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2 Introduction

1 Introduction

1.1 Scope

Beech Fagus sylvatical.) is the most important broadleaf tree speciesGermany where it
represents 17% of the growing-stock voldnand the second broadleaf tree species in Fraesch:
11%, Oak: 25%) High value utilisation of this resource on andustial level focuses on light-
coloured, white beechwood (i.e. free of colouredrtveood) of upper quality (e.g. low level of growth
stresses) which can be processed for appearandectsolike sliced veneer and sawn timber for
indoor applications (furniture, flooring, interidesign). However, older trees of larger dimensenes
capable of forming coloured heartwood, which isaliyudeveloped as red heart. The occurrence of
larger red hearts reduces the value of beechwondid®rably: red heartwood is poorly suitable to
serial production of appearance products owingtdoheterogeneity and instability in colour and
appearance structure (Rathke 1996). Furthermorlmsey and heartwood substances affect
impregnation and drying properties [e.g. Seelin9@)]. European Standards EN 1316-1 (CEN
1997c) for round timber grading therefore set ttaximum red heart percentdde 20% and 30% for

the better quality classes A and B, respectively.

Two complementary strategies emerge from this problOn the one hand, forest research aims at
understanding, quantifying and controlling red hdarmation by silvicultural means. Based on the
results, methods shall be developed to optimiseatheunt of white beechwood in the frame of
forestry production, and downstream the forest-waomain, in industrial processing of roundwood. On
the other hand, wood research aims at charactgyrigeating and/or modifying red heartwood (Magel
and HoIl 1993; Schleier 1999; Albert et al. 2003cK et al. 2003; Liu et al. 2005). Using the
outcomes, methods of processing and marketing Bhalkeveloped to valorise the high amount of red
heartwood coming to the market each year (SchiupaadRuf 2000; Wagemann 2001; Verhoff and
Wurster 2002). The present study comes mainly witine scope of the first strategy.

Different concepts of silviculture and forest mamagnt are analysed (Wilhelm et al. 1999; Kladtke
2001; Borner 2002; Knoke 2002; Seeling and Beck@22Knoke 2003a; Zell et al. 2004) to produce
and select crop trees of good wood quality, comgim minimal proportion of red heartwood and
providing the optimum economic benefit. Howeveriadility of red heart occurrence and shape is
high. In stem-axial direction, red heart is oft@msle-shaped. The spindle can reach from thentglli

cut to the crown base, but it can be located soraevim between as well. In stem radial-directieal, r

! German Federal Forest Inventory, second survewm 2001 — 2002 (BWI 2). Retrieved 13 September 2005
from http://www.bundeswaldinventur.de/

2 French National Forest Inventory (IFN). Retriev&September 2005 from http://www.ifn.fr/

% Ratio (%) of the diameter of the circle enclosthg red heart and the diameter of the cross-seaimording

to EN 1310 (CEN 1997h).
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heart does usually not coincide with the annuajgjrout appears cloudy and composed of several
formation zones. Since knowledge and means areniaclo determine this variability on the
individual tree level, it has proven difficult tostenate the quality and to control the quality
development of standing trees with respect to rearthoccurrence and shape, and downstream, to
optimise the yield of white beechwood in industfabcessing of logs. Preceding studies therefore
suggest quantifying red heart occurrence and sinapere detailed analyses (Becker et al. 2005), and
including the resulting models into growth simudatiNepveu et al. 2005).

1.2 State-of-the-art

The state-of-the-art about research relevant topiesent study is reported using the following
structure. First, types of coloured heartwood ire®g red heart formation, and red heart shapes in
stem-axial and stem-radial direction are charasddri Second, factors being related to red heart
occurrence and shape are reported and discusselldiimg results of statistical modelling.
Furthermore, approaches to the modelling of cokbureartwood in Beech are discussed from a
methodological point of view. Finally, conclusioage drawn from the literature review, to introduce

the objectives and research questions of the presasy.

1.2.1 Types of coloured heartwood

While tree species like Oak always (obligatory)tiocoloured heartwood, the formation of coloured
heartwood in Beech is facultative (Bosshard 198&gch is capable of forming coloured heartwood
under certain conditions. Four types of colouredrtveood in Beech are distinguished by their
appearance (Figure 1), and by possible causes anthtion processes. They are red heartwood
(synonyms: red heart, red core), wounded heartwggldshing heartwood (synonym: dotty red heart)
and abnormal heartwood (Sachsse 1991). Regardiisg-sections of stems, red heartwood has round
borders, partly a cloudy appearance, and usuadyther red heart border does not coincide with the
annual rings. The reddish-brown colour of red hveaod results from an oxidation process (described
in more detail in sectioh.2.2 below) accompanied by plugging of vesselsh vijloses at the
heartwood margins. The formation of wounded heawtivioas its origin in a wound to the cambium,
but cytological and biochemical processes are amtib that of red heart formation. However,
wounded heartwood has a small spatial extent otitaBé cm to 75 cm above a wound (Sachsse
1991}, and it is usually located at the stem periph&he other heartwood types can reach from the
stem base to the crown base, and they are locatétkistem centre. Splashing heartwood shows

jagged borders onthe cross-section, and agimum extent is usually located atthe stemse

* Results are based on artificial wounds at the dtase (Sachsse and Simonsen 1981), so that thet ekte
wounded heartwood below a wound was not determined.
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(Walter and Kucera 1991). The formation processptdishing heartwood seems complex and caused
by several factors, which are not well known umesv. An effect of fungi was reported by Necesany
(1960; 1969), and intensive tyloses formation at hleartwood margins is a further characteristic of
this type (Seeling 1998). Abnormal heartwood carvehgggged borders similar to splashing
heartwood, but as a characteristic the margindobanmal heartwood appear black and are attacked by
bacteria. The hypothesis that abnormal heartwoaudtion is related to forest decline has not been
verified (Seeling 1991). Both splashing and abnérh&artwood can develop around a central red
heart. While in red heartwood the moisture conietdwer than in sapwood, in abnormal heartwood it
is higher (Seeling 1991).

Red Wounded Splashing Abnormal
heartwood heartwood heartwood heartwood

Figure 1. Characteristic appearance in cross-section ofaiinetypes of coloured heartwood in Beech
according to Sachsse (1991); illustrations adofitad Seeling (1998).

In the present study, only red heartwood was amdly$his choice was made since red heartwood
usually occurs most frequently, and the formatiand related factors of splashing and abnormal
heartwood seem lesser known. Wounded heartwoodalgasexcluded because of its small spatial
extent. The literature review was therefore focused red heartwood. In recent studies, the
classification by Sachsse (1991) was adopted byynaamhors. However, other classifications of
coloured heartwood (Mahler and Howecke 1991; Walted Kucera 1991) are used in some
references and, especially in many older studiégrent types of coloured heartwood are not clearl
distinguished. Therefore, in the present studygheeral term “coloured heartwood” is used where
most likely types other than red heart are includettie analyses cited, hypothesising that theiults
apply to red heart to a large extent.

For example, in the study by von Buren (2002), 1048%) out of 1305 observations of coloured
heartwood are reported to show round or cloudy shaross-section. They correspond most likely
to red heart according to Sachsse (1991). Compaitkdthis, there are 201 observations (15%) of
coloured heartwood with splashing appearance insthdy by this author. These observations are
assumingly splashing or abnormal heartwood accgrthnSachsse (1991). Another 87 observations
(7%) of coloured heartwood with irregular shape ré@iivon 2002) are difficult to match with the

classification by Sachsse (1991).
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1.2.2 Red heart formation

Heartwood formation in general is associated wittaking down of the water transport system and
decreasing vitality of the parenchyma tissue (N&ogd966); radial transport processes (assimilate-
and ion-shifting), decrease of various physiologgerformances (Ziegler 1968), and decomposition
of soluble carbohydrates (Dietrichs 1964) occwiagie substances are degraded or transformed into
heartwood substances (Bosshard 1974). The theomgdfheart formation in Beech is based on
research by Zycha (1948). According to Zycha (1948d heart formation is initiated when
oxygenous air can penetrate through dead branchaber entrances into the stem core of older trees
where water content is low and vitality of parentiay cells is reduced. The oxygen causes
transformation of soluble carbohydrates and starthcoloured phenol substances in the still-living
parenchyma tissue (Bauch and Koch 2001). Additignéhe relatively vital parenchyma cells near
the margin to the sapwood react by plugging vesselstyloses (Necesany 1966). Since necrobiosis
of parenchyma is slow, but heartwood substancesrmsise rapidly, the substances are not deposited
in the cell walls (Bosshard 1974). As a consequeticebility of red heartwood is low compared to
that of tree species with obligatory heartwood fation. Nevertheless, resistance to fungi can be
greater than in sapwood (Gaumann 1946; Baum 2080mBet al. 2000; Baum and Bariska 2002).
The process of red heart formation is assumed velde in successive phases, leading to a cloudy
appearance of several formation zones on the sexdsn (Zycha 1948; Sachsse 1991).

Reduced water content in the inner stem partsgheiplaced by gas, seems an important condition of
red heart formation. Gas occurring in the stemids in carbon dioxide and low in oxygen, which
results in an oxygen gradient between air outsittk gas inside the stem; Bosshard (1967; 1974)
explains oxygen penetration as cause of the seecaibsaic heartwood in Beech by this phenomenon.
Zycha (1948) assumes that a suction of oxygenaumwaards the stem centre develops when water
tension in the sapwood increases and storage satered towards the stem periphery. Furthermore,
“most likely (...) an indirect relation exists betwet¢he water/gas ratio (...) near the heartwood-
boundary and the vitality of parenchymatic cellSa¢hsse 1967). Torelli (1979) distinguishes a

dehydration phase, and a subsequent discoloungtiase initiated by oxygen penetration.

1.2.3 Red heart shape

Some authors make assumptions about the developafergd heartwood, which may lead to
characteristic red heart shapes in stem-axial tilirecAccording to Zycha (1948), red heart statta a
middle stem height and develops towards the stesm Bad about up to the crown base. Keller (1961)
states that coloured heartwood develops in the stdrar downwards, mostly in the case of forks at a

relatively low stem height, or upwards, mostly hretcase of coppice shoots. Walter and Kucera
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(1991) report that red hearstarts mostly from dead branches and wounds, aedries smaller
towards the stem base. Correspondingly, red headported to be spindle- or cone-shaped (Seeling
1998; Frommhold 2001; Lux 2001). With respect te #pindle shape, the frequency of red Reart
occurrence is low at the stem base, increaseslyapithin the first few meters of stem height asd i
highest between 2 m and 10 m of stem height (Hoevetkal. 1991). Several authors analyse the
maximum size of coloured heartwood in stem-axieéation using different variables: the maximum
diameter of coloured heartwoodith spindle shape is reported at 4 m of stemMidgigacz 1961), the
maximum diameter and area at approximately 4 —@& stem height (Krempl and Mark 1962), and
the maximum volume percentage at 4 — 8 m (Vasidj@@d74) of stem height. According to Sachsse
(1991), red heart reaches its maximum diametef at 30% of stem height. In addition to a diameter
maximum occurring at 1 —4 m from the bottom endagfs, TomaSevski (1958) reports a second
culmination point at 8 m. However, a second cultidmain the upper stem part occurs very seldom
according to the study by Krempl and Mark (1962).tAe stump zone coloured heartwood can
sharply increase in size, and it ends at the zdtieeocrown base (Krempl and Mark 1962). On butt-
logs® the red heart diameter is reported to be biggehattop end than at the bottom end, with a
maximum in-between (Seeling and Becker 2002). Dgstishing up to three stem sections per tree,
Zell (2002) and Zell et al. (2004) estimate for leatem section the probability that the diameter
percentage of coloured heartwood exceeds 30%. Acwpto the authors, the results indicate that
coloured heartwood has the shape of a spindle.

The red heart shape in stem-radial direction icrigsd as round, cloudy or irregular with round
borders (sectioft.2.1). Bulging of coloured heartwood towards exémounds, rotten branches and
the ramification zones of forks is observed on smactions by Krempl and Mark (1962). Similar

observations are reported by Gro3 (1992) for deaddhes and branch scars/buckles.

The previous paragraphs provide background infdomatbout the characteristics of red heartwood in
comparison with other types of coloured heartwadmhut the red heart formation process, and about
the possible development and characteristics oheadt shape. Starting from this background, factor
being related to red heart occurrence and shapdismessed in the following: tree external traiite |
dead branches are assumed to be pathways throtigh @#ygenous air can penetrate into the stem

and initiate red heart formation; dendrometric eloteristics like an elevated tree age are repdoted

® Coloured heartwood with round appearance on @estens according to the classification by Wadtad
Kucera (1991), which corresponds most likely to lmedrt according to the classification by Sach$88Y).

® Coloured heartwood with round or cloudy appearamsecross-sections according to the classificatign
Hoéwecke et al. (1991), which corresponds most yikel red heart according to the classification lactse
(1991).

" Apart from Sachsse (1991), the authors cited dalistinguish between red heart and other typesolfured
heartwood.

® Log between the felling cut and the first cross-cu
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make trees susceptible to red heart formation. @iseacteristics are discussed in less detailig1 th

literature review, since they were not analysedieitly in the present study.

1.2.4 External tree traits

Relationships between external tree traits andhegdt formation are reported in several studiege(yi

in the following), while others do not confirm sudsults (Hupfeld et al. 1997; Bérner 2002; Derfstor
2004; Ebert and Amann 2004). In this respect, tiéwing traits seem most important: dead
branches/branch scars, forks, wounds, cracks aad deots. Their possible effect on red heart

formation is discussed in the following.

Dead branches/branch scars and forke the course of natural pruning of younger bres;
hardwoods form in the branch basis a protectiore zirtyloses and inclusions (Mayer-Wegelin 1929;
Trendelenburg and Mayer-Wegelin 1955). Torelli (APR&8ssumes broken branches with no previously
formed protection zone to be most susceptible tpgem penetration while, according to Zycha
(1948), oxygenous air may pass the protection zsiven by suction (sectioh.2.2). Similarly, red
heart formation zones are assumed to develop ifexgus air can pass the tyloses margin of a
previous red heart zone (Zycha 1948), or to origirfeom a larger dead branch each (Jaroschenko
1935). The formation of such protection zone sesimdar to heartwood formation and requires vital
parenchyma cells; in older and larger branchesptbeection zone is incomplete and limited to the
sapwood (Aufsess von 1975; Aufsess von 1984). Riar reason, larger branches may have been
found more susceptible to rot (Mayer-Wegelin 19B#%eld and Achterberg 1954); through rotten
branches oxygenous air may enter the stem (Ke6d)l Furthermore, larger branches are exposed
for a longer time to exterior influences, as theation between branch necrosis and occlusion
approximately increases with branch diameter (Molk€©53). For artificially pruned branches this
relationship is stronger, and it is shown thatdheation of occlusion decreases with increasingiahn
ring width (Mayer-Wegelin 1930; Volkert 1953). Slari to larger branches, more inclined branches
are reported to be more susceptible to rot (Mayeg#lin 1929; Erteld and Achterberg 1954). Steep-
angled branches and V-shaped forks with bulgingifreaiion zones are assumed to be oxygen
entrances owing to cracking by freezing of accutedlavater or by wind-stress (Amann 2003; Knoke
2003a), and owing to rot resulting from water aculation in the ramification zone. Furthermore,
relationships between knot discolouration and fudeyielopment are analysed by Volkert (1953) and
Buchholz (1958).

Results of statistical modelling also suggest afecefon red heart formation by larger dead
branches/branch scars and forks. Distinguishirestréth coarse, medium and fine knottiness (visual
assessment), von Biren (1998; 2002) reports thgbrbbability of occurrence of coloured heartwood
increases with the presence of larger branch sitaesmultiple regression analysis for estimating t

red heart diameter, Knoke and Schulz Wenderoth1(R@€port a significant effect of the number of
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dead branches and branch scars/knobs with minimaes ©f 6 cm (dead branches) and 9 cm
(scars/knobs); including smaller traits into thalgses has led to less exact estimation resuliagUs
the same criteria, a significant effect is reportédhe number of dead branches and knobs/scars on
the probability of red heart occurrence (Knoke 2)03he probability of occurrence of coloured
heartwood also depends on the occurrence of fdkiseG von 2002); the effect of forks seems

stronger in younger trees (Knoke 2003a; Knoke 2D003b

Wounds and cracksembolism originating from wounds to the bark pmkes a process of
discolouration and tyloses formation similar to tw@cess of red heart formation. The resulting
wounded heartwood usually has a small spatial exéad is located at the stem periphery
(sectionl.2.1). Sachsse and Simonsen (1981) report wouneadwood to be formed one year after
the cutting of felling notches in 75 — 90 year tiges. During this period, the moisture contentsdoe
not decrease to the low levels reported by othénaas (Zycha 1948; Bauch and Koch 2001) to be
characteristic for red heart formation. Howeveryalepment from wounded heartwood to red
heartwood may occur gradually (Sachsse and Simoh98a). Furthermore, observations on log
cross-sections about a coloured zone between woamdscoloured heartwood in the stem centre
(Krempl and Mark 1962) may indicate wounds to kgation points of red heart formation. Between
trees with external traits (frost cracks and basdended and deep wounds to the cambium, rotten
branches, dryness of tree top) and trees with nb suaits, a significant difference (t-test) in thiee

of coloured heartwood (percentage of tree and stelonme) is reported (Krempl and Mark 1962).
Moreover, a significant effect of larger damageaaren the probability of occurrence of coloured
heartwood is reported by von Biren (1998; 2002)p woncludes that larger damage areas are
effective entrances for air. Very small “hairlinefacks can lead to the so-called mosaic heartwood i

Beech (Bosshard 1967), which is a small T-shapsobhiaration being also referred to as T-disease.

Dead roots Jaroschenko (1935), Paclt (1953) and Rauneclg&3]lreport dead roots to be possible
initiation points for the formation of coloured m@ood. However, Zycha (1948) states that red heart
formation starts at a middle stem height. Walted &ucera (1991) differentiate between coloured
heartwood with splashing appearance, having itsimmam extent at the stem base and starting
assumingly from the roots, and coloured heartwoit wound or irregular appearance, which would
often start from dead branches and wounds. [To maiith the classification by Sachsse (1991):
coloured heartwood with splashing appearance aitgptd Walter and Kucera (1991) corresponds
most likely to splashing or abnormal heartwood adicg to Sachsse (1991), and coloured heartwood

with round appearance to red heart.]

Altogether, there are indications in literaturetthaationships between external tree traits amt re

heart formation may depend on type (e.g. wound)sarel (e.g. larger branch scars) of external traits
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However, differentiation between these charactesigs rather difficult; it is not clear which ttai
most likely have an effect on the red heart, and traits visible on the stem surface are relatetth¢o

red heart inside the stem.

1.2.5 Dendrometric variables

With respect to the effect afendrometric variables it is reported that dehydnaof the inner stem
parts is related to radial and height growth amtuianeous reduction of the crown (Torelli 198%). |
forest stands, the occurrence of coloured heartwisotbw before beech trees reach an age of
approximately 80 years (Racz et al. 1961; Vasifjei®74; Pichery 2000). Below this age, water
content in the inner stem parts is usually stijrhiand larger dead branches, which could be oxygen
entrances, rarely occur (Zycha 1948).

In general, the frequency of coloured heartwoodeases with tree age (Racz 1961; Racz et al. 1961;
Krempl and Mark 1962; Lanier and Le Tacon 1981; Malnd Howecke 1991; Walter and Kucera
1991). Noticeable increase is reported at ages00f-1120 years (Krempl and Mark 1962), 120 —
150 years (Lanier and Le Tacon 1981), and 15Csy@edde 1998) The diameter (Racz et al. 1961;
Kotar 1994) and volume percentage (Krempl and Mi&#682) of coloured heartwood increase with
tree age, also. However, according to Walter andekai (1991), the increase in diameter of coloured
heartwood stagnates at an age of about 120 yeaits.izMfreasing stem diameter, the occurrence and
size of coloured heartwood increase as well (R&f&11Racz et al. 1961; Howecke et al. 1991;
Mahler and Howecke 1991). The effect of diametes wtaonger than the effect of age in the studies
by Racz et al. (1961) and Mahler and Howecke (198bhsidering the interaction of both variables,
the mean diameter increase, fast grown trees seamoiv less frequent and less severe formation of
coloured heartwood (Vasiljevic 1974; Knoke and $hienderoth 2001; Seeling and Becker 2002).
These results are reflected in statistical modgllas follows. The probability of occurrence of
coloured heartwood increases with tree age (Blumn2002; Knoke 2003a; Knoke 2003b). Trees
with high mean diameter increase are reported mtagoless likely red heartwood (Knoke and Schulz
Wenderoth 2001); the effect of diameter at breaggtt on red heart occurrence is stronger in younge
stands than in older ones (Knoke 2003a; Knoke 2008havric (2003) and Schmidt (2004) estimate
the probability of occurrence of red heartwoodashing heartwood and no coloured heartwood based
on the diameter at breast height. Bérner (1998)Zeidet al. (2004) use the diameter at breasthteig
to estimate the probability that coloured heartweadeeds 30% of the cross-section diameter. An
effect of stem diameter or stem radius, on the @iadius, radius percentage, diameter or diameter
percentage) of coloured heartwood is reported versé studies (Torelli 1985; Howecke et al. 1991;
Borner 1998; Knoke and Schulz Wenderoth 2001; B620€2; Mavric 2003; Knoke 2003a; Schmidt

° The results of Redde (1998) were obtained ateti@d cut. At the zone of the stem base coloureartwood
can sharply increase towards the tree top (KremglMark 1962), so that it cannot always be deteatetthe
felling cut. Considering this, Redde (1998) mighvé underestimated the frequency of coloured headw
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2004). Few studies (Torelli 1985; Kotar 1994; Buram 2002) also report an effect of age on this
variable.

Furthermore, the radius of coloured heartwood atfdth of tree height is reported to be relatedt$o
distance to the crown base, and the radius pegerdhcoloured heartwood to the relative crown
length (Torelli 1984; Torelli 1985). According toow Biren (2002), the diameter percentage of
coloured heartwood increases with tree height dfasse-classes) up to the class 2025 m, and it is
almost constant between this class and the hidgasseas. Also, an effect of the ratio of tree heagid

diameter at breast height (hd-ratio) on the ocowweef coloured heartwood is reported by this autho

Height at an age of 100 years and top height a#d as measures of site class in the studies byliTore
(1985) and Kotar (1994), and positive relationshith red heart radius and with red heart volume
percentage in stands is reported, respectiveho,/dn effect of mean stand height on the probgbilit
of occurrence of more than 30% of red heart (diampercentage) is reported (Zell et al. 2004).
However, according to von Biren (2002), the freqyent coloured heartwood is higher on sites with
unfavourable nutrient supply. Kotar (1994) repdhat the relationship between red heart diameter
and tree age differs with site unit. Compared Whtis, tree age has the greatest effect on red heart
probability in the model by Knoke (2003a; 2003bpwéver, in this model and in the model of red
heart size by Knoke (2003a), variables of site atigristics (growing area, site unit and reliefyave
partly significant, but had little effect upon testimation results. Altogether, it appears difficiol
specify the effect and interaction of differenestharacteristics in relationship to red heart from.
Similarly, other authors conclude from literatusview that different results are reported about the
influence of site characteristics on red heart iram (Seeling et al. 1999; Gunsche 2000). Also,
Stuber et al. (2002) state that no clear relatignsbtween site characteristics and red heart fboma

is reported in literature. They assume that theag be overlaying by other factors.

