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Abstract

Electrical conductivity (EC) of the unseasoned timber of three softwood species
(Pinus radiata, Pseudotsuga menziesii, and Sequoia sempervirens) and one hard-
wood species (Eucalyptus globoidea) was studied over the temperature range of
20 —90°C. EC was measured in sapwood, transitional wood, and heartwood in the
three principle grain directions. All species exhibited similar behaviour: (1) heart-
wood EC was lower than that of sapwood and (2) EC increased with temperature. P.
radiata samples from two regions of New Zealand’s South Island showed variation
of EC by a factor of two in the longitudinal direction; however, in the radial and tan-
gential directions, the EC variation was less pronounced. This work seeks to provide
possible explanations for EC variation in green wood and to propose suggestions for
future research.

Introduction

Growing interest in various plant and wood related technologies such as precision
irrigation (Oletic and Bilas 2020), earlier plant disease detection (Khaled et al.
2018), electrical heating of wood (Hoover et al. 2010; Heffernan et al. 2018),
and sapwood/heartwood identification in living trees (Guyot et al. 2013) require
holistic understanding of wood properties. However, some of the wood proper-
ties such as electrical conductivity (EC) have been studied partially, with most
of the research done on wood below fibre saturation point (FSP), which is com-
monly assumed to be around 30% MC (Berry and Roderick 2005), and at near
room temperature. Such limited interest in EC peaked after Stamm (1927, (1930)
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found that wood EC is linearly correlated with moisture content (MC) below FSP,
while the overall effect of the full range of MC on EC is nonlinear. This cor-
relation formed the basis for all electrical moisture meters. However, to develop
and improve emerging technologies such as Joule heating (Heffernan et al. 2018),
a holistic knowledge of EC is desirable, below and above FSP. Only then, such
knowledge, coupled with suitable electrodes (Heffernan et al. 2018), would ena-
ble accurate determination of sapwood and heartwood proportions of green logs
and live trees, temperature/temperature distribution measurement of heated logs
and, in conjunction with a computational model, prediction and control of Joule
heating of logs for phytosanitary (Nursultanov et al. 2019) or other conditioning
purposes. In addition, knowing wood EC above FSP would allow improvement in
the accuracy of established technologies such as electrical resistance tomography
(ERT), which estimates electrical resistivity (the reciprocal of EC) distribution
computationally (Guyot et al. 2013; Luo 2019).

The complex structure of wood has a major effect on its EC. When oven-
dried, wood is an insulator, with an EC of 10~1° — 10~ Sm~1 (Glass and Zelinka
2010), while green wood containing water and minerals in the sap, is an electrical
conductor (Fleischer and Downs 1953). Below FSP, MC has the most pronounced
effect on EC of wood. For example, in the range between 7% and FSP, EC
increases up to four times per 1% increase in MC. The total increase in EC from
the oven-dry condition to FSP, with EC of 1073 — 10~*Sm™1, is over 10'° times
(Glass and Zelinka 2010). Such increase in EC was explained by establishment of
overlapping conductive paths at some percolation threshold (Zelinka et al. 2008).
According to Zelinka et al. (2015), initially assumed to be at about 16% of MC,
this percolation threshold depends on ion types, cell wall layer, and grain orienta-
tion, resulting in different threshold values, which are generally below FSP. The
conducting ions do not move unless a threshold MC is reached, softening hemi-
celluloses and resulting in formation of diffusion channels. The hemicellulose
softening process starts slightly below the percolation threshold and gradually
continues until a network of diffusion channels is established, allowing chemi-
cal and ionic conduction and increasing EC (Zelinka et al. 2008). Conduction of
electrical current below or near FSP occurs through cell walls, as wood voids are
filled with air or vapour, which are non-conductive. Above FSP, conduction of
electrical current is unknown, as moisture distribution paths are erratic (Skaar
1988). Thus, without knowing the electrical current conduction mechanism above
FSP, using relatively large testing samples is more appropriate due to minimisa-
tion of the effect of cellular structure on EC.

