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The electrical impedance characteristics of the plant cells are dependent on such
physiological factors as physiological condition, developmental stage, cell structure,
nutrient status, water balance and temperature acclimation. In the measurements
also such technical and physical factors as type of the electrodes, frequency,
geometry of the object, inter-electrode distance and temperature have an effect.
These factors are discussed especially with respect to the impedance method in frost
resistance studies of plants.

Kasvisolujen impedanssiominaisuuksiin vaikuttavia fysiologisia tekijbitd ovat kas-
vin fysiologinen kunto, kehitysvaihe, solurakenne, ravinnetila, vesitasapaino ja
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1. Introduction

Impedance technique is one method used
in frost resistance studies of plants (e.g.
Wilner 1961, van den Driessche 1969, 1973,
Glerum 1973, Greer 1983, Pelkonen and
Glerum 1985, Repo and Pelkonen 1986, Rika-
la and Repo 1987). It is based on the
phenomenon that frost causes structural
changes in the cells which are either irrevers-
ible or partially reversible and which change
the electrical properties of those cells.

The structure of plant cells brings about
difficulties in measurements of impedance
characteristics. Due to this fact, and maybe
the lack of interest of the electrophysiologists
and engineers, there are not as sophisticated
and widely used methods for studying plant
cells as there are for animal cells. Microelec-
trode techniques have been used with large
thin-walled cells such as in algae (Williams et
al. 1964, Bernhardt and Pauly 1974, Coster
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and Smith 1977), but not with higher plants.

In most of the studies with plant cells the
impedance modulus of the tissue at a selected
frequency or the ratio of the modulus at two
frequencies is used to describe the condition
of the cells. The parameter values of a sim-
plified electrical model for cell membranes
(Coster and Smith 1977, Smith 1983) and
tissues (Tattar et al. 1974, Pukacki 1982,
Piene et al. 1984) have been reported in few

papers.

Changes in impedance can be considered
indicators of frost damage in plant tissue.
Adequate observations and interpretation of
impedance values necessitate sound know-
ledge of physical and physiological phenome-
na involved. This text is a short review on the
area. It includes also some unpublished re-
sults. This report attemps to elucidate the
matter from the biophysical point of view.

I thank Veikko Koski for the valuable criticism in
revision of this text.

2. Physical aspects of impedance mesurements

2.1 Plant tissue as an electrical circuit

Impedance is an alternating current resist-
ance which is composed of resistive and reac-
tive components (Appendix). In plant tissues
the components are determined by the liquids
in the cells, cell membranes and cell walls.
The boundary layers between liquids and
”solid” components such as cell membranes
and cell walls (Blanck 1984), as well as the
layers between tissue and electrodes also have
resistive and reactive characteristics (Cob-
bold 1974) (Fig. 1).

Due to the reactive nature of the plant
tissue the impedance is dependent on the
frequency. When measuring with low fre-
quencies up to about 1 kHz, the reactive
component of the tissue is ignored. Thus the
impedance modulus describes the resistive
component only. At high frequencies current
flows through the capacitive component. This
decreases the overall impedance. Frequency
also has an influence on the boundary layer
impedance between tissue and electrodes (see
chapter 2.2) and on the layer impedances of
the cellular components. The polarization of
the electrodes sets the lower limit of useful
frequencies to about 20 Hz (Cobbold 1974).

It is evident from the phase angle measure-
ments (see Appendix) that the plant cells
have capacitive characters that result in
phase angles with negative values. The phase
angle of Magnolia shoots (Magnolia X soulan-
giana, Magnolia X kobus) (Pukacki 1982) and
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the stem sections of red-osier dogwood (Cor-
nus stolonifera Michs.) (Evert 1973) have a
parabola shape dependency on the frequency.

In some studies the plant tissue has been
described as a simple resistance-capacitance-
circuit (RC-circuit) (Fig. 1a) or a RC- circuit
with one additional resistance in series (Fig. 1
b, Appendix) (Tattar et al. 1974, Pukacki
1982, Piene et al. 1984, MacDougall et al.
1987). The resistance has been found to be

A.

