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Abstract. The evaluation of decayed wood in a tree trunk is essential for hazard tree assessment in arboriculture. In this
study, an IML-Resistograph was highly successful as a field instrument in its ability to locate and predict the presence of
decay in the trunk wood of eucalypts. A system for using the IML-Resistograph to estimate the area of decay in the
cross-section of a eucalypt was evaluated for field use. The data from the IML-Resistograph F300S can be used as part of
an expert system to estimate the area of wood decay in a cross-section of a standing eucalypt.
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The decay of wood within a tree trunk is often the cause of
tree failure. There are many field devices for measuring de-
cay in trees and they vary greatly in the principles on which
they function. See Table 1 for a summary of devices in re-
lation to their portability, invasiveness, reliability, cost, and
ease of use. The most accurate of these instruments now
generate a tomographic image using radar, sound, thermog-
raphy, or electrical conductivity. However, these instruments
are expensive and are dependent on the complexity of the
algorithm that is used to convert raw data to an image for
their accuracy.

In this research, an expert system was developed to predict
the amount of wood decay in eucalypts using the less costly
IML-Resistograph drill. The Resistograph measures me-
chanical resistance as a small drill bit moves through wood.
Data from the Resistograph are recorded in the form of a
graph. There are no units of measurement for the mechanical
resistance shown by the drill, but the distance on the graph is
the actual distance drilled in centimeters. A disadvantage
with the Resistograph is it can provide a substrate for further
decay in the wood of trees with preexisting decay because the
shavings from drilling are left in the hole by the device (Ker-
sten and Schwarze 2005).

MATERIALS AND METHODS
Experiments were conducted on trees at three different sites.
Data were collected from an urban location, a forest, and a
plantation site. Preliminary experiments were carried out on a
Eucalyptus praecox Maiden (Expt. 1) and four Eucalyptus
radiata Sieber ex D.C (Expt. 2). The tree species used in the
primary experiment (Expt. 3) was Eucalyptus globulus subsp.

pseudoglobulus Naudin ex Maiden. Eucalyptus globulus is
widely planted as a specimen tree in countries as diverse as
the United States, Palestine, India, Italy, and Brazil (Tyrell
1999). Eucalyptus globulus was therefore an ideal choice for
the primary experiment.

Data from the Resistograph were compared with the ap-
pearance of wood decay in a tree cross-section. Wood decay
was defined as wood displaying clear changes in texture,
structure, and color, that is, decay from the intermediate stage
through to advanced decay (Harris et al. 2004). An absence of
wood was also treated as decay.

Data from the Resistograph used on the Eucalyptus prae-
cox were observed to indicate decay on the graph traces when
there was significant “yield” on the graph in relation to the
rest of the trace and a lack of “peaks” on the graph associated
with growth increments (Figure 1A and B). Data from a
Resistograph used on the Eucalyptus radiata were then used
to predict where decay was occurring without reference to the
cut stem (Figure 2A and B). Subsequent to this, data from a
Resistograph used on the Eucalyptus globulus subsp. pseu-
doglobulus were used not only to predict decay, but to predict
how far decay may extend beyond the data collection points
in the entire trunk cross section (Figure 3A and C).

To predict decay beyond the immediate point of data col-
lection, an “expert system” was devised using the compart-
mentalization of decay in trees (or CODIT) model from Shigo
(1979) in combination with raw data from the IML-
Resistograph. The method is an “expert system” because it
relies on an expert knowledge of models of decay in trees. In
Shigo’s model, the tree resists the spread of decay within
compartment walls 1, 2, 3, and 4 (Shigo 1979). “Wall 4” in
Shigo’s model is of particular importance. In the CODIT
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Table 1. Summary of the advantages and disadvantages of devices that measure wood decay.

