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SUMMARY

This paper presents an analyss of 16 anatomical variables measured on
20 spruce trees [Picea abies (L) Karst.] from sites in the managed fog-
est district Seyde, Eastern Ore Mountains, south of Dresden, Cermany.
Ring width and latewood proportion did not show significant refation-
ships with monthly climatic data, whereas maximum density, latewood
cell-wall proportion and Fatewood density were highly correlated with
temperature and precipitation. The climatic signals expressed in resin
duet density, ray height, tracheid length and microhbri angles were
tess pronounced, OF 16 tree-ring parameters, densitometry - as an indi-
rect measure of sylem anatomy - has again shown its great poltentlal to
record climatic conditions.

Kev words: Tree-ring analysis, dendrochronology, densifometry, wood
anatomy, climate.

INTERODUCTION

The most frequently used variable in tee-ring stodies 1s ring width (Fritts 1970), as
well as the relative proportions of earlywood and latewood zones {e.g. Oleksyn &
Fritts 1991). Other studies include tracheid dimensions in softwoods (Vaganoy 1990)
or vessel size and arrangenent in hardwoods (Woodcock 1989; Woodcock & Ignas
1994; Sass & Fcksiein 1995). Wood density profiles have been frequently measured
in seftwoods (e g, Cleaveland 1986; Schweingruber 1989; Briffa et al. 1998a, b} and
also in hardwoeods (.. Funada et al. 1995; Guan et al. 1996), Intra-anneal density
fluctnations {more commonly called false rings) can be ased for crossdating and age-
determination (e, g. Young et af. 1993 Van der Burgt 1997) but also o indicafe envi-
ronmental changes (Villaiba & Veblen 1996). Conifers may develop "Hght rings’, an
anatonucal feature characterised hy very low maximum latewood density induced by
climatic events such as voleanic eruptions (Filion et al. 1986; Delwaide et al. 1991,
Fvans etal. 1996; Gind! 1999), Freezing daring the growing season sometimes causes
distorted cells in the latewood, resubting in a ‘frost ring’ (LaMarche & Hirschboeck
1984; Brunstein 1996). The number of resin ducts per unil area correlates with fem-
perature (Wimmer & Grabner 1997} and intra-annual radial cracks in coniferoos trees
accompanied with raumatic regin docts may be nsed as an indicator for wind, drought
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ar frost events (Cherubing er al. 1997). Most stndies usually consider a narrow selec-

tior: of tree-ring features, rather than being comparative stadies using o large sef of
features. This research, however, incladed 16 paramelers measured in dated tree-ring
spruce trees grown on managed Torest land, 1o determine which

series of aven-nge

oney are correlated with L!U?lcﬂ.c.
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Fig. . Map of the siwe area Seyde, Germany, in the Hasi Erzoebirge close wo the Crech border.,

MATERIALS AND METHODS

Trees were studied from two sites in the forest district Seyde, Eastern Ore Mountains,
Saxony, 50 km south of Dresden, Germany, close 1o the Czech border (Fig. 1). The
sites were even-aged, approximately 70 years old, with Norway spree, Picea abies
(1.} Karst., both located on quartzporphyric bedrock. The natural forest COMIMUAILY is
amixed beech-fir-spruce forest at altitudes of 700820 1. Spruce trees cover §0% of
the ares and the predominant brown lovest soils are partially nodsolised. In 1976 and

Tater, thinmning and clear-cut activities ook place south-east of one site. As a conse-

quence, site factors presumably have changed, incloding radiation, water regime,
stronger winds, ice damage, nutricional status and deposition rates o! gasecus S0,

Therefore, data were take only For rings 1-40 1o avoid growth effects of these distur

bances,

The Ore Mountains are located in 2 transition from Atantic fo continental climate
types. Annual teial precipiiation is 965 mm, 38% of which iz saow. Arnual mean
femperature is 5.5 ", with ~23 "C ag the lowest temperature imeasured (Fig. 2). Main
wind directions are north and north-west with an average wind speed of 6 m/s.
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Fig, 2. Temperalure-precipitation diagram of the station Sevde, Hast Hrzgebirge, Gennany,
S3% 12  North, £1° 45" Hast, 750 m a.s.1

b rotal, 20 dominant and codorninant trees were felled in Apei! 1992 and complete
stem disks were removed at about 4 m above ground from each tree. Disks were
immediately transported ¢ the laboratory for sample preparation. Cross dating was
carried out according to standard procedures (Stokes & Smiley 1968: Swetnam ef al,
1985), securing exactly dated samples for all measured features,

