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12,1, Introduction

Potential intluences of atmospheric poliution on forests have been recognized for more
than a century and first sciensific reports of damages in poHution-retated forests originate
in Tharandt in the East Ore Mountains. In 1866, Stockhardt started investigating sulphur
dioxide effects on plants in Tharandt and postulated negative effects on the grow th of
spruce trees, Later, Gerlach (1908) has shown negative effects of SO, on radial growth of
forast trees, Halbwachs and Kisser (1967) were the first looking at wood anatomical
changes of a spruce and a birch grown under high cencentration of airbome fluoride
Liese er al. (1975) investigated the anatomical structure of a SO, poluted spruce tree.
Since the “Neuvartige Waldsterben™ appeared publicly in the early 19807s, a number of
workers have considered wood anatomy {e.g. Grosser el zl 1985, Wimmer and
Hzlbwachs 1992, Wimmer 2002) but also wood chemistry (e.g. Rademacher et al. 1986,
Fengel 1987a) as well as mechanical properties (e.g. Frithwald 1936, Wimmer 1993} in
their studies.

This chapter reports on three types of data collected from tree-rings of Norway spruce
grown in the Fast Ore Mountains, The data are grouped into anatomical, chemical and
mechanical parameters. Al measurements were related to the time when the wood was
formed which allowed direct comparisons of these parameters. Therefore, the primary
focus of this investigation was to measure anatomical, chemical and mechanical
parameters on identical specimens at a high temporal resolution in order to indicate the
particularly high SO+ - poHution stresses,
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12.2. Material and Methods

12.2.1. Study sites and trees

The study arca consisted of two established sites m the forest district Sevde, Fastern Ore
Mountains, Saxony, 50 km south of Dresden, Germany, close 1o the Czech border. The
sites were even-aged, approximuately 70-vears old stands of Norway spruce {Picea abies
[L..] Karst.), both located on quartzporphyric bedrock. The natural forest community is
a mixed beech-fir-spruce forest ar altitudes of 700 - 820 i as.l. Spruce trees covered
80% of the arca and the predominant brown forest soils are partially podsolized. Basic
site data are given in tab 12,1, The two approximately 8G¢ m x 80 m plors were sinmilar in
age, soil and vegetation structure but differed in their degree of disturbance including
heavy sulphur dioxide pollution from industrial facihities located in the south and m the
cast. Site ], located at 730 m a.s b, was less exposed to SO, pollution {damage 7one {1-H1)
wherens site H, focated at 810 m a.s.b, was highly exposed (damage zone I). The hinear
distance between sile I and site I was 3,000 m. The stresses were reflected in crown and
neecle measures (crown transparency. needie retention, tip vellowing) as well as high
levels of sulphur in the foliation. Sulphur contents of one-year old spruce neadles at
site IT were higher than at site | and ranged between 1,700 ppm and 3,000 ppm. Further,
mean annual SO,-concentrations in the air were above 100 pgm™ with hourly maxima
reaching 1,000 ug.m™ (Nebe et al. 1993,

Tab, 12.1: Basic descriptions of the nvestigated sites. Site [ flesy
stressed) and site 1 (heavily siressed), means and
coefficioms of variation CV

Parameter Site 1 Sileil
Altitude {m} 730 810
Exposition north-west, 0-5% 1 0e
Stocking density 0.7 0.4
| Age at breast height 63 63
Dmnagf zone®) A . 0o |
(according 1o the forest inventory)
Numher of trees 10 (0
Mean | OV{%) | Mean | CV(™)
Tree beight (m) 220 3 19.5 3
Crown length tmy) 11.0 16 1 7.9 23
Breast hetght diameter (cm) 3t 11 28 13
Crown transparency class {1 - 5) R .
2.3 P2 39 HO
{after Neumann and Pollanschiltz 1988)
Needle retention (%) (after Knabe 1983)1 372 10 157 54

*amage cones: 1o dving (100 gmin’ SO N o= leavily damaged
(85 - 90 i SO0 HE = [itkle damaged (55 - 63 pminr 5004
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The Ore Mountains are located in a transilion from atlantic fo continental climate types.
Fast Ore Mountains experience especially high fluctuations in temperature with cold
winters and fittle precipitation. Annual total precipitation for these sites 15 965 mm. 38%
of which is snow. Annual mean temperaiure s 5.5 “C0 with 223 7O as the lowest
temperature measured. Cloudiness and wind are more prevalent on site I than on site L
Main wind directions are noth and nerth-west with a mean amnual wind speed of 6.1 ms™