Effect of temperature below FSP is nonlinear and less pronounced than that of
MC (Skaar 1988). At 10% MC, a temperature rise from 20 to 80 °C increases EC of
wood from approximately 1073 to about 10™> S m~! (Skaar 1988). However, above
FSP, the effect of temperature on EC becomes dominant (Nursultanov et al. 2017),
with the effect of MC being negligible (Stamm 1929, 1964; Nursultanov et al.
2017). The effect of temperature on the longitudinal EC of green P. radiata is near
linear, similar to aqueous solutions of salts below water’s boiling point (McCleskey
2011; Haynes 2014), while in the radial and tangential directions, the effect remains
nonlinear (Nursultanov et al. 2017).
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Temperature, however, does not have a direct effect on the EC of ionic solutions,
which depends on three parameters: ion concentration, charge magnitude, and ionic
mobility, with the whole relationship expressed as (Bard and Faulkner 2001):

Oup = F Z |ziu:C;. 1)

where o, is the sap electrical conductivity, F is the Faraday constant, i is the ionic
species, |z| is the charge magnitude, u is the mobility, and C is the ionic concentra-
tion. This equation shows that EC of wood would depend on the ion content of soil
and its variation around a year; for example some trees may be in a hibernation state
during winter, with no sap flowing. In addition, there could be a change in ion con-
centration caused by droughts and rainy seasons; for example in desiccated soil, ions
cannot flow towards roots and hence, there will not be an ionic flow in trees. Finally,
ionic distribution within a tree can be non-uniform, resulting in difference of EC
between two adjacent samples.

On the other hand, during an electrical conductivity experiment, a tested wood
sample does not absorb new ions nor desorb its ions to the surrounding. [Absorp-
tion and desorption of ions could occur if the material used for joining electrodes
and a sample contains a fluid with mobile ions, such as an electrically conductive
gel (Nursultanov et al. 2017)]. There could be some ion losses at the contacts due to
oxidation of the electrodes, which is negligible relative to the total number of ions
within the sample. Thus, the only parameter which must vary with temperature dur-
ing wood electrical conductivity measurement is the ionic mobility, which can be
described as (Bard and Faulkner 2001):

_ |Z,~|e

T 6mnr’ @

where e is the electronic charge, # is the medium viscosity, and 7 is the ion radius. In
this equation, the only non-constant parameter is viscosity, which decreases in fluid
with a temperature increase. In the range from 20 to 90°C, the dynamic viscosity of
water drops by a factor of three, from 1.003 x 1073 to 0.316 x 1073 N'sm~2 (White
2011). Hence, if the increase in wood EC follows the decrease in water viscosity, it
can be hypothesised that electrical current conduction in wood is similar to that in
an ionic solution. In other words, conduction of electrical current by means of ions
is unconstrained by wood structure.

The wood structure varies in the longitudinal (L), radial (R), and tangential (T)
directions, making EC directionally dependent, or anisotropic. Generally, EC in the
longitudinal direction is much higher than in the other directions, with the radial
EC being slightly higher than the tangential conductivity (Stamm 1929). According
to Kuroda and Tsutsumi (1982), the anisotropy of the EC of Cryptomeria japonica
depends on the MC. The authors found that the ratio of longitudinal to tangential
conductivities decreased from about eight, at a MC of 1.5%, to two, at a MC of
8.5%, but then the ratio increased linearly to almost four between 8.5 and 20% MC.
Studying eight United States species within a 10-15% MC range, Stamm (1960)
found that the ratio of the longitudinal to tangential conductivity varied from 2.1 to
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3.9 and the ratio of the longitudinal to radial conductivity ranged from 1.9 to 3.2.
However, Stamm (1960) stated that anisotropy of EC is independent of MC. The
ratios of longitudinal to radial and tangential conductivities vary with temperature
(Nursultanov et al. 2017). In green P. radiata at 20°C, the ratios of the longitudinal
to radial and the longitudinal to tangential EC were 10 and 20, respectively, while
at 90°C these ratios decreased to 7 and 10, respectively. Overall, in the range from
20 —90°C, the longitudinal, radial, and tangential electrical conductivities of New
Zealand grown P. radiata increase 3.2, 4.3, and 6.1 times, respectively (Nursultanov
et al. 2017). The increase in the longitudinal EC is comparable to the decrease in
water viscosity. In the radial and tangential directions, the EC increase is notably
greater, indicating that wood structure in the transverse directions has a greater
effect on EC. The previous study by Nursultanov et al. (2017), however, is limited to
a single provenance of a single species (P. radiata) represented by samples from two
boards. There appear to be no similar studies, which could verify this observation, in
the literature.