1.2.6 Approaches to the modelling of coloured heartwoodHBeech

As reported in sectioris2.4 andl1.2.5, external traits and dendrometric variables iacluded as

explanatory variables into approaches to the miodelbf coloured heartwood in Beech. These

approaches are discussed in the following from #hau®logical point of view. Referring to the

characteristics of coloured heartwood reported ettiensl.2.1, 1.2.2 and 1.2.3, important

considerations in modelling of coloured heartwao®eech seem to be:

(1) there are beech trees with and with no coloured\wead (ccurrencg;

(2) differenttypesof coloured heartwood occur in Beech; the typesohdifferent origins;

(3) occurrence, type and size of coloured heartwoog wdth stem height(shape in stem-axial
direction);

(4) theshapeof coloured heartwood vari@s stem-radial direction
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An overview of approaches to the modelling of codmbiheartwood is provided in Table 1. In this
table, the following characteristics are listed:d@loauthor, total number of sample trees, moded,typ

target variable of coloured heartwood, differemiatby type of coloured heartwood and number of

observations of coloured heartwood per tree/diffea¢ion by stem height.

Table 1.Overview of approaches to the modelling of colouredrtwood in Beech.

Author Total Model type Target variable of | Differentiation by type Number of observations of
number of coloured heartwood | of coloured heartwood coloured heartwood per tree/
trees(a) differentiation by stem height
Torelli (1979; 100 Multiple linear Radius, radius - 1/
1984; 1985) regression percentage 20% of tree height
Howecke et al. 3961 Simple linear| Diameter, diameter Round, cloudy, 2/
(1991) regression percentage splashing, 3 types of 1 stem cross-section and
irregular (b) 24" stem cross-section
Kotar (1994)c) 3634 Simple linear Diameter - 1/
regression 13m
Knoke and 195 Probit analysis Occurrence, Exclusively red 2/
Schulz diameter> 33% heartwood (d) Height as continuous variable (e
Wenderoth (both dichotomy)
(2001) - : : - )
Multiple linear | Diameter, diameter Exclusively red 2/
regression percentage heartwood (d) Height as continuous variable (e
Knoke (2003a; 392 Logistic Occurrence Exclusively red 2/
2003b) regression (dichotomy) heartwood (f) Height as continuous variable
Knoke (2003a) 392 Multiple linear Diameter, diameter Exclusively red 2/
regression percentage heartwood (f) Height as continuous variable
von Biren 610 Logistic Occurrence - 1/
(2002) (9) regression (dichotomy) -
Multiple Diameter percentage - 1/
regression -
Borner (1998; 146 Hyperbolic Diameter 30% Mainly red 2/
2002) heartwood (h) Maximumat 1.3 mor 7 m
Simple linear | Diameter percentage Mainly red 2/
regression heartwood (h) Maximumat 1.3 mor7 m
Mavric (2003) 1385 Multi-nominal Occurrence Red heartwood, 2/
logit (3 categories) splashing heartwood Log bottom and top ends
Non-linear Diameter percentage Red heartwood, 2/
regression splashing heartwood Log bottom and top ends
Schmidt (2004) 1252 Multi-nominal Occurrence Red heartwood, 2/
regression (3 categories) splashing heartwood Log bottom and top ends
Non-linear | Diameter percentage Red heartwood, 2/
regression splashing heartwood Log bottom and top ends
Zell (2002); Zell 535 Logistic Diameter> 30% - up to 3/
et al. (2004) (i) regression (dichotomy) Stem-section as dummy variable|

(a) Total number of trees in the study. Dependindhe analysis, the number of trees included inefsodan be smaller (e.g. exclusion of

outliers, of observations with no coloured heartdjcgtc.).
(b) Red, brown/black and marbled/grey.

(c) Kotar (1994) also reports analyses of the velyrarcentage of coloured heartwood on the starel. [€laey are not given in this table,

since the present study focused on red heart @warand shape on the tree level.

(d) Cracked heart according to Klemmt (1996) comsd as no coloured heartwood (“white”).
(e) Relative height of the cross-section in theezohthe branch-free bole.

(f) Cracked heart according to Klemmt (1996) ineldd

(9) Von Biren (2002) reports analyses of 2402 twi#is respect to site characteristics and of aguap of 610 trees with respect to tree
morphological characteristics.

(h) Including 3 trees with splashing heartwood @iut46 trees.
(i) Zell (2002) and Zell et al. (2004) use an unsited model of Kugler (1999).
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The occurrence(point 1) or minimum size (e.g. 30%) of colouredahtwood, being dichotomy
variables, are estimated by generalised linear tad@eobit or logistic regression models) (Knoke& an
Schulz Wenderoth 2001; Biren von 2002; Zell 2008pke 2003a; Knoke 2003b; Zell et al. 2004).
Borner (1998) uses a hyperbolic model to estimhée drobability that the diameter percentage of
coloured heartwood exceeds 30%. Three categoriesc@ioured heartwood, red heartwood and
splashing heartwood) are distinguished in the amdthinal models by Mavric (2003) and Schmidt
(2004).

Typesof coloured heartwood (point 2) other than redrhaee excluded explicitly in the models of
Knoke and Schulz Wendroth (2001) and Knoke (20@B@3b) for estimating red heart occurrence
and siz&. Bérner (1998) includes red heartwood and splasheartwood into the same sample, as
very few trees show splashing heartwood. Separatiels for the diameter and diameter percentage
of six types of coloured heartwood are given by ldéke et al. (1991). Mavric (2003) and Schmidt
(2004) distinguish between red heartwood and splgdteartwood in their models of occurrence and
size of coloured heartwood. However, possible difiees between the formation of the two types of
coloured heartwood are taken into account by opéaaatory variable only (diameter at breast height;
sectionl.2.5).

The size (diameter percentage) of coloured headvi@sed on one observation per tree is estimated
by von Biren (2002) using a multiple regression ehodo take account of thehapeof coloured
heartwoodn stem-axial directior(point 3), cross-sections at one fifth of treegheiare analysed by
Torelli (1979; 1984; 1985), hypothesising that thaximum size of coloured heartwood is located
there. Borner (1998; 2002) analyses the largergo¢age of coloured heartwood occurring at either
1.3 m or 7 m of stem height. Further models basedne observation of coloured heartwood per tree
are given by Kotar (1994). Descriptive models (goten in Table 1) show linear relationships
between the diameter of coloured heartwood at Ozhth1.3 m of tree height (Kotar 1994), and at
1.3 m and 7 m of tree height (Bérner 1998; Borngd2); similar relationships are reported for the
diameter percentage of coloured heartwood. Comaui o the predictive models given in Table 1,
Zell (2002) and Zell et al. (2004) use up to thetem sections (logs) per tree, and the larger
percentage of coloured heartwood at the ends di eaction; stem sections are distinguished by
dummy variables. Knoke and Schulz Wendroth (20@hy Knoke (2003a; 2003b) use two cross-
sections per tree and take account of their hdighthe stem. In the models by these authors, the
probability of coloured heartwood is estimated undlially for each log (Zell 2002; Zell et al. 2004)
and cross-section (Knoke and Schulz Wenderoth 20003a; 2003b), respectively. Also, Mavric
(2003) estimates the occurrence of red heartwqadsising heartwood and no coloured heartwood at

the bottom and top ends of logs separately. Howdwerobtaining a good prognosis at the bottom

10 According to Knoke (2003a), a plausible model dowmot be developed for splashing and abnormal
heartwood, since they represent only 8% of thesesestions observed in this study.
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end, the heartwood type at the top end has todbeded into the model as a dummy variable. Schmidt
(2004) stresses correlation of the occurrence, gip size of coloured heartwood between cross-
sections of the same tree. Analysing the bottom tapdends of butt-logs, this author proposes a
multinomial regression model distinguishing ninemtinations of red heartwood, splashing
heartwood, and no coloured heartwood. The sizem@lier percentage) of coloured heartwood is
described by non-linear regression models. Howeherdistance between cross-sections is not taken
into account in the study by this author.

To take the spindle shape of red heart into accasimiarabola, Knoke and Schulz Wendroth (2001),
and Knoke (2003a; 2003b) include the height of abserved cross-sections (two per tree) and its
square into their models of red heart occurrencesae (diameter, diameter percentage). With réspec
to sampling, a similar approach is used by theskoas for modelling, and by older studies (Racz
1961; Howecke et al. 1991) for describing the shapmloured heartwood in stem-axial direction: the
red heart size is measured on bottom and top endg®of different length and diameter. These are
butt-logs and also logs from higher stem zonesha studies by Racz (1961) and Howecke et al.
(1991), and butt-logs in the studies by Knoke addu& Wenderoth (2001) and Knoke (2003a). This
way, observations of many trees and at various hesghts are obtained. However, the shape of
coloured heartwood of each individual tree is ompresented by few observations along the stem
axis. Furthermore, observations come from treel ditferent ages and dimensions, and trees are
taken from different stands. In this respect, R§c261) comments on the issue of sampling
optimisation: a high total number of stems coultydie analysed within the framework of conditions
in practice; but determining coloured heartwoodeystically at constant intervals in all trees vabul
be more exact from the point of view of naturaksce.

Models quantifying thehapeof coloured heartwoouh different stem-radial direction@oint 4), were

not found in the literature review.

1.2.7 Conclusion

In conclusion, coloured heartwood in Beech canfldifterent origins (types). Normal red heartwood
is formed in older trees when oxygenous air carepate into the stem centre. This process may start
and develop at various stem heights, which may teatharacteristic red heart shapes. Different tree
external traits may be red heart initiation poi@tsgd certain dendrometric tree characteristicstliée

age and diameter are related to red heart formattismg these relationships, statistical models are
developed to estimate red heart occurrence and Whde the models are based on rather high
numbers of sample trees, few observations of cetblreartwood per tree are analysed. Thus, the
variability of red heart occurrence and shape withhées is poorly taken into account. Considering
that tree external traits may indicate initiatiooirpis of red heart formation, the position (heighd
azimuth) of traits on the stem surface may be edlab the red heart shape inside the stem.

Differences between traits and their probable iatahip to the red heart may depend on trait type
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(e.g. dead branch) and dimensions (e.g. branchetién Furthermore, dendrometric variables (e.g.
crown base height, diameter at breast height) neaselated to the red heart shape in stem-axial and

stem-radial direction.

1.3 Obijectives and structure of the study

Referring to sectio.2, many scientific works indicate a high variabilof red heart occurrence

between trees and of red heart shape between dhih wiees. However, knowledge and means are

lacking to determine this variability from tree mbblogical (macroscopic) and dendrometric

characteristics. The overall objective of the pn¢study therefore is to quantify relationshipsg am

develop a hypothesis about basic “mechanisms” hletwexternal and dendrometric tree

characteristics on the one hand, and red heartrrecme and shape in stem-axial and stem-radial

direction on the other hand. Owing to the high aitity within trees, in the present study an

approach of more detailed analyses at the intextreel (higher resolution of red heart shape and

external trait measurements) based on a smallebauof sample trees was chosen (35 trees in total)

in comparison with existing approaches to the modglof coloured heartwood in Beech

(sectionl.2). This way, basic and complementary knowledgé, approaches to quantify the red heart

occurrence and shape on the individual tree Idvallsl be provided, to be used and further developed

in modelling on a larger and more general scale.

To reach the overall objective, the following reshaguestions were deduced from the state-of-the-ar

(sectionl.2), which were analysed in the present study:

Q1:  Which external traits can be related to thd heart inside the stem?

Q2: How are these external traits related to tkd heart inside the stem?

Q3: How can this relationship (Q2) be used toreate the occurrence (initiation) of red heart?

Q4:  How can this relationship (Q2) be used toreate the overalt shape of red heart along the
stem axis (e.g. spindle shape)?

Q5: How can relationships between dendrometridaldes and red heart be used to estimate the
overall shape of red heart?

QE6: How does the overall red heart shape varyefo® external traits?

1 Overall red heart shape: longitudinal red heaepshbetween the felling cut and the crown basetjoot
symmetry); local red heart shape: deviation from d¢iverall red heart shape close to (near/at thatitot of)
external traits.

12j.e. near/at the location of external traits.
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Referring to Figure 2, the analyses were structassfibllows:

I. first, an explorative analysis (analysis I) of 4l feeart trees (group 1) was performed with the aim
of identifying and characterising possibleslationships between tree external traits and tresl
heart within the tree(Q1 and Q2). Therefore, complete mapping of tr@esad branches, branch
scars, wounds, cracks and fork) on the stem sumae performed as well as a vetgtailed
descriptiort® of the red heart shapeThis description made it possible to charactebisth the
overall red heart shape along the stem axis antb¢iaé* red heart shape close to external traits.

The subsequent analyses focused on particular tadpased on results of analysis I. Also, the result

of analysis | made it possible to perform selectmeasurement and sampling of traits (dead

branches/branch scars) and red heart (overall ead Ishape based on discs; local red heart shape
based on boards including knots) on a second gigngup 2) of 17 red heart trees and 14 trees with
no coloured heartwood (later referred to as whideg). Using the trees of group 2, the red heast wa
studied within and between trees as well:

II. using results of analysis | about relationshipsvieen external traits and red heart, the aim of
analysis Il wado estimate the probability that red heart occuidogs not occur) in individual
standing treeqQ3). A type logistic regression model was devetbpased on the 17 red heart
trees and the 14 white trees of group 2;

lll. using the description of theverall red heart shapdanalysis I), the aim of analysis lll was to
develop a statistical modelling approachestimate this shape in standing trees betweea th
felling cut and the crown baséQ4 and Q5). The approach was developed on 16ead tree¥
of group 2, and it was applied to the 4 red hea®gs of group 1 to test its suitability for an
independent sample;

IV. finally, using the 16 red heart trees of grouph local red heart shape close to external traits
was analysedvith the following aims. In analysis |, deviatiofh the local red heart shape around
knots from the overall red heart shape was obsetwethis respect, the first aim of analysis IV
was to quantify this deviation in stem-axial difentby means of descriptive statistics (Q6). Also,
geometric relationships between branch scars, kamatged heart were developed in analysis I. In
this respect, the second aim of analysis IV waes$b the validity of the geometric relationships
between branch scars and knots. Furthermore, alrebdeld be developed to estimate the link

between knot and red heart based on both knotblasiand branch scars (Q2).

13 Measurement step of red heart description: 50ncsteém-axial direction, 1° in stem-radial direction

4 See footnote 11.

!> One tree of group 2 was excluded owing to a veeckl red heart shape: there were two red heaeszo
separated by an inter-section of white wood.
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In summary, based on intensive measurements ofnexktéraits and red heart shape on 4 trees
(analysis 1), hypotheses were deduced to develageta®f red heart occurrence and shape. Based on
the hypotheses, three analyses were performed: limgdef red heart occurrence (analysis II; 31
trees), modelling of the overall red heart shapalgesis 11l; 16 trees) and description and estiorati

of the local red heart shape (analysis 1V; 58 be@afdl6 trees).

I. Explorative analysis (Paper |, section 3.1)
4 red heart frees (group 1)

!

Deduction of hypotheses

Il. Model of red heart occurrence

(Paper Il, section 3.2)
17 red heart frees and 14 while trees {grotp 2)

lll. Model of overall red heart shape
(Paper Ill, section 3.3)

16 red heart frees (group 2)

IV. Relationship between external traits and local red heart shape
(section 3.4)
16 red heart frees {group 2)

Figure 2. Structure of the analyses of red heart occurrendeshape (reported in sectidhg, 3.2,3.3
and3.4).

Referring to Figure 2, each analysis was basedems tof either group 1 or group 2, but results were
also tested on trees of the respective other gfee above). Furthermore, samples and data of each
group were used in several analyses. Thereforérsatan overview about materials and variables
measured on the trees of groups 1 and 2 is providetie reader in sectich Methods of data
analysis, results and discussion of analyses &rHlireported in detail in Papers |-l (secti®nthey

are summarised in sectioBd, 3.2 and3.3 below, respectively. Additionally, in sectid®® and3.3
complementary analyses are presented which havéewt described already in Papers Il and I,
respectively. Analysis IV was not submitted for |peéttion yet. It is described in detail in secti®Hd,
including methods, results and discussion of resutt sectiort, the outcomes of this study are
discussed in a synoptic manner, including methagiold developments, interpretation of results with
respect to red heart initiation and development, aew approaches to the modelling of red heart
occurrence and shape. Finally, conclusions arergrawd perspectives in the short term and in the

medium and long term are discussed (sed&jon
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2 Materials and variables measured

2.1 Group 1l

Group 1 consisted of 4 tredsagus sylvaticd..) with red heart (numbered B0O1, B08, C04 and)C06
The trees were selected to represent various tfpesternal traits (dead branch, branch scar, wpund
crack and fork), and spindle- and cone-shaped eedlt$ (Paper I). They were taken in March 2002
from two high-forest stands (B and C), locatedha German federal state of Hesse; trees BO1 and
B08 came from stand B, trees C04 and C06 from dfanBtand B was located at about 500 m of
altitude on a medium dry, eutrophic site. Stand ag®unted to approximately 140 years. Stand C
was located at an altitude of about 340 m on ahfresitrophic site. Its age was approximately

160 years. A dendrometric description of the sartneles is given in Table 2.

Table 2.Dendrometric description of the sample trees otigrb. All trees contained red heart.

Tree dbh age Mi gbh hiot heo Nebrel cl (of I hd Fork
number (cm) (years) (cm/year) (m) (m) (1) (m) (1) (m/cm)

BO1 58 95 0.61 33.7 155 0.46 18.2 0.54 0.58 No
BO8 48 104 0.46 343 216 0.63 12.7 0.37 0.71 Yes
Cco4 62 170 0.36 309 145 0.47 16.4 0.53 0.50 No
C06 61 154 0.40 354 193 0.55 16.1 0.45 0.58 No

dbh: diameter at breast height (over bark; crosswaadliper measurement)
age: single tree age (number of annual rings athedght 0.5 — 0.8 m)
Migpy Mean increase of diameter at breast height (cigiey

h,t: total tree height (measured on standing tree BRVEX device)

h.,: height of crown base (defined as the lowest iyimimary branch; measured on standing tree by VERT
device)

heorer relative height of crown baseggl hyy)

cl: crown length (f3; — h)

cler: relative crown length (cl /&)

hd: hd-ratio (k/ dbh)

Fork: forked stem below the crown base

(2): no unit

An original method was developed and applied teplesand analyse relationships between external
traits on the stem surface and the shape of thénead in the stem, as reported in Paper . Three
reference levels were distinguished as illustréeBigure 3: (1) the stem of each sample tree where
the position of logs was recorded, (2) the log dter 2 m) where the log surface and the external
traits (dead branches, branch scars, wounds ankisgid = 1091 traits in total) were mapped by laser
scanning, and (3) the disc (inter-disc distam&® cm) where the red heart shape was measured by
digital image analyst& The method, which was based on Constant et @032 made it possible to
reconstruct and visualise the stem surface witteitternal traits and the intra-tree shape of reatthe

in three dimensions, based on the measurementgslareference level.

' Some discs were cut additionally for more detadlbdervation, but they were not measured.
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Reference level 1: r’r|1apping the pos!tion of logs in the stem of each sample tree

Link between logs
by aligned targets

g Branch with ~ Branch scar
X unsound zone

Laser scanner AMEB Stem surface with external traits Wound Crack

Reference level 3: analysing images of discs

.V
soom ®:> I

E
Discs Taking digital images ~ Marking borderlines in CoreIDRAW 7 Measurement in Visilog 5.3

Figure 3. Sequence of measurements of trees in group 1.IDataut the method of measurement are
given in Paper I.

Laser scanning of logs (reference level 2) was dsieg the prototype apparatus of the LERFoB-
laboratory in Nancy calledppareil de Mesure de I'Enveloppe des BillddMEB). The following
variables of external traits were calculated from $canning data:

« diameter db (mm) of dead branches

« seal length Is (mm),

« seal width ws (mm) and

* moustache length Im (mm)

of branch scar§ branch scar variables are illustrated in Figure 4

" Diameter in tangential and axial direction, basedt measurement points as illustrated in FiguvéRaper .
18 |n forestry practice, and in accordance with Eesop Standards EN 844-8 (CEN 1997a), the term Ghines
moustache is used instead of branch scar.
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Seal width (ws)

Seal
length (Is)

Moustache
length (im)

A J

Figure 4. Branch scar consisting of the “seal” and “mousticheasured variables (Figure adopted
from Paper II).

Digital images of discs (reference level 3) werketa using equipment of the Fobawi-institute in
Freiburg including a Nikon Coolpix 990 camera (Wsetdrfer et al. 2004). In the images, the outer red
heart border and the disc border (under bark) weaeked manually in CoreIDRAW 7 (Corel
Corporation, Ottawa, Canada) Using automated detection of the borderlines iisildg 5.3
(NOESIS, Les Ulis, France) and a calibration stie@ following variables were calculated:

¢ mean red heart radiugek,(mm),

« standard deviation of the red heart radiigmm) and

« mean disc radiusigemean(mm under bark);

the variables were calculated from 360 radii psc dinter-measurement angle 1°).

For visualisation purposes the software Bil3d, tved in LERFoB, was used. Bil3d makes it
possible to display, rotate and zoom the objectasmed which are partly rendered with polygonal
facets.

2.2 Group 2

Group 2 consisted of 31 tredsagus sylvaticd..), of which 17 were red heart trees and 14 wérite
trees. All trees of group 2 were selected (accgrdincriteria given in Paper Il) in February/March
2003 from one high-forest stand in the German fedstate of Hesse (stand D). Sampling in the single
stand situation was chosen to focus on the effécexternal tree characteristics on red heart
occurrence, and to limit the range of tree age diaieter and possible influences of site

characteristics. The stand was located at aboutrb@0altitude on a fresh, eutrophic site. Stand ag

19 The software PHOTO-PAINT 7 of the CorelDRAW 7 suitas used.
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amounted to approximately 120 years. A dendrometescription of the sample trees is given in
Table 3.

Table 3. Dendrometric description of the sample trees olugr®: 17 red heart trees and 14 white
trees.