In Aprit 1993, ten dominant and codominant trees were letted on each site and several
stem disks were removed at aboul dem above ground. This height was chosen — beside
saving the {irst dem fog of the stem - because wood formation operates physiologically
more sensitive higher up i the tree than at fower parts (e.g. breast beight) (Wilnert 19903,
I addition, the stems were Jess affected by mechanical induced wounds. Disks were
immediately transported w the laboratory for the preparation of the different types of
samples. Cross-dating was carried out carefully according to Stokes and Smiley {1968)
which secured exact dated samples for all types of measurements. This step was
especially important for the quality of this stady because a number of missing rings and
mierorings {Swetnam el al, T983) were detected in the trees of six

12.2.2. Methods

12.2.2.1. Anatomical procedures and specimens

To evaluate the foliation of the trees back in time we applied the needle-trace-methed
introduced by Jalkanen and Kurkela (1990} and modified for spruce by Sander and
Eckstein (1994} Instead of reconstructing the full foliation history by analysing all lateral
shoots we investigated only single shoots, which were cut from identical stem heights of
ali trees, The number of neec

and the loss of needie traces over the yvears was measured and averaged for each site. This
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procedure provided a quick and straight-forward indication of defoliation processes some
30 years ago.

The analomical parameiers were measured on transverse and longitudinal sections -
20-puim in thickness — cut with a sledge microtome from | cm x 1 amn cubes, Sections
were dehydrated, stained with methylene blue and mounted in Malinol on shides (Gerlach
1984}, The trangverse sections continuously covered the tree-rmngs from pith to bark.
Likewise, tangential sections were prepared from each indwvidual tree-ring. For the
strength of our data, two radii (north and south) were prepared from cach disk. Most
anatomical parameters were obtained using a light microscepe with a CCD-camera
connected to a Macintosh compuler that was foaded with the NiH-Image analysis system
(Wayne Rasband, National Institutes of Health, USA). On the cross sections we have
measured the parameters cell wall percentage in earhyvwood and larewood (De Kort 1991
and the number of resin ducts per mm” (Wimmer. Graboer 1997). On longitudinal
sections the parameter mean height of uniseriate rayvs (van Oever et al. 1981} and the
microfibritlar angles in earlywood and fatewood (Senfl and Bendsen 1083) were
measured. On parallel disks taken from cach felled tree dendrodensitometry was
performed according to Schweingruber (1989) and the standawrd parameter set was
extracted including latewood percentage and ring widths.
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12.2.2.2. Chemical procedures and specimens

Branches [Tom all 20 trees, approximately 5 mm in diameter, were taken from lower and
middie regions of the crowns for measuring the peroxidase ui{.ll\‘ii}’. A standard procedure
was used according to \-\v"m*[‘h%;w!om Enzyme Manual {1872) parily modified by Korori
{1989}, Enxymatic activity of peroxidase was measured for wood, bark and needles
separately.

Specimens for lignin mn!\a 18 were dried, mitled, and extracted with acetone (24 h) a
well as ethancl wluol (111, 6 by Lignin was determined by means of DRIFT (Diffuse
Refllectance Infrared E"(mne] Transform) - spectroscopy using a Pul\m Elmer System
20007 and the calculation was done by relating the band at 1510 em™ {aromatic skeletal
vibration) to 896 em’t (C1-H vibration in celiulose and hemicellulose) after baseline
correction (Ulreich 1993). MWL (milled wood lignin} was used for calibration

Cold water extracts of mifled wood were used to determine the content of soluble sugars
(fructose, glucose  and  sucrose)  through  HPLC (High-Performance-Liguid
Chromatography). Prior to measurement the extracts were fijtered and the phenolic
compounds were precipitated with PVPP (polyvinylpolvpyrrolidon) (Hinterstoisser et ak
1996). Lignin and sugars were determined in each ring of the 20 trees investigated.

