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Ahstract The latewood lignin conlent, maximum density
annnal incremants

and total ring width of ton consecoutive

were determined in treeline Norway spruce (Picea ables

L] Karst)y using ultraviolet (UV) microscopy and radio-
densitometry, respechively, A positive correlation be-

tween the total ring width and the mean temperatire of

mid-July o August was identified, as was one between

the maxmmm density and the temperature of Auguost-
Ligmn confenl in the secondary cell wall layer

september., |
of the terminal latewood tracheids was positively corre-
latee with the temperature for the period running from
the beginning of September unti! the third week of Octo-
ber, It can, therefore, be conclude
the cell wall Is susceptible to the influence of chimatic
variahility, as is the case with ring width and maximum
density.

ey words Climate - Lignification - Pleea abies

Treeline

Frtroduction

The growth of (rees at the alpine treeline is primarily
limited by temperatore and the length of the growing
season  (Tranguitlini 1979, Koroer 1998), Numerons
studies have shown how the radial growth and wood
density of conmfers varies under the influence of tempera-
tre (e . Hustich 1945; Larson 1964; Deane !97%‘ Fritts
1976, Schweingraber et al. 1979 Loris 1981 Miller
1981 Antonova and !\1.:1.&(‘)\/;;1, 1993,1097), A u)ol short
growing season produces a narrow, low-density growth
ring, whereas more favourable warmer conditions will
lead 1o wider rings with higher lalewood densities.
Drendroclimatelogists make use of this relationship o re-
construct summer temperatures of the pre-ingtruemental
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that hgnification of
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era (Hekstein and Aniol 1992
Briffa et al, 1098

I addition to the influence of varying ¢! H]hl!i(‘ condi-
tions on ring width and ring density, their effect on fignin
conient is also ol inferest, because the {atler is an impor-
tant. wood quality parameter, which determines the
amount of chemicals 10 be spent in paper production
(Fengel and Wegener 1984). ] lw aross lignin content of
softwoods has been shown (o be nevatively correlaled
with latitude (Kim et al., 1989 [t also varies with chang-
ing mechanical stresses (Timell 1986; ()k‘uvzl.mn et al.
1098) and sitluations  of severe  nubriend ceney
PDaownes et al 1991 Wammer and McLavghlin 19096),
However, gross ?innm content is not very soitable for an
investigation into the climatic effects on lignification,
because the results vellect ite strong reliance on wood
density (Erickson and Arvima 1974), Ultraviolet (V) -
cfoscopy (Scott et al. 1969) provides a tool capable of
determuning the hignin content of individual cells. An ex-
ploratory study using this technigue (Gindl and Grabner
2060y provided a firse indication of reduced lignin con-
tent in latewood tracheids formed under abnormally low
temperaiures.

The present study hypothesises that cellular Hgnin
coptent in frees growing at high elevations may nol be
only influenced by abnormal meteorological conditions
but may also be systematically related to temperature
changes. Thig argument is based on the following as-
sumption. As with differentiating tracheids in the cell
wall thickening phase, the terminal cell rows ol a tree
ring are characterised by a decreasing (hickness of the
radial cell wall towards the growth ring border (Grozdits

and [fju 1984). This pattern is most clearly seen in so-
(,d”CL] light rings, i.e. free rings with particularly low-
density latewood, where growth 1s premansely arrested
due te exceptionally low temperatures in the second half
ol the growing season (Filion et al, 1986; Gindl 1999}
The incorporation of ligain 0 cell walls is the process
that commpletes the formation of a tracheid. The earlier a
growing scason terminates by the onset of cool tempera-
tures, the fower the lignin content of the last formed late-
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wond cells should be. On the other hand, conditions
Favourable for cell wall synthesis, polentially leading to
a high lenin content, might prevail until the beginning
of November (Pisek and Winkler 1358; Havranek 1981

Using treeline Norway sproce  (Picea abies L]
Karsl), the rc]atiomi‘lip between lignin content it the
secondary cell wall of latewood cells and temperature 15
ll.l\-f:.‘sfigd{(}(l and compared with results obtamed from
measurements of maximum latewood density and total
ring width,