Tree dbh age Mi gbh Niot hep Nebrel cl Cliel hd Fork
number (cm) (years) (cm/year) (m) (m) (1) (m) (1)  (m/cm)
1 57 147 0.39 285 122 0.43 16.4 0.57 0.50 Yes
2 43 108 0.40 275 121 0.44 15.5 0.56 0.64 No
4 44 111 0.40 323 146 0.45 17.7 0.55 0.73 Yes
15 50 117 0.43 30.2 131 0.43 17.1 0.57 0.60 Yes
21 49.5 108 0.46 254 10.0 0.39 154 0.61 0.51 No
2 22 49 120 0.41 326 133 0.41 19.4 0.59 0.67 No
o 24 46.5 110 0.42 331 16.2 0.49 16.9 0.51 0.71 Yes
= 29 49.5 107 0.46 28.3 10.2 0.36 18.1 0.64 0.57 No
$ 31 42 111 0.38 323 17.9 0.55 14.4 0.45 0.77 No
g 35 445 106 0.42 27.8 108 0.39 17.1 0.61 0.62 Yes
2 39 53.5 101 0.53 25.6 8.4 0.33 17.2 0.67 0.48 No
41 49 109 0.45 341 16.9 0.50 17.2 0.50 0.70 No
42 47 111 0.42 305 10.8 0.35 19.8 0.65 0.65 No
43 56.5 117 0.48 30.2 135 0.45 16.7 0.55 0.53 Yes
45 4 117 0.38 30.6 194 0.63 11.3 0.37 0.70 No
47 49.5 115 0.43 353 16.7 0.47 18.6 0.53 0.71 No
50 485 116 042 331 182 055 149 045 068  No
7 42 109 0.39 316 127 0.40 18.9 0.60 0.75 No
8 425 104 0.41 27.9 107 0.38 17.2 0.62 0.66 No
9 42 107 0.39 314 127 0.41 18.7 0.59 0.75 No
11 53.5 107 0.50 31.7 13.0 0.41 18.7 0.59 0.59 No
o 13 41 117 0.35 32.7 16.2 0.50 16.5 0.50 0.80 No
17 43 107 0.40 298 173 0.58 12.6 0.42 0.69 No
= 19 51.5 106 0.49 28.1 10.0 0.36 18.1 0.64 0.55 No
% 25 47.5 108 0.44 339 158 0.47 18.1 0.53 0.71 No
= 28 40.5 108 0.38 26.9 10.3 0.38 16.6 0.62 0.66 No
30 46.5 110 0.42 30.2 127 0.42 17.6 0.58 0.65 No
44 46.5 107 0.43 316 14.0 0.44 17.6 0.56 0.68 No
52 47.5 110 0.43 311 16.6 0.53 14.5 0.47 0.65 Yes
55 425 104 0.41 311 165 0.53 14.6 0.47 0.73 No
56 41 104 0.39 28.1 153 0.54 12.8 0.46 0.69 No

dbh: diameter at breast height (over bark; crossaédliper measurement)
age: single tree age (number of annual rings athiedght 0.3 m)

Migpy Mean increase of diameter at breast height (cigiey

h,t: total tree height (measured on standing tree BRVEX device)

h.,: height of crown base (defined as the lowest gvprimary branch; the height of the lower ends e t
moustache (Figure 4) of this branch was measuted fafling)

heprer relative height of crown basegglt hgy)

cl: crown length (f3; — h)

cler: relative crown length (cl /&)

hd: hd-ratio (k/ dbh)

Fork: forked stem below the crown base

(2): no unit
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For measurements and sampling the stem betweefelting cut and the crown base was used; the

crown base was defined as the lowest living printeanch.

The following variables were determined on the ioet®f the 31 trees:

« stem diameter sd (mm): starting at 1.3 m of treghtethe stem diameter was measured every 2 m.
The highest diameter measurement was performedahete the crown base (crosswise calliper
measurement).

All dead branches (N = 49), and those branch soamgsponding to threshold values derived from

W . ,
results of Paper I/group 1 @s50 mm andl—S < 2.3; N = 616), were listed for each 2 m-section:
S

e branch inclinatiora (°): the anglex’ (°) between the axes of stem and branch was atgiinusing
a protractor. The branch inclination relative te timoss-sectional (horizontal) plane was calculated
asa = 90° —a’;

e branch diameter db (mm): the branch diameter waasured close to the stem and in stem-
tangential direction, using callipers. For parttcluded branches, the mean of the length and width
of the non-occluded area was calculated;

« seal length Is (mm),

* seal width ws (mm) and

« moustache length Im (mm)

of branch scars (Figure 4).

From 16 red heart tre€sliscs and short logs were sampled as illustratédgure 5: discs were taken
at the felling cut, at 1.3 m of tree height, andwab1.3 m about every 2 m; the highest disc wasntak
just above the crown base. The discs had to beeldda between external traits; if an externalttrai
occurred at a foreseen disc height, the disc heigist slightly changed. Furthermore, at least 4 logs
per tree (mean length50 cm) were sampled which included dead branchdsanch scafS The
logs were selected from various tree heights; pabfg, only one trait should occur per log; small,
medium-sized, and large traits had to be repredebtanch scars had to correspond to the threshold
values given above. The height in the tree wasrdecbfor the upper side of each disc, and for the

lower and upper ends of each log.

%0 Referring to footnote 15, tree number 1 of groy@&ble 3) was excluded.
2L Additionally, 4 stem sections including the rawdfiion zone of forks were sampled, but they were no
subjected to the present study.
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Felling Crown
cut 1,3m 3,3m 53 m 73m 9,3m base

JEEECTE

T D T O A

| Discs ‘

h 4 h 4 h

| Short legs including dead branches or branch scars |

Figure 5. Sampling of discs between the felling cut and tr@veo base at about every 2 m of tree
height; sampling of short logs (at least 4 logstpee, mean length 50 cm) including dead branches
or branch scars.

In the laboratory, the variables describing deahbtines ¢, db) and branch scars (Is, ws and Im) were
measured manually on the outside of the logs, asritbed above. Each log was cut in a stem-axial
direction, passing through the pith at both logseadd through the midpoint of the external traib¢o
analysed (Figure 6). The midpoint of dead branchas defined as the pith on the branch cross-
section, the midpoint of branch scars was locatédlh of the seal width. A second cut was made to

obtain one board per log (mean board thickre38 mm§¥>.

Midpoint
of seal
Board

Branch
Red heart scar
Pith
Log
Board
surface
analysed

Figure 6. Cutting pattern of logs: the board surface to balyemed passes through the pith at both log
ends and through the midpoint of the branch scadéad branch, not illustrated) to be analysed.
Mean board thickness30 mm.

22 Similarly, in the case of forks (footnote 21) theting plane passed through the pith at the Idegend, and
through the piths of the fork branches at the ueper
% Two boards per log were cut additionally, but thesre not included in the present study.
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Digital images were taken of the discs and boarsigg the same method as for group 1 (se@ian
Figure 3, Paper [; in the case of boards the caieeswas positioned on a perpendicular to thedoar
surface passing through the midpoint between tthelptations at both board ends). For each disc the
following variables were obtained from image aniglyis CoreDRAW 7 and Visilog 5.3:
¢ mean red heart radiugek,(mm) and
* mean disc radiusigevean(mm under bark),

calculated from the measured areas of red heantlisndising the formula for circular areas;
¢ red heart radiug, (mm) and
» disc radius §isc_a(mm under bark)

with a = 1 to 360; 360 radii per disc with an inteeasurement angle of 1°.

The images of the boards were aligned such thatdhese of the bark was approximately in parallel
to the abscissa axis of the image coordinate systém course of the pith, the red heart borders and
the white wood borders (the interior borders of tiaek) were marked manually in CorelDRAW 7
(Figure 7). Subsequently, the borderlines wereatietieand measured automatically in Visilog 5.3,
including a calibration step. An algorithm was deped specifically to measure each borderline as a
series of points with an inter-point distance aofrh in parallel to the abscissa axis.

In stem-axial direction, three red heart zones ves&nguished as illustrated in Figure 7: the knot
zone was the zone from the junction of the pithkmat and stem to the point where the border of the
central red heart crosses the upper side of thé Mdbhin the red heart below and above the knot
zone, two zones of equal lengthy)lzvere defined, which were called the lower zond #re upper
zone. The upper limit of the lower zone was thecfiam of the pith of knot and stem, the lower limit
of the upper zone was the zone of branch excisidnoaclusion; regarding the stem from outside, the
lower zone and the upper zone represented the ead fust below and above the branch scar,
respectively. For each board (b), the length) (ias given by the shorter one of both zones, tkenita
possible to compare the lower zone and the upp®s mathin boards, and to use from each board as
much information as possible.

In stem-radial direction, the knot side and theagite knot side were separated by the pith. On the
knot side, the image coordinates of a straight tieeveen the ends of the knot zone were calculated
(red heart border excluding knot, illustrated ashaal line in Figure 7), in order to separate therae

red heart from the red heart in the knot.
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b4

= Knot side

L Opposite

knot side

o .x..,'{l'.r..--_u- [ AP TE - N0 A8
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Upper zone Knot zone Lower zone
White wood Red heart Course Red heart border excluding knot
y borders borders  of pith
+ Red heart border including knot

Figure 7. Digital image analysis of boards: three red heames and two board sides were
distinguished; the course of the pith and the hbsrdd red heart and white wood were marked
manually in CoreIDRAW 7, and detected and measavtdmatically in Visilog 5.3.

From the image coordinates of the borderlines nmredsin Visilog 5.3 the following variables of

board zones were calculaféd

mean red heart radius of the lower zone, incluiotp knot sides Nowerzone (MM);

mean red heart radius of the knot zone, includiath tknot sides and the red heart in the knot
Inotzoneinc (MM);

mean red heart radius of the knot zone, includiiy knot sides, but excluding the red heart in the
KNOt fnotzoneexci(MM);

mean red heart radius of the upper zone, inclullatl knot sides perzone(Mm);

mean board radius of the lower zone, including thoibt sides oargLowerzond(MM under bark);

mean board radius of the knot zone, including lotbt sides yoardknotzone(MM under bark);

mean board radius of the upper zone, including koth sides gyarqupperzond MM under bark);

mean height (in the tree) of the lower zoRgRone (M);

mean height of the knot zongdwone (M);

mean height of the upper zongazone(M);

mean height of the three zonggaone= Mean (Rwerzone Mknotzone Mupperzond (M);

mean height of the three zones related to the hefghe upper red heart englofyonerei(1),

4 preliminary analyses of the red heart shape ordsagdid not suggest analysis of the knot side hadpposite
knot side separately, since results were highlpénfced by the curved course of the pith (e.g. féigi).

% Some boards had no lower zone. In these caseseha of two radii (one at each side) was calculatéich
were located at the lower limit of the knot zondfet junction of the piths of knot and stem. Cquaaslingly,
the mean of two radii was calculated for the upmete (Iz equalled zero in this case, Figure 7).
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where the height of the upper end of the red heast the height of the lowest “white” disc without
red heaff, and (1) stands for no unit.

For analysing the red heart zones on boards retat¢lde nearest discs, angular disc sections were
defined both on the knot side and on the oppositet Iside (Figure 8). Referring to the radial
orientation (azimuth) of the cutting plane (surfaoéthe board, the angular sections had a width of
+ 15° on each side. This way, in total 60 out of 366 radii per disc {f r4isc 9 Were selected, and the
mean radius was calculated

« for the red heart of the disc below the boakdy(mm),

« for the red heart of the disc above the bogyge(mm),

« for the disc below the boargstseiow (MM under bark) and

« for the disc above the boarg daove (MM under bark);

the abbreviations of the corresponding disc heiglet®

*  hyeiow (M) and

* Napove(M),

respectively.

' Opposite knot side

I 47 cm

=2m

Figure 8. Red heart shape on boards related to the neasest @nter-disc distanee2 m): on the
discs the mean red heart radius of angular secti@sscalculated, having a width ©f15° both on the
knot side and on the opposite knot side.

Furthermore, knot variables were measured manumllisilog 5.3 as distances between specific
pixel positions in the Cartesian coordinate systéraach image (Figure 9). The following variables

were measuréd

%6 Tree number 47 had a second small red heart ahevepper red heart end.

2" Explanation of variable abbreviations: inclinatiand diameter of dead branches measured on thid®us
the stem were abbreviated @sand db, respectively (see above). Inclination diatheter of knots measured on
boards were abbreviated fg and dk, respectively; the index “m” indicates measuredalde values to be
distinguished from corresponding knot variablfsafd dk) estimated from branch scars. Estimatioknoft
variables is described in Paper | and in secidn1.2.1 below.
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* knot inclinationf,, (rad),

e knot diameter dk (mm),

* buckle thickness ht(mm over bark),

» stem radius at the point in time of branch excisgatled the knot radius yK(mm),
e stem radius observedyémm over bark) and

« stem diameter observedgdémm over bark).

Figure 9. Knot variables measured manually on board imagegisiances between specific pixel
positions in the image coordinate system: knotimation @.,), knot diameter (df, buckle thickness
(bty), knot radius (rk), observed radius (¢, observed diameter (dp the index “m” of variable
abbreviations indicates measured variable values.

Boards were eliminated if the knot to be analysed wompletely included in the central red heart, or
if more than one larger knot occurred on the saaad(the larger knots had a minimum seal length
of 50 mm, see above). Additional knots which weesyvsmall were accepted, since they hardly
seemed to influence the shape of the red hearhdrthe (larger) knot to be analysed. Furthermore,
the junction of the piths of knot and stem had ¢oldrated on the board. Additionally, boards were
eliminated if red heart boarders were not clearlgugh visible owing to discolorations developed
during storage of short logs. However, certain vagey in red heart identification was accepted in
order to keep a sufficient number of samples. faltd = 60 boards were included in the analyses, th

16 red heart trees of group 2 were represented-by Boards each.
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3 Analyses of red heart occurrence and shape

3.1 Explorative analysis (Paper I)
The aim of analysis | (Paper 1) was to identify arihracterise possible relationships between tree

external traits and the red heart within the tree.

Based on the measurements of group 1 (se2tibnFigure 3), trees B01, B08, C04 and C06 were
reconstructed and visualised in three dimensionwisdal assessment was carried out to identify
systematically traits which were clearly linkedhe red heart.

The links appeared in the visualisation softwart8dias local, one-sided bulges of the red heart
towards some traits as illustrated in Figure 1@uFé 11 shows on disc images the development of
two bulges. The bulges appear related to one lkadt:gegarding in sequence discs b, ¢, d and e, the
red heart bulge on the left side of disc e app&awmiginate from knot 1, the bulge on the rigtdesi

from knot 2.
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Figure 10. Bulging of the red heart (arrows) towards a deaghtin (on the left; tree BO1) and a
branch scar (on the right; tree C06).
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127 m

Height: 13.7 m
Diameter [under bark): 43 cm

Figure 11.Development of two bulges of the red heart (frostdi to disc e)wvhich appear related to
one knot each (tree C04).

The results of Figure 10 and Figure 11 were in atanace with observations by Krempl and Mark
(1962) (sectiori.2), who concluded that an objective, quantitateguisition of tree traits, and an
identification of traits influencing the size ofloared heartwood would be necessary. This was done
in the present analysis: a complete map of traitthe stem surface was available, and bulging ®f th
red heart was observed for 4 out of 5 dead branehd<27 out of 344 branch scars, while no clear
relationships were observed for wounds and craklksvever, these results were based on visual
assessment focusing on clearly evolved bulgesebtlier red heart surface; there might have been
other traits linked to the red heart which could e identified by visual assessment, because sulge
might have been overlaid in the course of the ew@miwof red heart extent with time, for instance.

The knots corresponding to the branch scars whiefeviound to be linked to the red heart (later
referred to as the selected branch scars) had aikelmation of > 30° (with one exception) and
were situated close to the bark (knot depthekd3Y® Furthermore, all selected branch scars had a
seal length of Iz 55 mm; the seal length is approximately relateth® knot diameter (Erteld and
Achterberg 1954). Most of the selected branch 9&8%) corresponded simultaneously to the criteria
of B, kd and Is. However, within the bounds given kg thiteria, there were still 61% of non-selected

branch scars.

Referring to the research questions asked in sedti®, the results of Paper | contribute to answer
questiong1 andQ2.

Q1:  Which external traits can be related to thd heart inside the stem?

Q2: How are these external traits related to the heart inside the stem?

In response tQ1 one may say that some dead branches and bransfkacés were related to the red

heart inside the stem. Also, in the case of saitnpeB08, relationship between the ramificationezon

8 The calculation method @fand kd are given in Paper |.
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of the fork and red heart was observed (Figure Pagfer ). However, the hypothesis of relationship
between red heart and wounds or cracks could ne¢figed by the present analysis.

The relationship between dead branches/knots ahbeart seemed to depend on the geometry of the
dead branch/knotQ@2): using geometric relationships between branchissdenots and red heart
(Paper 1), particularly larger knots, more inclingtts and knots located close to the bark weradou

to be linked to the red heart.

In addition to the local red heart shape (bulgegatds external traits), the overall red heart shape
along the stem axis was described in Paper | am#dan red heart radius versus tree height. The red
heart shape of trees BO1 and C04 was that of allepithe red heart below the fork of tree B0O8
tapered towards the stem bottom; the red heanteef €06 tapered towards the stem top almost in
parallel to the bark. Using the observations oagi801, C04 and C06, a simple hypothesis about the
development of the overall red heart shape wawsetkias described in the followifigAccording to
Zycha (1948) red heart starts at a middle stemhheigd develops towards the stem base and about up
to the crown base. The red heart shapes of treés 804 and C06 may represent stages of this
development as illustrated in Figure 12: the sgrellaped red heart of tree BO1 just reaches the
felling cut, and it ends below the crown basg €15.5 m, Table 2). A later stage of development
may be represented by tree C04, where, in stenh-dixéextion, the red heart reaches from the felling
cut to the crown base g+ 14.5 m, Table 2), and the red heart extent @matadial direction is
systematically larger. Assuming that the red hslspe continues to increase in stem-axial and stem-
radial direction, at an even later stage it may almost in parallel to the bark (tree C06). To
generalise these observations one may hypothdsasant all stages of development the overall red
heart shape is that of a spindle; in earlier stagesspindle is included to a large extent in ttesns
between the felling cut and the crown base (tre€) Bénd in later stages the spindle has increased i
stem-axial and stem-radial direction, so that ttensbetween the felling cut and the crown base
includes a section of the spindle only (trees Q2 @06).

Using this hypothesis, an approach to describeotlezall red heart shape mathematically, and to
relate this shape to tree external and dendromgiecacteristics is presented in secBdh below and

in Paper Ill. The approach was based on 16 red hreass of group 2, and it was tested on the &tree

of group 1.

? The red heart shape of the forked tree BO8 wasah®in into account at first, but is discussedeictisn3.3
below.
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Figure 12. Hypothesised stages of development of the ovegdllheart shape (mean red heart radius
versus tree height) observed on sample trees B a@d C06. Mean disc radius under bark.

3.2 Red heart occurrence (Paper Il)

The aim of analysis Il was to estimate the proligbthat red heart occurs (does not occur) in
individual standing trees, based on relationshipgveen external traits and red heart. Given the
results of the explorative analysis (sectBoh), it was hypothesised that the probability ed heart
occurrence changes with the inclination, diametel@ depth of a dead branch/knot.

Paper Il describes a type logistic regression mbdskd on the 17 red heart trees and the 14 white
trees of group 2 (sectich2). The model estimates the probability for etiele of its being a white
tree as the product of individual probabilitiesbwinch scars and a probability at the dendrometric
level. The probability of each branch scar notitidate red heart formation was estimated fromehre
so-called “mechanistic” variables, which reflectée hypothesised effect of dead branches/knots on
red heart occurrence stated above. At the dendranhetel, a significant effect of dbh was found on
the probability that red heart does not occur. gs$ims model, 27 of 31 trees were correctly clasdjf
and the two groups of red heart trees and whitstreere clearly distinguished by probabilities lelo
0.25 and above 0.85 (with one exception).

Based on Paper Il, in the following a complementanalysis is presented to better understand the
effect on the tree level, which was included intiedel as effect on the dendrometric level. Reafigrri

to Table 3, possible effects of:hhe,, henres Cl, Cler @and hd were tested (dbh, agegand Fork were
already tested in Paper Il). Comparing the two gsooy a t-test, a difference at the significaneelle

of 10% was only found for hd (p = 0.095).
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Using hd in the model only 2 trees (instead ofegsrin Paper Il) were falsely classified (Tabl&.4)
These trees (number 19 and 29) were also misakdsih Paper Il. However, in Paper Il the
misclassified trees show probability values clas¢he classification threshdidof 0.5. Furthermore,
the ratio (hd) of J3; and dbh can have the same value for very smallvengl big trees, so that the
model should also be adjusted to a simple variétitd). However, including hd and dbh into the
model, the slope of hd was not significant. Ondhe hand, interpretation of significance was lichite
owing to the small number of sample trees. On ttierohand, the small number of sample trees
suggested limiting the number of parameters. Adidlly, in the t-test hd was not significant on the
5% level, but only on the 10% level. Thus, the tssshould be considered as an indication thatther
may be an effect of hd, but further analyses oargek sample would be necessary to evaluate this
effect. Both in Paper Il and in the complementargigsis the same effect of branch scars was found;

to quantify the effect of individual branch scarsred heart occurrence was the aim of analysis II.

Table 4.Probability of each tree of group 2 being a whieet(Ri); in comparison with Paper II, the
probability at the dendrometric level was estimdtedn the hd-ratio (hd) instead of dbh; threshold
probability Ry = 0.5 (dashed line).

Tree number Observation Ruhite
35 Red heart tree 0.000
39 Red heart tree 0.000
41 Red heart tree 0.000
15 Red heart tree 0.000
45 Red heart tree 0.000
24 Red heart tree 0.000
50 Red heart tree 0.000
2 Red heart tree 0.000
43 Red heart tree 0.000
47 Red heart tree 0.000
22 Red heart tree 0.000
31 Red heart tree 0.000
19 White tree 0.000
42 Red heart tree 0.000
4 Red heart tree 0.000
1 Red heart tree 0.078
2 Red hearttree | 0.153
11 White tree 0.788
30 White tree 0.988
52 White tree 0.991
8 White tree 0.992
28 White tree 0.994
44 White tree 0.997
56 White tree 0.998
17 White tree 0.999
25 White tree 0.99953
55 White tree 0.99981
9 White tree 0.99991
7 White tree 0.99993
13 White tree 0.99999
29 Red heart tree 1.00000

%0 parameter estimates, approximate standard ermsigsificance tests and correlation matrix of parsme
estimates of this model are given in Annex sec8dn2.
%1 The classification threshold was chosen arbiyragihd it was set a priori.
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In literature, an effect of hd on the probabilifyo@wcurrence of coloured heartwood was found by von
Biren (2002), who discusses relationships to kmets: more slender trees would have smaller branch
scars, i.e. smaller possible entrances for aigessecondary growth would have been reduced and
crowns would have received less light. Additionadip effect of the presence of larger branch gears
reported by this author. Both variables are reddyicoarse indicators of knottiness, while the nhode
of the present analysis makes it possible to giyatfite effect of individual branch scars on redrhea
occurrence. The results of von Biren (2002) wettainbd for trees from various stands in terms of
site characteristics, and dbh and age classes.pfidsent model indicates an effect of hd in the
situation of a single stand. Therefore, a possffiect of hd may be taken into account if the masdel
tested and developed in different silviculturaluations as discussed in Paper Il and in seé&ion

below.