The inorganic constituents were defermined employving Neutron Activation Analysis
(NAA} which has - beade Jow detection limits - the advantage of no chemical pre-
treatment required for the samples. Elements were either measured by y-spectroscopy
directly (Ca, Mn. AD. after sufficient cooling time {Ba, Cs, Rb, Fe, Zn, (. r, Co, Br, Na
and K}, depending on the halflife period of the activated efements. Element
concentrations were related to Mn, Al and Co standards, which were irradiated together
with the samples, Tree-rings were pooled in Seyear and 10-year segments for all wees
according to Smith and Shortle (1996,

12.2.2.3. Mechanijcal tests and specimens

Because sampling side at the tree might be of relevance, preliminary mechanical test runs
were performed with samples taken from all four tree-sides. As a result, no significant
mnfluence of the cardinal direction was found. Therefore, instead of keeping always the
same cardinal direction we were especialty careful in avoiding reaction wood, Specimens
for the mechanical tests were prepared from six trees of each site. Tensile strength in
longitudinal direction was measured with 1 mm, 50 pm and 100 wm thick specimens,
which were 10 mm wide and 80 mm long (Kennedy, Hju 1962). Micro-tensile tests were
combined with acoustic-emission detection to study mechanisms of deformation. Due to
the high scatter of the measurements in latewood evaluations we restricted 1o earlywood
samples. Earlywood density-profiles revealed that no differences between the sites
existed, which led us to the conclusion that the effect of wood density in earlywood is of
minor relevance for the mechanical rests.

We adopied a resting method 1o characterize the fracture properties of wood by
performing wedge-splitting cxpcrinmm‘; according 10 Tschegg (1986). This mc}mique
allowed the performance of Joad-displacement-curves (F vs, 8) until final fracturing.
From the measured curves the "specific fracture energy” Gf was derived by integrating
over ihe enclosed curve and dividing the obtained value by the generated fracture area A
(fig. 12.1). This value did not only characterize the maximum force and thus the usually
dct‘ezzmmd “fracture toughness” consumed to Initiate fracturing, but characterized
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narticularly the total energy required to generate the crack through the specimen. So far,
only a few studies dealing with fracture energy measurements of wood appeared in the
Hterature, among Porter (1964), Mindess et al. (1975}, Bostrém (19921 Aicher (1994}
and Schatz {1995,

Choice of specimen size and shape were based on previous studies on the influence of the
"size effect” {Stanzi-Tschego et sl 1093} The specimen size was 42 x40 x 7 mm with
a 20 mm decp starter noteh, ensuring the crack plane being formed in fongitudinal
direction within earlywood or latewood of a tree-ring. This implicd that the resulting
Fracture surfaces were onented  perpendicular to those of the tensile tests. The
experimental details are fully deseribed in Stanzl-Tschegg et al. (1995), The splitting
experiments were afso equipped with acoustic emission detection. Specimans were
conditioned at 20°C and 63% relative homidity. resulting in equilibrium moisture content
of 12%. In order Lo obtain statistically relevant data, six trees from each site were
measured with a minimum of five up to twenty specimens for each position per tree,
Aftar completion data scquisition, smoothed curves (Stineman function) were fitted to all
data. The output of this function has a geometric weight applied to the current pornt and
+10% of the data range. With this method. mainly the high [requency variation was
removed to betier visualise low and mediom rermed variations (5 - 10 years).
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Fig. 1210 Load-displacement curve for the determination of
the specific fraciure energy (Gfi fuce. to Tschegs
(1986)). This curve is recorded during crack
propagation uniil complete separation of the
specimen
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12.3. Besults and discussion

At the time of sampling the heavily polluted and more stressed site (11 showed needle
retention less than half of site [ Bul how was the foliation on site 1 before the
widespread forest decling was recognized in that area during 19307 (Schitke, pers.
comm.)? Fig. 12.2 shows the needle retention over needle age for single fateral sheots on
each site. One can see that the deciine of Toliation on site I is less pronounced than on
site 1. As a conclusion, back in the 1940 the foliation and longevity of the needles were
equal or slightly better on site 1 compared to site [ Therefore, the reduced needle
retention at the time of sampling may be related to increased stresses at site [T with S0,
as the dominating factor (Nebe 19951
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Fig 1220 Defoliation processes on the nvo sites of lateral shoois (nitiated in
the vears 1936 10 1944 hv means of the needle wrace merhod
(Sander and Fokstein 19945 One shoot per mree was measured and
the immber of needle traces in the first ving is ser 100%
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12.3.1. Trends in wood anatomy
12.3.4.1. Growth rate, latewood percentage and wood density

esenting the less and heavily
stressed forest sites. First, the corves for ring widih {fsg‘ 123A) lmewood percentage
(fig. 12.3B) and maximum density (fig. 12.3C) are discussed. The ring width curves decline
with increni';inu age on both sites as expected in closed-canopy forests. Beginning in the late
19707, the two site curves diverge i a way that the heavily stressed sile declines more
rapic l_\ than the less stressed one. For both sites a growth release can be scen for the most
recent years, The latewood percentage curves show trends concurrent with the ring widths,