Ease of Reliability Invasiveness
Type of device interpreting results Relative cost in Eucalypts in Eucalypts Portability
X-ray diffraction High' High' High® High? Low'>*
Thermal and microwave High' High' Probably high' Low' Low’
Imaging nuclear magnetic resonance High' Very high' Probably high' Low' Low'
Imaging neutron imaging High' Very high' Probably high' Low' Low!'
Transmission acoustic devices Moderate™’ Low’ Unknown Moderate”® High>7~°
Constant feed drills High®'0-12:24 Low'' Probably high** Moderate'>'? High®10-12
Compression meters Moderate'%-'4-3 Low"! Moderate'®'” Moderate'? High'®"®
Electrical conductivity Moderate®'°-18 Low"’ Low?° Moderate®'° High®'0-2!
Breaking core samples Low?*2¢ Low?? Unsuitable®?%2¢ High?? High??
Computerized tomography High'-2323 High' Probably high'-20-23-23 Low!??° High?*-*

References: 1. Bucur 2003, 2. Evans et al. 1995, 3. Downes et al. 1997, 4. Bergsten et al. 2001, 5. Ouis 2003, 6. Mishiro 1996, 7. Wade 1975, 8. Nicolotti and
Migietta 1998, 9. Smiley and Fraedrich 1992, 10. Seaby 1991, 11. Isik and Li 2003, 12. Rinn et al. 1996, 13. Kersten and Schwarze 2005, 14. Barrett 1987, 15.
Cown 1978, 16. Moura et al. 1987, 17. Greaves et al. 1996, 18. Harris 1992, 19. Blazé 1992, 20. Wilkes and Heather 1983, 21. Shigo 1991, 22. Mattheck et
al. 1995, 23. Nicolotti et al. 2003, 24. Costello and Quarles 1999, 25. Gilbert and Smiley 2004, 26. Matheny et al. 1999.

model “wall 4” is formed in the annual ring by the cambium
after injury and resists the outward spread of decay from the
center of the tree (Shigo 1979). Therefore, rather than pre-
dicting decay would be present in a straight line from one
graph trace to another, the line was predicted following a
notional growth ring. Diagrams of each cross-section were
drawn in reference to the CODIT model and the interpretation
of raw data from the Resistograph. The diagrams were used
to predict the area of decay in millimeters squared in a cross-
section (Figure 3A).

The E. globulus subsp. pseudoglobulus were felled and
cross-sections were retained. The trunk sections were traced
on clear plastic with observed cavities, decayed wood, and
sound wood clearly marked. The drawings were photo-
reduced when necessary. The areas of the two drawings, pre-
dicted (using the expert system) and actual (from tracing the
section), were then compared (Figure 3A and B). The area of
the predicted cross-section was estimated as for a circle of the
same radius, whereas the area of predicted decay was calcu-
lated using a dot matrix grid on overhead transparency paper
and counting dots spaced 2 mm (0.08 in) apart. The area of
the actual cross-section and the decay in the cross-section
were calculated using the same dot grid.

Simple linear regression analyses testing the dependence of
actual and predicted decayed wood were calculated using the
software package SAS (Statistical Analysis System) version
8.2. For the data from the trees, simple regression analysis
tested the dependence of:

1. Predicted area of decay in millimeters squared (as part
of the expert system) for each section on the actual area
of decay in the same tree sections;

2. Predicted linear distance of decay in millimeters across
each section on the actual linear distance of decay in the
same sections; and

3. Predicted location of decay in millimeters from the bark
to the decay for each section on the actual location of
decay in the same sections.

RESULTS

The results from the E. globulus subsp. pseudoglobulus in
Expt. 3 suggest that the expert system can be used to predict
the area of decay in a trunk cross-section of a eucalypt. A
statistically very significant relationship was established be-
tween the predicted total area of decay in a wood section
using the expert system and the actual area of decay (Figure
4). In this experiment, an analysis of variance of predicted
and decayed area data indicated that 76% of the variation in
the actual data set could be explained by the predicted de-
cayed area in the cross-section (P < 0.0001, n = 17). In terms
of the percentage area of decay, the expert system overesti-
mated decay by up to 7% (on average 4%) and underesti-
mated decay by up to 9% (on average 3%). The percentage
area of decay was predicted within a total range of 16% (-9%
to +7%) and the decay in the sections was between 1% and
15% of the total area. In nine of the 17 samples, the expert
system overestimated the percentage area of decay; in
seven samples, it underestimated decay; and in one, the per-
centage was the same. This is a very good level of accuracy,
particularly in trees that were quite small (diameter at 1.3 m
[4.3 ft] of 198 mm [7.9 in], 132 mm [5.3 in], and 212 mm
[8.5 in]).