Batorials and methods

Stucy stie and plant material

site was Tocated ar Mt
fevel (a.s L)) the Ao
s with 60 1o 80-y

The study
18440 m above
alpen”. An an

vian “Nordliche ;<Za}l\_
I scatiere roid Norway spruce
EP abies (1Y Karst.] trees profroding 4-6 o from a Mouniain ping
(Pinus muage Toera) krommbolz belt was \L‘]f‘ wed for sampling.
The slope was oriented towards west and the soil type was
Rc‘n(i/,lmh The growth of the e should not have been influ-
enced by cattl g on newrby alpine pastures, as the arsd was
profected by dense Mountain pine. Stem disks were collecled at
breasi height from five sproce trees felled in August 1998, The
bark was immadia wved from rhe samples @ prevent diffo-
sion of phenolic exmactives into the xylem, which causes hiased
measurements in radiodensitometry { chweingruber o1 al. LO78Y as
well ag in UV microscopy (Tmagaws and Fakazawa 1978), Blocks
ineliding the 19881907 increments and free of compression
wood were taken [Tom the disks and dissecied for radiodensitome-
vy and lgnin analysis. The number of samples was Hmited o 50
(le 6 ey, ko T 16 the time-consuming
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Radiodensitometry

Radiodensitomelric analysis was carried out af the Swiss Federal
Instinrte for Forest, Snow and l',.:tml‘:cnpc Research in Birmens-
dorf. The samples were alr-dricd and glued on wooden supports.
Transverse secibons, 1.2 mm thick, cut v a double bladed circn
lar saw were placed on an X-ray 5 *1151l1\#<§'.§15h}1 CAgta) and cxposed
to an X-ray source. In order to determine density and ring width,
the X-ray micrograph was analysed on o DENDRO 2003 micro-
densitomerer (Walesch, Effrerikon, Switzerlind) nsing a cellulose
acetate calibration wedge (Lenz ot al. 1976; Schweingruber et al.
1978).

UV microscopic lignin analysis

1V microscopy is a method that allowy the Hgnin content in inds-
vidual cell walls 1o be determined. In thelr fundamental studies,
Forgus ef ab (1964, Scort @1 all {1969} and Fukazawa and
Tmagawa (1981} demonstrated that UV absorbance of thin sections
of cell walls is proporiional to their Hgnin content. This relation-
ship can be described uging the Beer-Lambert law: 2 Oxd
where A is the absorbance at 280 am, £, 1 the reg e exfinc-
tion coefficient, (is the Benin concentration wud o1 is the thickness
of the section. Fergus et al. (1969) (;urm.(l a wide range of
ues of various Henin preparations given in the Tite
considered an Sy, value of 13,6 cm -0 g, deiermined EW using
sodinm borohydnde-reduced milled wood lignin, to be the most
suitable way to describe the absorbance of softwood protolignin,
Following this suggestion, the above value of £y, was used m the
prescnt siudy. In any event, the choice of a ¢ ERT
would not have affected our resnlis, as inter-annuat ch;
not absolute lignin concenlrations were ol inferest.
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Fig. 1 Climate diagrar of the Adment region according 1o Walter
and Lieth (1960). Location of the station, its aitinde and the nom
ber of years included in the record (rop lefT); mean annual teniper
attire and mean annual som of precipitation (fop righn)

Pieces of wood, 5 mm in length and {x! mm? in cross-section,
were prepared for lignin analysis with the UV photometer micro-
seope (Zeiss), Fach piece included the latewood of one of the
FORR. DU tree rings. The samples were dehydrated and extracted
i a graded cthar wetone series and embedded in Spurr’s resin
(Spurr 1969 Kuhn ot al 1997). The “hard”™ mizture of resin come
ponents, as suggested by Spuarr (1969), gave the best [-um-thick
sections on the witramicrotome (Leiea), equipped with a diamond
knife. The scetions were placed on quartz shides with a platinum
wire loop. The lignin analysis was carried out onoa Jeiss micro-
Yeope-D h_umm P MPMS00. The absorhance at 280 nin w feler-
mined in the secondary cell wall layers of the three terminal cell
rows of each annual increment. A 100x Ultrafuar tmmersion ob-
jective (Zeiss) achieved a civewlar measoring spot diameter of
0.5 ym, which altowed acenrate central positioning within the sec-
:n}d;m} cell walls, Scanning step width was set to 2 o and the
monochiomator handwidth 10 5 mm. A set of 30 measures ments
(1500 in total) was completed for each ring. Measuee
sorption in the cell comer compound middle lamelta ((‘.(TMi ) ares
were also attempred. bul were discontinued because it wag not
possible (o repeat them successfutly. [l was virmally impossible 1o
accomplish an aconrate positioning of the measuring spot in the
small COML area.