In fig. 123 vwo curves ave shown for each parameter repre

L i’cmmd percentage increases with age on both sites and curves start o ditfer in the mid
1970°s. The less stressed site curve runs inverted to the ring width curve reaching
amaximum at around 1986, Further, the heavily siressed site curve is flatter than the less
stressed site curve meaning that latewood formation s less pronounced.  Additional
evidence 15 pr ‘a‘)\'ide{i from the masimum density curve reflecting mainly the cell wall
p!(!pwﬂom of the terminal tracheid rows in a tee-ring. The heavily stressed site curve
reveals for the period between 1976 to 1987 significant lower maximum density compared
with the tess stressed site for the same period.

A number of authors found radial growth decline along with latewood percentage changes
in polluted areas. In a parallel study, Dinisch et al. (1996) investigated spruce trees from
the same area and found ring widths < I mm with heavily polluted trees, starting in 1973,
Similar results were presented h\-‘ Bitter e ol (1993) showing also a growth decline since
the mid 70's. Evertsen et al. (1986} investigated SO» polluted spruce wees and found
decreased growth rate along with reduced larewood percentage. De Kot (1993) in
a comparisen of vital and non-vital Douglas firs has found the same resulis, Reduced wood
density caused by SO, poliution was reported also for mree-rings of pine trees by Yokobor
{19803 and for spruce by Evertsen et al, {19806). Bunmdnn et al. (1995) reported reduced
growih rate along with reduced maximum density of spruce in the Ore Mountains. Other
workers have seen no decrease in latewood percentage along with reductions in growth rate
{e.g. Grilletal. 1979, Greve et al. 1985, Kim et al. 1987).

12.3.1.2. Microfibrillar angle, resin ducts and rays

The trends for microfibritiar angles in earlywood (fig. 12.3D1) and Jatewood {fig, 12.3D2)
ditfer significantty among sites for the previously mentioned time period. The microfibrillar
angles in the secondary wali layers of the heavily stressed trees are smaller compered 1o the
less stressed trees, which means the helix of cellulose microfibrils is steeper eriented with
respect 1o the lengitudinal cell axis in the wall laver, Age is the factor that corvelates most
with @ continuous decrease of the microfibrillar angles in radial direction, But growth rate
correlates also (o & certain degree with microfibrillar angles as demonstrated in a thinning
experiment by Ernckson and Arima (1974). These workers have measured increased
microfibrillar angles along with accelerated radial growth afier thinning and fertilization
treatiment of a Douglas fir plot.

Wardrop and Dach\\-‘el! (1953} found that the fibril spiral tends to be flatter that have
clongated rapidtv. They concluded while fibril angle is determined by cell length, it is also
influenced by m rale of extension of the cambial initialy, In the spruce irees investigated,
growth has slowed down expressed as a decrease of periclinal cell divisions (Ditnisch et al.
1996} on the heavily stressed site. This has allowed more time for the reduced number of
tracheids to elongate, which resulted in smaller angles of the microfibrils,
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The wends Tound for microfibrilar angles are similar o those for resin duct density
(fig. 12385 In fact, the signiticant increase of the resin duct densily in the vears starting
in the mid 1970's i5 probably the most significant one (g, 12.4). This is another
incheavon for a severe impact thet has negatively affected the heavily stressed site.
Fergel (T9R7h). Aszmutat and Knigge (19587 1 and Nimmann and Knigpe (19893 reported
an dncrease of axial resin ducts due o aie pollution stress. Resin duct formation is
normatly tinked o growth hormones demonstrated by & number of laboratory

experiments. Fahn and Zamski (19707 have shown indote-3-acctic acid and 1-Naphtyl
geetic actd o be highly involved in generating more resin duces, Ethylene seems 1o play a
key rofe for Imking exogenous factors with resin duct formation. There are many
examples of increased ethylene production following various disturbances or stress.
Examples of abiotic stress mclude chemicals. lemperature extremes. drought. hypoxia,
mechanical wounding, bending. and the impedance of soil o growth (Abeles et al. 1992)
and phvtotosic air pollution.