There did appear to be two outlying points in the data set,
but the two samples had the most decay of any cross-section
in the data set. The test trees were small as previously stated
and hence these points were not removed, because the more
decayed samples are more representative of decayed trees
that are usually larger. Although the data set for the number
of samples is quite small (n = 17), the statistical relationship
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Figure 1. (A) Eucalyptus praecox cross-section at 1 m (3.3
ft) in height on the east limb, southern aspect, Expt. 1. This
photograph shows the graph trace positioned at drill lo-
cation with the drilling direction from right to left. The
wood is entirely sound at the point of drilling. (B) Euca-
lyptus praecox cross-section at 1 m (3.3 ft) in height on
the east limb northwestern aspect, Expt. 1. This photo-
graph shows the graph trace positioned at drill location
and the drilling direction from right to left. The wood is
decayed between 4 (1.6 in) and 15 cm (6 in) along the
graph trace as indicated by the arrows.

is significant and further sampling may establish a stronger
relationship.

A statistically significant relationship was also established
between the predicted linear distance in millimeters of decay
in a wood section using the IML-Resistograph F300S and the
actual linear distance of decay in a wood section (Figure 5).
An analysis of variance of linear decay data indicated that
40% of the variation in predicted linear distance in millime-
ters could be explained by the actual linear distance in mm
(P = 0.002, n = 30).

Finally, a statistically very significant relationship was also
established between the predicted linear distance in millime-
ters to decay in a wood section from the bark using the

Figure 2. Decay predictions on IML-Resistograph graph
trace placed on the drilled location on the Eucalyptus
radiata, tree 1, Expt. 2, 0.5 m (1.7 ft) in height. The pho-
tograph shows the east to west aspect as drilled with the
IML-Resistograph F400S. (A) The whole section; (B) an en-
largement of the graph trace on the section. These pho-
tographs indicate the accuracy of the decay prediction
in Expt. 2.

IML-Resistograph F300S and the actual linear distance in
millimeters to decay from the bark in a wood section (Figure
6). In fact, 30% of the variation in predicted distance to decay
could be explained by the actual distance to decay (P <
0.0001, n = 56).

DISCUSSION

The data produced by the IML-Resistograph F300S is a graph
trace that measures the amplitude of drilling resistance on a
strip chart. The IML-Resistograph F300S strip charts show
growth rings or clearly defined earlywood and latewood
boundaries in a tree as periodic peaks in the graph trace when
they are present in a tree (Figures 1 and 2). The location of
decayed wood can be observed on the strip chart by plotting
the yield in the graph trace and also by the absence of peri-
odic peaks (or growth rings if present) on the graph trace. The
location of decay in a linear direction across a wood section
can be plotted using this technique (Figure 2).

Samples in the experiments were not unbiased in these
experiments in that they all had decay within the wood sec-
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Figure 3. Eucalypfus globulus subsp. pseudoglobulus, cross-sectional diagrams and graph fraces, tree 2, Expt. 3. This
figure shows the tree 2 cross-section at 0.4 m (1.3 ft) in height from Expt. 3. (A) A drawing based on graph trace data from
IML-Resistograph F300S. Raw data (C) is shown immediately above and (B) top right shows a drawing based on the
actual tracings. Enclosed areas represent decayed wood; the dotted line is the division between bark and wood

tions. Choosing samples that were not decayed would have
required less accuracy from the instruments. Therefore,
samples that did not contain decay (only one, tree 1, 1.2 m [4
ft] in height in Expt. 3) were removed from analysis.

A combination of raw data from the IML-Resistograph
F300S and a sound knowledge of the principles of the CODIT
model (Shigo 1979) allows accurate quantitative prediction of
decay in an entire cross-section of a tree. This expert system
relies on experience in the use of the IML-Resistograph
F300S and knowledge of the CODIT model. It is assumed
that data collection using the expert system would be carried
out by a qualified arborist, who was trained in the interpre-

tation of the Resistograph traces, as was the case in this study.
Diagrams that are roughly to scale are drawn using IML-
Resistograph F300S data and the CODIT model (Figure 3).
From these diagrams, the area of decay in a cross-section can
be calculated in millimeters squared. The IML-Resistograph
F300S used in conjunction with the expert system described
in this report was therefore very successful as a tool for
predicting decay in a wood cross-section. Results for the
prediction of decay using the IML-Resistograph in E. globu-
lus also proved to be more accurate than when using a por-
table drill by =12% in a previous study (Costello and Quarles
1999).
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Figure 4. Predicted total area of decay using the expert
system in millimeters squared versus total actual area of
decay in millimeters squared in Expt. 3. Tree cross-sections
from Eucalyptus globulus subsp. pseudoglobulus. Trend
line = linear regression. P < 0.0001, r> = 0.7584, n = 17.

