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Nondestructive detection of decay in living trees
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Summary We used a four-point resistivity method to detect
wood decay in living trees. A low-frequency alternating cur-
rent was applied to the stem and the induced voltage measured
between two points along the stem. The effective resistivity of
the stem was estimated based on stem cross-sectional area. A
comparison within a group of trees showed that trees with butt
rot had an effective resistivity that was at least a factor of two
lower than that of healthy trees. In tests on several groups of
Norway spruce (Picea abies (L.) Karst.) comprising more than
300 trees in total, the method detected butt rot with high accu-
racy. We validated the method both by measurements and by fi-
nite element modeling and simulations.

Keywords: butt rot, four-point resistivity method, fungal infec-
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Introduction

A large percentage of living trees have some kind of decay that
reduces their economic value. Trees with decay are usually ei-
ther left to decompose or are used as fuel wood. In 2001, tim-
ber losses in Sweden caused by decay equaled 15% of the
annual harvest. An accurate method of detecting decay in liv-
ing trees would be useful both during the harvesting process
and when forested land is assessed for sale or for designation
as a conservation area. Such a method is described here.

Infection of trees by wood decay fungi occurs mostly in
roots, where damage to the bark allows fungal invasion. Fun-
gal infections can also spread by way of the grafted roots of
neighboring trees. As the fungus invades the stem, it causes
movement of water to the area of mycelial growth, thereby
mobilizing metal ions released by damaged tree cells. This
causes a decrease in the resistivity of the affected wood com-
pared with healthy wood (Shortle and Smith 1987).

The resistivity of living tree stems can be investigated with a
shigometer, a device that delivers a pulsed electric current to
the wood tissue and measures tissue resistance to the current
(Tattar and Shigo 1972, Shortle and Smith 1987, Smith and
Shortle 1988, Ostrofsky and Shortle 1989, Butin 1995). The
shigometer electrodes, which are inserted into a narrow hole
drilled toward the center of the stem, measure variation in re-
sistivity along the length of the hole. Although the shigometer
can detect decay at an early stage and the use of a narrow hole
reduces the extent of injury, a noninvasive method is prefera-

ble. Impedance tomography is a nondestructive method that
gives an image of the resistivity of the stem (Weihs et al. 1999).
However, the large number of sensors required and time-con-
suming nature of the measurements make this method unat-
tractive for routine monitoring for decay. Various other
nondestructive methods are based on X-ray tomography
(Habermehl 1982), microwave scanning (Martin et al. 1987),
magnetic resonance imaging (Miiller et al. 2001) and acousti-
cal methods (Waid and Woodman 1957, Wilcox 1988, Bethge
et al. 1996, Axmon 2000). Nondestructive methods of testing
wood have been reviewed by Bucur (2003).

We tested the effectiveness of the relative impedance in situ
examination (RISE) method (Bengtsson 1997) for detecting
decay in living trees. This simple four-point method is based
on estimation of effective resistivity, the difference in induced
voltage between two points along a stem. Decay can be de-
tected by comparing the effective resistivity of a single tree to
that of other trees measured under similar conditions, i.e., tem-
perature, humidity, site conditions and time of year. To vali-
date the four-point method, eleven measurement campaigns
were carried out and more than 300 Norway spruce trees were
examined.

Materials and methods

Four-point resistivity (RISE) method

We modified the four-point resistivity method described by
Popovi¢ and Popovi¢ (2000). Four-point measurements are
made by passing a current through an object with one pair of
electrodes, while measuring the voltage difference with an-
other pair of electrodes (Figure 1). A healthy tree gives a
higher voltage difference than a decaying tree because decay
reduces tissue resistivity. The resistance normalized for stem
cross-sectional area provides an absolute value of resistivity
that is related to the amount of decay.

We define effective resistivity (p) as the resistance of a stem
section, when a constant current is passed vertically through
the stem and the voltage is measured at two points on the stem
surface:
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where AV is voltage difference, 7 is current, [ is distance be-
tween the measuring points, and A is the stem cross-sectional
area.