Radial trends of uniseriate ray heights are not as pronounced and therefore seem to react
less sensitive o an environmental change (g 123F). The ray helght curve of the heavily
stressed stte increased shightly during the second hall of the 197075, which is in
accordance with the findings of Halbwachs and Kisser (19671,

The patterns ol the discussed trends lead to the conclusion thal a pulse type local
disturbance on the heavily stressed site has altered the stem growth as well as the wood
structare. Most of parameters reveal @ recovery over the recent 10 vesrs indicating that
the anatomical parameters have shifted back to nomal,
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12.3.2. Peroxidase and trends in wood chemistry

12.3.2.1. Peroxidasce activity

Peroxidase plavs an integral role in cell wall biosynthesis such as in the polymerisation of
the menolignols ]

mio lignin, It is a key molecole invelved in rapid adaptation of the whole
plant to changes in the environment (Gaspar et al. 1991)% Tab. 12.2 presents the
peroxidase actvity determined i branches (wood and bark) and the needies of the
sample trees of e two sites,

Peroxidase activity of the wood, bark and needles was higher in the trees of site Il than of
site 1, for both crown positions. On both sites, peroxidase was less active at the fower part
of the crown. The differences wore more pronounced for the woed and the bark than for
the needies.

Generally, peroxidase activity indicates stress conditions in the plant. Peroxidase is also
known te be imvolved in the plant defence system and increases of activity were observed
with plant exposure to air pollutants (Lehmann et sl 19953 The modifications cansed by
stress can be assaved on the basis of changes in the substrate peroxidation activity
(Castillo et al. TOR7, Campa 1991

Tab. [2.2: Perovidase activite in branches of Normvay spruce from site
tloss stressedd and the site I theavily stressed)

Peroxidase Activiny™

Sie Wood Bark Needles

middle erown | lower crown | middie crown ! lower crown § middle crown | lower crown

1 2.6 7.0 0.2 15.7 2.3 2.1
H 1.4 116 272 19,0 2.5 2.8
7

*overage poroxidase activire in AE min-lg” tdrv wood)

Tab 12.3: Lignin conrent of Nomwav spice wood [iom site [ iless stressed) and
site W theavilv stressed), means and coefficients of variation CV are

ghven

Lignin (% dry wond)
Site 1938 . 1942 1969 - 1971 1989 - 1992
Mean OV (%) Mean CV{t Mean CV{"%)
! 29.0 4.9 2901 33 29.2 48
H 279 4.7 28.0 30 28.1 3.3
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12.3.2.2. Lignin content and structure

Atdthough the average Hgnin content of stte | was found 1o be shightly above the heavily
effected site N ftab. 12.3), no sienificant differepce was attested (r-test.
p o= G050 I general, the average Henin content of the trees on both sites can be
classifted as "nonmal” (Tomel! 19863 Fengel (1986) found a shight increase in alkali
soluble lignm m heavily damaged spruce trees. n contrast, we measured the 1otal Lignin
by applying DRIFT techmigue, which did not require chemical pre-treatment of the milled
wood. This may lead to the conclusion that possible changes in structure of Hgnin have

ircreased solubility, Due o the increased activity of peroxiduse. an imerease of the
Bomification process would have been feasible. but no such effect was ovident in this
study, Diinisch et all (1996) who have also measured wood from highly pothated spruce
rrees did find an increase of the acid-sotuble lignin fraction. In the discussion these

authors argue that an increase in phenolic compounds rather than aftered lignification
micht have caused these results. Koch e al. (1996) looked speeifically at heavily SO
polluted and highly wind-exposed spruce trees and found slip-plane zones in the wood,
which became subsequently infected by wood deprading fungi resuliing i simulianeous

decay of carbohydrates and lignin in the cefl wall.
12.3.2.3. Soluble sugars

§5 the stem but the

First, fig. 12.5A shows a fady constant distribution of sucrose acre
site [T curve has increased sucrose content over the recent years. Second, a general
increase of free glucose (fig. 12.5B8) and fructose (Hg. 12.5C) starting in the 19605 was
observed, While this general increase is related to heartwood formation, the differences in
their slopes veveal that the sapwood rings of site H have significantty higher
concentrations of the sugars glucose and fructose relative 10 the fess stressed site 1 The
sugar concentration in the trecs of site 1 start 1o increase ab the sapwood-heartvood
houndary with 0.05% and end up with 0.6% sugar concentration in the final 1992 ring.
whereas at site 1T the trees have reached their maximum sugar concentration vears earlier
(around 1985