It appears the IML-Resistograph is successful in the quan-
titative assessment of decay in trees and thus has great po-
tential to the arboricultural industry. The IML-Resistograph
could reduce the unnecessary removal of trees and also pre-

Predicted distance of decay in mm

0 N0 0 %) 40 a0 0 70 a0 ap
Distance of decay in mm

Figure 5. Predicted distance of decay using the IML-
Resistograph F300S versus actual distance of decay,
Expt. 3. Predicted linear distance of decay from bark to
bark in millimeters from the IML-Resistograph F300S data
versus actual linear distance of decay from bark to bark
in millimeters. Tree cross-sections from Eucalyptus globu-
lus subsp. pseudoglobulus. Trend line = linear regression.
P =0.002, r?> = 0.402, n = 30.
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Figure 6. Predicted location of decay from IML-
Resistograph F300S versus actual location of decay, Expt.
3. Distance to decay from bark in millimeters from IML-
Resistograph F300S data versus actual linear distance to
decay from bark in millimeters. Tree cross-sections from
Eucalyptus globulus subsp. pseudoglobulus. Trend line =
linear regression. P < 0.0001, r? = 0.3003, n = 56.

vent the retention of trees that may be dangerous. This in-
strument is relatively inexpensive and quick to use compared
with “high-tech” options for decay detection such as sonic
tomography. In fact, this study suggests the IML-
Resistograph in conjunction with the expert system may be
less variable (16%) than the Picus Sonic Tomograph (23%,
Gilbert and Smiley 2004) for estimating the percentage area
of decay in a wood section. Problems with the IML-
Resistograph include the fact that the use of the instrument
can spread decay organisms in the wood of trees because the
shavings from drilling are left in the hole (Kersten and
Schwarze 2005). This would be a serious problem if it were
being used for hazard tree assessment because the device may
cause the tree to become more hazardous. Research needs to
be done on whether removing the shavings from the hole
made by the IML-Resistograph would solve this problem.
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Résumé. L’évaluation du bois carié dans le tronc est essentielle
dans le diagnostic des arbres dangereux en arboriculture. Dans cette
étude, un Résistographe-IML s’est avéré hautement probant comme

instrument sur le terrain, et ce dans sa capacité a localiser et a prédire
la présence de carie dans le bois du tronc d’eucalyptus. Un systeme
pour I’emploi du Résistographe-IML dans 1’estimation de la zone
cariée de la section transversale d’un eucalyptus a été mis a 1’essai
sur le terrain. Les données du Résistographe-IML F300S peuvent
étre utilisées comme composante d’un systeme d’expertise pour
évaluer la superficie de bois carié au sein d’une section transversale
d’un eucalyptus donné.

Zusammenfassung. Fiir die Bewertung eines Gefahrenbaumes in
der Baumpflege ist die Messung von krankem und befallenem Holz
sehr wichtig. In dieser Studie wurde mit grofem Erfolg ein IML-
Resistograph als Feldinstrument zur Lokalisierung und Bestimmung
von Fiulnis im Stamm eines Eukalyptus eingesetzt. Hier wurde ein
System zur Bestimmung von Féulnisausdehnung innerhalb des
Stammes von Eukalyptusbdumen auf seine Tauglichkeit als Feldin-
strument getestet. Die Daten von dem IML-Resistographen F 300S
konnen als Teil eines Expertensystems zur Bestimmung von Fiule
in stehenden Eukalyptusbdumen verwendet werden.

Resumen. La medicién de la descomposicién de la madera del
tronco es esencial para la evaluacion del riesgo del drbol en la
arboricultura. En este estudio, un Resistégrafo IML fue altamente
exitoso como un instrumento de campo en su habilidad para locali-
zar y predecir la presencia de descomposicién en la madera del
tronco de eucaliptos. Se evalud un sistema para usar el Resistografo
en el campo con el fin de estimar el drea de descomposicién en la
seccidn trasversal de un eucalipto. Los datos del Resistograto IML-
F300S pueden ser usados como parte de un sistema experto para
estimar el drea de decaimiento en la madera en una seccién trans-
versal de un eucalipto en pié.
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