Referring to the research questions of sectloB, results of analysis Il contributed to answer
questionQ3.

Q3:  How can this relationship (between dead brasthranch scars and red heart) be used to

estimate the occurrence (initiation) of red heart?

To respond to this question it may be said thahgedc relationships between branch scars, knots
and red heart were used to develop variables wigftbcted the hypotheses that red heart initiation
changes with the inclination, diameter and/or degta dead branch/knot. The variables were based
on measurements of branch scars on the outsidbeoftem, and they were used to estimate the
probability of each branch scar of its being aniatipn point of red heart formation. Based on
probabilities of branch scars, the probability @fl heart occurrence was estimated including amcteffe

on the dendrometric level.

3.3 Overall red heart shape (Paper lII)

The aim of analysis Il was to develop a modellipproach for the overall red heart shape in stgndin
trees between the felling cut and the crown bakes dpproach should make it possible to take into
account factors initiating and influencing red lhdarmation (Paper III).

To reach this objective, the hypothesis about stafeevelopment of the red heart shape (seétibn
was used to develop a model based on 16 red hneast of group 2, as described in Paper lll. The red
heart shape was defined as the mean red hears regligus tree height (measured on discs with an
inter-disc distance of approximately 2 m, sec2a2) between the felling cut and the crown base. Th
shape was modelled by sections of bell-shaped sugreen by an exponential function with a fourth
order polynomial term. The curves were defined Gsameters for the red heart width (in stem-radial
direction), length (in stem-axial direction) andidie in the stem. First, a descriptive model was

developed with parameter estimates of the red hadth, length and height for each tree. Second, an
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approach of a predictive model at the standing teel was developed for estimating these
parameters from the diameter at breast heightielagive height of the crown base, and the height o
the most recently occluded knot as possible red regation point.

Starting from results of Paper Ill, the model wastéd on an independent sample which was the 4
trees of group 1. Parameters of the descriptiveeinagre estimated based on the data of each tree
(mean red heart radius about every 50 cm of trighhesectior2.1)%. Parameters of the predictive
model were adopted from Paper Il

Figure 13 shows the observed red heart shape aneshlts of the descriptive and predictive model
for each tree of group 1. The observed red heapesh of all trees were closely described by the
model. With respect to the predictive model, thd heart width was systematically larger than
observed for tree BO1, and slightly smaller foetB08 (the red heart below the fork was analysed).
Differences between the observed and predictethead length and heigfitappeared at the top end
(tree C04), or both at the top and bottom endg @86) of the red hearts. Comparing in this way the
observed and predicted red heart shape, the Isest weas obtained for tree BO8. Among other things,
this may be explained by the explanatory varialble df BO8 (Table 2) being close to the dbh of the
trees of group 2 which were used in Paper lll tcapeeterise the model (Table 3, 16 red heart trees
excluding tree number 1), while the dbh of BO1, @d4l CO6 were larger (Table 2). More generally
speaking, parameterising the model based on tepeesenting different stages of tree growth and red

heart development may improve its precision ancewiits scope of application.

%2 parameter estimates, approximate standard emdr85% confidence limits of this model are giverAimex
section8.1.3.

% n the predictive model a linear relationship betw the red heart height and length was used (Piépeo
that the effect of both parameters cannot be eteduseparately.
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Figure 13. Application to group 1 of the model of the over&tl heart shape (mean red heart radius
versus tree height) developed in Paper Ill. Obgskfmeeasured) values and results of the descriptive
and predictive model are plotted for each tree (NN& mean radii in total). Parameters of the

descriptive model were estimated based on the whdered heart shape (group 1), those of the
explicative model adopted from Paper Il (group™)e red heart of tree BO8 was analysed below the
fork.

The histogram of residuals and the scatter ploesiduals versus predicted values of the desceptiv

model are given in Figure 14. For small predictetlgs the variation of the residuals is relatively
high. This can be explained by the red heart sioapeee BO1 (Figure 13): between 9 m and 11 m of

tree height the red heart radius estimated by #weriptive model decreases less sharply than the

observed red heart radius.



Analyses of red heart occurrence and shape 35

70 30

=3
=)

r~

o
+

(mm)

~
o

(5%
=)

Frequency

N
=
Residuals

o

=30 e
-24-18-12 -6 0 6 12 18 0 20 40 60 80 100 120 140 160
Residuals (midpoint) (mm) Predicted volues (mm)

Figure 14. Descriptive model (group lhistogram of residuals and scatter plot of resslwaid
predicted values (N = 110).

With the chosen modelling approach, promising tesukre obtained both in Paper Il and in the test
based on the trees of group 1. The model usedypetlnesis that red heart starts at a middle stem
height and develops to the stem base and up tortven base (sectioB1). Keller (1961) assumes
that coloured heartwood develops in the stem upsvéicd coppice shoots) or downwards (for forks at
a relatively low stem height). This may result alaured heartwood with cone shape tapering towards
the stem top and bottom, respectively. The modelatao deal with these cases, since it defines the
shape of coloured heartwood as a section of ashalbed curve which reaches fromp+o +oo in
abscissa direction; depending on the position efgiction within the entire curve, spindle or cone
shapes are modelled (Figure 15). The parametehthégines the position of the curve in stem-axial

direction relative to the bottom and top end ofstesm analysed.
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Figure 15. Modelling of coloured heartwood with cone or spedhape by sections of bell-shaped
curves.
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Tree BO8 of group 1 had a cone-shaped red heawtvbile fork, which tapered towards the stem
bottom. In Paper Il the red heart areas occuranthe same height on the branches of a fork were
added, and the mean radius was calculated usirfigriinela for circular areas (trees number 4, 15, 24
35 and 43 of group 2, Table 3). The results shothed the red heart of forked trees can also be
spindle shaped, if the red heart in the branchablefork is taken into account (red heart shages o
group 2 are given in Figure 4 of Paper ).

The shape of a cone tapering towards the stemetems characteristic for the splashing heartwood.
According to Walter and Kucera (1991), splashingrtveood” has its maximum extent at the stem
base and runs through the entire stem axis. Similedbwecke et al. (1991) report that splashing
heartwood occurs most frequently at the stem b&senpared with this, red he&rtoccurrence
increases rapidly within the first meters of steaight, and it is highest at 2—-10 m of stem height
(Héwecke et al. 1991). The characteristics of $ptegsheartwood in comparison with red heartwood
are given in sectiof.2.1. Problems in modelling of splashing (and abwad) heartwood are discussed
in sectiord.3 below.

The spindle shape of red heart is modelled by Knakd Schulz Wenderoth (2001) and Knoke
(2003a) by using the height and the height squafestem cross-sections in multiple regression
analyse¥. With respect to sampling, a similar approachsisduby these authors, and by Racz (1961)
and Howecke et al. (1991) who describe the sham®lolired heartwood (sectidn2.6): the size of
coloured heartwood is measured on bottom and tdp ehlogs of different length and diameter [butt-
logs in the studies by Knoke and Schulz Wender2®1) and Knoke (2003a), butt-logs and also logs
from higher stem zones in the studies by Racz (196t Howecke et al. (1991)]. In this way,
observations at various tree heights are obtaireed fmany trees, but the shape of coloured heartwood
of each individual tree is only represented by falgervations along the stem axis. Racz (1961)
remarks that it would be more exact from the pointiew of natural sciences to determine coloured
heartwood systematically at constant intervaldlitrees. This was done in the present study, ana a
consequence fewer trees were analysed. The restiged that the red heart shape in stem-axial
direction varies considerably within trees of samitliameter, and a model based on first and second
order polynomial terms was found not to be flexibleough to take account of this variability (in

Paper Il third and forth order terms were usedtaadhlly).

% Splashing heartwood according to the classificatip Walter and Kucera (1991) may include splaskind
abnormal heartwood according to the classificatipisachsse (1991).

% Coloured heartwood with round or cloudy appearameecross-sections according to the classificabign
Hoéwecke et al. (1991), which corresponds most yikel red heart according to the classification lactse
(1991). Héwecke et al. (1991) also report analyfesoloured heartwood with irregular appearances type
would be frequent and relatively even distributédlastem heights. However, it is difficult to nohtwith the
classification by Sachsse (1991).

% Knoke and Schulz Wenderoth (2001) use the reldtaight of cross-sections in the zone of the brered
bole.
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Referring to the research questions asked in $eti®) results of analysis Il contributed to answer

questiong4 andQ5.

Q4: How can this relationship (between dead brasthranch scars and red heart) be used to
estimate the overall shape of red heart along tamsaxis (e.g. spindle shape)?

Q5:  How can relationships between dendrometricgaldes and red heart be used to estimate the
overall shape of red heart?

In response to questioi® andQ5 it may be said that geometric relationships betwm@anch scars,

knots and red heart, and the dendrometric variaklasive height of the crown base and diameter at

breast height, were used to estimate the paramiedgght, length and width of the overall red heart

shapé’. This was done by means of a statistic model basean exponential function with a fourth

order polynomial term. The model described theheart shape in stem-axial direction by a section of

a bell shaped curve.

3.4 Local red heart shape (not yet reported in a paper)

In Paper |, local variation (bulging) of red heanape was observed close to dead branches/branch
scars, and geometric relationships were developedrclude from the stem outside (branch scar) to
the inside (knot and red heart). In Paper ll, tle@mgetric relationships were used to estimate
probabilities of branch scars of their being itita points of red heart formation. In Paper lleth
height of a particular branch scar was used tones# the height of the overall red heart in thenste
Results suggested that the zone of red heart ¢tskead branches/branch scars is important to
estimate red heart occurrence and shape. Thuszahis was analysed more closely in analysis IV:
first, the red heart shape close to dead branamats/kvas studied with the aim of quantifying local
deviation from the overall red heart shape; sectmelgeometric relationships between branch scars,

knots and red heart were tested and further degdlop

3.4.1 Methods

3.4.1.1 Local red heart shape

In section3.3, the overall red heart shape of 16 trees afgwas analysed using discs. Deviation of
the local red heart shape around knots from theatived heart shape was analysed using boards of
these trees. The boards were cut from the intergistions (Figure 5 and Figure 6), and they were
related to the nearest discs as illustrated inrgi@u The variables for quantifying the deviati@dto

be independent of the overall red heart shaperaasf@possible. Thus, to quantify the deviation, the

37 QuestionsQ4 (related to external traits) an@5 (related to dendrometric variables) were not amede
separately for the following reason: in Paper Illirgear relationship between the parameters heightlength
was used, so that the effect of branch scar heigkternal trait) and relative height of the crowasé
(dendrometric variable) could not be evaluated isply.
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mean radius of each red heart zone on boards @=iQuwvas related to the mean red heart radiuseof th
nearest discs (Figure 8) as illustrated in Figuiethie coordinates tree height (abscissa) and mezhn
heart radius (ordinate) of the disc below the bo@dhpeiow Mheow)], the lower board zone
[B (hiowerzone Nowerzond], the knot zone including the red heart in the@tkfC (hnotzone Mknotzoneind], the
knot zone excluding the red heart in the knQtoffane notzoneexa NOt illustrated in Figure 16), the
upper board zone [D (ferzone fupperzond] and the disc above the board [Bu{ly ranovd] Were used to
calculate the deviatioof

 the lower zone igerzone

« the knot zone including the red heart in the knQi@nemnc

» the knot zone excluding the red heart in the kp@tzgheexci(not illustrated in Figure 16) and

* the upper zonegherzone

from the linear interpolation between the discobeand above the board (dashed line between A and
E in Figure 16). Deviation was perpendicular toititerpolation line between A and E. It was positiv
if the respective zone (B, C or D) was located &bitne interpolation line, and negative below. (The
absolute values of deviation were equal to the ematttic distance of B, C or D to the interpolation

line.)®
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Figure 16. Plot of mean red heart radius versus tree heightthef disc below the board
[A (Ppelow Moelow)], the lower board zone [B (Rerzone howerzond], the knot zone including the red heart in
the knot [C (Rnotzone Tknotzoneind], the upper board zone [D {Berzone lupperzond] @nd the disc above the
board [E (Rpove abovd]; deviations @werzone Gknotzoneincl@Nd QpperzoneOf B, C and D, respectively, to the
interpolation line (dashed) between A and E; whiteod: mean radii of disCSg¢egeiow ldiscabovd and
board (boardiowerzone fhoardknotzone ooardupperzonk UNMer bark; example taken from tree 22 (board220
between discs 6 and 7).

% Referring to Figure 16, the perpendicular deviaiof B, C and D from the interpolation line betwe% and
E (as presented) were very similar to the corredimgndeviations in parallel to the ordinate axige taximum
difference accounted for less than 1 mm (N = 1 Bdb&ards and 3 zones per board).
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If one of the nearest discs showed no red heartpeint E in Figure 16, the slope of the intergiola
line between A and E, and the deviatioRgefone tnotzoneinci @NA QApperzoneWere not known exactly,
since the upper red heart end might have beendddstween D and E. Thus, the following rule was
defined: point E was moved to the same height ast poif the ordinate of D was smaller than
15 mm; the corresponding algorithm was:jfdizone< 15 mm then fiove= hypperzone(valid for 3 out of
58 boards analysed; see below).

The deviation of the local red heart shape in imtato the overall red heart shape was definedhas t
quotient between the deviation of a board zonge(ghne knotzoneinei GknotzoneexciaNd @pperzond and the
mean red heart radius on discs at the height ofdbgective board zone (later referred to as velati
deviation). Referring to Figure 16, the mean rearbadius on discs at the height of a board z&ne (
C or D) was calculated by linear interpolation betw A and E (dashed line). The variable

abbreviations of the relative deviations were:

*  dowerzonerel
° dknotZoneIncIRe»l
*  Oknotzoneexcire@nNd

° dupperZoneReI

Differences between deviations of upper zone amgil@one were defined as:

AdupperZoneLowerZone: deperZone_ C‘owerZone and

® AdupperZoneLowerZoneRe‘_r deperZoneRel_ dowerZoneRel

Furthermore, using plots as given in Figure 16hdamard was visually classified by its position

* in the middle between the nearest discs (positioniedle’; N = 26) or

« close to one of the discs (position = 'close’; 182).

Fifty-eight of 60 boards were included in the as@y One board of tree number 15 was excluded
since the upper disc was located in the ramificatione of the fork. Another board taken from tree
number 43 was excluded since the red heart boarddre opposite knot side was not clearly enough

visible.

3.4.1.2 Geometric relationships between branch scars, krensl red heart
For testing and further developing the geometrlatienships between branch scars, knots and red
heart, first, relationships between branch scax$ lkarots were analysed. The second part of the

analysis focused on relationships of these bracatssand knots to the red heart.
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3.4.1.2.1 Relationships between branch scars and knots

For testing the geometric relationships betweendirascars and knots, the knot variables inclination
(B), diameter (dk), depthAf) and relative depth (kd) were estimafefiom branch scars, and the
results were compared to the corresponding kneabias based on measurements on boggslk,

Ary, and kg). The variable$,, and dk, were measured directly on boards (Figure 9). Trrat Kepth

was defined as

Ar_=ro, -1k Equation 1
and the relative knot depth as
_ro, Equation 2

kd, =

m

1,

rk

m
where rg, was the observed stem radius from pith to barlt,rkpwas the knot radius (the stem radius
at the point in time of knot excision) measuredoards (Figure 9).

The geometric relationships to estimate knot véemglfrom branch scars are given in Figure 17. The
original geometric relationships as developed ipdPd were specified to take into account bark
buckles, which develop in the course of knot odolusand occur in the case of recently occluded

knots.

Pith
Red heart

TO
rk
Ar| + ¢

bt
Case of no Case of
bark buckle bark buckle

Figure 17.Geometric relationships between branch scars, lamalsed heart: case of no bark buckle
(as developed in Paper I) and specification incthee of a bark buckle; branch scar consisting ef th
seal (S) and moustache (M); variables: observetisa@o), knot radius (rk), seal length (Is), seal
width (ws), moustache length (Im), knot inclinati@), knot diameter (dk), knot depthr) and buckle
thickness (bt).

39 Geometric relationships (presented below) werel usecalculate knot variables from variables ofriota
scars. The term estimation is applied in this cdnte reflect that the geometric relationships weased on a
simplification of the real stem geometry. Howewbere was no estimation by a statistic model.
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Referring to Figure 17, in the case of a bucklekhet radius (rk) can be larger than the observed
trunk radius (ro); the knot depthrj is then negative. In the course of radial growthexceeds rk and
Ar becomes positive, which corresponds to the chs® duckle given in Figure 17. The seal of the
branch scar is located on the buckle; since theleregth and width (Is and ws) were used to esemat
rk and the knot variable®, dk, Ar and kd, the buckle thickness (bt) was taken atoount. In the

following, the calculation method in the case dfugkle is described; in case of no buckle bt egqdall

. Ik Is :
zero. Based on the estimate functien=—— of Schulz (1961, the knot radius was calculated as

ro ws
Equation 3
k== ({ro-+b) |
wWs
Using Equation 3 the knot inclination and diametgualled:
Equation 4
im0 Im 1)_ ws )
B= arctan—2— =arctan| —— - = |3
rk Is 2) ro+Dbt
and
Equation 5
dk = Is[€osp) = 's _, q
1+ (Im_lj giws
Is 2) ro+Dbt
respectively. The knot depth was calculated as
Equation 6
Ar:ro—l—SE(ro+bt) a
WE
and the relative knot depth as
Equation 7
kd="Sef1- Pt |1 q
Is ro+ bt

The geometric relationships made it possible tonedée knot variables from the outside of the stem:

. do
Is, ws and Im were measured on branch scars (Fgjun® was set tdo =—" and bt was set to

bt = bt, (Figure 9%). Possible sources of imprecision in the calcotatdf p (Equation 4) and dk
(Equation 5) may be the already estimated varighlaes of rk and, respectively; imprecision in

estimation may accumulate. Furthermore, the caionlaf Ar (Equation 6) and kd (Equation 7) used

“° The estimate function uses the assumption thas aisout equal to Is right after branch occlusiar(rk).

“! Figure 9 shows measurements on boards. At thédeut$ a tree dgand by, can be measured by callipers: the
height and azimuth of the measurement gf de given by the lower ends of the moustache b&drimuth of
the seal of the branch scar, respectively (Figfje heasuring the stem diameter x on the buckls, it

bt, = x — dg,.
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o do, . . . . L
the approximationro = 2 However, particularly in cases with eccentric rseuof the pith it is

ro, # d;m . Considering this, three methods of calculatiofi,afk, Ar and kd were tested:

a. ignoring the thickness of buckles: for all branctars, bt was set to bt=0; this method
corresponded to the original geometric relatiorstap developed in Paper | and was used as a
reference;

b. taking account of the buckle thickness: for allnwfa scars, bt was set to bt 7 jthere were
N = 23 branch scars with buckles.(bt0) and N = 35 branch scars with no buckleg £00)];

c. using measured variables only: as opposed to abamidethod ¢ was not completely based on
measurements on the outside of the stem, but osurezaents of branch scars and boards as well.
The aim was to identify possible sources of immieci in methods a and b. Therefopewas
calculated from Equation 4 using the measured biarids,, and dk was calculated from Equation
5 using the measured varialfig (calculation was the same for branch scars wittkles and for
branch scars with no buckles). Furthermareand kd were calculated using the measured variabl
rom in Equation 6 and Equation 7, respectively (caittah was such that the buckle thickness was

taken into account, i.e. bt =.pt

3.4.1.2.2 Relationships of branch scars and knots to thehesatt

For testing the relationships of branch scars amadskto the red heart, a visual assessment waedarr

out to identify knots linked to the red heart. Tdmsessment was based on the assumption that red

heart initiation results in a discoloured zone le=w the knot end and the central red heart. Three

classes of knots were distinguished (Figure 18):

1. a knot was considered as being linked to the reudt lfenk = 'yes’), if the necrosis at the spot of
branch excision was located clearly outside therakred heart, and a continuous discoloured zone
occurred between the necrosis and the centralegad (N = 20);

2. a knot was considered as not being linked to téneart (link = 'no’), if the necrosis at the sjpbt
branch excision was located clearly outside thérabred heart, and non-discoloured, white wood
separated the necrosis and the central red*h@drt 18):

3. a possible link between knot and red heart was idered as undetermined
(link = 'undetermined’), if the spot of branch esicn was located at the red heart margin
(N = 20).

2 Bark inclusions and the knot pith (Figure 18, imsdottom left and right) were not taken into actpbut
they are discussed in secti8i.2.2.2.2 below.
“3 Knots which were completely included in the celntea heart were eliminated (sectidr®).
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Link = ‘no’ Link = ‘no’

Figure 18. Visual assessment of link knot to red heart asicoatis discoloured zone between knot
necrosis and central red heart.

Based on the visual assessment, it was analyskd dccurrence of link depended on the dimensions
of the corresponding branch scar or knot. The diags="undetermined’” was excluded from this
analysis, as the knots of this class were locatsper in the wood than those with determined link;
there might have been additional factors to take atcount which did not apply for the knots with
determined link (e.g. at the point in time of kmaiclusion the trees were considerably younger and
smaller). The number of observations was considérelde too small to develop a more complex
model which could take account of this issue. Lilgisegression was used to analyse the occurrence
of link knot to red heart. The probability gf each knot k of its being not linked to the reshrt was
calculated from the inverse of the logit functioithathe parameters,cc, ¢,... and the explanatory

variables g t,...:
o - LotCiSHC
k™ +c s +C 4, +..." .
1+ fo TGS G+ Equation 8
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Two models S (for scar) and K (for knot) were aigtiished. In model S, the “mechanistic” variables
of branch scars developed in Paper Il were testedexplanatory variables (st,...). The
“mechanistic” variables reflected the hypothesest tled heart initiation changes with inclination,

diameter and/or depth of a dead branch/knot (Pi&jper

med = ('m 1de_
Is 2/ ro

meQ = ISEE[E - ;j d%}z,

Is
meSB=rod—,
WS

* Isand

e 0.

In model K, an effect of the knot variables meadure boards was tested:
e knot inclination ),

« knot diameter (dk),

* knot depth 4r,) and

« relative knot depth (kg.