1
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Meteorological daza

A meteorological record directly from the sampling area was noi
available, bur temperawres recorded in Admont (47733
{4230°E, 646 moa.s.l), 4 km north of the sampling area, were pm
vided by the Ceniral Institate for Meteor ology and Geodynamics,
Vienna. Since Bahm (1992) showed that lowland and high alpine
Ic‘m{)c satures in Austria are strongly conelated (vorrelation coeffi-

cient r=01.92), the avallable record of fempcunmox cimq,;xhcs the
L(_mdltmns at the mmpk‘d high altitade site suf ;
mate diagram according to Walter and Licth (l()()()) du;\-u! From
meas values of the period 19611990 (Fig. 1), describ
cral climatic characteristics of the Admont region, which, local
at the northern edge of the Ausirian Alps, receives plenty ol pre-
cipitaiion during the cntive growing season.
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L maximen laicwood den-
nin conteni indices (Mlack squares. error bars
inelicate SD) compared with the mean lemperature of the hest cor-
related mluval (rriangles). Temperatore is given as the deparfure
from the mean of the entire 10- -year period

Fig, 2 Chronologies
sity and l'livw:)mi 3

Calculation of indexed chronelogies

Individual series of ring width measurements were crogs-dated
using the nearby Johashach Norway spruce chronelogy (Gindl
F909Y. Single-tree chronologies of the three investigated parame-
ters were standardised, applying the formula x'={x-
v 18 the standardised variable, x; 1 the inilzal measarement, x,, 18
fhe mean of the period 19881997, and ST is the standard devia-
f1on.

Fig. 3 Correlation of wtal ring 3
width, maximem latewood den- r = 086" F
sity and fatewood Ngnin con- ]
tent chronologies with the f
mean temperatire of the ve- g 0
spective intervals (5 P<0.01) ;é:

=

i
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Week 29-35 (mid July - August)
temnparature index

X S, where
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Hesulis

Three chronologies resulting from measurements of ring
widih, maximum density and lignin content are dis-
played in Fig, 2. In comtrast to the ring width and maxi-
mum density, the inter-annual varability of hignin con-
tent is low, with the exception of the interval 1995-1997,
where lignin content decreases to the minimum value of
the 10-year period in 1996, Indexed maximum density
valuies show the lowest mean 5D {(0.214) compared with
ring width (SD=0.431) and lignn content (5D=0.532).
All three chronologies are normal distributed (Kolhmog-
orof-Smirnoff test, P<0.1).

Throngh analysis of monthly mean temperatures, it
wag found that a significant relationship existed between
the temperature and total ring width, and also between
the temperature and latewood density, However, this did
nol apply fo latewood ligmin confenl. As a sccond step,
mean lemperalures of pairs of months, e.g. June-July

lependent var-

July—-August and 5o on, were used as inde
ables. This resulted iy significant positive relationships

between the Joly-August temperatures and ring width,
between the August-Sepfember femperatures and maxi-
mum density, and between (he Seplember-October tem-
peratures and lignin content. In order to determine the
most strongly correlated nterval more precisely, weeks
were added to and/or sabtracted from ihe period obtained

above  unti ;’)lin'lum correlation  coefficienis  were
achieved (Fig. 3). The (mm‘rmm period extends from
mid-Fuly to ,\usrms (‘\\we’m 35) for foral ring width,

4

From August to September tJvzd\x 3139} for maximum
latewood density and from ‘xeptcmhu until the third
week of October (weeks 36-42) for Henin content in the
secondary  cetl wall of rerminal latewood  racheids
(Fig, 4y In Fig. 2, the three chronologies are plotted to-
gether against the femperatures of the intervals that show
the steongest corralation. An analyvsis of the correlation
between the tree ring pacameters ring width, maximum
density and lignin content, respectively, showed that lig-
nin contant is not related to any of the other parameters,
whereas total ring width 15 correlated with Tatewood
maximum density (Fig. 5).
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Fig. 4 Growing season infervals exhibiting best correlations be-
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Diseussion

division in
the cambium, it nndergoes thres process ifferentia-
ron {Wardrop 1965, Wodzicki 1971; Crozdits and [
FOR4y. First, a cell grows in the radial and lengitudinal
directions, then a secondary wall 1s formed and finally

After a wood call hay been produced by cell
seq of d

lignification of the cell wall completes the maturation of

a tracheid. In temperate zones i takes 2-3 weeks for the
formation of an eur} vwond tracheid amd about 2 monihs
for a latewood tracheid (Whitmore and Zahner 1966‘
Skene 1969; ‘\Mtadzwk.} 1971 Katscha et ab, 1973), This
study demonstrates that, not enly are cell size and wail
thickness subjected to the influence of climatc variabih-
ty, bot also Hgnilication of the cell wall.