B.
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R, 1T
—{ F— —o

Fig. 1. A: Electrical model of the cell membrane and the
boundary layers between cell membranes and the
surrounding liquids. EDL means electrical double
layer. Subindices (i), (0) and (m) mean inside, out-
side and membrane. The resistive and the capacitive
components are indicated with (R) and (C). B: A
simplified electrical model of the plant tissue.
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inversely proportional to the capacitance.
The resistance of tree shoots are generally
between 10—100 kQ and the capacitances
from picofarades to nanofarades (Tattar et al.
1974, Pukacki 1982, Piene et al. 1984, Mac-
Dougall et al. 1987). The resistivity is the
specific impedance at a low frequency, and
for needles and shoots of Scots pine (Pinus
sylvestris L..) and Norway spruce (Picea abies) is
in the range of 30—80 Qm (Repo et al. 1984,
cf. Chapter 2.4.).

The measurement of the impedance
characteristics of the tonoplast and plas-
malemma of higher plants (e.g. forest trees)
has not succeeded. On the contrary with
lower plants e.g. Chara australis (R. Br.) the
area-specific capacitance and resistance of
tonoplast are about 60 mF m™ and 0.15 Q
m? (f=5 Hz), respecitively. The correspond-
ing values of plasmalemma are 24.3 mF m™
and 0.55 Q m™%, and those of the series combi-
nation of plasmalemma, cytoplasm and tono-
plast 16.5 mF m~ and 0.69 Q m™ respectively
(Smith 1983). Both the capacitance and the
resistance of the membranes are dependent
on the frequency at the range of 1—100 Hz.
At very low frequencies (f<l Hz) the mem-

_ branes become inductive (Coster and Smith

1977).

The impedance locus representation is one
way to analyse the electrical model and the
properties of the tissues (e.g. Rothschild
1946, Schanne and Ruiz-Ceretti 1978). In
this representation, the imaginary part of the
impedance is a function of the real part as
shown in the Appendix. Monitoring the
changes in the locus with respect to the func-
tional changes of the tissue has been called
impedance spectroscopy (Gersing 1982).

2.2 Type of electrodes

The contact between the electrode and the
tissue is important in impedance measure-
ments at low frequencies. According to the
electrode theory the so called Warburg impe-
dance, or diffusion impedance appears at the
boundary layer. At high frequencies the effect
of the Warburg impedance diminishes and
the polarization of the electrodes is reduced.
When the tissue impedance is large compared
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to the diffusion impedance, the effect of
polarization can be ignored (Cobbold 1974,
Schanne and Ruiz-Ceretti 1978). The contact
can be improved with pastes. In one study
the phase angle of the diffusion impedance at
low frequencies could be decreased to nearly
zero with manganese dioxide-carbon paste
between electrode and tissue (Evert 1973).
The polarization is dependent on the type
of the electrodes. The capacitance of the elec-
trode impedance was significantly higher at
the frequency of 80 Hz when measured with
platinum or nickel-plated steel electrodes
than with chloridized silver (Ag/AgCl) elec-
trodes (Pukacki 1982). Ag/AgCl electrodes
can not be used in the woody stems, however,
because they decay too rapidly. The type of
the electrode had no significant influence on
the phase angle and impedance modulus with
frequencies higher than about 100 Hz
(Glerum and Zazula 1973, Pukacki 1982).
When the plant tissue is measured with
needle-electrodes, the cells are damaged at
the contact site. This probably causes the
leakage of the electrolytes into the contact
layer improving the contact. If there is not
enough liquid around the electrodes, air can
diffuse to the contact layer which can cause
instability of the readings. The damage
caused by the electrodes can also have harm-
ful effects because they increase the risk of
infections by fungi during long experiments.

2.3 Temperature

The impedance of the plant tissue increases
as the temperature decreases (Glerum 1969)
(Fig. 2). At the temperature range from 25 °C
to 0 °C the impedance increases about 2.7 kQ
°C~!'. When extracellular freezing occurs a few
degrees below zero, the temperature of the
tissue increases 1—3 °C (HTE=high temper-
ature exotherm). During this phase the impe-
dance increases with increasing temperature.
When all easily freezeable extracellular water
is frozen, the impedance value increases
again with decreasing temperature at the rate
of 80 kQ°C™". There is some hysteresis in the
curve of Fig. 2 during the warming phase
which results in the impedance at room temp-
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Fig. 2. The effect of the tissue temperature on the impe-
dance (f=1 kHz) in red pine during the cooling
(—=+—) and warming. (—<{>—) phases. Point A indi-
cates the freezing of the extracellular liquid (Glerum
1969).

erature being lower after freezing than before.
This usually reflects cell injuries but may be
due to the endotherm or acclimation (chapter
3.6). No changes resulting from the low temp-
erature exotherm (LTE) in the impedance
curves have been reported.