The model parameters were estimated by maximisi@datgarithm In(L) of the likelihood function

L= H[q fi-q,) lxk], Equation 9

using the LOGISTIC procedure in the SAS 8.2 sofeM@AS institute, Cary, USA). In Equation 9, it
was X% = 1 if knot k was not linked to the red heart,esthise X = 0.
Fifty-eight of 60 boards were included in the asayTwo boards with dead branches were excluded

since seals were not formed yet (trees number 8 4@

3.4.2 Results and discussion

3.4.2.1 Local deviation from the overall red heart shape

3.4.2.1.1 Results

To analyse the local red heart shape around kbo&rds) in relation to the overall red heart shape
between the felling cut and the crown base (dighg)deviation was calculated of the mean red heart
radius of board zones{fkizone notzoneinei GknotzoneexciaNd Qpperzond from the mean red heart radius of

the nearest discs (sectidrt.1.1).
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First, it was tested by a t-té5if the calculation of deviation was biased by thet that some boards
were situated in the middle between the nearess dgosition = 'middle’) and others were situated
close to one of the discs (position = 'close’). Tast was not significant at the 5% level for ahyhe
variables @uwerzone Gknotzoneinct Cknotzoneexci @NA Qpperzone The same result was obtained for the relative
deviation (Gwerzonerel Gnotzoneincirel GknotzoneexcireldNd Gpperzonerg Thus, boards were not distinguished
by their position in the subsequent analysis.

Figure 19 shows for each board zone the scatteoplieviation and mean height relative to the uppe
red heart end (on the leftoghizoneVS. Mnoyzonerai IN the middle: ghotzoneinci GnotzoneexciVS- Mnoyzonerei ON

the right:  dpperzoneVS. Mhoyzonerd.  The deviations of all zones (lower zone, knotneo
including/excluding the red heart in the knot aqgber zone) increased close to the upper red heart
end, where the highest values were found. Onlyktiet zone including the red heart in the knot
showed comparably high values in the middle pathefoverall red heart. The size (mean radius) of
the overall red heart was taken into account byréhative deviation, which is plotted versus mean
height relative to the upper red heart end in FEg2@ (on the left: gherzonerelVS. Mhoyzoneral N the
middle: dnotzoneincirel CknotzoneExciRelVS- Mhoyzonere ON the right: ghperzonerelVS. Mhoyzonere. Below about
0.8 of height relative to the upper red heart ¢inel relative deviation of the lower zone, the knmte
excluding the red heart in the knot and the uppeezcattered about evenly around zero (horizontal
line in Figure 20), and few elevated values wergeoled for the knot zone including the red heart in
the knot. Above 0.8 of height relative to the uppest heart end, the increase in deviation obseirved
Figure 19 was even clearer for the relative desafFigure 20), since the overall red heart wasllsma
close to the upper red heart end owing to its S*.pimﬂlapéSZ the relative deviations derzonerel
OknotzoneinciRel CknotzoneExcirel AN Apperzonerel WeTre calculated as the quotient afwgzone Gknotzoneinci

OknotzoneexciaNd Gpperzone @aNd the mean radius of the overall red hearcgjlisespectively.

4 A t-test was used even though observations weraamnally distributed; according to Saporta (198 t-
test is robust in case of a sufficient number cfesbations (several multiples of ten) and standseipagainst a
change in the distribution of observations.

5 The overall red heart shapes of the sample tresifizstrated in Figure 4 of Paper Il
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number 47 had a second small red heart above ther upd heart end which was represented by one
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heart in the knot (middle) and upper zone (rigftt);in axis legends stands for no unit; N = 58 Hdear
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Figure 20. Relative deviation of the local red shape (boandesd from the overall red heart shape
(discs); on the abscissa axes: mean height of baards related to the height of the upper red heart
end (tree number 47 had a second small red hearedbe upper red heart end which was represented
by one board); on the ordinate axes: relative diewviaof lower zone (left), knot zone
including/excluding the red heart in the knot (mé&jdand upper zone (right); (1) in axis legends
stands for no unit; N = 58 boards.

The more homogenous red heart shape below 0.8ightheslative to the upper red heart end is
described in the following (the height limit of Qués determined visually using the plots of Figi@e

and Figure 20). Descriptive statistics of this drthe red heart are given in Table 5.
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Table 5. Descriptive statistics of deviation{gzone tknotzoneinci GknotzoneexciaNd Gpperzond and relative
deViation (d)werZoneRed dmotZonelncIReA dmotZoneExclReIand dpperZoneRal Of board zones Iocated belOW 0.8 Of
height related to the upper red heart endyfnere< 0.8).

Variable N Mean Median Std Ccv Min Max Prob > |t|
(mm) (mm) (mm) (%) (mm) (mm) Ho: Mean = 0
Jiowerzone 41  -0.7 -1.2 7.1 -1071 -15.8 18.2 0.5535
Oknotzoneinel 41 6.0 3.8 10.9 182 -13.1 334 0.0011
Oknotzoneexet 41 2.4 2.0 7.2 293 -16.1 20.3 0.0350
Jupperzone 41 0.7 -0.7 7.0 1024 -10.6 16.7 0.5352
(€] 1) 1) (%) 1) ()
Jowerzonerel 41 -0.003 -0.023 0.094 -3048 -0.213 0.256 0.8347
Oknotzoneincrel 41 0.084 0.040 0.147 174 -0.175 0.515 0.0007
Oknotzoneexcirel 41 0.034 0.020 0.100 297 -0.216 0.282 0.0370
Oupperzonerel 41 0.008 -0.010 0.101 1184 -0.173 0.296 0.5918

N: number of observations
Std: standard deviation
CV: variation coefficient
Min: minimum

Max: maximum

Prob: probability

t: t-value (Student)

Ho: null hypothesis

(2): no unit

Below 0.8 of height relative to the upper red head, the deviation of the lower zone, the knotezon
excluding the red heart in the knot and the uppaeZGhwerzone Gknotzoneexci@Nd Gpperzond Varied within

a range of about —15 to 20 mm, which correspondedgroportion of about —0.2 to 0.3 of the mean
radius of the overall red heariy(d;zonerel Gnotzoneexcirel@Nd @pperzonersi 41 Of 58 boards, Table 5). The
highest values were found in the knot zone inclgdhre red heart in the knot (Figure 19 and Figure
20), where the maximum deviation accounted for 83 on 0.5 (Table 5: @oizoneinct@Nd Gnotzoneincirel
respectively). The mean of deviations differed gigantly from zero in the knot zone only (t-t&st

a = 0.05; Table 5).

The question if deviation from the overall red hedrape was different below and above the knot was
analysed using the difference between the deviatidhe upper zone and the deviation of the lower
zone; the difference was calculated for each b@&ighperzoneLowerzoneS€CtION3.4.1.1). The scatter plot
of this variable versus the mean height relativihéoupper red heart endyffionerd iS given in Figure
21 (on the left). This figure also shows the scattet of the deviation of the upper zone versies th
deviation of the lower zone (on the righfpddzoneVs. Gwerzond. The corresponding scatter plots of the
relative deviation are given in Figure 22 (on th#:IAd,pperzoneLowerzoner&YS. Mhoyzonerei ON the right:
dupperzonereVS. Gowerzonere)- REfEITING to Figure 21, the difference betweppear zone and lower zone
ranged between about 15 mm (with one exception), and there was no clesmdency with

increasing/decreasing height relative to the upeel heart end. Furthermore, the deviationswelo

46 See footnote 44.
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zone and upper zone were clearly correlated (aeffi according to Pearson: r = 0.63, N = 58). The
relative difference between upper zone and lowerez(-igure 22) scattered between abb@.2
below about 0.8 of height relative to the upper edrt end (with one exception). Above this height
the relative difference increased in absolute teftmere were higher, positive values and smaller,
negative values), since the overall red heart waallsclose to the upper red heart end (see above).
Correlation between the relative deviations of uppene and lower zone accounted for r=0.70
(Pearson, N = 58). Altogether, deviation and reéatieviation did not differ distinctly between uppe
zone and lower zone, apart from few single valdeth® relative deviation (Figure 22) which rather
indicate small overall red heart than differenceeen upper zone and lower zone. The results of a t
test confirmed this observation for all boards gsedi: there was no significant difference between
Aupperzone@NA Ghwerzone (P = 0.1733) or between,ferzonerei@Nd Ghwerzonerel (P = 0.3558; paired t-teét

o =0.05, N = 58).

0 50 Mean (x) = 2.7

Mean (y) = 4.2

409 t=-1.38 *
Prob > |t|: 0.1733

r=0.63

307 N=58

Difference (mm)
*
-
-
.

[
Deviation of upper zone (mm)

-10 T T T T T T T T -20 T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 S0 =100 0 10 20 30 40 50

Height rel. to upper red heart end (1) Deviation of lower zone (mm)

Figure 21.Deviation of the local red heart shape from theralveed heart shape below and above the
knot; on the left: scatter plot of the differenceteen the deviations of upper zone and lower zone,
and the height relative to the upper red heart(eed number 47 had a second small red heart above
the upper red heart end which was represented byboard); on the right: scatter plot of the
deviations of upper zone and lower zone, the lise@t = x) of the coordinate axes is given as
auxiliary line; (1) in axis legend stands for notuN = 58 boards.

47 See footnote 44.
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Figure 22. Relative deviation of the local red heart shapenftbe overall red heart shape below and
above the knot; on the left: scatter plot of thifedénce between the relative deviations of upjeiez
and lower zone, and the height relative to the uppe heart end (tree number 47 had a second small
red heart above the upper red heart end which e@ssented by one board); on the right: scatter plo
of the relative deviations of upper zone and lonamne, the bisector (y = x) of the coordinate ases i
given as auxiliary line; (1) in axis legends stafaso unit; N = 58 boards.

With respect to methodology, possible influenceothier knots, having different radial orientation
(azimuth) than the knot analysed, may have beeitelihby determining the local red heart shape in
one longitudinal plane (board surface related guéar disc sections, Figure*8)However, the mean
red heart radius of the entire discs (and not gu&r disc sections) was used to quantify the dvera
red heart shape (secti8rB). Thus, it was verified that results about daen from the overall red
heart shape, based on the mean red heart radargofar disc sections (as presented), did nottiead
different conclusions (sectidh4.2.1.3 below) than those based on the meanead hadius of the

entire discs (calculated from 360 radii; preserefinnex sectior8.1.4).

3.4.2.1.2 Discussion

Close to the upper red heart end, relatively highiation and relative deviation from the overalil re
heart shape was found (Figure 19 and Figure 2feotisely). One reason for this result may be that
close to the upper red heart end there may bers$erence of the local red heart shape analpyed
other red heart formation zones: hypothesising thdt heart can develop downwards in the stem
(Keller 1961), there were no red heart zones aaiiyig from higher stem parts. On the contraryhin t
middle parts of the overall red heart, deviatiamirthe overall red heart shape around knots may be
overlaid by other red heart formation zones torgdaextent. Additionally, there was a numeric efffe
which emphasised this result with respect to thative deviation (Figure 20), as described above
(small overall red heart owing to its spindle shafmilar relationships might have occurred cltse

the lower red heart end, but boards were not satpkre.

“8 Furthermore, only one larger knot with a minimusaldength of 50 mm had to occur per board (se@i@h
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In the study by Krempl and Mark (1962) and in Pdp@rees of group 1), local red heart bulges
towards branch scars/knots were observed. In t&ept analysis, which was based on another group
of trees (group 2), this observation was confirm&dditionally, the location of bulges in stem-axial
direction was specified: bulges occurred partidular the knot zone including the red heart in the
knot and above 0.8 of height relative to the uppdrheart end. Outside these parts of the red,heart
the mean deviation and the mean relative devidtesween local and overall red heart shape were not
significantly different from zero (gherzone Jowerzone Cupperzonerel @NA  Ghwerzonerel I Table  5).
Furthermore, there was no significant differencevben the deviation of upper zone and lower zone.
However, these results were only valid for the medrt shape close to the knot (upper zone and lower
zone were located just above the zone of brandisiercand occlusion, and just below the junction of
the piths of knot and stem, respectively; secld). Extended bulges, and differences in stemlaxia
direction occurring further away from the knot, nreot have been detected.

Despite this limitation, one may hypothesise thaté is no significant bulging of the overall rezhht
shape below and above the knot (disregarding tlt kane itself and the upper red heart end).
However, standard deviation of the deviations gfarzone and lower zone accounted for about 0.1
of the mean radius of the overall red heart witarege of about —0.2 t0 0.3,fgkzonere@Nd Ghuwerzonerel

in Table 5). In the present study, this variabilitgs detected between longitudinal sections (byards
of different stem height and radial orientationmiay be a consequence of variability in stem-radial
direction. Thus, further analyses may better erpiais variability by analysing the red heart shape
cross-sections: the red heart shape on cross#egasausually not circular, but appears cloudy and
composed of several formation zones. This may teadariability between the red heart shape of
longitudinal sections. The red heart shape in stafial direction may be related to knottiness as
illustrated in Figure 11, and its course alonggtem-axis to spiral grain as reported and illustidty
Zycha (1948), for instance.

3.4.2.1.3 Conclusion

Deviation of the local red heart shape from theralleed heart shape, i.e. local bulging of the red

heart towards the bark, was analysed on longitlidieetions (boards) passing through the piths of

knot and stem. Results contributed to answeringuestionQ6 asked in sectiof.3.

QE6: How does the overall red heart shape varyelwosexternal traits?

The results showed that

< deviation around knots was rather low in stem-adiedction, apart from the upper red heart end
and the knot zone itself;

« if there is variation in stem-axial direction, iflmoccur below and above the boards analysed; that
is between discs where, however, variation appemisily in stem-radial direction (apart from

discs very close to knots; analysis I);
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* beyond the overall red heart shape, variabilityeaf heart shape seems mainly due to variation in
stem-radial direction; the latter may be relatedh® position (height and azimuth) of knots and

spiral grain, for instance.

The subsequent sectiBm.2.2 takes account of the red heart in the kane. Among other things the
occurrence of a link between knot and central rearthis estimated from knot variables and branch

scars.

3.4.2.2 Geometric relationships between branch scars, kremsl red heart

3.4.2.2.1 Relationships between branch scars and knots

3.4.2.2.1.1 Results

To evaluate the geometric relationships betweendbracars and knots, the scatter plots of estimated
and measured values of the knot variables incbnatiliameter, depth and relative depth are given in
Figure 23, Figure 24, Figure 25 and Figure 26,aetypely. Referring to sectio®i4.1.2, the results of
calculation methods a (ignoring the thickness afikbes), b (taking account of the buckle thickness)
and c (using only measured variables, but no etinzariables in the calculations in order to idgnt
possible sources of imprecision) are given for elaobt variable. Furthermore, branch scars with
buckles are identified in the plots to observe eddhces between calculation methods a and b.
Examples of branch scars/knots with very high défees between estimated and measured values

were selected in the plots, and their charactesistre illustrated in Figure 27.
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Figure 23. Knot inclination @): scatter plots of estimated and measured valoescdiculation
methods a (ignoring the thickness of buckles)akifig account of the buckle thickness) and ¢ (using
measured variables only); the bisector (y = x) loé toordinate axes is given as auxiliary line;
selection of examples (branch scar/knambers) with very high differences between esthand
measured values; N = 58 knots including partly edetl knots.
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Figure 24.Knot diameter (dk): scatter plots of estimated am@hsured values for calculation methods
a (ignoring the thickness of buckles), b (takingamt of the buckle thickness) and ¢ (using measure
variables only); the bisector (y = x) of the coomate axes is given as auxiliary line; selection of
examples (branch scar/knnumbers) with very high differences between estthadnd measured
values; N = 58 knots including partly occluded lenot
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Figure 25.Knot depth Ar): scatter plot®f estimated and measured values for calculatioioas a
(ignoring the thickness of buckles), b (taking asttoof the buckle thickness) and ¢ (using measured
variables only); the bisector (y = x) of the coomate axes is given as auxiliary line; selection of
examples (branch scar/knotimbers) with very high differences between estaheand measured
values; N = 52 knots excluding partly occluded knot
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Figure 26. Relative knot depth (kd): scatter plots of estirdaé®d measured values for calculation
methods a (ignoring the thickness of buckles)akifig account of the buckle thickness) and c (using
measured variables only); the bisector (y = x) e toordinate axes is given as auxiliary line;
selection of examples (branch scar/knambers) with very high differences between esthand
measured values; (1) in axis legends stands foinitpN = 52 knots excluding partly occluded knots.
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Figure 23 shows that knot inclination was undemested in most cases (plotsa, b and c).
Heterogeneity within the point cloud of plot a @ahtion method ignoring the thickness of buckles)
was reduced by taking the buckle thickness int@aet(plot b). This can be observed by comparing
the positions of branch scars/knots with bucklesha respective point clouds. Correlation between
estimated and measured values was clearly strohtier measured values of knot radius,jrkvere
used in Equation 4 instead of the estimated valdesplot ¢ compared to plots a and b). The results
suggest correcting underestimation, e.g. by inttody a correction factor in Equation 4, and
improving the estimation method of the knot radigstimation of the knot radius was based on the
shape of the seal (ratio of Is and ws in Equatipriti® seal shape may vary depending on factoes lik
the real knot shape (curved, etc.) and the wayrahdh excision, which are difficult to take into
account.

With respect to the knot diameter (Figure 24), ltessaf calculation methods a (ignoring the thiclees
of buckles) and b (taking account of the thicknefdsuckles) were very similar. Very high differesce
between estimated and measured values were eladinat using the measured values of knot
inclination @3, in Equation 5 instead of the estimated valyespl(ot ¢ compared to plots a and b).
Precision may therefore be increased by improvegestimation methods of rk afichs stated above.
Figure 25 indicates that differences between estich@and measured values of knot depth were

slightly reduced by taking buckles into accounto(fd compared to plot a). Compared with this,

. , o N do, . .
results given in plots b and ¢ were very similasing the approximationo = 2 in Equation 6

seemed not to affect the precision of estimatidre [atter also applied to the estimation of thatred

knot depth (Figure 26): the results given in plotand ¢ were very similar. Comparing plots a and b
(Figure 26), correlation between estimated and oredsvalues was increased by taking the buckle
thickness into account (the position of branch gkaots with buckles changes between the respective
point clouds). Furthermore, plot b indicates thed telative knot depth was underestimated in most
cases, which may be reduced by introducing a cioretactor in Equation 7, for instance.

Examples of branch scars/knots with very high déifees between estimated and measured values are
illustrated in Figure 27. Knot number 220111 hae kighest knot inclination of all knots analysed
(Figure 23), and the upper part of the knot runasinin parallel to the bark. Correspondingly, thals

of the branch scar was very extended in stem-ahiattion (Is >> ws, Figure 27), which resulted in
underestimation of, Ar and kd (Equation 4/Figure 23, Equation 6/Figusead Equation 7/Figure
26, respectively), and in overestimation of dk (&gpn 5/Figure 24). Similarly, extended seals may
be the reason for the underestimationppiAr and kd, and for the overestimation of dk, of lenot
number 470412 and 310412. However, in these caszemhded seal shapes may result from
interference of the occlusion process by bark siolus (Figure 27). Underestimation &f of knot
number 350312 may be related to its relativelykttiackle of bt = 80 mm (maximum of bt = 89 mm,

Equation 6), since the difference between estimateimeasured values was smaller for calculation
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method a (ignoring the thickness of buckles) than rhethod b (taking account of the buckle
thickness; Figure 25).

Seal of 470412

- L-—

350312 470412 310412 Reference
(350413)

220111

Figure 27. Examples of knots with very high differences betwesstimated and measured values,
which were identified in Figure 23, Figure 24, Fig®5 and Figure 26; an example of a knot with
very good correspondence of estimated and measafteés is given as a reference; the length of the
black line in each knot image equals 10 cm.

3.4.2.2.1.2 Discussion

In literature, relationships between branch scar knots of beech trees were analysed by Mayer-
Wegelin (1929), Erteld and Achterberg (1954) andhubc (1961). A calculation method of knot
inclination is not given in the studies by thesthats. Furthermore, the relationship reported betwe
knot inclination and tree height seems not cleanpgaring results of Mayer-Wegelin (1929) and
Erteld and Achterberg (1954). Mayer-Wegelin (1929orts knot diameter to be mainly dependent on
seal width. However, seal width increases with ahdrowth while the knot diameter is constant.
Correspondingly, Erteld and Achterberg (1954) foaratronger correlation of knot diameter with seal
length (which is constant at increasing stem radmisvell), than with seal width. The present study
showed that this relationship depends on knotnatibn [Figure 17; correlation (Pearson) between
dky, and Is: r=0.39, p = 0.0028, N = 58; correlatimiween dk and dk (calculated from Is arfigd,
Equation 5): r = 0.36, p = 0.0056, N = 58]. Witlspect to knot depth, negative correlation with seal
length and moustache length is reported (Mayer-\lifed829; Erteld and Achterberg 19%4)This is

“9 Erteld and Achterberg (1954) also analysed thatioeiship between knot depth and angle of the rachst
which was not determined in the present study. Agndime variables seal length, moustache length and
moustache angle, correlation between moustachehleargd knot depth was strongest in the study bgethe
authors.
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assumed to be related to stretching of the barkfagidg of the lower moustache ends, which would
lead to a decrease in moustache length (Mayer-Wed&l29). However, as a rule the lower
moustache ends indicate the height of the junatiotme piths of knot and stem (Burschel and Huss
1997), so that constant moustache height afterchragxcision can be hypothesised. Negative
correlation between knot depth and the lengthseaf and moustache (Mayer-Wegelin 1929; Erteld
and Achterberg 1954) may be an effect of tree helgtot depth decreases with tree height (Burschel
and Huss 1997), and larger branches with longds sewl moustaches are usually more frequent in
the upper stem parts. In the present study, the deywth was calculated independently of tree height
based on the estimate function of Schulz (1961)xkvitiould also be deduced from the geometric
relationships (Figure 17). The author reports fifferg¢nce between estimated and measured values of
knot depth to be less than 3 cm for 15 out of 1&&km@analysed, most of which were located very deep
under the stem surface (10 — 20 cm). In the prestady, the precision of the estimation of knotttiep
according to Schulz (1961) was specified with respe more recently occluded knots, by taking
buckles into account in the estimation of knot wadiEquation 3, Equation 6, Figure 17). Since the
knot radius was used to calculate other knot vigburther studies should continue to improve the
estimation of this variable, by analysing relatlips between pith location and stem shape, for

instance.

3.4.2.2.2 Relationships of branch scars and knots to thehiesmit

3.4.2.2.2.1 Results

To evaluate the relationships of branch scars antsko the red heart, the probability of each lafot
its being not linked to the red heart (link = ‘n@’as estimated from “mechanistic” variables of loran
scars (model S) and from knot variables measurdzbards (model K).