The earlier studies of wood EC were done on rectangular blocks (Stamm 1927,
1960) or transverse discs (Stamm 1929) clamped between two plate-type electrodes.
Conduction of electrical current in this configuration goes from one flat contact sur-
face to the opposite one. The main benefit of this method is that an electrical current
flows through a known surface area along a known length. Thus, EC can be easily
calculated from electrical resistance, using Ohm’s law from measured current and
voltage. If the rectangular blocks are cut along the principle grain directions, EC
measurements can be made in the L, R, and T directions (Nursultanov et al. 2017),
while transverse discs allow EC measurements solely in the L direction. To measure
the spatial electrical resistivity distribution within wood, ERT uses multiple pin-type
electrodes attached around a sample. The main benefit of ERT is that it provides a
spatial, two-dimensional distribution of electrical resistivity lying on the cross-sec-
tional plane formed by the pin-type electrodes, without tree harvesting. However,
ERT estimates only the transverse resistivity distribution, which is a combination
of the R and T resistivity values. As ERT back-calculates the resistivity distribution
from experimental voltage and current data, the results contain an unavoidable cal-
culation error. Both plate- and pin-type electrodes require firm contact with the sam-
ple to avoid high-contact resistance. The pin-type electrodes rely on direct physical
contact with the wood, whereas plate-type electrodes must conform to the uneven
contact surface of the wood. Therefore, using plate-type electrodes, Stamm (1960)
used mercury to improve the contact, while Nursultanov et al. (2017) used silver
foam with gold leaf attached to the wood surface. In addition, Nursultanov (2018)
applied electrically conductive gel, an aqueous mixture of psyllium husk and sodium
chloride, on the wood contact surface to minimise contact resistance; however, he
found that sodium chloride penetrates into the wood affecting the measurement.

The main objective of this study is to verify the correlation between wood elec-
trical conductivity and water viscosity by measuring EC in the principle directions
(L, T, and R) at various temperatures of three softwood species: Pseudotsuga men-
ziesii, Sequoia sempervirens, and P. radiata and one hardwood species: Eucalyptus
globoidea. In addition, effects of tree origin and wood dryness on EC were studied,
based on P. radiata samples. The effect of ionic composition of soil, the distribution
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of ions within wood, and wood cellular structure on EC are not covered in this
research.

Materials and methods
Materials

Five logs, of four New Zealand grown wood species, from three regions of the South
island, were selected in this research (Table 1). The logs were approximately 1 m
long and stored at —20°C. Each log’s heartwood (HW), sapwood (SW), and tran-
sitional wood (TW), if existing, zones were identified by visual means. Each log
was cut along the length into 1 m long strips with a cross section of 30 X 30 mm.
The E. globoidea log had a sapwood section only about 20 mm wide and hence its
strips were trimmed to a cross section of 20 X 30 mm. Strips containing either pure
sapwood, pure heartwood, or pure transitional wood were selected for the experi-
ments. The strips were chopped into 30 mm long blocks. To allow EC measure-
ment in the radial and tangential directions, only flat- and quarter-sawn blocks were
selected. Thus, each side of the blocks aligned either with the radial (R), tangential
(T), or longitudinal (L) direction. As the size of the TW and HW zones within S.
sempervirens and the HW zone within P. menziesii were relatively small, the blocks
from these zones did not have straight grains in the R and T directions. Hence,
these blocks were used only for estimating the longitudinal EC. Finally, some ear-
lier experiments on P. radiata boards (Nursultanov 2018), showed that EC in the
L direction of pure HW boards was about 0.001 Sm™1 at room temperature, nearly
forty times lower than the EC of P. radiata’s SW in the L direction (Nursultanov
et al. 2017). Therefore, in this study, only the sapwood EC of P. radiata was studied.