Anatomical parameters were measured on transverse and longitudingl sections -
20 um in thickness — cnt from 12 | am cubes vsing a sledge microtome. Sectiong
were dehydrated, stained with methylene blue and mounted in Malinol on slides (Ges-
lach 1984). With a series of transverse sections, all iree rings between the pith and the
hark were examined. Likewise, langeatial sections were prepared from each in-
dividual tree ring. Two radii {north and south) were prepared from each disk. Most
anatomical parameters were measvred using o light microscope with a CCD-camera
connected 10 a Macintosh compater that was loaded with the NIH-Image analysis
system (Wayne Roshand, National Institutes of Health, USA, available from higp://
rsb.infonibugov/mib-image /default. htmt). In the cross section, cell-wall proportion
in earlywood and latewood and the number of resin docts per mm? (= resin dact
density, Wimmer & Grabner 1997) were measured. On longitudinal sectiong the mean
height of uniseriate rays (Van der Oever et al. 1981), the total number of ray cells per
unit area, microfibril angle (Sendt & Bendtsen 1985) and tracheid length (Ladel] 1959)
were measured in eartywood and latewood. From adjacent disks taken from each
felled tree, micredensitometry was performed according to Schweingruber {1989)
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and ring widths, latewood proportion, carlywood and latewood dengity as well as
minimum and maximum density determined. The full set of 20 trees was measured
toblained through densitomelry, cell-wall proportion and resin ducts,

for the featur
Wood ray features were only measured on 6 trees and microfibril angles and tracheid
lengths ore 10 trees. To all tree-ring raw dais we fitted a negative exponential enrve or
alimear regression. The features were conver(ed (o indices by dividing each measured
vitlue by the fitted model value (Fritte 1976; Cook 1985). This process removed 1nost
ied (o constant variance and a mean of | for all {

of the long-term rends and so
fures.

Al paramefers proved (o e normally distributed (Kolmogorov-Smimey Lest), al-
lowing calawdation of Pearson correlations with monthly climatic data. The variables
were [m 'Hf’()rrnoi 0 prin CIp'lE Cﬂlﬂ}‘ﬁ()liﬁ:l’li\ and ther used in a hir—“z‘archiua} c?us‘[cr‘

analysis 18 iEw 5 c;-nd;mg !m LrOUDS (c, sters ) in fhc Inta 1n soc h i way lhd! ohmu
belonging to the same clusier resemble each other, whereas objects in ditferent clus-
ters are digsimilar. Hierarchical algorithms proceed by combining or dividing exist-
mg groups, producing a hierarchical structure displaying the order in which roups
are merged or divided

A simple correlation analysis was employed but this analysis does not separate
drrect from indivect selationships. To control for effects of common cause, path analy-
sis was used (Zhang & Zhong 1992, Path anatysis is an extension o multiple regres-
sion and helps to analyse the stroctore of data, Through path analvsis the magnitudes
of the Tinkages between variables are estimated and these estimates are used to pro-
vide information abowt the underlying causal process (Miller & Jastrow 1990). The
wood density featores were seert ag dependent and all other anatonnical characteris-
tics as independent. The resulting standardised regression weights or path coefficients
indicate the strength and direction of the relationships among the hypothesised vari-
ables. The path-coefticients show the degree o which a variable hypothesised as a
canse has a divect elfect om a dependent density variable, These coefficients tell the
amouat of change expected in the densily varizble relative to ils standard deviation,
for & change in one standard deviation in the independent variable. Because they are
standardised the amount of change in the dependent variable can be directly com-
pared. For statistical calculation SPSS® (Release 8.0, 1997) and for path analysis
EQS® (Multivariate Software Ine. Ver. 5.7b (C) 1985-1998; (Bentler and Wa 1995
was used.

RESULTS

s for the 40-years

Higare 3 gives an overview of all meassured and indexed parameter
period, The graphs are plotted with offsets for better visibility, Simple correlation
coefficienis were caleulated with monthly temperature means and precipitation sums.
We used 14 months starting with the preceding Seplember to account alse for carr ¥
over elfects of the previons vear. Above average rainfall in July and August is related
to higher latewood proportions (Fig. 4. No relationships existed between growth rate,
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Fig, 6, Correlation unction Tor resin duet density, micrefibrillar angle in earlywood (mfa-ew)
and latewood (rafa-hw), average height of uniseriate rays (ray-height), number or ray cells
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plus cell-wall proportion measured in earbywood and latewood. Strong
seen with both climate parameters, Somumer temperature {Fig, Sa) has a high impact
on cellwall proportion of latewood, maxinoum densily and average latewood density.
Poor climatic response is seen with earlywood density, Minimum density and
earlywood cell-wall proportion have the weakest corrglation with both teraperature
and precipitation, August and September precipitation (Fig, 5h) are also correlated
negatively with cell-wall proportion I lateweod, latewood density and maximanm
dengity,

The reactions of resin doct density, microfibril angle, wood ray height and rayeell
namber 6 climate were weak relative to those of the density parameters (Fig. fa, by
Resin duct proportion is positively correlated with June temperatare hut nod with
raifall, Augost and September rainfall secms fo influence negatively and Oclober
temnperature positively the ray height while the number of wood ray cells perunt area
iraycells) i insignificant, October temperature influences the same feature in posi-
tive direction. Apritand July precipitation seerm (o have negative effects on sarlywood
tracheid length. In sumunary, the strongest climatio responses are seen in the param-
eters related 1o latewood cell-wall mass. The pactern for maximum density and the
cell-wall proportion in latcwood were most significant in response w climate. In this
dataset previous year conditions were ondy of minor importance.