or
=
C

Carbohydrates are subject to seasonal cycling within wrees. Their accumutation is at its
minimum i spring and early summer when growth is most rapid. Iy the late summer and
autumn, afier vegetative growth has stowed or ceased, carbohydrates accumulate in roorts,
stemns, and twigs and in the next spring they are used when growth s resumed
{Kozlowski et al. 1991y, High amounts of soluble sugars are concentrated during the
dormant season. In spring a swplus of mamly glucose and fructose s available for
resumption of tree growth, Puls and Rademacher (1986} have shown that the
concentration of these sugars was 2 - 3% higher in the outermost tree-rings of spruce
determined between November and February whereas i May glucose and fructose
concentrations were as low as 017 - 0.33% (referred to dry wood). Poliotion seress,
however, resulted i an increased content of free glucose and fructose in the sapwood
{Puls and Rademacher 19386). The allered situation of carbohydruie supply in the
cambium of the diseased trees mayv have lod not just 10 a growth suppression, but also to
ancther ratio of carly and latewood cells (Rademacher et all 1986).

Fengel {1987a) investigated the percentage of mono-, di- and oligosaccharides of
squeezed sap. He found ncreased acidity along with lower concentrations of
tructose. glucose and sucrose in severely damaged spruce trees. This finding does not
necessarly contradict our previous reported resules. The ray parenchyma cells in spruce are
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mterconnected with Jongitudinal tracheids through halfbordercd crossfield pits. These
pits ave tiny and piceod, typically for the spruce species. The ray parenchima cells store
photosynthates, often in form of starch. Such storage may relate to sudden growth flush
and flowering of the tree. One portion of such sudden srowth i x;w giime has been
related to hydrolysis of starch in ray parenchyma {Sauter et al. 19731 The release of
sugars directly into the water conducring system. which comprises mainhy the earlywood
tracheids, is of physiological importance. Due to the increased siress situation more
seluble sugars and phenolic substances are produced and stored in the ray parenchynma
celis which could probably not released through the pits into the sap sweam becanse of
partial closure of these contact pits. Pit blockage through incrustations has been reported
repeatedly for highly stressed trees (e Bosshard et al, 1986) lesdine to increased
soluble sugar concentrations i the wood but less sugars in the sap. On the other hand, an
intensive study on Lhe structare of pit membranes by Bemmann et al, (1995) did not show
such incrustations, which could be related 1o SCh pollution stross.,
12.3.2.4. Cation trends
The rhyohith (podsoly soils are highly acidic with relazively low pH values and low base
saturation. The suiphur is mainly aceumuiated in the upper organic Of-horizon as well as
i the A and Bi horizons, which contain higher proportions of orsanic matzer. The present
status as well as the history of the soil condition may be reflected to some extent in tree-
rings (Baes, MclLaughlin 1984, 1987, Bondietti et al. 1990), Al trees show a2 continuous
decrease in Ca with the radius - from approximately 900 ppm (pith) down to 600 ppIm
(bark), This s related to alterations in cation hm(fmw capacity in tree-nings of older
spruce trees (Momoshima, Bondiett 1990), Ca accumulations rate accordis ng to Baes and
Melaughhin (1984) was calenlared. For the most recent decade (FOR] - 1902} the Ca
accumulation rate was lower on site [1 norganic cations such as Ca and Mg are bound to
uropie acid containing ;}oiymc'rs (pectins and hemicetluloses) in variocus siruetures of the
cell wail and middie lamella.
On both sites mean Al concentrations increased along the radius from 14 nom to 22 ppm.
No dilerences between the two sites could be found for the other elements except Mp,
\Tcan Mn concentrations in the tree-rings of the hczml\ stressed site ranged hetwesn 160 fo
200 ppm, with exceptional high values of 350 ppm measured in 3 tees on site I
Manganese - like Ca - decreases from pith 1o bml\ resulling in a more or less constant
Mn/Ca ratio of 0,18 + 0.01. In contrast, Mn concentrations at site | decline from 170 ppm
for the innermost tree-ring. down to 50 ppm for the outermost ones \aim £2s site [ remains
ata Mn fevel of 200 ppm (fig. 12.5D). In the 19807 site 11 has reached the tourfold leve! of
site 1 The chemistry of Ma in the soil is related 10 soil pH. Plants uptake Mn™ and the
higher the concentration of H™ in the soil the more Mn™™ is available. A reduction of the pH
by one degree increases the water soluble Mn™ by 100 times (Schelfer 1954). In addition,
Mn has a very low mobilization factor compared to ather metals whose solubility s pH
dependent. It was shown that Mn concentration in trec-rings provide a ool for examining
I(mmtum changes in soil pH due to acid deposition or ecological disturhances (Guyette et
1992). The soils of our research sites ave sutficiently acid bullcrei and M Is available
f(n‘ the trees. Therefore, high concentrations of M were found in the fre rings. The higher
levels of Mn in the tree-rings on site 1! combined with the fact that m (-LLlam OVer age is
less than on site 1. could be a reflection of the historical soil pH dynamic. Due to the long-
termed higher SO; deposition soil acidification on site 11 s more advanced than on site |,