Model S used the “mechanistic” variables mecl anec2n(with no intercept). The resulting
probabilities are given in Figure 28: the two greugd knots with link to the red heart (link = ‘ygs’
and with no link to the red heart (link = ‘no’) veedistinguished by probabilities below and above
about 0.5, respectively. However, there were 4 «moth no link to the red heart, and 5 knots with
link to the red heart, both of which were clearlisctassified by the model (probabilities below 0.4
and above 0.6, respectively). Parameters of “masteinvariables were strongly correlated (Table 6)
since they were based on the same measured variableranch scars (secti@m.1.2); using the
geometric relationships between branch scars, lamalsed heart, the variables mecl and mec2 were
developed in Paper Il to reflect the hypotheses iha heart initiation changes with the inclination

and/or diameter of a dead branch/knot.
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Figure 28. Model S: probability for each knot of its being ristked to red heart, estimated from
“mechanistic” variables mecl and mec2 of branchssfao intercept); N = 38 knots including partly
occluded knots.

Table 6. Model S: parameter estimates, standard errorifigignce test and correlation of parameter
estimates.

Parameter Correlation
(Variable) Estimate Standard error Prob >y C

¢ (mecl) 2.5383 1.0268 0.0134 1

C; (mec2) -0.0156 0.00599 0.0095 -0.9573

Figure 29 shows the probabilities of no link to tkd heart estimated from knot variables (model K).
In accordance with model S, a significant effeckiobt inclination §,,) and knot diameter (g was

found. Thirteen knots with a link to the red headre clearly separated from the other knots by
probabilities below 0.3. However, the probabilitefs7 knots with a link to the red heart were about
evenly distributed among the probabilities of thets with no such link. Parameter estimates and

correlation matrix of model K are given in Table 7.
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Figure 29. Model K: probability for each knot of its being notked to red heart, estimated from the
knot variable$,, and dk, measured on boards; N = 38 knots including paxtttuded knots.

Table 7. Model K: parameter estimates, standard error, fsigmice test and correlation matrix of
parameter estimates.

Parameter Estimate Standard error Prob >y Correlation matrix
(Variable) Co G

Co 9.1670 3.3827 0.0067 1

cs (Brm) -5.6221 2.8225 0.0464 -0.8989 1

C4 (dky) -0.0592 0.0253 0.0193 -0.5139 0.1055

3.4.2.2.2.2 Discussion

The results about the relationships of branch smagdsknots to the red heart were based on a relativ
coarse visual assessment (sec8chl.2), hypothesising that the penetration ofgexous air results

in a discoloured zone between knot necrosis anttatered heart. Other imaginable ways of oxygen
penetration were not taken into account, e.g. bgratised bark inclusions or the knot pith, as
illustrated in Figure 18 by the images at the butteft and right, respectively. Furthermore, polesib
secondary discolouration caused by fungi (Volk&&3) could not be identified by visual assessment.
However, only one longitudinal plane (board) of re&not was analysed, and information was not
easily accessible to perform a more detailed assggsin a systematic manner; the knot pith was not
visible on all boards, for instance. Furthermorerendetailed analyses on other than the macroscopic
level would not have been in the scope of the dvebgective of the present study (sectibi3); in the
present study resolution of measurements was higbhmparison with existing approaches to quantify
red heart occurrence and size (seclidh6). Also, statistic results of logistic regiesswere coarse

owing to the small number of samples.
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In literature, the probability of occurrence of @itouration in relation to variables of naturallyda
artificially pruned knots was analysed by Hein (200n beech trees aged 24 — 42 years. The author
distinguishes discolouration within the stem anthini the knot. In comparison with results of the
present study it should be considered that the wééiein (2004) were probably too young to form a
central red heart. For naturally pruned knots hgnandiameter range of 6 — 42 mm, no significant
relationship was found between occurrence of diegaktion and knot variables (diameter, duration of
occlusion, years since termination of occlusiorightein the stem); the frequency of discolouration
within the stem was 2.4%, within the knot 4.8%. nanalysed in the present study (natural pruning)
had larger diameters (range: 29 — 107 mm), andff@cteof knot diameter and inclination on the
probability of no link between knot and red heagswiound for larger and more inclined knots in
particular (the slopes of glkand,, were negative, Table 7). For artificially pruneabks (diameter
range: 2 —59 mm), Hein (2004) found a significaffect of knot diameter on the probability of
occurrence of discolouration in stem and knot, d&mbt inclination had such an effect on
discolouration in the knot. However, using both kd@meter and inclination in a multiple logistic
model, the effect of knot inclination was not sfiggant in the study by this author; the author sdes
correlation between knot inclination and diameter £0.54, a < 0.0001, N =149, correlation
coefficient according to Pearson), which was weakéhe present study (r = 0.28,= 0.09, N = 38;
correlation between parametersand ¢ of knot diameteand inclination accounted for 0.11, Table
7). The result of the present study that particuléatger knots had most likely a discoloured zone
between knot and red heart may be explained byibtection zone in the bases of larger branches
being incomplete (Aufsess von 1975; Aufsess von4198urthermore, larger and more inclined
branches (having a relatively small angle betwberakes of branch and stem) seem more susceptible
to rot (Mayer-Wegelin 1929; Erteld and Achterber§54), which may also facilitate oxygen
penetration. Very inclined branches may be oxygetraaces due to cracking by freezing of
accumulated water (at the upper side of the jundbetween branch and stem) and by wind-stress,
which was stated similarly by Amann (2003) and moKe (2003a) for forks, respectively.
Furthermore, Hein (2004) found no significant relaship between duration of occlusion of
artificially pruned knots and frequency of discalation, but reports increasing frequency of
discolouration with increasing time since the tevaion of knot occlusion. The latter would not have
been expected assuming discolouration in Beecletcalnsed by the penetration of air through dead
branches (Zycha 1948). Considering this, furthadiss on larger and naturally pruned knots may
evaluate the effect of duration of occlusion onphabability of red heart initiation and occurrentre
Paper |, relationships between branch scars/kmatoater red heart formation zones were found for

recently occluded knots (given by a small relatwet depth). Including interior/earlier formed red

*0 Signs of correlation coefficients: Hein (2004) ma@d knot inclination as the angle between the aké&not
and stem, while in the present study knot inclomatwas defined as the angle between knot axis amadiial
(horizontal) axis (Figure 9).
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heart zones into the analysis may be a startingt poifurther analyses about red heart formatiogr ov

time (discussed in more detail in secttbf below).

3.4.2.2.3 Conclusion

In analysis I/Paper | geometric relationships wdexeloped between branch scars, knots and red

heart. In the present analysis IV the geometriati@hships were tested using the assumption tiat re

heart initiation by dead branches results in adisored zone between knot necrosis and central red
heart, which was called “the link between knot aied heart”. Results contributed to answer
questionQ2 asked in sectiofh.3.

Q2: How are these external traits (dead branchesibh scars) related to the red heart inside the

stem?

The results showed that

e particularly larger and more inclined knots weresiniikely to be linked to the red heart, which
was in accordance with results of Paper I;

< the probability of a link could also be estimatednf external tree characteristics by using
geometric relationships between branch scars amdskm significant effect of “mechanistic”
variables was found which reflected the effectmdtkinclination and diameter as well;

» the choice was supported to use the “mechanistadables to conclude from branch scars to the
red heart, since they were developed in Paperlb&ing simple variables which reflect basic
“mechanisms” between branch scars, knots and redt;hthe evaluation of the geometric
relationships revealed the geometric model (Figutebeing a simplification of the real stem and
knot geometry, which is rather complex for treecépelike Beech;

« the precision of the geometric relationships cootdincreased by taking the thickness of bark

buckles into account, and other possible sourcearmfecision were identified.

Further analyses may use this information to furtteelop the geometric relationships. They should
include a higher number of branch scars/knots,kawads representing a diameter range below that of
the knots analysed in the present study (includim@gller and younger trees). Besides the assessment
of red heart, geometric relationships between Wrawars and knots may also be of interest in other
applications in forestry to obtain more preciseinfation about knottiness, in the course of quality

assessment in standing trees or roundwood, farinst
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4 Synoptic discussion

The starting point of the present study was thélpro that red heart occurrence and shape vary
considerably within and between trees, so thagtpears difficult to estimate and control the quatit
beechwood with respect to red heartwood (sedtibh Research questions, based on the state-of-the
art (sectiorlL.2), were about relationships between externaldamdirometric tree characteristics and
the occurrence and shape of red heart (sett®)n Results referring to the research questioasew
presented and discussed separately in se8tibnthe present section, analyses | — IV arequether,

and they are discussed in a synoptic manner. Dsgmusin context of literature includes
methodological developments for measuring red refepe in relation to external tree characteristics
interpretation of results with respect to red héattation and development, and new approaches to

the modelling of red heart occurrence and shape.

4.1 Methodological developments

Paper | describes amriginal method to obtain three-dimensional data @t traits on the stem
surface and red heart shape inside the stefhhe method was based on Constant et al. (20Qgirm
development in the course of the present study peaformed in cooperation with Constant and
Mothe who are co-authors of both papers [Consthat. €2003) and Paper I]. Development included
the mapping of link between logs after felling (g 1 of Paper I; performed by Constant and
Wernsddrfer) as an alternative to the mapping ef gpatial position of logs on the standing tree.
Development also included the standardised mapgiiregxternal traits by specific points (Figure 2 of
Paper I; performed by Constant and Wernsdorfer)yi3iaalise external traits and the stem surfaae, th
software Bil3d was specially adapted by Mothe. ggins method, high resolution data for scientific
analyses was provided. However, given this aim, smesments may be too time-consuming for
application to serial use in forestry or wood irtdysSimilar to the AMEB device used in the present
study (Figure 3), the stem surface can be mapped terrestrial laser scanning (Thies et al. 2004).
However, measurements of terrestrial scannersarspecific; thus far it appears difficult to exdra
information about dimensions of relatively smahits like branch scars from the outputted point
clouds. (May be high resolution scans of singlenbhnascars could provide this information. But
compared with this, it seems easier to measurechracars by few specific points, as it was done in
Paper I.) For scientific analyses, the suitabiifyphotogrammetry (Furst and Nepveu 2005) may be

analysed as an alternative to measure branch@catanding trees.

The red heart shape inside logs was measured andliged in three dimensions by Seeling and
Becker (2002), using several cross-sections peralud) eight red heart radii (oriented in cardinal

directions) per cross-section. In the present staugthods of digital image analysis (Badia 2003;
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Wernsdorfer et al. 2004) were further developed applied to increase measurement resolution in
stem-radial direction (inter-measurement angle °pfabhalyses | and 1V). Development also included
red heart measurement on longitudinal sectionser@measurement step of 4 mm in stem-axial
direction; analysis IV). However, image analysisswsemi-automatic. Developing an automatic

method to detect the outer red heart border mayceetime of image processing.

In the present study, the measurements of red keag destructive, so that the limiting factor of
resolution was the number of wood samples whichtbdae handled. Non-destructive methods like
computer tomography do not have this limitatfoStudies on red heart detection in trees by coemput
tomography (Schwartz-Spornberger 1990; Isenmanr®;18@eling et al. 1999) report that mainly
differences in water (moisture) content betweenheartwood and sapwood are detected. Compared
with this, there are only small differences in dgn@Bauch and Koch 2001). The problem with red
heart detection is that there seems an indirecitioakship rather than a direct relationship
(determinism) between water content and red heatdreence (Sachsse 1967). However, information
from computer tomography may be used in a mode#imgroach. An important aim of such approach
would be to deduce information about red heart ldgweent over time, using repeated measurements

in standing trees, for instance.

4.2 Interpretation of results with respect to red heatitation and development
According to Zycha (1948), red heart formationngiated by the penetration of oxygenous air into
the stem core of older trees, where water contemdlly is low (gas content is high) compared to the
sapwood. Torelli (1985) distinguishes an initiahgération phase and a subsequent discolouration
phase, dehydration in cross-section being more iitapbfor trees with shorter crowns and larger
stems. Relationship with reduction of water conteay be an interpretation of the effect of diameter
at breast height at the dendrometric level in tlheleh of red heart occurrence (the probability af re
heart occurrence increased with diameter at btesight; Paper 1l). However, the condition of red
heart formation with respect to water content inssrsection may have been similar for white trees
and red heart trees of group 2: ranges of dianatéreast height of white trees and red heart trees
were relatively small and they were largely ovepiag (Table 3). Furthermore, crown variableg,(h
heorer €l @nd clky) had no clear effect on the probability at thediemetric level in the model of red
heart occurrence (analysis Il). Also, there wassigmificant difference between crown variables of
white trees and red heart trees (t-test; analy)sislbwever, between red heart trees, there mag hav

been relationship between water content variatnd red heart extent in stem-axial digectin

®1 Using computer tomography, slices (cross-sectinages) can be obtained with an inter-slice distasfce
10 mm, for instance.
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Paper lll, the length of the overall red heart welated to the relative height of the crown baseene
water content within stems is reported to be higfeseling and Sachsse 1992). Furthermore, in stem-
radial direction, the width of the overall red Hesinape was related to the diameter at breast theigh
(Paper IlI). In this respect, it may be interestingnclude the stem-axial and stem-radial distrdyu

of water content into further analyses of red heacurrence and shape.

Results of Paper Il supported the assumption #gaheart formation in trees of group 2 depended on
the possibility of penetration of oxygenous air by debthanches their effect on red heart initiation
was estimated after occlusion based on branch.d€aeping in mind the small number of sample
trees, but the relatively high number of measurdmpar tree, results of Paper Il and of analysis IV
suggested the probability of red heart initiatiaing higher for larger and more inclined branches.
Such branches may be particularly susceptible {@ex penetration owing to incomplete protection
zone (Aufsess von 1975; Aufsess von 1984), rot @idyegelin 1929; Erteld and Achterberg 1954)
and/or cracking at the ramification zone of braacid stem, the latter being assumed similarly for
forks (Amann 2003; Knoke 2003a). The effect of kdepth on red heart initiation (Paper Il) may
reflect the conditions of red heart formation (8®ti.2) changing with tree age and diameter: deeper
knots had been possible oxygen entrances on yoamgesmaller trees, and recently occluded knots

had been possible oxygen entrances on older ager laees.

In Paper|, local red heart bulges towards somed de@nches/branch scars were observed.
Analysis IV suggested that bulging in stem-axiakdiion mainly occurs in the zone of the knot, and
no significant difference in deviation (relative viion) below and above the knot was found.
Hypothesising that red heart formation started ftoaits with red heart bulges, tlrection of red
heart development along the stem axmsay be upwards and downwards as well. In liteggtur
discoloration is reported to form below and abowificial wounds (Dujesiefken and Liese 1990;
Torelli et al. 1994), while it seems not clear wiegtthe larger extent occurs below or above a wound
Altogether, these results supported the hypothhbaisred heart can start at a middle stem heigtht an
develop to the stem base and up to the crown kAgshd 1948), which was used in Paper Il to

estimate the overall red heart shape.

4.3 New approaches to the modelling of red heart oeoge and shape
Relationships between external traits and red heasre taken into account in the models by Knoke
and Schulz Wenderoth (2001), von Buren (2002) andkié (2003a; 2003b). The authors report an
effect of the presence of larger branch scars anthde areas (Blren von 2002), and of the number of
dead branches and knobs/scars with minimum sizé<of and 9 cm, respectively (Knoke and Schulz
Wenderoth 2001; Knoke 2003a; Knoke 2003b). Furtlbeemman effect of the occurrence of forks
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related to tree age is reported by Knoke (200383B) In comparison, there was no clear effect of
the trait “fork” in the model of Paper Il. Howevemly a small number of trees was analysed, scethat
possible effect of this trait should be kept in dhifor further analysis. This is also suggested by
Paper |, where a relationship between the ramifinatone of a fork and red heart was observeden th
particular case of tree B08. Based on results pePk wounds and cracks to the bark were not taken
into account in the models of the present studytf@mone hand, an effect of wounds or cracks could
not be excluded in general, since only 4 trees \@aasdysed in Paper I, and taking account of results
by von Buren (2002). On the other hand, the choitéocusing on dead branches/branch scars in
modelling was based on a visual assessment obétkeen these traits and red heart (Paper 1), while
other models are not based on such an exploratialysis®>. Results of the explorative analysis and
those of the models of Paper Il and analysis IVgssted an effect of larger dead branches/knots on
red heart initiation. This was in accordance wihults by Knoke and Schulz Wenderoth (2001), von
Blren (2002) and Knoke (Knoke 2003a; Knoke 200Blmwever, in the present study, this effect was
specified: the model of Paper Il made it possibletantify the effect of individual branch scars on
the probability of red heart occurrence. Moreoestimation of this effect was based on hypothesised
basic “mechanisms” of red heart initiation (thelmbility of red heart initiation was hypothesised t
change with inclination, diameter and/or depth afead branch/knot; Paper Il). Also, relationships
between the stem outside and inside were quantifsétlg geometric relationships between branch
scars, knots and red heart as developed in Pap&idh may reflect red heart initiation being refét

to the outside of the stem (penetration of oxygerair).

The model of red heart occurrence was based onlsamps with a relatively small range of age and
diameter at breast height, in order to focus ondfiect of external traits (Paper Il, secti®2).
However, there was an effect on the dendrometvigl I this model. Similar to Paper I, an effe€t o
diameter at breast height on the probability ofun@nce of coloured heartwood is included in other
models (Knoke and Schulz Wenderoth 2001; Bérne228airen von 2002; Zell 2002; Mavric 2003;
Knoke 2003a; Knoke 2003b; Schmidt 2004; Zell et281047> an effect of hd-ratio (analysis Il) is
included in the model by von Biren (2002). Keepmgnind the small number of sample trees, it may
be interesting for further analyses that resultshef present study about effects on the dendroenetri

level were found in the single stand situation enésd.

Models to estimate the shape of the outer red hdaarder in continuity along the stem ax@re
reported by Knoke and Schulz Wenderoth (2001) andki€ (2003a). The models are based on two

observations of red heart diameter per tree, warelmeasured at the bottom and top ends of budt-log

%2 Larger damage areas did not occur on the tregeoap 2, which were used to develop the modelsapefs |1
and 11
*3 |In the models by Knoke (2003a; 2003b), the ratidiameter at breast height and tree age is indude
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of different lengths. The authors use a secondrgrdeabola to describe the diameter and diameter
percentage of red heart along the stem axis, ¢dtibaoverall shape of a spindle is modelled. & th
present study, the mean red heart radius was nezhsystematically about every 2 m of tree height
between the felling cut and the crown base. Thuwendetailed information about variation of the
overall red heart shape within individual trees whsained. The overall red heart shape could be
described closely, using an exponential functiothvd fourth order polynomial term (Paper ).
Description included an extended middle section astiarp decrease in mean red heart radius at the
lower and upper red heart ends. These charactsristithe overall red heart shape were not takien in
account in modelling thus far. However, another etostructure using a more robust (but less
flexible) function (e.g. arctangent function) wast mlready tested, since the model was difficult to
adjust owing to the small number of sample trees.aAfurther new aspect, the model structure
presented in Paper Il reflected a hypothesis dfheart initiation and development in stem-axial an
stem-radial direction (analysis I). The correspagdparameters height, length and width of the
overall red heart shape could be estimated fromttedts and dendrometric variables, using theHieig
of a possible red heart initiation point (branclar¥cthe relative height of the crown base and the
diameter at breast height (Paper Ill). The explanyatariables diameter at breast height and reativ
height of the crown base are discussed in compamsth literature in Paper Ill. In this paper, the
height of a particular branch scar (one per tresepa@ssible red heart initiation point was identifie
using a simple rule. To improve this, branch sedrkh are most likely red heart initiation pointayn

be identified by the model of Paperll. Howeverughfar results of this model were coarse
(“caricatured”) with respect to the effect of inival branch scars (as explained in Paper Il).
Furthermore, a possible effect of the trait “forkay be included into the models (this effect wats no
clear thus far; see above): in the model of redth@zurrence (Paper Il), a fork may be included as
special case of a branch. In the model of oveedl meart shape (Paper Ill), the fork height may
contribute to estimate the parameter height ofotrerall red heart in the stem (a fork may be latate
about in the middle of spindle-shaped red heathdfred heart in the branches of the fork is taktm
account; sectio.3). This way, the models of Papers Il and Il nylinked to estimate red heart
occurrence and, based on the results, to estirhateverall red heart shape. Starting from these

reflections, perspectives of model validation aadedlopment are given in sectibrbelow.

In the chain of models by Schmidt (2004), the omnee of red heartwood or splashing heartwood is
estimated at the ends of butt-logs, using the diamsg breast height as independent variable. Based
on this, the diameters of red heartwood and spigsheartwood are modelled. The author stresses
correlation between the occurrences of colouredtWvead on cross-sections of the same tree.
Compared with this, in the present study red heesctirrence was analysed between trees: white trees
and red heart trees were distinguished (PapeDilferentiation between heartwood types within sree

(i.e. differentiation by stem height) may be taketo account, if othetypes of coloured heartwood
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(splashing or abnormal heartwood) shall be incluokéo the model; since splashing and abnormal
heartwood can develop around (parts of) a cengdlheart. However, not only for this reason the
formation processes of splashing and abnormal wead seem more complex, and related factors
seem lesser known than those of red heartwood $Sach991; Seeling and Sachsse 1992). Thus,
further research should be performed in this respedore other types of coloured heartwood may be

included into the model of Paper II.

Especially the formations of splashing and abnornealrtwood (Walter and Kucera 19%1put also
red heart formation may be related to the treesr@@aunecker 1953). The trait “dead root” was not
analysed in the present study, and it was not dezuinto other approaches to the modelling of
coloured heartwood in Beech (sectib.6). Thus, an explorative analysis, similar apé& |, may
reveal quantitative information about possible tieteships between dead roots and red heart.
However, there is the difficulty to access the reygtem for data acquisition, regarding both model

development, and model application in particular.

In the present study, the outer red heart surfage fecused, which is also the case for the other
approaches to the modelling of coloured heartwaodBéech (sectioft.2.6). However, based on
results of Paper |, another approach might have kegisaged: knots located close to the bark were
found to be linked to outer red heart formationeyrand there was indication that interior red thear
formation zones were related to knots located derpthe wood (Figure 3 of Paper I). This might
have been a starting point to further analysesdfhreart development in stem-radial diredooer
time. Hypothesising that red heart formation zoaes linked to dead branches/knots, development
and successive overlaying of red heart zones mighve been estimated based on individual
probabilities of branch scars to initiate red hedarimation (Paper Il). This way, both red heart
development and the outer red heart surface atvengstage of development might have been
modelled. However, there were several difficuliidgch made this approach appearing too ambitious,
so that it was not chosen in the present studst, fir has proven difficult to clearly distinguisbd
heart zones on longitudinal sections or cross@esti(an attempt was made in the course of
analysis |), in order to measure their extent apgitipn in the stem. Second, little is known abiinet
dynamic of red heart formation, the progress ofdtseolouration and related factors which can be
used in statistical modelling. Third, an adoptedhematical approach would have to be developed.
Maybe a multidisciplinary project (physiology, boya wood quality modelling) could come back to

this approach.

