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1. RELEVANCE OF THE SUBJECT

In recent decades, mankind have been paying iringgsnore attention
to the natural environment. The immediate surroogsliof the residence and
workplace, including the green space is subjectjrtmwving awareness. Solitary
trees planted in urban areas for recreation angkgtion play an important role in
this, because society expects an rising numbenfodstructure services directly
from trees in urban areas.

These services, such as clean air, shade and lmhefits of green space
can only be fulfilled by healthy and thrifty maturees. The age of trees, therefore,
should be extended as long as possible, but unfmely more health problems
arise with trees of older age.

The large size of trees brings about increasingtieg) effects, as well.
The falling branches and fallen trees can createazard to human life and
property, and can cause considerable damage. Trezse should be intensively
managed and cared for, but the difficulty is tHa properties of mature trees,
especially the development of biomechanical stighigi not well-understood.

The technological advancements of the last two dksahelped the
development of devices for measuring mechanicalilgtaand internal defects of
trees. Several of these instruments are now availab urban foresters and tree
care professionals at an affordable price.

The currently used tree testing procedures ofteechst the methods and
timing of interventions in sparse intervals, so tisk management of trees could
be somewhat haphazard. Thus, the interpretatioth®fresults of tree testing
require further clarification.

Some of the common tree testing procedures requoreplicated and
significant organizational activity and are coslyd time-consuming. It is prudent
to reduce the level of expenditures, especiallycesisome costly tree care
intervention is only worth it if the subject treedf high value.

After a thorough review and study of currently kmowree testing
methods, this paper proposes changes to the pmaseda make them more
efficient. New tree testing procedures that weneetigped under this study are also
introduced while enhancing the knowledge of stiaiéals of older trees.



2. OBJECTIVES OF THE STUDY

The study of solitary trees started several yegrs ia Hungary and have been
progressing dynamically, keeping up with similasearch abroad. The author
wanted to answer several research questions hggéte following objectives at
the beginning of this study:

The review of available national and internatiditatature is an important starting
point to establish a research topic and referepnagg In particular, the following
priority issues have been identified:

« the role and impact of wood-destroying pests anthquens in tree
resistance, in particular of the tinder fungus;

« the understanding of effects of catastrophic fortegree equilibrium
positions, with special regards to the effects wifdy

» the mechanical characteristics of trees in reldioinee resistance;

« the equilibrium positions of trees;

« the behavior of the stem and roots at the onsktroés; and

« the understanding of technical possibilities aralsdor tree inspection.

Following the literature review, it is necessarycerry out many of the
available and suitable tree testing procedures ¢sessing and measuring the
mechanical properties of mature trees and theiradiate surroundings.

The analysis and interpretation of data from themsmasurements and
observations will enhance the knowledge on thécstzads of trees.

The interpretation of data can help in refining neets for determining
tree resistance, thereby reducing the risks ofsitatimaking, so tree care can be
performed more cost-effectively.

Understanding the causes and the course of tremé#al lead to more economical
and simpler procedures and faster development ditators and methods for
determining tree resistance.



3. HYPOTHESES

After defining the research objectives, the folloghypotheses were formulated:

1.

Depending on the shape of the stem of the damaged there could be
several sources of random measurement errors wisérg wlan acoustic
tomograph.

Decay can take many different shapes and fornmseistem.

Wall thickness below a certain size due to decaydubllow parts in the stem
is no longer sufficient to maintain tree resistance

The resistance of solitary trees in urban areashbsamrharacterized by the
slenderness ratio usually applied to forest trees.

Diameter at breast height and crown dimensionstatecally correlated.

A calculation protocol can be developed based anplgl instruments
measuring the parameters that can provide a cfesttiek way to assess the
stability of trees.

Trees of different species that are uprooted due disease exhibit a similar
shape of the root system.

There are mechanical, statical reasons behindahesfand spreads that form
on the lower part of the tree trunk, root colladawots of older and larger
sized trees.