The advantage of this method compared with the two-point
method is that neither the resistance of the current cables nor
the contact resistance at the feeding points causes any mea-
surement errors.

A reference electrode is placed between the voltage measur-
ing electrodes to obtain a noise-free voltage reading. The volt-
age contact pins are thin needles, but could be any contact
surface, because the current flowing in the voltage sensors is
low. We used a low-frequency alternating (300 Hz) current
that was signal-processed to eliminate disturbance caused by
galvanic elements that appear between the metal pins and the
electrolytic sap.

The effective resistivity of wood depends on water content
and temperature (Panshin and de Zeeuw 1970, Torgovnikov
1993), making it difficult to use the resistivity of an individual
tree for the detection of decay. Instead, resistivity of an indi-
vidual tree is compared with that of other trees measured under
similar conditions. Relative resistivity (p,) is defined as:

p, = 2)
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where pyoung 1 the mean resistivity of apparently health trees.
Thus, relative resistivity normalized to a value around one for
healthy trees.

Results

We undertook 11 measurement campaigns to evaluate the reli-
ability of the RISE method and found that resistivity depends
on time of year, type of tree, temperature and humidity. There-
fore, one cannot sample a single tree and from this predict the
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amount of decay. Instead, a large group of trees must be mea-
sured and the resistivities of the trees within the group com-
pared. The resistivity values of three Norway spruce trees are
shown in Figure 2a. Measurements were performed between
September 2001 and September 2002. Based on visual assess-
ments of core drill samples, trees were classified into three
groups: decayed, discolored and healthy. The resistivity of the
tree with decay from January 1, 2002 was higher than the resis-
tivity of the healthy tree from the other dates. The high resis-
tivity values on January 1, 2002 are probably a result of the low
temperature (—6 °C) before and during the measurement. De-
pendence on time of year and temperature was reduced by
comparing relative resistivity values (Figure 2b). In this case,
the tree with decay and the discolored tree had relative resistiv-
ity values of about 0.15 and 0.6, respectively.

Figure 3 shows the relative resistivity for 10 Norway spruce
trees at Romeledsen, Scania, Sweden. Measurements were
made on six occasions from May to September 2001. Al-
though relative resistivity varied among trees, Trees 7 and 9
had substantially lower relative resistivities than the other
trees. After felling on October 23, 2001, photographs of stem
sections were taken (Figure 4). Colored zones of decayed
tissue were clearly visible for Trees 7 and 9.

Two measurement configurations were compared in Fig-
ure 3. For the results shown in Figure 3a, the standard proce-
dure was followed; current was applied at a height of 2.3—
2.6 m and exited through the ground. Voltage was measured
between points 10 cm apart at heights of 10 and 50 cm above
ground. For the results shown in Figure 3b, the height of the
measurement equipment was lowered to 80 cm and the voltage
was measured between points 10 cm apart and midway be-
tween electrodes by which the current was applied. Results
were similar for the two configurations.

The RISE method can be used to determine the vertical
spread of decay in the stem. Results shown in Figure 5 were

b) Tree with decay
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Figure 1. Diagram illustrating the
fis four-point resistivity method. Current
0 was applied at height z;; and exited at
z;p. Effective resistivity (p) was deter-
mined as p = AVA/Il, where AV is
difference in voltage; A is the
cross-sectional area, I is the current,
and / is the distance between z,; and
Zy1. (a) Healthy tree showing that the
current is distributed over the whole

\ W= ) stem cross section. (b) Tree with butt

fret

rot cone

rot showing that resistivity is relatively
low in the cone-shaped decayed region
and that the current is concentrated in
the region of decay. The measured
voltage (AV) was lower for the tree
with decay than for the healthy tree.
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obtained by applying the current to the stem at a height of
4.4 m and allowing it to exit through the ground. Resistivity
was measured at heights of 0.1, 1.0 and 2.0 m. The measure-
ments were repeated for north, west, south and east directions.
A comparison of the values with the cross-sectional photo-
graphs indicates that the RISE method gave information about
the location of the decay in the vertical direction only.