> Coloured heartwood with splashing appearance dimprto Walter and Kucera (1991) corresponds most
likely to splashing or abnormal heartwood accordm@achsse (1991).
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In summary, the advantage and the original charatits of the models of the present study were
their level of detail with respect to red heartiation and description of red heart shape. Funtioee,

the models were well adapted to the observed vétyabf red heart occurrence and shape. The main
limitation of the models was the small number ahpke trees, so that results were only valid in the
situation presented. In contrast, models reporteditérature (sectiod.2.6) are based on a high
number of trees from various stands, but on fewenladions of coloured heartwood per trees. Thus,
they have a much wider scope of application. Howetleey seem less adapted to account for the

variability of occurrence and intra-tree shapeeof heart.
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5 Conclusions and perspectives

5.1 Conclusions

Based on results of the present study, the follgwdonclusions can be drawn about relationships

between external and dendrometric tree charadtsriahd the occurrence and shape of red heart in

beech trees:

(1)

)

®3)

(4)

anoriginal method based on log laser scanning andithigimage analysiswas developed and
applied to 4 sample trees. The method, based ost&unet al. (2003), made it possilbée
obtain three dimensional data about traits on thes surface and red heart shape inside the
stem(Paper I). While the method was time consuming destructive, its advantage was the
close link between measurements on the stem outsideinside. The data measured was
suitable to visualisation and geometric/statisti@lgsis. Using this method, relationships
between tree external traits and red heart coulnbserved and characterised;

geometric relationships were developed betweenchragars, knots and red heart (Paper I).
Using these relationshipa,simple hypothesis was deduced about basic “medrar” of red
heart initiation depending on dead branch/knot dimgions(inclination, diameter and depth);
based on the hypothesis of red heart initiatiotype logistic regression model was developed
which made it possibl® quantify theeffect of individual external traits (branch scarg)n the
probability of red heart occurrenc€Paper Il). Red heart initiation being relatedte outside

of the stem (penetration of oxygenous air), retediops between the stem outside and inside
were quantified using geometric relationships. gdinis model, a good discrimination of red
heart trees and white trees was obtained (onlytdb81 trees were misclassified). However,
the scope of the results was restricted owing ¢osthall number of sample trees and the single
stand situation presented;

the overall red heart shape in stem-axial directidretween the felling cut and the crown base
(mean red heart radius versus tree height) waglglakescribed using an exponential function
with a fourth order polynomial term (Paper IIl). M structure was such that simple
hypothesis of red heart initiation and developmeint stem-axial and stem-radial direction
was reflected using the parameters height, length and widtlhefred heart shape. Results
indicated that, at a given stage of red heart dgweént, these parameters could be estimated
from external tree characteristics. Estimation Wwased on branch scars, the relative height of
the crown base and the diameter at breast heigithaling issues concerning the model
structure (model function, local problems for poteld values close to zero; Paper Ill) could not
be analysed owing to the small number of 16 sarmeles. Application to an independent

sample of 4 trees showed promising results;
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®)

(6)

Conclusions and perspectives

deviation of the local red heart shape around kndtem the overall red heart shapwas
limited to the zone of the knot and to the upper meart end (analysis IV). Further analyses,
aiming at modelling local variations of the overaltl heart shape, should focus on variations in
different stem-radial directions;

results of thetest of the geometric relationshippoint (2)] were coarse, but they basically
supported the hypothesised relationships betweenchr scars, knots and red heart

(analysis V).

5.2 Perspectives

There argwo complementary analyses which can be envisaged the short term, based on data

and results of the present study:

()

(8)

referring to poin(4) in sectiorb.1, the model of the overall red heart shape cbaldeveloped
for estimating the number of annual rings with red hdaat a given height in the stem
Therefore, the number of annual rings containirgyhveart and white wood, respectively, was
counted on discs of 16 red heart trees (groth Bsing the number of annual rings containing
red heart as target variable in the model of reaitrghape (Paper Ill), promising results were
already obtained in preliminary analyses;

referring to poin(5) in sectiorb.1, thered heart shape in different stem-radial directions
could be analysedAs examples, the red heart shapes of two tragsal{ar 31 and 35, group 2)
are illustrated in Figure 30 using matrices of gvajues. In the matrices, each row represents
one disc. Within a row, the grey value of a squapesents the median length of the red heart
radii (r, section2.2) within an angular disc section of 10° (36 dagsection per disc), where

black is the minimum length (zero) and white is tieximum lengtff.

% Counting was in two directions per disc, which evéite directions of the red heart radii with thedima and
maximum lengths.

*6 Calibration of grey values was based on the mininand maximum of all median radii (N = 684) of the
trees displayed, so that grey values can be compeitkin and between trees. Calibration and visaaion was
done using ImageJ 1.34s (Wayne Rasband, Natiosg@iutes of Health, USA).
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Height

Crown
base

Angle class {10°)

1 (East) 9 (South) 18 (West) 27 (North)

Height

Tree 35

cut Angle class {10°)
1 (East) 9 (South) 18 (West) 27 (North)

Figure 30.Examples (trees 31 and 35 of group 2) of varigbditred heart shape illustrated as
matrices of grey values: each row represents os® dind each square represents the median
length of the red heart radii within an angularcdigction of 10° (36 angular sections per disc),
where black is the minimum length (zero) and wistéhe maximum length; distance between
matrix rows (discs) was approximately 2 m starfnogn 1.3 m of tree height towards the crown
base.

Figure 30 suggests that the red heart shape inrsteiad direction can be similar within 2 m of
tree height (discs 3 and 4 of tree 31; Figure aayl more variable in other stem parts. There
could also be very low variation in stem-radiakediion at a given stem height (round red heart
shape on disc 3 of tree 35), adjacent to highdatian in stem parts below and above.

The red heart shape in different stem-radial divestwas measured for 20 red heart trees (4
trees of group 1 and 16 trees of group 2; se@)oin a first step, characteristic red heart shape
could be described geometrically in cross-seciioeluding variation of these shapes along the
stem axis. Subsequently, possible relationshigxternal and dendrometric tree characteristics
may be analysed, using the position (height andath) of branch scars, for instance (a
complete map of branch scars on the stem surfamdysavailable for the 4 trees of group 1).

Referring to point$3) and(4) in sectiorb.1, two statistic models were developed in thagmestudy:

the model to estimate red heart occurrence (P8pandl the model to estimate the overall red heart
shape (Paper Ill). The models were parameterissgcban few sample trees (31 and 16 trees,
respectively), since in the present study an amprod more detailed analyses on a smaller number of
trees was chosen in comparison with existing amives to the modelling of coloured heartwood in
Beech (sectiod.3; existing approaches focus on a high numbereefs, but on few observations of

coloured heartwood per tree). Consequently, modkdtlation and development should thee next
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step to continue the present studin the short term [this step and the analyses of poifits and(8)

can be performed independently]:

(9) the aim of model validation should be to providebust modelswhich are suitable to estimate
red heart occurrence and shape in different silivicai situations. In this respect, important
considerations of sampling would be:

« to represent red heart trees of different stagesdheart development, and white reference
trees;

« to widen the range of tree age and diameter;

* to represent different levels of spacing;

« to test an effect of site characteristics (startiith basic site characteristics given in forest
inventory data);

(10) development of the model of red heart occurrer(@aper Il) should focus on the effect on the
dendrometric level and a possible effect of folk&th respect to thenodel of red heart shape
(Paper Ill), remaining issues concerning the matelcture (sectiod.3, Paper Ill) should be
taken into account. Development of both models khaim at linking the models, so that the
output of the model of red heart occurrence camdel as input for the model of red heart

shape.

Assuming successful validation and developmenhefmodels of the present stuggrspectives in
the medium and long termmay include linking of the models to a growth mottel Beech. As an
example, linking to the growth modé&lagacées(Dhéte 1998; Dhéte and Le Moguédec 2005) is

discussed in the followindgragacéess developed and used in the LERFoB-laboratofyancy.

Fagacéesds a distance-independent tree model for Be€elg\fs sylvaticd..) in Northern France. In
the framework of pure even-aged stands, variousithg regimes can be simulated. For given stand
fertility, initial stand age and densitifagacéessimulates height and diameter growth of individual
trees, using age-steps of 3 y8arAt each step, trees are described by their ajghty diameter and
status (living, felled, dead or disappeared). Addal models for description of individual treesdze

linked toFagacéessuch that model output is provided a postefor a group of trees, which is

" From a statistical point of view it is realisti simulate tree growth up to an age of about 2@0sye
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generated byagacéesand which corresponds to specified criteria. Faangple, an estimation of

stem profile was introduced (Vallet 2005) based oncado and von Gadow (199%)

Similar to the stem profilgn estimation of red heart occurrence and shapeddferent steps of tree
growth may be providedsing the models of the present study (after medkidation). However, an
additional model of natural pruning would have todeveloped and linked teagacéesas well. The
pruning model should provide dead branch/knot fratlon, diameter, depth and status (dead branch
or knot) to estimate red heart occurrence (Papeltishould additionally provide dead branch/knot
height to estimate the overall red heart shapedP#)>°. An estimation of red heart percentage at a

given stem height may be provided using the moofetserall red heart shape and stem taper.

Fagacéess developed under the platform of Computer-Ai@edjection for Strategies In Silviculture
(CAPSIS), which “aims at integrating several typédorest growth and dynamics models (...) and
providing forest management tools to establish emghpare different silvicultural scenarios” (De
Coligny et al. 2002). Linking red heart modelsHagacéesvould come within this aim. Referring to
the scope given in sectidnl, different silvicultural concepts may be tested amdaluated for
optimising the yield (volume percentage) of whitedehwoodand other criteria (e.g. wood quality,
monetary) of virtual logs, which may be defineddyule of bucking. Downstream the forest-wood
chain, using the red heart shape in virtual logg, yield of white and red heart beechwood in
simulated manufacturing of sliced or peeled vemeay be analysed using the model SidGeo (Mothe
et al. 2002). Sawing simulation by Ohnesorge (20@4)pthesises cylindrical red heart shape and may

be further developed using an approximation of‘tbal” red heart shape.

For forestry practice it seems important that tigut variables of the models of red heart occugenc
and shape [dead branch/knot dimensions and hdiidreter at breast height (hd-ratio), relative
height of the crown base] can be controlled (tedain extent) by silvicultural treatment: for give
site conditions, natural pruning and crown basghieit a given stage of tree growth depend on how
concurrence by neighbouring trees is managed idingnand thinning. The related live crown size
controls diameter growth, and thus hd-ratio andtiloin of knot occlusion/knot depth. In this respect
beech trees growing under very wide spacing, wigcbBuggested by recent silvicultural concepts

(Bastien 1997; Wilhelm et al. 1999), are reportectantain relatively small red hearts up to target

*8 The model is also developed for Oauercus petraegMatt.] Liebl.). For this tree species, the sterofite

(Dhbte et al. 2000) (crown base height, relativewer length and stem taper) and several tree compats
(bark thickness, sapwood/heartwood limit, knottyecand wood volume) can be reconstructed. Recantigtru
is based on tree growth description (age, heightheter and status) generated by the growth modéeig an
allometric procedure.

*¥ The models of Papers Il and Ill also used the dtemat breast height, which is generatedrhgacéesThe
model of Paper Il used the relative height of thewn base, which may be estimated by the modesterh
profile or the pruning model.
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diameters of 60 cm [Kladtke (2002), Seeling and KBec(2002)]. An instrument to analyse
possibilities of controlling red heart occurrencend shape by silvicultural treatmentnay be
provided by linking the respective models to growtlodels. Coming back to the example of
Fagacéesstrategic decisions about silvicultural concdgitgning sequence and intensity, number of
crop trees, etc.) may be derived from simulati@ilar than decision tools to select trees to bencut
thinning and felling operations. Therefore, grovgifediction of individual trees should be closely
linked to estimation of red heart occurrence andpeh so that information about red heart
development can be deduced (Knoke 2002; Knoke 2003e& development of decision tools may
take advantage of the models of the present stadier( model validation), which provide
complementary knowledge about relationships betvexd¢ernal and dendrometric tree characteristics

and the occurrence and shape of red heatrt.

In view of an application of the models of the jprtsstudy in forestry, further development may also
reveal if the effect of branch scars can be asddsg@a simpler rule. Based on thig) assessment of
red heart occurrence and shape in forestry inventanay be analysed, for instance. For this purpose,
methods like terrestrial laser scanning are uneégeldpment (Thies et al. 2003; Schiitt et al. 2004).
Among other things, development aims at detectiigraal traits like branch scars on standing trees
to conclude on the inner wood quality. The posiybib use laser scanner measurements as input for
the models of the present study would depend oprdesion of scanner measurements (seéibh

and the possible simplification of assessment efetfiect of branch scars. Measurement of the input
variables diameter at breast height (Papers llldnend relative height of the crown base (Pap@r |
seems less difficult (Thies et al. 2004).

Developing an instrument to assess red heart ;aogrand shape in standing trees may also be of
interest for foresters and wood buyers to negostienpage prices when beechwood is sold before
felling. Most of the French beechwood is sold thigy, while in Germany roundwood quality is
usually assessed after felling and bucking. Acewrdd European Standards EN 1316-1 (CEN 1997c),
the diameter percentdjef red heart on log cross-sections is usedetermine roundwood quality
with respect to the size of red heartwo@at splashing heartwood). However, to assess dheme
percentage of red heartwood, the red heart shapede the ends of logs would have to be taken into
account. Providing this information would also seful in wood industryo determinepatterns of
sawing and veneerindor optimising the yield of white beechwooth this respect, the model of red
heart shape may be developed to using explicigyrdd heart size on cross-sections of logs as an

explanatory variable. In wood industry, red heatedtion and measurement of red heart size on wood

%0 Ratio (%) of the diameter of the circle enclosihg red heart and the diameter of the cross-sectimording
to EN 1310 (CEN 1997b).
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surfaces may be based on optoelectronic methods.délielopment of such methods is part of an

applied research project under participation armdination of the Fobawi-institute

1 CRAFT project “Innovation for Beech”, refer ktp://www.innobeech.uni-freiburg.de/objectives.hvisited
20 October 2005).
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6 Summary

6.1 English summary

Beech Fagus sylvaticd..) is a tree species that is capable of formiolpured heartwood (facultative
formation of coloured heartwood), which is mostyfrently developed as red heart. The occurrence of
large red hearts reduces the value of Beech roundivemnsiderably, since industrial processing,
which aims at high added value, focuses on appeargmoducts of light-coloured, “white”
beechwood. Consequently, foresters are interestedtimating red heart occurrence and controlling
its formation in standing trees. To approach thig atatistical models are developed.

However, variability of red heart occurrence betwé&ees and of red heart shape between and within
trees is high. In stem-axial direction, red heamften spindle-shaped. The spindle can reach finem
felling cut to the crown base, but it can be lodasemewhere in between as well. In stem-radial
direction, red heart does usually not coincide il annual rings, but appears cloudy and composed
of several formation zones. In contrast to existingdels, the present study proposes a closer
examination of this variability within trees. Théee, a special focus was set on possible reldtipss
between tree external traits and red heart occcerand shape; external traits like dead branclees ar
assumed to be possible initiation points of redrthérmation. Furthermore, there is relationship
between dendrometric variables like the diametebratist height and red heart formation. In this
context, the overall objective of the present stu@g to quantify relationships between external and
dendrometric tree characteristics and the occueremzd shape of red heart in stem-axial and stem-
radial direction. To reach this objective, four lgsas were performed.

The study started with an explorative analysis lfamal) of four trees with the aim of identifyirand
characterising possible relationships between teernal traits and red heart within the tree.
Therefore, complete mapping of traits (dead brasicheanch scars, wounds, cracks and fork) on the
stem surface was performed as well as detailedigéea of the red heart shape. For the mapping of
traits and the description of red heart shape rigmal method of log laser scanning and digitahge
analysis was developed and applied. The method maulessible to reconstruct and visualise the
external traits on the stem surface and the red Bhape inside the stem. Based on results ofualis
assessment of link between external traits andheadt, a simple hypothesis of red heart initiation
depending on the dimensions of dead branches/bracehs was developed, using geometric
relationships between branch scars, knots and esdt.hFurthermore, a simple hypothesis was
developed of red heart development in stem-axidlsé@m-radial direction. The hypotheses were used
in subsequent analyses to develop models of red deaurrence and shape.

Using the hypothesis of red heart initiation, a etyfogistic regression model was developed
(analysis II). The model made it possible to guaritie effect of individual external traits (branch

scars) on the probability of red heart occurreddso, it included an effect on the dendrometricelev
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(diameter at breast height). Using this model, abab 17 red heart trees and 12 out of 14 treel wit
no coloured heartwood (“white trees”) were cornectassified.

Based on the hypothesis of red heart developmemiperall red heart shape was modelled at a given
stage of development (analysis Ill). Therefore,dierall red heart shape was measured on 16 tsees a
the mean red heart radius versus tree height batéeefelling cut and the crown base (the inter-
measurement distance was approximately 2 m). Usimpn-linear model, the observed red heart
shapes were closely described. Results of a pregliciodel at the standing tree level suggested that
model parameters could be estimated from exteradstand dendrometric variables (branch scars,
relative height of the crown base and diameterragdi height). Application of the model to an
independent sample of four trees (analysis |) skiggvemising results.

Finally, local deviations from the overall red hestrapes of the 16 trees were studied using baaitds
from these trees (N = 58; analysis IV). The analyscused on the local red heart shape in stenh-axia
direction below and above branch scars/knots. esbbwed that deviation was limited to the zone
of the knot and to the upper red heart end. Furtbeg, the geometric relationships between branch
scars, knots and red heart (developed in analysieie tested and further developed. Results were
rather coarse, but they basically supported theotmgsis of red heart initiation developed in
analysis I.

Perspectives were about further analyses in thd sfion, based on data and results of the present
study: modelling of the overall red heart shapestiasn the number of annual rings containing red
heart in about every 2 m of stem height; and anadysf the local red heart shape in different stem-
radial directions. Furthermore, the importance oflel validation was stressed. As perspectivesdn th
medium and long term, linking of the models of hert occurrence and shape (analyses Il and Ill) to
models of Beech growth and roundwood processimtisisussed as well as application of the models

in practice of forestry and wood industry.

6.2 French summary (Résume)

Le Hétre Fagus sylvatical.) est une essence qui forme facultativement agurccoloré. Dans la
plupart des cas, le coeur développé est un cceue.rbagransformation industrielle favorise le bois
clair du Hétre, notamment pour les produis pouguets I'aspect est important. L’occurrence de
ceeurs rouges de tailles élevées diminue ainsi déraddlement la valeur des bois ronds. Pour cette
raison, les forestiers aimeraient pouvoir estirf@acurrence du coeur rouge et contrdler sa formation
dans l'arbre sur pied. En vue d’atteindre cet dijedes modéles statistiqgues sont développés.
Cependant, la variabilité de I'occurrence du cosuge au niveau inter-arbre, et de sa forme au nivea
inter- et intra-arbre est importante. Dans la dioeclongitudinale, le cceur rouge a souvent uneéor
de noyau, qui peut s’étendre de la coupe d’abaftegypi’a la base du houppier, ou alors se trouver

completement inclus entre ces deux extrémités. Dmaérection radiale, souvent, le cceur rouge ne
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suit pas les limites de cerne, mais il a une appar& nuageuse », composée de plusieurs vagues de
formation. Par rapport aux travaux existants dankttérature, cette étude se propose de décrire de
fagon trés précise la variabilité intra-arbre dwrcoeuge (échantillonnage de haute résolution)r Pou
cela, un point important était les relations pdssibentre les défauts apparents sur le tronc et
I'occurrence et la forme du coeur rouge a lintérida celui-ci ; des défauts tels que des branches
mortes sont supposés étre des points d'initiatmssiple de la formation du cceur rouge. De plus, un
effet des variables dendrométriques telles quadmétre a 1.3 m sur la présence du phénomene est
reconnu. Dans ce contexte, I'objectif principaladdte étude était de quantifier des relations datre
défauts externes de l'arbre, des caractéristiggagramétriques et I'occurrence et la forme du coeur
rouge dans les directions longitudinale et radiBleur atteindre cet objectif, quatre analyses tit &
meneées.

Dans un premier temps, une analyse exploratoirelysa|) réalisée de facon intensive a partir de
quatre arbres avait pour objectif d’identifier et chractériser des relations possibles entre fasitdé
externes et le coeur rouge au niveau intra-arbngr. ofaire, les défauts (branches mortes, ciestric
de branche, blessures, fentes et fourche) visgile$écorce ont été cartographiés, et la formallc

du cceur rouge au voisinage des défauts a été eléeridétail ainsi que sa forme globale dans la
direction longitudinale. La carte des défauts a étblie par un scanner optique a billon et la
description du cceur rouge par analyse d'image esrrdndelles. A partir des résultats obtenus, une
hypothése simple sur linitiation du cceur rougeté@ @éveloppée basée sur des dimensions des
branches mortes/cicatrices de branche, en utilidesitrelations géométriques entre des cicatrices de
branche, les nceuds correspondants et le cceur rbumge.autre hypothése simple portait sur le
développement du coeur rouge dans les directiorgtlmiinale et radiale. Ces hypothéses ont été
utilisées dans les analyses suivantes pour dévalapgs modeles d’occurrence et de forme du cceur
rouge.

A partir de I'hypothése portant sur l'initiation dioeur rouge, un modele de type logistique a été
développé (analyse Il). Le modéle permettait dentifier individuellement l'effet des défauts
(cicatrices de branche) sur la probabilité d’ocence du cceur rouge ; il incluait aussi un effet au
niveau dendrométrique (diametre a 1.3 m). En atiice modeéle, 15 parmi 17 hétres avec un coeur
rouge et 12 parmi 14 hétres « blancs » (sans colweg ont été classés correctement.

La forme globale du cceur rouge a un stade de déwetoent donné a été modélisée a partir de
I'hypothese sur le développement du coeur rougely@mdl). Pour cela, le rayon moyen du coeur
rouge a été mesuré sur 16 arbres, environ towdeles metres entre la coupe d’abattage et la base du
houppier. Par un modele non linéaire, la forme glelles coeurs rouges observés a pu étre décrite
avec une précision jugée plutét satisfaisante. iéssltats d’'une approche de modéle prédictif au
niveau de l'arbre sur pied indiquaient que les pataes du modéle pourraient étre estimés a padir d

défauts et des variables dendrométriques (cicatra® branche, hauteur relative de la base du
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houppier et diamétre a 1.3 m). L’application du g&ledd I'échantillon indépendant portant sur les 4
arbres de I'analyse | donnait des résultats engearas.