v
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12.3.3. Trends in mechanical properties
12.3.3.1. Tensite tests

The pereentage of force (% Fmax) at which acoustic emissions (AE) signals occur (fig.
12.6A) as well as the il number of AL signals until final fraciing takes place were
recorded in tenstle tests with specimens cut from carlywood. Botween the vears 1940 and
1960, the acoustic emission activity siarted for both sites at similar stresses. Burt later
taround 1976 the specimens of the heavily stressed site Tl exhibit a sharp downswing in
the percentage of force at which AE starts {fig. 12.6A), while the site 1 curve stays more
or less constant during this period (Moritz 1996). Simitar trends of decreasing AL activity
were reported by Niemz et al (19903 and Lihmann {1991y,

The onset of AE activity at lower stresses and the higher numbers of AL events could
indicate reduced structural resistance against the imitation of microcracks as well as an
mereased number of such erack initiation siles in that fime period. But a3 a restriction, we
were only able (o complete AL measurements with tensile tests on 4 trees per site and not
with all tree-rings avalable

No differences were found in u nsile strength (not shown) between the two sites, which
coincides with the finding of other authors who have messured tensile or bending
strength of spruce and pine wood specimens from heavily stressed areas (Glos, Schulz
1986, Niemz et ai. 1990, Bemmann et al, 1993, 1993, Wimmer 1993y Schober and
Wageantlihe (1991) reported & decline of the modulus of elasticity in bending as well as
compression strength and explained this change with the cecurrence of short-fiber
cracking as a typicat feature of wood from pollution stressed trees. This hyvpothesis could

not be verified in subsequent investigations by Bemmann et al, (19931 Similarly, no
P

pronounced changes of strength properties of wood from SOs po}iuuu forest sites in the
Ore Mountains were found in a recent study by Biucker et al, {1996),

[2.3.3.2. Splitting tests

Determination of the specific fracture energy as well as AE during the newly developed
splitting tests was done on a much better data basis than the tensile tests. Six trees per site
were completed with almost each ring measured. Bevond 1982 many wee-rings were 100

narrow for the rather sophisticaied preparation of the splitting samples. Fig. 12,613
presents the trends tor specitic fracture energy (G values obtained with the splitiing
tests. Between the vears 1940 and 1976 variations of G ranged from 14010 180 L~ for
buth sites with only minor site difforences. But atter 1976, G of the heavily stressed site
curve separates from site I and indicates that the wood formed during this time has Failed
at a lower enerey level equivalent with a more brittle fracture, This is consistent to a
certain degrees with the AE resulis (fig 12, 6C und 12,61} obtained with the splitting test.
The AL signals collected before Fmax is reached - equivalent with the oceurrence of the
first erack (fig. 12.60) - increased significanty on the heavily stressed site in the mid
T07s. Asimilar trend was ebserved with the total number of AE (g, {2.6D),

I summary. it was possible to measure time trends of mechanical properties of trees
sed forest sites. The results show that the trees of the heavily
stressed site (H) underwent a significant change in the 1970°s, whick has changed the
structural mteprity of the wood fonmed during that period.

from two different stres
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12.4. Conclusions

The main focus of this investigation was to measure simultanecusly anatomical, chemical
and mechapical parameters on dentical specimens and at a high temperal resolution n

order 1o indicate stress situatdons. particutarly high SOs-palictions.