4. RESEARCH MATERIALS AND METHODS

The study of the trees in urban areas took platedsn 2008-2014. The
selection of trees occured randomly, partly basee@xternal assignments and in
part because some of the trees appeared to bskinloications. The trees were of
different ages, but most would be considered matneety percent of the trees
are located in western Hungary, including two-third Szombathely and its
surrounding area, partly on streets and squaresjeisas gardens, parks, and a
small number in rural areas subject to urban atehsgive use.

The static tests involved 71 individual trees of &¥ecies with a full
survey that meant the detailed measurement of re8tstally important features,
and the assessment of forces acting on each tregdition, five variables for each
tree were derived from databases, and ten varialdes the results of calculations.
These variables together include the scope of éte kquired for the analysis of
tree resistance.

A total of 197 tomographic measurements have tgkace, a number of
them at multiple heights on the tree. Altogethes9 4rees of 40 species were
visually inspected with special regards for crowrd sstem shape and the root
collar. The author’s purpose was the understandimyanalysis of environmental
relief and its relation to non-measurable charésties of the tree.

The effective root zone was clearly identifiabte fiine trees that were
uprooted or moved by wind, so these trees were ttsddmonstrate a cost-saving
tree test procedure developed by the author.

Tree resistance was calculated in MS Excel usipgtivalues from data
that were either directly measured or obtained fdatabases as per the above
methods. A subroutine within MS Excel was used &cuate wind loads
following international standards.

Certain indicators derived from the tree data amdetations among tree
variables were calculated using the STATISTICAwafe package based on non-
parametric statistical methods.



5. RESULTS

Mechanical effects due to human activities oftesultein physical changes to the
tree that greatly affect its stability.

Various indicators and ratios derived from measumed calculated data for a
given tree can help assess its health and staitsloelative to an ’ideal’ tree
growing under similar environmental conditions. Oswech indicator is the tree
height (m) to diameter at breast height (DBH) (eatjo that should be below Y2
for trees located in urban areas to ensure suficesistance to stem breakage.

The following relationships can be derived from tatgo of DBH to various crown
dimensions:

e Tree stability is maintained if the value of crowarface expressed in
square meters is less than the value of DBH expdesscentimeters.

* Resistance to stem breakage can be consideredisnffif the crown
diameter is less than ten times the DBH.

The relationship of various indicators cannot bscdéed by one statistical curve,
rather the data values generally form a band arcctbat exhibit a linear trend as
implied by the relationships stated above. HoweWeere is a sudden, usually
exponential change at extreme values due to steakage or tree fall (i.e., failure
in resistance).

Tomographic studies conducted after tree measutsmerided an insight into the

relationship between the size and extent of decaydwllow parts, the remaining

wall thickness in the tree and diameter. Althoughdefinite relationship could be

obtained, the data provided important informatibowt the extent and bounds of
internal defects. The application of tomographyralfitiple heights along the tree
enabled the construction of 3D models of interralays. The author differentiated
four different types of decay shapes: cone, indedene, barrel and cylinder-
shaped cavity. The analysis of the decay shape igayertant information about

the starting point of the damage and the short-tmrtiook for the tree.

Analysis by the author indicated the extractiorrelévant data on the remaining
wall thickness in the tree using acoustic tomogyaghbniform, pipe-like wall
thickness of healthy wood comprising at lesof the stem diameter will ensure
sufficient tree resistance. Trees with smaller riemg wall thickness can only be
maintained by crown pruning and crown reduction.



Root plate diameter is also an important charatterand can be interpreted in the
context of tree height and DBH. According to thisdy, tree stability requires that
the root plate diameter to be at least 20% ofdka tree height.

Analysis of tree survey data combined with the rimfation from tree-pulling
experiments, windthrow studies and the thoroughiemevof other relevant
literature provided the basis for the developmena dree resistance calculation
method that could serve as an alternative to costiyl time-consuming
experimentation. In addition to the basic tree diflia new method requires careful
determination of two very important pieces of imf@tion: wind speed and the
extent of the effective root system.



6. THESES

1. Measurement data for a given tree obtained by acistic tomography can
vary greatly based on decisions taken by the survey.