Table 1 Origin, age, wood types (WT), basic density (BD), moisture content (MC), and number of sam-
ples per direction for each studied specimen

Wood species Origin Age WT* BD MC No. Samples®®
(Kgm™) (%) L R T
P. menziesii Nelson Owen River forest 17 HW 407+14 484+09 8 - -

SW 449419 143+12 12 8 8
S. sempervirens ~ Nelson Owen River forest 13 HW  385+17 1838 8 - -
™W 3165 145+ 6 8 - -
SW  310+13 256+ 14 8 8 8

P. radiata Canterbury Ashley forest 27 SW 465+29 135+15 19 8 8

P. radiata Nelson Owen River forest 10 SW 355+7 206 + 6 16 12 12

E. globoidea Marlborough Tai Tane 14 HW  398+14 174+11 12 12 8
forest SW  410+9 162+8 24 6 6

“HW, TW, and SW denote heartwood, transitional wood, and sapwood zones, respectively.

b L, R, and T denote the longitudinal, radial, and tangential directions, respectively
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(b)

Fig. 1 a P. radiata log from Owen River forest (Nelson region) with the internally developed dry patches
and b the blocks of various dryness, showing the four right hand blocks selected for EC measurements
on partially dried wood

Table2 MC and BD of the P.

radiata blocks from Owen River Block No” MC %) BD [Kgm’]
forest with dry patches Block 1 195 358

Block 2 198 342

Block 3 153 358

Block 4 115 364

Block 5 107 363

Block 6 99 365

Block 7 96 359

Block 8 50 363

Block 9 30 364

% The blocks used for the EC measurement are shown in bold

The P. radiata log from Owen River forest had some dry patches along the length,
as shown in Fig. la.

Hence, to determine the effect of temperature on EC and compare this log with the
other logs, the forty sample sapwood blocks of Table 1 were cut exclusively out of the
wet patches. However, nine additional sapwood blocks of various dryness were also
cut out of the log (Fig. 1b), to study the effect of water loss on EC, with their MC and
basic density (BD) shown in Table 2. To reduce the number of measurements, only
four of these blocks (Block 1, 4, 7, and 9) were selected for EC measurement in the L
direction.
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Electrical conductivity measurement

Prior to the experiment, four randomly chosen blocks were taken out the freezer
and left overnight at room temperature inside a zipped plastic bag for thermal
equilibration. Then, each block was weighed, to determine green mass, and the
length of each side was measured with a calliper. To reduce contact resistance
between the electrodes and the blocks, the contact surfaces were covered with
gold leaves, produced by Noris Blattgold GmbH (Fig. 2a).

Afterwards, each block was clamped between two brass electrodes and posi-
tioned into a plastic enclosure to stop significant moisture loss. The surface of
the electrodes was covered with silver foam (SOFT-SHIELD 4850 from Parker
Chomerics) to improve the contact area and fill the air gaps between contact sur-
faces and electrodes. Thereafter, the plastic enclosures with blocks inside were
weighed and put into an oven initially kept at room temperature. Using a pro-
grammable AC electric power source (Chroma 61504), a sinusoidal voltage of
50 or 33.3 V at 400 Hz was applied across each sample, with only one sample
being tested at a time (Fig. 2b). Two voltage levels ensured the same electric field
across 30 or 20 mm long blocks. The current flowing through the sample and the
voltage drop across the sample were measured by KEYSIGHT U340461A and
KEYSIGHT U3402A meters, respectively. To avoid significant Joule heating,
the duration of excitation was 3 seconds. After recording the electrical data at
room temperature, the temperature in the oven was increased to 30 °C. After 35
minutes of heating at 30 °C (Nursultanov et al. 2017), each block was energised
and the electrical data was recorded. These steps were repeated up to 90 °C, with
a temperature step of 10°C. Afterwards, each plastic enclosure with the block
was weighed, to determine moisture loss. Finally, after removal from the plastic
enclosure, each block’s green volume was measured using the water displacement
method, and then the block was left inside the oven at 105 °C until it reached a
constant oven-dry mass.

