood in Finland, Commaum, Inst. For, Fean.
No. 66, pp. 1-00.

Horacek, P, Slezingerova, I, and Gandelova, L. 1999, Lff
the environment on the xylogenesis of Norway spruce., /n Tree-
ring analysis. Biological, methodological and environmental as-
pects. Edited by R. Wimrper and RE. Veler. CAB International,
Ocford, UK. pp. 33-54.

Imagawa, H., Fokazawa, K., and Ishida, 5. 1976. Study on the hig-
nification in tracheids of Japanese E...cucl L Lavix leptolepis Gord.
Res. Bull, Coll. Exp. For. Holkkaido Univ. 330 127138,

1069, Geographical variation of some properfies of

ots of

Can. .. Bot. Vol, 79, 2001

Fenkins, P A, Hellmers, ., Bdge, B.A., Rook, DAL, and Burdon,
R 1977, Infhience of photoperiod on growth and wood for-
mation of Pinus radiare. N2 L Foro Sel 70 172191,

fohngon, B, Moore, W, and Zank, L. 1961, The spectrophotomet-
ric determination of Hgnin in sm.&l! wood samples. TAPPT 1. 44:
793798,

Kimn, W.J., Campbeli, A.G., and Koch, P 1983, Chemical variasion
in I()L‘Egepfﬂe pine with latitide, elevation, and diameter class.
For. Prod. 1. 39 712

Kozlowski [I, and Pallardy, S5 1997, Physiology of woody
plants. AL:.&d.Cmi(, Press, San Diego, Calif,

Kutscha, NUP, and Schwavzmann, J M. 1975, The fignification se-
guence in aormal wood of batsam fir. Holzforschung, 29 79-84,

Larson, PR, 1962, A biotogical approach to wood guality, TAFPE
1. A5 4473448,

Lassen, LB, and Okkonen, E.A. 1909, Effect of rainfall and slevs-
fion on specific gravity of coast Douglas-fir, Wood Fiber, 1:
227235,

Liese, W., and Dulesiefken, D, 1986, Das Holz der Fichte, Jn Die
Fichte, ein Handbuch in zwet Binden. Sdited by H. Schindt-
Voot Paul Parey, Hamburg, Berin, pp. 373443,

Nylinder, P, and Higglund, L. 1954, The influence of stand and
tree properties on the yield and quality of sulphite pulp of Swed-
ish sprace {Picea excelsa). Medd, Star, Skogforsknimgsingt, 44
F-184,

Panshin, AL, and De Zeeuw, . 1904, Texthook of wood technol-
oy, Vol 1, MeGraw-Hill, New York.

Rinn, B ‘)‘)() FSAP time series analysis and presentafion, version
3.0 reference manual. F. Rinn, Heidelberp.

Rodrigaes, F., Faix, (0, and Pereira, H. 1999, Improvement of
acefytbromide method for lignin nination within 1s
screening programimes. Flolz Roh Werkstoff, 57 341345,

Rozenberg, P, and Cahalan, C. 1997, Sproce and wood guality: ge
netic aspects, a review. Silvae Genel. 46: 270-279.

Sarkanen, K.V, and Herwert, HLL 1971 Classification and disiribu-
fon. fr Lignins, Ocowrence, formation, structure and reactions.
Edited by K.V, Sarkanen and CHL Lodwig, Wiley Interscience,
New York, pp. 4394,

Schweingruber, FH. 1989, Tree rings. Basics and applications of
c.lendn.mlzrc.}]m.!.n..;gy. Klrwer Academic Pablishers, Dordrechi.
Metherlands.

Skene, DS, 1969, The period of time taken by cambial derivatives
to grow and differentiate into tracheids in Pinns rediaia 1. Don.
Ann. Bot. (London), 33 253-202.

Spurr, AR 1969, A low viscosity embedding medium for electron
microscopy. Hhrastroct, Res. 260 3143,

Timell, TE. 1986. Compression wood In gymnasperms. Springer-
Verlag, Berlin,

Tranquillini, W. 1979, Physiological ecology of the alpme tmber-
line: iree existence at high altitndes with special references to
the Buropean Alps. Springer-Verlag, Berdin,

Trendelenburg, R., and Mayer-Wegpelin, H. 1955, Das Holz als
Rohstoff. Carl Hanser, Munich.

Whitmore, F'W., and Zahucr, R. 1966, Development of the xylem
ring in sterns of young red pine trees. For. Sci. 120 198-210,
Witkes, F. 1987, Review of the significance of variations in wood
structure in the wtilization of Pinus radicia. Aost, For, Res, 17:

215-232.

Wilson, LW., and Wellwood, B.W. 1965, Intra-increment chemical
properties of certain western Canadian coniferons species. Jn
Cellalar shrastructive of woody plants, Edited by WAL Coté.
Syracuse University Press, Syracuse, N.Y. pp. 351--559,

Wimmer, R. 1991, Bezichungen zwischen Jahrsingparametem and
Rnhths hre von Kaefernholz, Holzlorsch, Holzverwert., 43 79-82.

© 2001 NRC Canada



Gindl ef al,

Wimnmer, R. 1995, Intra-anneal cellular charscteristics and their
implications For modeling soltwoed density, Wood Fiber Sci.
27 413420,

Wamnmer, R., and Lucas, BN 1997, Comparing mechanical prop-
erties of secondary wall and cell corner middle lamella in spruce
wood. Int. Assoe. Wood Anat 1 18 7788,

821

Wodzicki, T.J. 1971, Mechanizin of xylem differentistion in Pinus

Zimmermann, M.H. 1964, The formation of weod in forest trees,
Academic Press, New York.

Zobel, B.J, and van Buijtenen, J.P 1989, Wood variation—its causes
and control. Springer Series in Wood Science., Springer, Berlin.

a4 20010 NRC Canada