The results of tomographic measurements can bertdt significantly due to
random errors. These errors generally result in\amestimate of tree stability and
can be caused by several tree defects such agnwh&albts, frost damage, cracks
(internal growth, mechanical), burls, plank rodtdernal adventitious roots, ribs,
tumors, scars and galls, goiters, flares, spread®wergrown objects.

In addition, in practice it is often difficult tgost the critical cross-section, and the
measurement is done elsewhere. It is also possibl@ssume a circular cross
section instead of the real cross section duringpgraphic measurements or to use
less sensors thus significantly reducing measuretimaa on bigger jobs; however
this can become a major source of bias.

2. Based on 3D tomograms, there are four basic mdastations of stem decay.
The 4 stem decay forms are as follows:

Conical decay or cavity is widest at the base efriot. The rot starts at the root
collar and it quickly moves upward once reaching piith. This form of decay is

the most dangerous to tree resistance, becaus®ety likely that the root system
is also damaged by the disease.

Rot that starts from a stem injury above the roollac can spread upward,
downward and toward the pith thus it usually exisilai a barrel or spindle shape.
Based on the CODIT principle, the pathogen caretrfaster in the direction of the
tracheids than radially which results in an eloeddbrm of decay that is broader
in the mid-section.

Frequent tree pruning or historical pollarding @sidential areas cause extensive
injuries close to the base of the tree crown thelpihg the pathogens get into the
stem. In this case, the rot begins to extend dowthand to a lesser extent radially
resulting in an inverted cone shape. This form efay increases the chance of
branches breaking off the tree.

If the extension of the rot is sufficiently large the direction of the tracheids, the
disease will also start to spread radially. In tase the cylindrical shape of decay
create a pipe-like cross section where the living #harifty sapwood forms the pipe

wall. This form of decay most often occurs on harsestnut.
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3. The remaining wall thickness ratio of a decayedr hollow stem where the
crown is not managed, must be at leadt in order to maintain sufficient tree
resistance.

Tomographic measurements by the author indicatettieastems with a remaining
wall thickness ratio ofls or less are susceptible to breakage. However the
remaining wall thickness ratio ¢ must be uniform along the stem to maintain
stability. Values belows may occur on stable trees with a heavily prunesvar

4. The ratio of tree height and DBH can take a vak as high as % for solitary
trees without significantly affecting tree resistace.

Based on measurements in this study the heighteee$ in residental areas lag
behind their counterparts growing in a forest stander similar environmental
conditions. The ratio of tree height to DBH, calkb& slenderness index must be
below ¥z for solitary trees to maintain sufficieasistance to stem breakage.

5. The following relationships can be derived fronhe ratio of DBH to various
crown dimensions:

Tree stability is adequate if the value of crowrfate expressed in square meters
is less than the value of DBH expressed in cenérset

Resistance to stem breakage can be consideredieanifif the crown diameter is
less than ten times the DBH.

6. The author developed a process for calculatingede resistance that could
replace costly and time-consuming tree-pulling expaments.

The process is similar to other tree resistanceutations in accounting for stattic
loads and forces of resistance and comparing thdibg moment to the resistive
moment of the tree. The difference is in the intetgtion of the individual factors
and their calculation methods (e.g., EUROCODE wilwhd calculation,
determination of crown surface, modified aerodyrafactors and the extent of
the root zone). This process is particularly suédbr identifying the causes and
course of tree fall.

In performing the calculations, the following cdattons emerged:
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e 10% change in the radius of the root plate willssa@2-25% change in
tree resistance in the same direction. In additi®¥) change in the crown
surface will bring about 10% change in stabilitythie opposite direction.

e Spearman's rank correlation showed that tree agsistis mostly affected
by the horizontal extent of the effective root zof@gne of the most
important pieces of data that is also the mostadifif to determine is the
horizontal extent of the effective root zone. Thadlofving important
points should be considered:

0 By examining the root system of uprooted trees are state that
the roots that break are generally 5 cm or thinmeiameter.

o In addition, the surface movements often indicage llounds of
the effective root zone, moreover utilities, builgifoundations,
fences limit the development path of the root syste

« Estimating tree resistance and safety can be hdipélde relationship that
root plate diameter should be at least 20% ofdted tree height.