The RISE method allows comparison among similar trees
measured under the same conditions at the same time of year.
Therefore, to classify the trees as healthy, discolored or de-
cayed, it is necessary to have a sufficiently large group of
healthy trees for comparison. In our study, the healthy and de-
cayed trees had a relative resistivity around 1 and 0.5, respec-
tively (Figure 3). However, the mean resistivity depends on the
relative proportions of healthy and diseased trees in the group.
To reduce the coupling between relative resistivity and the
composition of the group, we normalized the resistivity with
respect to the mean resistivity of the apparently healthy trees.

Between 1999 and 2002, we examined about 300 Norway
spruce trees with the RISE method. Figure 6 shows a histo-
gram of the normalized relative resistivities of 267 trees from
11 measurement campaigns. Tree classification was based on
examination of photographs of either stem cross sections or
core drill samples. Although several groups of trees were com-
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tive resistivity (p) and (b) relative resis-
tivity (p,) in three Norway spruce trees
at Romeledsen, Scania, Sweden. Mea-
surements were made on five occasions
between September 2001 and Septem-
ber 2002. Temperature at time of mea-
surement was as indicated. Note that
the values from January 2002 on are
scaled to 10% to fit in the graph.

bined in the histogram and the normalization was performed in
a simple fashion, a general trend is evident. Low values of
0-0.4 corresponded to trees classified as decaying or greatly
discolored, whereas values over 0.8 corresponded to trees
classified as healthy or discolored. Trees with p, values be-
tween 0.4 and 0.8 were not easily classified as decayed, discol-
ored or healthy. We note that the subjective classification of
trees based on the photographs was a major source of error. For
example, the diseased tree with a relative resistivity of about 1
was not due to an incorrect classification. Inspection revealed
that the tree was mechanically damaged and its high relative
resistivity was probably associated with drought stress.

Electrical modeling

To gain further insight into the RISE method, we applied the
the Finite Element Method (FEM). For a tree with given ge-
ometry, resistivity and measurement setup, the FEM is used to
determine the induced voltage from an applied current and
hence the resistivity. The healthy tree is modeled as a cylindri-
cal stem with a conical root. Both the stem and the root are as-
sumed to have resistivity pyo.a. The affected part of the tree is
modeled as two cones. The inner cone, constituting the de-
cayed region, has resistivity p,o, and is surrounded by the hu-
mid front layer with resistivity pron (see also Butin 1995,

— 2001-03-20

= 2(1-06-23

=l 2001-07-18 1.0 m I
w0 2001-08-08 AV
— ()]-000- 16 2m I

o
n
(=]
=1
oo
=

Figure 3. Comparison of the relative resistivity (p,) of 10 Norway spruce trees at Romeledsen, Scania, Sweden. Measurements were made on six
occasions from May to September 2001. Some values are missing because poor weather prevented measurements from being made. Photographs
of the corresponding stem cross sections are shown in Figure 4. (a) The standard RISE measurement in which the current was applied at a height
between 2.3 and 2.6 m and exited through the earth. (b) RISE measurement with 80 cm between the current application electrodes.
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Chapter 7). The resistivity in wood is generally anisotropic,
i.e., the resistivity depends on direction. To understand how
the resistivity depends on the measurement setup, a simplified
case with isotropic resistivity and a front layer resistivity
Prront = Prot Was analyzed. The current was applied to the stem at
z; and exited at z;, (see Figure 1).

A parametric study was performed to determine how the
voltage distribution along the stem depends on the shape of the
affected part and to analyze the difference between the resis-
tivity in the affected part and the resistivity in the stem. From
the FEM simulations, we concluded that the voltage depends
weakly on root shape. In the following analysis, we used a root
cone with radius, r,= 1.2r, and height z, = 0.8, where r is the
radius of the stem.
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Figure 4. Photographs of stem
cross sections of the Norway
spruce trees in Figure 3. The
trees were felled in October
2001. Photographs 1-6 and 8
are healthy trees. Tree 7 had
dark flecks and Tree 9 had a
region with fibrous decay. Tree
10 (not shown) was healthy.