Total ring width is 2 measure of the sum of a growing
season’s cell division and cell enlargement activity in the
direction of the wl( m. Its ;Josmw carrelation with the
mean temperatuge of the period from mid-July o Augest
{(Fig. 3) agrees well with the findings of Milller (1981),
who found that radial growth in alpine trecline stands
starts in Fune and contiones until Angust, when the last
latewood cells are formed. After the cessation of radial
eXpansion, %eumdzu'y cell wall formation persists for
several weeks in lafewood (Whitmore and Zahner 1966,
Skene 1969 Wodzick: 1971 Kutscha et al, 1973}, ex-
plaining the influence of August and Seprember temper-
atures on maximum latewood density (Fig. 33 The latter
is 1 measure of the cell wall mass per unit volume and 1s
highly correlated with cell wall thickness (Yasue el al.

1996,2000) as well as the percentage of cell wall area

(Fark and Telewski 1993). The pariod of time which in-
fluences latewood lignin con fcm extends from Septem-
ber to the third weelk of Qctober (Fig, 33, Thus, lignifi-
cation of Tatewood cells in sproce persists long after the
racdial expansion and cell wall thickening phases have
been completed. The ll!llL course of wood formation,
starting with cell division and enlarcement, followed by
cell wall thickening and fermination by lignification, 18
surprisingly well reproduced through the obtained rela-
tionships (Fig, 4),

A comparison of the chronologies with the best-corre-
lated temperature curves (Fig. 2) reveals g strong year-
to-year agreement between the mterval trcmia; i ean he
seen that the inter-annual variability of July-August as
well a8 August-September temperatnres over the 10-year
periad exceeds the September-October temperature vari-
ability, with the exception of the interval 1995-1997 I

i
3 3w

1994, Honin content reached the minimum m_!.as of !.hz:
eatire 10-vear period, concurring wn'i‘z minimum femper-
arres,

Maxemum density dv!crmmcd by using X-ray densi-
ometry  ceours at the end of an annwal increment
{Schweingruber et al. 1978), but 1018 pot correlated with
the Hgnin content of terminal latewood cells {Fig. 5).
The percentage of cell wall area, which is highly corre-
lated with density (Park and Telewsks L)()’ Wimner
19953, reaches a maxinnm in the latewood and decreas-
2s in the {ast two cells of a tree ring (Yasue ot al. 1996},
Hence, maximuom density might not be focated exactly in
the terminal cell row of & tree ring. Furthermore, Hgnin
is one of three main polymer constituents of the wood
cell wall (Fengel and Wegener 1984) and the small
changes found might net have been suffliciently large o
overcome the control of cell wall thickness on density.
Therefore, the influence of September temperatures on
latewood lignin conteat and marimum latewood density
does not necessarily result in a correlation between them,
{ ummsdy the influence of summer temperatures on 1O~
tal ring width and maximum latewood density (Lu(\[( ¥
and Aniol 1OR1 D Arrigo ot al. 1992; Britfa et al. 1998)
results in o poor but statistically significant correlation
between thegse two tree ring properties.

it could be demonstrated that fignification of the sec-
ondary cell wall in the terminal latewood tracheids of
treeline Norway ¢ spruce is subjecled to the infloence of
climate, simifar to ring width and maximum latewood
density. The influence of these small variations on the
oross lignin content ol Norway spruce 1s presumably mi-
nor, but it raises the question as o whether a general re-
falionship between temperature and gross ligain content
exists. Comparing the low lignin content of (emperate
zone tree species to highly lignified tropical trees,
Trendelenburg (19393 hypothesised that low tempera-
wres induce low gross lignin content. Referring to the
positive relationship between cell wall thickness and
remperature in the temperate zone, Kollmann (1951)
suggested that a negative relationship between gross lig-
nin content and femperatnre exists owing to the influence
of the highty Lignified middle lamella, which retains a




uniform thickness (Fengel and Stoll 1973) and which
might become more important in thin-waled cells. Ag
lignin has o be removed in the polping process and 15
thius a mafer cost factor, the question of a general rela-
i‘j(;z}%hip between femperature and gross fignin content,
and a possible altitudinal gradient of gross lignin con-
tent, 18 of great economic lnlLl{_}sé, and will be the subject
of fiture research.
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