7. Most uprooted trees exhibit a root zone similato the shape of the lateral
root system.

Uprooted trees examined in this study showed thatder ages the effective root

zone closely resembles the lateral root systemesTtikat overturn with the heart

root usually have a significantly reduced root sgstdue to damage. In case of a
well-developed heart root not only the extensivet Iystem prevents overturning

but also the high compression strength of the @oithe leeward side of the root

zone minimizes movement. Uprooted trees with ao@ipare generally regarded a
transition to stem breakage since the broken tapoam be considered a

continuation of the stem below the ground.

8. Roots rising above the soil surface, flares, spads and ribs are all
mechanical reactions of trees to growing stress due external forces.

Greater static loads are generated from increasgight and surface area which
result in increased tensile and flexural stresshim root system. However, the
increasing stress in trees is not only due to tteatgr weight and greater crown
surface but also by cause of decreasing strengthuse of the reduction in the
cross-sectional area due to decay. Since treesryang to compensate for the
increased stress, they respond by thickening #ra st root collar near the ground
that leads to roots rising above the soil surfat@easing spreads, flares and ribs.
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7. PRACTICAL APPLICATIONS OF THESE FINDINGS AND
RECOMMENDATIONS FOR FURTHER RESEARCH

The material presented in this doctoral thesis $igsificantly broadened and
deepened the knowledge base of tree propertiesrniation contained in this
study can be used in tree registries, during teesssnent of green space and in the
preparation of inventories. However, first and foost the knowledge developed
in this thesis should help in tree experimentatiad testing and in the preparation
of more reliable forecasts.

With regards to trees, this thesis clarifies answmarrelation to life and property
safety issues and provides new aspects for examinddne special consideration
is the determination of liability where tree rearste calculations could provide the
means for reconstructing the cause, course anélpathe consequences of the
catastophic failure of a tree even if the subjes fs no longer available.

In addition, this work can be used in planning astimating the cost of pest
control and tree protection measures.

The advancement of information technology helps tneation of efficient
measuring devices; however interpretation of tiselte will still require technical-
biological and ecological knowledge of trees.

Of course, these results need to be further degedlgs we still know little about

solitary and mature trees. Still a large amountata is needed with regards to
material properties of the living wood, especialblume and density data of live

trees, their different strength values, the mea@nproperties of soils and the
mechanical interactions of the root system andsttile More research is needed on
wind speed and the changes in turbulance due teédre in the aerodynamic
roughness of the surface.

Our profession still struggles with the thoroughenstific analysis of cases of
domestic windthrow and with the development of effee prevention methods.
We do not know enough yet about the process aretispietree decay for different
tree species or pathogens, either.
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9.1. Conference organizations
-3-5. 12. 2008: ,Széalalas, atalakitasi torekvése@mségben és a Vendvidéken”
conference organization, Kétvolgyriszentpéter,
Co-organisers: Mesics Ferenc magéan-erdész
NYME Erdémérndki Kar EVGI
Szombathelyi Erdészeti Zrt.
Vas Megyei MGSZH Erdészeti Igazgatésaga
-4-5. 11. 2009: ,Tarvagasbol szélaldsba” confererganization, Sarvar-
Hidegkat,
Co-organisers: Szab6 Vendel magan-erdész
NYME Erdémérnoki Kar EVGI
Vas Megyei MGSZH Erdészeti Igazgatésaga

9.2. Memberships

- Magyar Faapolok Egyesilete membership sinc® 200
- Magyar Mérnoki Kamara membership since 2009
- lgazséaglgyi SzakditKamara membership since 2001

- Kerekerd Alapitvany membership since 1997

- Soproni Erdészdiakok Barati Kore membership sira®s

- Orszagos Erdészeti Egyesilet membership singé 19

9.3. Forensic reports

A total of 1,200 forensic expert’s reports, incluglitree-mechanical expertises, as
well as 67 value-damage assessments in various gfatie forestry profession.
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