Knowing the blocks’ dimensions and the voltage and current, the EC was cal-
culated as:

(b)

® © HHHHE

Fig.2 a Block of P. radiata, with the contact surfaces covered with golden leaves, and b schematic dia-
gram of the experimental set-up
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[-1

TUuaA 3)
where ¢ is the EC [Sm™1]; [ is the length of the block, along which the electri-
cal current flows (m); I is the electrical current (A); U is the voltage across the
block (V); and A is the cross-sectional area of the contact surface (m?). In the four
blocks with various extents of dryness, the electrical current flow would have largely
avoided the dry patches. However, it was assumed that the electrical current flowed
uniformly through the whole cross-sectional area to calculate the blocks’ equivalent
electrical conductivities using Eq. (3). The moisture content and basic density were
determined as:

my —m,
MC=—-100%, 4)
mO
— mo

8

where X is the moisture content (%), m, is the green mass (Kg), BD is the basic
density (Kgm?), V, is the green volume (m*), and m, is oven-dry mass (Kg)
(Tables 1 and 2).

Results
Green samples
Variation of EC with temperature

All samples showed a positive monotonic correlation between EC and temper-
ature. Within the selected temperature range, the average EC across all wood
zones and grain directions increased by between 150% for E. globoidea and
about 600% for P. menziesii and P. radiata from Ashley forest (Fig. 3). In P.
menziesii and S. sempervirens, the average increase in the tangential EC was
slightly higher than that of the radial EC, and about twice that of the longitudi-
nal EC. In P. radiata from Ashley and Owen River forests, the average increase
in the tangential EC was approximately twice that of the radial EC and three-
times that of the longitudinal EC. On average the longitudinal EC of softwood
sapwood increased by 240%. Conductivity of E. globoidea was enhanced on
average by a factor of 3 in all directions for SW and HW. Overall, the increase
in the longitudinal EC in the softwood species and EC of E. globoidea (in all
directions and at all wood zones) was near linear, following the increase in the
reciprocal of water viscosity.
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Fig.3 Average increase in EC across all wood zones and grain directions from 20 to 90 °C. The solid
black line denotes the reciprocal water viscosity (White 2011)

Relative values of EC

EC varied between wood zones, where the most and least conductive zones were
SW and HW, respectively. In S. sempervirens (Fig. 4) and E. globoidea (Fig. 5),
the ratios between the SW and HW longitudinal conductivity were two and four,
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(a) P. menziesii S. sempervirens
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Fig. 4 Effect of temperature on a the sapwood EC and b the other wood zones’ longitudinal ECs of the
studied softwood species
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Fig.5 Effect of temperature on the EC of E. globoidea in the L, R, and T directions
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respectively; these values remained relatively constant over the whole tempera-
ture range. The transitional wood of S. sempervirens, with 145% MC, was slightly
more conductive than the HW, with 183% MC (Fig. 4b). A negative MC to EC
correlation was also observed in E. globoidea, where the SW and HW moisture
contents were 161% and 174%, respectively. The most pronounced difference
between heartwood and sapwood ECs was in P. menziesii (Fig. 4), where the ratio
of SW (161% MC) to HW (49% MC) was approximately 17 at 20°C, increas-
ing to 20 at 90°C. Sapwood EC of E. globoidea was seven-times higher than
heartwood EC in the R direction and about five-times higher in the T direction
(Fig. 5); these ratios were relatively temperature independent.

Table 3 shows sapwood EC normalised based on the conductivity of E. glo-
boidea. At 20°C, SW of E. globoidea was twice as conductive as SW of P.
radiata from Owen River forest in the L and R directions. This difference was
approximately the same at 90°C. In the T direction, E. globoidea had the most
conductive sapwood at 20°C; however, at 90°C, the most conductive SW was in
S. sempervirens.