Enfin, I'analyse IV portait sur des déviations Isade la forme globale de 16 cceurs rouges. Plus
particulierement, la forme longitudinale du coeung® en dessous et au dessus des cicatrices de
branche/nceuds a été analysée. Les résultats obretigisaient que les déviations sont limitées a la
zone du noeud et a I'extrémité du coeur rouge catalape plus, les relations géométriques entre les
cicatrices de branche, les nceuds et le coeur ronigeq en place dans l'analyse I) ont été testées et
développées. Les résultats étant assez grosssessulignaient cependant I'hypothese sur linitiat

du cceur rouge développée dans I'analyse |.

En perspectives a court terme, les analyses selwg@uvent étre envisagées a partir des résuétats d
cette étude : la modélisation de la forme globaleatur rouge a partir du nombre de cernes contenant
du cceur rouge environ tous les deux metres ledortgonc, et une analyse de la forme locale du coeur
rouge dans des différentes directions radialepeEspectives a plus long terme, les possibilitéigede

les modéles de l'occurrence et de la forme du cauge a des modeéles de croissance ou de la
transformation des bois ronds sont discutées, ajueil'application des modéles dans la pratique

forestiére et dans l'industrie du bois.

6.3 German summary (Zusammenfassung)

Die Buche Fagus sylvaticd..) gehort zu den Baumarten, die fakultativ fagsidernholz ausbilden.
Meist ist der Farbkern als so genannter Rotkergepréigt. Das Vorkommen gréRerer Rotkerne fihrt
bei dem Rundholz zu deutlichen Preisabschlagem ddinblick auf eine industrielle Verarbeitung zu
hochwertigen Produkten fiir den sichtbaren Bereion &llem das helle, ,wei3e“ Buchenholz
nachgefragt wird. Daher besteht in der Forstwirdfichrol3es Interesse an Verfahren zur Abschatzung
des Rotkernvorkommens und zur Steuerung der Rakéstehung im stehenden Baum. Um sich
diesem Ziel anzundhern werden statistische Moeéelieickelt.

Jedoch variiert das Vorkommen des Rotkerns starkchen den Baumen. Weiterhin weil3t die Form
des Rotkerns eine grol3e Variabilitat zwischen déanBen und innerhalb von Einzelbaumen auf. In
stammaxialer Richtung verlauft der Rotkern haufisndelformig. Dabei kann er sich vom Fallschnitt
bis zum Kronenansatz erstrecken, oder aber sickchen diesen Grenzen befinden. In stammradialer
Richtung folgt der Rotkern in der Regel nicht deamrdingverlauf, sondern er besitzt haufig eine
wolkige Form, die sich aus mehreren Bildungszongsammensetzt. Im Gegensatz zu bestehenden
statistischen Modellen soll in der vorliegendendistichung diese Variabilitdt des Rotkerns innerhalb
von Einzelbdumen genauer analysiert und quantifixierden. Dabei wird besonderes Augenmerk
auf mogliche Zusammenhénge zwischen aufleren Stanwmaden und dem Vorkommen und der
Form des Rotkerns gelegt; denn es wird angenomdaass, aul3ere Stammmerkmale wie z.B. Totaste

Ausgangspunkte der Rotkernbildung sein konnten. \Wegteren stehen dendrometrische Variablen
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wie z.B. der Brusthéhendurchmesser in Zusammenhaiigder Rotkernbildung. Vor diesem
Hintergrund ist es das Ubergeordnete Ziel diesebeyr Zusammenhdnge zwischen &ulReren
Stammmerkmalen und dendrometrischen Variablen siter und dem Vorkommen und der Form
des Rotkerns andererseits, zu quantifizieren. UWrsadi Ziel zu erreichen wurden vier Untersuchungen
durchgefuhrt.

Das Ziel der ersten Untersuchung ist es, moglichesathmenhdnge zwischen &ul3eren
Stammmerkmalen und dem Rotkern zu identifiziered an charakterisieren. Im Rahmen dieser
Zielsetzung wurde eine originare Methode entwickeltd an vier Buchen getestet: Die
Stammmerkmale (Totaste, Astnarben, Wunden, RisdeZwiesel) sowie der Stammmantel wurden
mittels Laser-scanning vermessen. Die Erfassund-den des Rotkerns erfolgte an Stammscheiben
mittels digitaler Bildanalyse. Anhand der gemesgmerieaten konnten die Versuchsbdume
dreidimensional rekonstruiert und visualisiert ward Ausgehend von den Ergebnissen dieser
Untersuchung wurden einfache Hypothesen abgelditein dem Folgenden fir die Entwicklung von
statistischen Modellen zur Abschatzung des Vorkormsmend der Form des Rotkerns im stehenden
Baum verwendet wurden: Es konnte eine einfache tgse Uber die Auslésung der Rotkernbildung
in Zusammenhang mit Variablen von Totasten und #sien abgeleitet werden. Des Weiteren wurde
eine einfache Hypothese hinsichtlich des Ausgangdpuund der Entwicklung des Rotkerns in
stamm-axialer und stamm-radialer Richtung aufgkstel

Ausgehend von der Hypothese Uber die AuslosungRigkernbildung wurde eine logistisches
Regressionsmodell entwickelt (Untersuchung Il). Daslell ermdglicht es, den Einfluss von &uf3eren
Stammmerkmalen (Astnarben) auf das Vorkommen dékeRts einzeln zu schatzen. Des Weiteren
wurde der Einfluss des Brusth6hendurchmessers iauRdtkernwahrscheinlichkeit in dem Modell
berucksichtigt. Unter Anwendung des Modells konriténvon 17 rotkernigen Buchen und 12 von 14
~weil3en" Buchen ohne Farbkernholz richtig klass#iz werden.

Das Modell fir die so genannte Grundform des Ratkétntersuchung Ill) fuldt auf der Hypothese
Uber die Rotkernentwicklung in stammaxialer undnsteadialer Richtung. Fir die Parametrisierung
des Modells wurde der mittlere Rotkernradius arBi@men gemessen, und zwar in Abstanden von
ungefahr 2 m vom Fallschnitt bis zum KronenansBizr auf diese Weise ermittelte Verlauf des
Rotkerns entlang der Stammachse konnte mittelss emehtlinearen Modells genau beschrieben
werden. Im Hinblick auf eine Prognose am steheriimm wurden die Modellparameter anhand von
Stammmerkmalen und dendrometrischen Variablen @&ben, relative Kronenansatzhéhe und
Brusthéhendurchmesser) geschétzt. Bei dieser Soigitznd bei der Anwendung des Modells auf
einen unabhéngigen Datensatz (vier Baume aus skemedntersuchung) konnten viel versprechende
Ergebnisse erzielt werden.

In der vierten Untersuchung wurden schlief3lich adhaon Langsschnitten lokale Abweichungen von
der Rotkerngrundform im Bereich von Asten quarititdteschrieben. Aus den Ergebnissen geht

hervor, dass die Abweichungen vor allem in unnbaetm Bereich des untersuchten Astes und am
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oberen Ende des Rotkerns auftreten. In dem zw@dndieser Untersuchung wurden geometrische
Zusammenhange zwischen Astnarben, den entsprechéstien und dem Rotkern (Untersuchung 1)
geprift und weiterentwickelt. Auch wenn zum Teiblge Ergebnisse erzielt wurden, so stitzten sie
doch die Hypothese Uber die Auslésung der Rotkétuivg.

Als kurzfristig mogliche Folgeuntersuchungen werddéie Modellierung der Rotkerngrundform
innerhalb des Jahrringprofils (Anzahl der Jahrringé Rotkern in verschiedenen Schafthéhen) und
die Beschreibung und Modellierung der lokalen Rotf@m in stammradialer Richtung diskutiert.
Weiterhin wird die Bedeutung der Modellvalidierubgtont. Als mittel- bis langfristige Perspektiven
werden eine Verbindung der vorgestellten, statbés Rotkernmodelle mit einem
Wachstumssimulator fiir Buche ebenso diskutiert diieAnwendung der Modelle in der forst- und

holzwirtschaftlichen Praxis.
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8 Annex

8.1 Complementary information
8.1.1 Explorative analysis (analysis I)

8.1.2 Red heart occurrence (analysis II)
Referring to sectio.2, Table 8 gives the parameter estimates, appedgi standard errors and
significance tests of the model of red heart o@ee which used hd as explanatory variable at the

dendrometric level. The correlation matrix of paeden estimates of this model is given in Table 9.

Table 8. Model of red heart occurrence using hd as explayatariable at the dendrometric level.
Parameter estimates, approximate standard errdrsigmficance tests.

Parameter Approximate Approximate
(variable) Estimate standard error Prob > |t|
& -27.32 9.04 0.006
a’ (hd) 49.02 15.91 0.005
by’ 6036.62 231.14 1.2107"
by’ (mec2) -13.90 0.53 1.1-107%°
by’ (mec3) 97.72 3.74 1.1-107%
by’ (ro) -63.46 2.43 1.1-107%°

Table 9. Model of red heart occurrence using hd as explayatariable at the dendrometric level.
Approximate correlation matrix of parameter estesat

a a’ bo b, b,
ag' 1
a;' -0.98833 1
by’ -0.04399 0.04636 1
b, 0.04367 -0.04602 -0.99992 1
b, -0.04360 0.04595 0.99990 -0.99999 1
bs' 0.04373 -0.04609 -0.99996 0.99997 -0.99998

Determinant = 1.5107™°
Matrix has 6 positive eigenvalue(s)
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8.1.3 Overall red heart shape (analysis II)
Referring to sectioB.3, Table 10 gives the parameter estimates, ajppata standard errors and 95%

confidence limits of the descriptive model of therll red heart shape for the trees of group 1.

Table 10. Descriptive model of the overall red heart shape tfe trees of group 1: parameter
estimates, approximate standard errors and 95%demtke limits.

Tree Parameter  Estimate Approximate Approximate 95% confidence limits
number standard error

k*1 (1) -0.0399 0.00540 -0.0506 -0.0292

k*, (1) 0.0365 0.0149 0.00691 0.0662
all k* (1) 0.1579 ; ; ;

k*4 (1) -0.3135 - - -
BO1 ko1 (1) -4.5412 0.0195 -4.5799 -4.5026
BO1 lo; (M) 4.8897 0.1013 4.6886 5.0907
BO1 Feo1 (M) 5.2363 0.0665 5.1042 5.3684
BO8 Whos (1) -4.6061 0.0182 -4.6421 -4.5700
BO8 lsos (M) 8.3699 1.6786 5.0379 11.7020
BO8 Feos (M) 6.2107 1.0071 4.2117 8.2097
co4 Weos (1) -4.8683 0.0121 -4.8923 -4.8443
co4 koa (M) 8.3709 0.2252 7.9239 8.8178
co4 heoa (M) 5.9626 0.1216 5.7213 6.2039
Co6 Weos (1) -5.0274 0.00981 -5.0468 -5.0079
Co06 kos (M) 12.0019 0.5216 10.9665 13.0373
Co6 hos (M) 6.3430 0.3480 5.6523 7.0338
(2): no unit

8.1.4 Local red heart shape (analysis 1V)

This section gives results about deviation andivgaleviation of the local red heart shape on #®ar
from the overall red heart shape on the nearestsdifhe results refer to sectidrt.2.1.1. In
section3.4.2.1.1, results were based on one longituditzalgy which was the board surface related to
angular disc sections (Figure 8). At the end ofier8.4.2.1.1 it is discussed that, however, the mean
red heart radius of the entire discs (and not gubar disc sections) was used to quantify the dvera
red heart shape (sectiBrB). To evaluate if this makes a difference, dimiaand relative deviation
were also calculated using the mean red heartgailithe entire discs: referring to methods given i
section3.4.1.1, deviation and relative deviation were glated using geow and apoveinstead of geow
and Epove Where reow and riapoe Were the mean of 360 red heart radii [meganftith a = 1 to 360;
section2.2] of the disc below and above the board, regpygt Results are given in the following:
Figure 31, Figure 32, Figure 33 and Figure 34 raddfigure 19, Figure 20, Figure 21 and Figure 22
of section3.4.2.1.1, respectively; Table 11 refers to Table 5
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Figure 31.Deviation of the local red shape (board zones) fteenoverall red heart shape (discs); on
the abscissa axes: mean height of board zonegddiatthe height of the upper red heart end (tree
number 47 had a second small red heart above ther upd heart end which was represented by one
board); on the ordinate axes: deviation of lowenez@left), knot zone including/excluding the red
heart in the knot (middle) and upper zone (rigtt);in axis legends stands for no unit; N = 58 dear
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Figure 32. Relative deviation of the local red shape (boandesd from the overall red heart shape
(discs); on the abscissa axes: mean height of bmares related to the height of the upper red heart
end (tree number 47 had a second small red hearedbe upper red heart end which was represented
by one board); on the ordinate axes: relative diewviaof lower zone (left), knot zone
including/excluding the red heart in the knot (mé&jdand upper zone (right); (1) in axis legends
stands for no unit; N = 58 boards.
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Table 11.Descriptive statistics of deviationdglzone Gknotzoneinci Cknotzoneexci@Nd @pperzond aNd relative

deViation (d)werZoneRed dmotZonelncIReA dmotZoneExclReIand dpperZoneRal Of board zones Iocated belOW 0.8 Of

height related to the upper red heart endyfnere< 0.8).

Variable N Mean Median Std Ccv Min Max Prob > |t[;
(mm) (mm) (mm) (%) (mm) (mm) Ho: Mean = 0
iowerzone 41 -1.3 -2.9 7.7 -594 -14.8 15.2 0.2878
Oknotzonelnc! 41 5.4 1.8 11.5 211 -12.5 41.2 0.0042
Oknotzoneexet 41 1.9 2.0 7.9 421 -15.5 16.7 0.1362
Jupperzone 41 0.3 -0.9 8.1 3195 -18.0 18.2 0.8422
(€] 1) 1) (%) 1) ()
Jowerzonerel 41 -0.014 -0.036 0.099 =722 -0.193 0.205 0.3806
Oknotzoneincrel 41 0.074 0.025 0.157 211 -0.168 0.529 0.0041
Oknotzoneexcirel 41 0.024 0.022 0.108 448 -0.209 0.301 0.1611
Oupperzonerel 41 0.002 -0.013 0.116 6235 -0.262 0.346 0.9187
N: number of observations
Std: standard deviation
CV: variation coefficient
Min: minimum
Max: maximum
Prob: probability
t: t-value (Student)
Ho: null hypothesis
(2): no unit
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Figure 33.Deviation of the local red heart shape from theralveed heart shape below and above the
knot; on the left: scatter plot of the differencetbeen the deviations of upper zone and lower zone,
and the height relative to the upper red heart(eeed number 47 had a second small red heart above
the upper red heart end which was represented byboard); on the right: scatter plot of the
deviations of upper zone and lower zone, the lise@t = x) of the coordinate axes is given as

auxiliary line; (1) in axis legend stands for natuN = 58 boards.
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Figure 34.Relative deviation of the local red heart shapenftbe overall red heart shape below and
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red heart above the upper red heart end which e@esented by one board); on the right: scattér plo
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Abstract

In this work, quantitative relationships were sastibetween external and dendrometric characteyisfibeech treesn the one hand, and

heartwood occurrence and shape in stem-axial @natstdial direction on the other hand. Four analysere performed:

I.  Explorative analysis — Tree external traits (deshbhes, branch scars, wounds, cracks and forkjterdd heart shape were descri
three-dimensionally and in detail on four treess@&honvisual and geometric relationships, hypotheses werkiced about red he
initiation depending on branch scar/knot dimensiansl about stages of development of the red Bhapte.

Il. Red heart occurrenceUsing the hypotheses of red heart initiation,etlogistic regression model was developed. linadhb quantifyini
the effect of individual branch scars on the praligtof red heart occurrence. It included an effen the dendrometric levellsing this
model, 27 out of 31 trees were correctly classified

Ill. Overall red heart shape — This shape (mean red hesdius versus height in the tree) was modelle@ givenstage of red het
development based on the hypothesis of the expleranalysis The red heart width, length and height in the tneere controlled t
model parameters. The parameters could be estinfieied external traits and dendrometric variablese Thodel wagparameterise
based on 16 trees and applied to an independeptesarhich consisted of the four trees of analysis |

IV. Local red heart shape — Deviation from the ovesrallheart shape in stem-axial direction below amala knots wasnalysed on boar
(N=58) taken from the 16 trees of analysis Ill. B&on was limited to the zone of the knot andtte tipper red heart end. Furthermore
geometric relationships between branch scars, kaotsred heart, as developed in the explorativdysisawere tested and furtt
developed.

Perspectives in the short term include modellinthefnumber of annual rings containing red head, guantifying thdocal red heart sha

in different stem-radial directions. Furthermorieg importance of model validation is stressed. g&ativesin the medium and long te

include linking of red heart models to models ektgrowth and roundwood processing.

Keywords: Fagus sylvatica beech, red heart, model, initiation, occurrernsieape, developmenhranch scar, geometric relations

mechanism, probability, standing tree

Résumeé

Dans le cadre de ce travail, des relations quéimgtaont été étudiées, chez le Hétre, entre reguiarités externes de I'arbre, des caractéris-

tiques dendrométriques et I'occurrence et la fomeceur rouge dans les directions longitudinateditile. Quatre analyses ont été menées :

I.  Analyse exploratoire — Des singularités externeanthes mortes, cicatrices de branche, blessemsgsfet fourche) et larfoe du coet
rouge ont été décrites de fagon tridimensionneitaitiée pour quatre arbres. En se basantiesirelations visuelles et géométriques
hypotheses ont été développées d’une part sutidiion du coeur rouge basées sur des dimensionsicisices de brancheeuds ¢
d’autre part sur des stades de développementfdenie du cceur rouge.

Il.  Occurrence du coeur rougeEn utilisant les hypothéses sur l'initiation duwrceouge, un modéle de type logistique a été dépelol
permettait de quantifier individuellement I'effeesl cicatrices de branche sur la probabilité d’aetime du coeur rougel incluait
également un effet dendrométrique. A l'aide de oeléfe, 27 parmi 31 hétres ont été classés correatem

Ill. Forme globale du cceur rouge — Cette forme (rayogemalu cceur rouge le long de I'axe du tioacété modélisée a un stade
développement donné en se basant sur I'hypothéfariddyse exploratoire. & largeur, la longueur et la hauteur du coeur ralage
I'arbre étaient controlées par les paramétres ddefeo Ces derniers ont pu étre estimés a partisidgsilarités externes eesl variable
dendrométriques. Le modeéle a été paramétré emantilil6 hétres ; il a été appliqué a I'échantilfafépendant constitué dgeatre arbre
de l'analyse I.

IV. Forme locale du coeur rouge — Des déviations lockdda forme globale du coeur r@uet plus particulierement la forme longitudinah
dessous et au dessus des nceuds ont été analysées planches (N=58) provenant des 16 arbresadalyse Il Les déviations étaie
limitées a la zone du nceud et a I'extrémité du cmuge coté apical. De plus, des relations géoméds entre les cicatris@&le branch
les nceuds et le caeur rouge, mises en place daayba exploratoire, ont été testées et développées

Des perspectives a court terme incluent de modédéseombre de cernes de cceur rouge et de quarifferme locale du cceur rougenda

les différentes directions radiales. De plus, l'im@oce de la validation des modéles de cceur rosigsoelignée. A plus long terme,

modeles pourraient ainsi étre couplés a des modelesoissance ou de transformation des bois ronds.

Mots clés : Fagus sylvatica hétre, coeur rouge, modéle, initiation, occurrerfoeme, développementicatrice de branche, relat

géométrique, mécanisme, probabilité, arbre sur pied

Zusammenfassung

In der vorliegenden Arbeit werden im Rahmen vonr vieiluntersuchungen quantitative Zusammenhangeschen &auleren Stamm-

merkmalen und dendrometrischen Variablen von Buéieerseits, und dem Vorkommen und der Form dekdRué andererseits, analysiert:

I. ,Pilotstudie* — AuRere Stammmerkmale (Totéste, Agben, Wunden, Risse und Zwiesel) sowie die ForsnRigtkerns wurden aanc
von vier Baumen im Detail dreidimensional bescheiebAusgehend von visuellen und geometriscierammenhéangen zwisct
Stammmerkmalen und Rotkern wurden Hypothesen abgfeleind zwar zum eineiiiber die Auslésung der Rotkernbildung
Abhangigkeit von den Dimensionen von Totasten/Adtera und zum anderen ber Entwicklungsstadien déeform.

II. Vorkommen des Rotkerns — Ausmsd von den Hypothesen Uber die Auslosung der dradtddung wurde ein logistisck
Regressionsmodell entwickelt. Mit diesem Modell k@nder Einfluss von Astnarben auf die Rotkernwahrstiobkeit einzel
quantifiziert werden, und es wird der Einfluss wendrometrischen Variablen berlcksichtighter Anwendung des Modells wurder
von 31 analysierten Buchen richtig klassifiziert.

Ill. Grundform des Rotkerns — Darunter wird der mittiBkernradius in verschiedenen Hohen entlang tEni®achse verstaad. Die
Modellierung eines bestimmten Entwicklungsstadiumes Rotkerngrundform erfolgte ausgehend von deden ,Pilotstudie auf-
gestellten Hypothese. Dabei wurden die Breite, eamgd Hohe des Rotkerns im Stamm durch entspreetidndellparameter gesiert
Die Parameter konnten anhand von aufReren Stammmerkoadedendrometrischen Variablen geschéatzt weidas.Modell wurde fi
16 Buchen parametrisiert und mittels eines unabibénd atensatzes uberprift, der die vier BaumeJatisrsuchung | umfasste.

IV. Lokale Abweichungen von der Rotkerngrundform — Esden Abweichungen in stammaxialer Richtung untieid oberhalb von Ast
analysiert. Dies erfolgte anhand von Léangsschn{fierb8), die den 16 Buchen aus Untersuchung lihemimenen wurden. Weséahe
Abweichungen traten im unmittelbaren Bereich vorieAsund am oberen Ende des Rotkerns auf. Des Weitguden die in de
JPilotstudie” aufgestellten geometrischen Zusamndeigle zwischen Astnarbe, Ast und Rotkern getestbtvaiterentwickelt.

Kurzfristig mogliche Folgeuntersuchungen koénnterh shit der Modellierung der Rotkerngrundform inredthdes Jahrringprofileder mi

lokalen Abweichungen von der Grundform in verschieeh stammradialen Richtungen befassen. Des Weitgiel betont, dass di

entwickelten Rotkernmodelle noch validiert werdeifiten. Davon ausgehend ware langerfristig einek@pfung der Rotkernmodellmit

Modellen fir das Baumwachstum und den Rundholzkimigadenkbar.

Schlagworter: Fagus sylvatica Buche, Rotkern, Modell, Auslésung, Vorkommen, rRorEntwicklung, Astnarbe, geometrisct

Zusammenhang, Mechanismus, Wahrscheinlichkeitestigr Baum