2 i which the leaves represent the measurad

Cluster analysis (Fig. 7) showed a tr

tree-ring variables. The vertical coordinate of the place where two branches ioin equals
the dissimilarity between the corresponding clusters. Larewood proportion separated
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from &l other measured features. The dendrogram then ideniiicd three major groups:
1y the latewood components and cell-wall pronoriion m lalewood: 23 earlywood din-
sity features, mean ring density, and 3) ali other variables. This third group mcluded
one subgroup encompassing ring width, ray height and earlywood wicrofibril angle,
anet & second subgroup that includes resin doct density, tracheid length, rayeell mumber,
cell-wall proportion i earlywood, and microfibri] angle in latewood,

Table T Correlation coelhcients (Pearson) among tree-ring parameters. Significance {two-
tailedy af the O Twhen v 0026, or ot the .07 tovel when v > 0.40, n = 44),

b
i R ) I
o] i e it
[=5 i oy . e
= 5 e ke =
v sy 2 : s = S
% i ) ] &= 5 — E
= Z w 5 15 e
= 3 3 = = o &
o oL = 4 = = :1«
B o il < R e
ol e 4 pES
Latewood proportion -0.26
Mean ring density S33 026
Farlywood dengity n.g 042 0055
Latewond density 023 042 041 ns.
Minimum density s <0026 041 087 ns
Maximum densily g ~047 040 nso 097 ns
Resin ducts A LS NS NS NS RS N
Cell wall prop. sarlywoord ms. 030 ns ons. o ns 3200 s ns
Cell wall prop. latewood s . 048 042 030 087 ns 093 ns oo
MFEA latewood s s as ns 827 ns 027 pss ops 029
Ray height 029 ns ops ns s s ns 030 ns. ns ns

Tree-ring parameters do not respond to the environment independently; they rather
are a complex interrelated system. Table 1 shows Pearson’s correlation ceefficients
for features with at least one correlation significant, The raveell number, microfibril
angle in eartywood and tracheid length (early- and latewood) were not correlated. As
expected, maximum density had the strongest relationship to cell-wall proportion m
tatewood withr=0.95 (p < 0.001) and to ltewood density with r=0.97 (p < 0.001).
Minimum and earfywood density correlate with v = 0.87 {p < 0.001),

Resin duct density and ray height were negatively commelated (r= -0.3, n < 0.05).
Microfitril angle i latewood did not correlate with iracheid lengih bul with cell-wall
proporiion in latewood {r = -0.29). Ring width was weakly relased to latewood pro-
portion (r=-0.26, p < 0.1} and to mean ring density (r= -0.33, p <0.05).
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Table 2. Standardised path coefficients of ree-ving features {-*q'imzuing wood density com-
ponents as dependent variables. Only ring features sh g oab least one significant path
coetticient are Hsted. 53 .th.c:.m& coe Hvumm (p < ).{] i) oare m(}.ica.v..cd Bold, Heplained

Dcncu(n\,m Ring width  Latewend Cell wall prop.  Latewood Haplained
variables propertion latewood  tracheid length  varian :I :
Mean ring density -0.20 + 8.5 + 8,73 - 0,22 0.53
Eartywood density - 009 - 4,34 .23 018 (.26
Latewood dengity - 2R FRERE! + .84 (.10 083
Minimim densgity S 0T ~ .37 -014 - .26 .21
Maximurn densiey ~4h1G .09 + 41 0.03 (42
Table 2 hists standardised path coefficients Tor the measured wood density vari-
ables. This analysis showed that increasing ring widths had direct (negative) effects

only on latewood density and maximum density. Latewood proportion correlated with
several density components {Table 1) but had a direct positive relationship only with
mean density and a weaker negative relalionship with earlywood density components,
According to these resulte, latewood proportion is independent from latewood den-
sity components. Ag expeoted, Intewood cell-wall proportion had high path coefficients
ngth measured in
iy was

with maximum density as well ag latewood density, Tracheid
latewood showed a weak negative effect on density, Overall, maxumum dens
more or less identical with cell-wall proportion in latewood (R2= 0.91). Varation in

latewood proportion, cell-wall proportion and latewood tracheid length explained 53%
of the mean ring densiiy.