All wood species were the most conductive in the longitudinal direction, while
radial EC was slightly greater than tangential conductivity. The average radial
and tangential ECs of E. globoidea’s sapwood were 9 and 33 times lower than the
longitudinal EC at 20 °C, respectively (Fig. 6). These ratios changed with temper-
ature to the respective values of 7 and 26 at 90 °C, indicating a higher temperature
coefficient of EC in the R and T directions than that in the longitudinal direction.
In E. globoidea’s heartwood, the L/R and L/T conductivity ratios were 16 and 33,
respectively, at 20 °C; the values decreased slightly to 12 and 32, at 90 °C. In the
softwood species, these ratios were lower and varied within a range of 6—12 for
the L/R and 16-24 for the L/T, at 20 °C. These ratios decreased by a factor of 1.5
and 2 for the L/R and L/T, respectively, at 90 °C. The most conductive in the L
direction among tested softwood species was P. radiata from Owen River forest.
It was about twice as conductive as P. radiata from Ashley forest in the L direc-
tion, but comparable in the other directions. This relation remained unchanged
over the whole temperature range. At 20 and 90°C, the longitudinal ECs of
P. radiata from Owen River forest were 0.043 and 0.126 S m™ 1, respectively.

Table 3 Sapwood EC normalised based on EC of E. globoidea in the L, R, and T directions

Species Directions
L R T
(20°(C)/90°(C)) (20°C/90°C) (20°C/90°C)

E. globoidea 1.00/1.00 1.00/1.00 1.00/1.00

S. sempervirens 0.34/0.38 0.37/0.51 0.69/1.21

P. menziesii 0.18/0.29 0.15/0.25 0.38/0.78

P. radiata (Ashley forest) 0.23/0.29 0.39/0.47 0.41/0.81

P. radiata (Owen River forest) 0.46/0.49 0.44/0.49 0.62/1.11
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Effect of partial dryness

EC of the four selected additional, partially dry P. radiata sapwood blocks from
Owen River forest was measured from 20 to 90 °C (Fig. 7). The EC of Block 1,
with 195% MC, was similar to the EC observed in fully wet P. radiata blocks. How-
ever, at about room temperature, the conductivity of Block 9, with 30% MC, was
0.001 Sm™1. This is similar to the EC of the heartwood of P. menziesii. The effec-
tive conductivities of Blocks 4 and 7 were comparable and were higher than that of
Block 9, but significantly lower than that of Block 1.
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Fig. 7 Effect of temperature on EC of P. radiata blocks, with dry patches, in the longitudinal direction
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Discussion

In all studied species, the L conductivity increased by a factor of three and fol-
lowed the increase in reciprocal of water viscosity reasonably closely (Fig. 3).
Such behaviour indicates that an electrical current flows predominantly through
wood openings in the L direction due to continuous water columns formed by
longitudinally aligned wood tissue (tracheids for softwood and vessels for hard-
wood) (Butterfield 2006). In the R and T directions of the softwood species, the
EC increase followed the reciprocal of water viscosity below 50 °C, suggesting
that an electrical current flows through wood openings: radial rays and pits. How-
ever, above 50 °C, the EC increased faster than the reciprocal of water viscosity,
indicating that some additional paths became available for the current conduc-
tion. Since, the number of wood openings within wood structure is conserved,
the EC rise was presumably caused by establishment of current paths through
cell walls starting from 50°C. This hypothesis is well-supported by diffusion
through the cell wall, as it increases exponentially with temperature (Langrish
and Walker 2006; Stamm 1964). In E. globoidea, however, the R and T conduc-
tivities increased at the same rate as the reciprocal of water viscosity, indicat-
ing that current conduction through openings dominates diffusion, over the tested
temperature range.