We observed that the potential changes rapidly close to the
current application points (Figure 7). The potential dropped
from its highest value at the application point to its lowest
value at the exit point. Away from the connection points, the
potential change was less and hence it was possible to relate
the potential distribution on the surface of the stem to the ef-
fective resistivity inside the stem. The effective stem resistivity
(p(2)) as a function of the height z was obtained as a parallel
connection by:

i — Arol(z) + A- Arot(z)
p(Z) prol pwood

3

1.0m ' Figure 5. (a) The resistivity of an in-
fected Norway spruce tree at heights of
0.1, 1.0 and 2.0 m. The current was
applied at a height of 4.4 m and exited
through the earth. (b) Photographs of
the corresponding stem cross sections.
Markers located on the left of each
stem point westward.
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Figure 6. Histogram of relative resistiv-
ity (p;) values for 267 Norway spruce
trees obtained from 11 RISE measure-
WGHHE L HET O 1 e ment campaigns during 1999-2001.
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 Trees were classified as healthy, discol-
' ’ ored, greatly discolored, less than 1/3
P. decayed, or more than 1/3 decayed.
where A, and A are the cross-sectional areas of the decayed Discussion

region and the entire stem, respectively. A decay resistivity
(Prot = 0.03pyo0a) Was used in the example. The effective model
is valid if the potential is constant over the stem cross section.
The FEM simulations indicated that the potential variation
was small over cross sections away from the current applica-
tion points. Hence, it is reasonable to use the effective model
away from the connection points. Where the effective resistiv-
ity model is valid, the voltage variation, i.e., the electric field,
is proportional to the effective resistivity. This is illustrated in
Figure 7b where the effective resistivity is compared with the
quotient between the electric field E, = — dV/dz and the in-
duced current, /, i.e., the resistivity is scaled such that p =1 for
a healthy tree. The graphs agree fairly well in the region be-
tween the connection points. Outside and close to the connec-
tion points, the effective model is no longer valid and hence the
graphs differ.
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Individual tree resistivity depends on time of year, type of tree,
temperature and humidity. Therefore, it is impossible to pre-
dict the amount of decay in a single tree based on measure-
ments for that tree alone. Instead, measurements must be made
on a number of trees within a population and the results
compared. Our results show that trees with decay have a resis-
tivity that is lower by a factor of 2 than healthy trees.

The four-point resistivity method has several drawbacks.
First, it does not provide information about the exact location
of stem decay and, second, despite the example in Figure 3, the
method can rarely be used on frozen wood because the resis-
tivity of frozen wood is several times that of unfrozen wood.
Third, we observed that drought can affect the measurements
(Figure 6) and probably reduces the difference in resistivity
between healthy and decaying trees. Fourth, it does not detect

Pt Figure 7. (a) Potential distribution
along the stem for a tree with p,o; =
0.03py00d- The current was applied at
at z;; = 12r and exited at zj, = 1.37¢
(See Figure 1). (b) Effective resistivity,

Pr/Pwood, Versus relative resistivity.
Abbreviations: p;o = resistivity of the

Pwood 2r,

rot region; ry = radius of stem; p, = rel-
ative resistivity; and pyoeoq = resistivity

of stem and root.
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decay that has resulted in lacunae in the stem because cavities
do not conduct electricity and thus increase stem resistivity.
Fifth, decreased resistivity precedes the mechanical degrada-
tion of wood (Smith and Shortle 1988). Hence, decreased re-
sistivity may not correspond to loss of wood value.

Drawbacks, notwithstanding, the RISE method can achieve
an accuracy close to 100% in identifying trees with decayed
stems. Each measurement, which involves determining tree di-
ameter, attaching the free current application electrode to the
stem, applying the hand-held measurement unit to the stem
and reading the voltage, can be completed in about 15 s by a
trained operator.
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