PHECUSSEONS

Wood snatomical features measured in free rings may offer opportunitics for oblain-
ing envirommental information (Beeckonan 1993). In many studies growth rate is the
only considered paramerer {e.g. Blasing & Frins 19706; Till & Gueot 1990, Tessier et
al. 1994 Szeicz 1997} since ving widths are nsually easy to measure and to interpret.
The current ring-width data show rather weak relationshups with climate, Ring width
depends mainly on the rate of perichinal cell division and the cell enfargernent phase
in the cambial region. The third phase in wood formations is cell-wall thickening
ment have already ceased

which extends into late summer after cell division and enlar
{Larson 1994). According to this model, growth limiting conditions taking place later
in the season would not affect ring width,

Latewood proportion is positively correlated with summer rainfall. Thig coulid mean
that above average ramfall daring summer cansed an early cessation of earlvwood
arowth followed by a longer period of latewood formation. Denne (19 ]“) ()h.»:z,!\cd
aninerease in the latewood proportion which was related to increased light mtensity.
Dietrichson (1964) proposed an association between earl ywood-latewood transition
es that flush early may start to produce latewood earlier

W

and time of floshing., e
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resulting in higher latewood proportions. However, trees might also continue o pro-
duce latewood fater in the season and thus have higher latewood proportions. The
ressulis of this stody better support the second hypothesis,

Density icmmm measured in atewood have been used in numerous chmatic siud-
g Conkey 1988, [ Arrigo et al. 1992: Lockmann et al. 1997 Briffa el al. 1993,
tures densitometry has by [far the highesi

ey (o,
b} and in comparison with other tree-ring {
potenrial for the extraction of environmental, particolarly elimatic information.
Schweingraber ef al (19785 have sueo ssfully adapied microdensitomeny — devel-
oped by H. Polge (Polge 1978) — as 2 significant method for dendroclimatological
stuchies, Diaz-Vaz et al, (1975) rc*-]}(')[‘! that densitometry correlates with the amount of
cell-wall moaterial which confirms the close relationship between latewood cell-wall
propociion and maximum densiry, F'}w obiained 1'@&1111&, Ag,dm confirm the strong envi-
ronmental sigmiticance of densitometric parameters, particularly of those messured in
latewood. Yemperature and precipitation in September were the most important vari-
ables alfecting wood density. Rainfall was low in September (Fig. 2) thus limiting
condiizons during the fatewood formation (Wodzicki 1971, During this growth pe-
riod the cambinm is most kely at the end of the cell-walt thickening phase of the
very last formed tracheid rows. Therefore, an unusua My warm September with low
rainfall wounld lead 0 higher lalewood densities 2s the rracheids accumulate more
celi-wall material (Yasue et al. 20000,

Correlations between the other measured wood anatomical features and m

anthly
femperatures and precipiation were pol as strong as Tor wood density and cell-wall
proportion, although some of the measured anatomical features showed significant
relationships with lemperature and precipitation. Anatomical featnres such as resin
duet frequencies responded mainly to summer temperature, while ring widths were
cenfrolled mainly by precipitation (Wimmer & Crabner 1007). The abtained ¢ Frouns
in the chaster analysis provide g prios information about the association of variables
and confirm that density and cell-wall proportion measured in earlywood were widely
independent from fatewood, sugeesting that they are not under the same control.
High latewood proportions are usually associated with higher wood density (Zohe!
& Van Buijtenen 1989}, z,il!,h()wh the obtained correlations are not as high as with cer-
tain pine species (DeBell er al, 1994; Wimmer 1995), Path = malysis showed that the
positive link (o latewood pmpmlmn woonly true for mean density, Latewood propor-
tion had a negative direct effect on density compoenents of earlywood, and no direct
effect on density components of latewood. But Jatewood proportions were correlated
negatively {o cell-wall proportion in latewood which had. in turn, a direct, strong and
positive relationship to the Iatewood density components, Density variation in early-
wood was explained through lalewood proportion but not throngh cell-wall propor-
tion i earlywood. [t can be hypothesised that changing chemistry, i.e. lignin content,
is responsible for this wood density change in earlywood. According to Wu & Wilson
(1967) henin content in earlywood is consistently 2 io 3% higher in earlywood than
in hatewood and the increased amount of less dense lignin might account for the
e through further

cartywood density change to some extent. This neads to be ver
research,
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In conclusion, this siudy did nol provide evidence that certain anatomical softwood
features (o tracheid length, ray cells, MEA) ave strongly correlated 1o monthly ¢li-
malic deta, but did confirm previous hindings that wood density components meas-
red in tree rings are highly sensitive fo chimate (Park & Telewski 1993} Maximum
density was more or less an identical measure for cell-wall propoction in latewood
rements performed through

and therefore is a snrrogate of cell morphological meas
image analysis on MIcrngscopic sections.
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