All wood samples showed anisotropic behaviour, with the longitudinal and
tangential ECs being the highest and lowest, respectively (Fig. 4 and 5). Simi-
lar behaviour was observed by Stamm (1927) and Nursultanov et al. (2017), and
is linked to the longitudinal alignment of wood tissue. In the R direction, there
are radial rays that form continuous current conduction paths, making the R con-
ductivity higher than the T conductivity (Nursultanov et al. 2017). EC of E. glo-
boidea in the L and R directions was at least twice as high as that of the other spe-
cies (Table 3), potentially due to the larger size of E. globoidea vessels and radial
rays, along with perforation plates. The mean tangential diameter of E. globoidea
vessels is 175 mm (Dadswell 1972), while PR tracheids’ mean tangential diam-
eter is 40 mm (Harris 1991). E. globoidea and PR have approximately 10 and
6 rays per millimetre in tangential longitudinal section, respectively (Dadswell
1972; Harris 1991). Unlike softwood pits, perforation plates do not have separat-
ing membranes (Butterfield 2006), resulting in wider wood openings. Thus, the
wider lumen diameter and the greater the number of rays and perforation plates,
the easier the movement of ions and the higher the conductivity. The tangential
EC of E. globoidea was comparable with that of the softwood species (Table 3),
indicating that hardwood species conduct electrical current similarly to softwood
species in the T direction, through pits and cell walls. In addition, the R and T
conductivities at 20°C showed good agreement with the data obtained by Guyot
et al. (2013) and Luo (2019) using ERT, indicating that the ERT method estimates
predominantly transverse (a combination of R and T) resistivity distribution.

Sapwood was more conductive than heartwood in all studied species. In
P. menziesii, such behaviour can be linked to the MC difference between SW and
HW, 143% and 49%, respectively. According to Stamm (1964), conductivity can
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drop by a factor of 50 from complete saturation to FSP. However, the S. semper-
virens and E. globoidea samples show that, significantly above FSP, MC can-
not explain EC differences between wood zones. For example, in S. sempervirens,
the average MC of HW and TW were 183% and 145%, respectively, but the TW
conductivity of 0.02S m™~1 was higher than that of HW (0.014 Sm™1). There thus
appear to be additional factors that can affect EC differences between HW and
SW near complete saturation, such as ionic composition (Skaar 1988), permeabil-
ity (Stamm 1970, 1972), and availability of living cells (Butterfield 2006). Stamm
(1964) reported that ECs of heartwood and sapwood in P. elliottii are compara-
ble, being around 0.015S m~1 at near room temperature and 180% MC. Study-
ing Q. robur by means of the ERT method, Bieker and Rust (2010) found that
the inner heartwood was more conductive than the outer heartwood. However,
all these studies, including this research, are based on a small sample size, and
hence further research is required to isolate the mechanism of current conduction
in HW and SW.

The longitudinal HW conductivity of S. sempervirens showed good agreement
with that measured by Stamm (1929), 0.019 Sm~1 at room temperature and 150%.
The SW conductivity, however, was twice that measured by Stamm (1929). The dif-
ference between the results was assumed to be due to ionic content variation within
the sap, which in turn can depend on ionic concentration in soil (Munns 1988). This
hypothesis is supported by EC differences between P. radiata from Ashley forest
and Owen River forest, where the latter is about twice as conductive as the former
and similar to that reported by Nursultanov et al. (2017). Future testing, with a larger
sample size, is required to investigate the dependence of EC on ionic content of soil.
Finally, the effect of dryness on EC of PR showed that dry patches decrease the con-
ducting surface area, causing the increase in overall resistance. Hence, the partially
dry cubes behaved as a combination of fully saturated wood, in the wet patches, and
near FSP wood, in the dry patches, with the current flowing predominantly through
the wetter regions.

Conclusion

This research agreed with earlier findings by Nursultanov et al. (2017), showing that
EC of green wood is highly dependent on temperature and grain orientation. The
EC temperature dependence varies between wood species and trees, with the most
distinguishable difference occurred between hardwood and softwood species. It was
hypothesised that electrical current conduction in hardwood is unconstrained by the
wood structure, due to wider wood openings. In softwood species, however, electri-
cal current has to flow through narrower wood openings and, above 50 °C, through
new conduction paths within cell walls. In addition, it was hypothesised that EC
variation between trees and wood zones can be due to ionic content variation within
sap. To test these hypothesis, future testing with a larger sample size is required.
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