While there are no obvious differences for the years between 1940 and 1970 - even at
high levels of SO, pollution (Nebe et al. 1995a) - the pulse tvpe growth inferventions in
the 19707 have caused many tree-ring parameters (o <hifl. But in the year of sampling,
1992, many of the parameters have recovered and shifled almost back to normal levels.
With the presented measurements we were able to reach annual resolution for HIanY
parameters. Trends in wood anatomy clearly showed that the nwo sites staried 1o differ in
the mid - 70°s, with a recovery period starting in the mid 80's. The significant parameters
were ring width, latewood percentage, maximum wood density. microfibriilar angles and
finally axial resin duet density. Among the chemical paramelers. the soluble sugar trends
responded most signiicantly to the presumed stress impacts that happencd in the mid
707, while the other chemical parameters did not ditfer between the two sites, Cation
trends were mmvestigated at a 3-vear or i0-vear resolulion. and particularly Mn trends
indicated a long-term change in soil pl due o acid deposition, possibly linked to
environmental disturbances, As far as the measured mechanical indicators are concerned,
detection of specific fracture energy and acouslic emissions obtained during splitting
experiments {Stanzl-Tschegg et al. 1995) were found to svnchronize well with the
changes that took place in the anatmy and chemistry.

& i oy N
i P b - R - i -
Decreasad || Decreoses i Deere D incresssd | Increas
H : Lo ok i " ! - Lo . e
radiai growin < i@lewood proportion e | StTUTHIE integs | Mustose/glucoss v poroxidase aciivity
i {microcracks, | in sapwondd | 1
i

; K |
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I Decreases Altgred |
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| microfibritar } ! latewoad density Ll fracture propertc !
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Fig 1270 Suminary of ihe siress responses (including SO measured in the ree rings
of the East Ove Mountaing Nomvay sprice

Forestry and Game Managemenr Research Instinute Jlovisié-Stynady

254



Chpier 12 Anarepiioad, chomical and mechaitical trends ie Norwvay sproce. . R Wimmer e al

lg 127 sumnwrizes the most significant changes that were seen in the heay ily poliuted

rees of site 1 compared to the trees fram site I In the vears 1971 and later in 1976
Schithe, pers. comm. 1996} severe thinning and clear-cut aclivities took place south-east
o the site Il which should have caused suhsequent changes of the environmental
conditions at this site. Many parameters must have changed: radiation, water regime,
stronger winds. tee damage. nutrient eycling. and deposition rates of paseous S0, Al

F
&
(

these factors together caused severe stresses in the trees. Conse quently, many parumeters
show sharp up or downswings in the years after the clear-cuts ook place. But even with
this comprehensive set of data, no causal relationships between the measured responses
and S0 pollution can be stated. The measured responses are likely to be associated with
SO--pallution but it cannot be excluded that the mensured resitis have o conclusive
relationship with SO, atall. It has 1o be kent in mind that air nollution may affect growth
processes without fosses in needle retention and vice versa, with severe needie loss and
crown damage caused by factors others than air pollution (Sterba 1996). Forest decline
even i severely SOy-poliuted areas — is 2 multifactorial phenomenon and may rarely be
explained by single parameters (Halbwachs 1988),

The resin duet density increases in the 1970's could be a consequence of high metabolic
aclivity, since resin duct formation is linked to growth hommenes such as ethylene
(Wimmer and Grabner 1997). The increased number of nommal and traumatic resin canals
has made the wood more inhomogeneous (fig. 12.4), which could at least partially
explain increases of acoustic emission events  recorded during 1]‘10 mechanical
experiments. The results of the mechanical tests indicate that structures of reduced
resistance against the onset of microcracking were formed and the nuniber of such crack
initation sites has increased since the 197075, We think that the acoustic emissions
recorded before Fmax during the splitting rest - equivalent with the onset of the first
crack - 15 especially sensitive for such structural inhomogeneities as the case with the
increased number of resin ducts.

Finally, many of the measured parameters indicate recovery during the most recent
years, which is In accordance to the stress-response hypothesis by Hirtel {1976}, The
mentioned stress Factors acted like o pulse that caused the physiological system of the
s intervention back in

g

trees 1o shift. Since we only measured trees that survived the sire
the 1970s, these trees seemed o recover and reverse the n wegative trends bringing the
system back to normal, Sulphur deposition rates have been decling ng since 1989, which
ran pataliel with declining sulphur contents in the foliation of several ires species (Nebe
elal. 1995a). A shight recovery in tree growth since the mid 198075 was reported by Nebe
etal. (1996). which 1s also in accordance with our findings.
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