There are three possible explanations for
the temperature dependency of impedance.
Firstly, it may be due to the higher mobility
of the ions at high temperature (e.g. Tattar
and Blanchard 1976). The slope of the temp-
erature dependency of the impedance is not
the same during the cooling and warming
phases, however (Fig. 2). Secondly, it may be
due to the change in membrane resistance
and capacitance. Paszewski and Spiewla
(1986) found significant temperature depend-
ence of the membrane resistance in Characeae
cells. In the temperature range 4—48 °C the
electrical resistance of the cell membranes
underwent from 5 to 9 distinct changes.
Thirdly, the apparent stationary state be-
tween intra- and extracellular liquids corres-
ponding to a given temperature may be dis-
turbed when the temperature is changed. A
change in the water balance would be re-
flected in the impedance (chapter 3.6).
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2.4 Cross-sectional area

Seedlings with small diameters have higher

impecances than those with large ones (van
den Drienssche 1969, Wargo and Skutt 1975,

- Carter and Blanchard 1978, Pukacki 1982). If

the material was isotropic, the dependency of
the impedance on the cross-sectional area
would be linear. The non-homogeneity of
plant tissue caused by different cell-layers
and also the variation in the composition of
the cell structure within a population contri-
bute to the nonlinearity.

The impedance (f=1 kHz) of the shoots of
Scots pine and Norway spruce decreases ex-
ponentially as a function of the cross-section-
al area (Fig. 3). The shape of the curves is
about the same in different developmental
stages although the level is changed. When
the area is greater than about 15 mm? (i.e.
d>4.4 mm) the impedance modulus is inde-
pendent of the area. Pukacki (1982) found a
linear correlation between impedance of un-
injured Magnolia shoots and diameter (2 mm
<d< 4 mm) but no relationship in the case of
injured shoots. The influence of diameter be-
comes minimal at about 5 mm and above
(Glerum and Krenciglowa 1979). With large
diameter samples most of the stem will con-
sist of wood, and the normalized impedance
magnitude is thus independent of diameter
(Evert 1973).

To further explore this relationship, a
study using Scots pine and Norway spruce
seedlings was done in our laboratory. It was
assumed that the shoot cross-section was cir-
cular. The following evaluation was used to
calculate the specific impedance with equa-
tion

nd?

z=27 2] (1)
where z = specific impedance Qm
d = diameter of the shoot m
I = distance between the electrodes m
|Z| = impedance modulus Q

It was found that this area normalization of
impedance decreases the dependency on the
area significantly. Specific impedance has a
rather constant value when the cross-section-
al area exceeds 5 mm? (Fig. 4). With small
diameters significant measurement errors of
the impedance and the diameter are possible
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Fig. 3. The impedance (f=1 kHz) of the previous year’s shoots of Scots pine (A) and Norway spruce (B) in different
growth stages as a function of the cross-sectional area of the shoot. The samples were taken in March and April
(=0-), in May and June (—+—), in July and August (—X—), and in September and October (—A—).
Impedance measurements were done at room temperature.
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Fig. 4. The specific impedance (f=1 kHz) of the previous year’s shoots of Scots pine (A) and Norway spruce (B) as
a function of the cross-sectional area. Same material as in Fig. 3.

which may cause the change of the specific
impedance in that range.

Specific impedance of the shoots and nee-
dles is dependent on the developmental stage
(Repo et al. 1984, Fig. 4). It is generally high
in winter and low in summer. There are also
slight seasonal changes in the area-dependen-
cy of the shoots. Presumably the changes are
more obvious in developing shoots where cell
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differentiation is occurring than in the previ-
ous years’ shoots.

There is controversy about the usefulness
of the area normalization. It did not eliminate
diameter dependence of the impedance mea-
surements in woody stems (Fensom 1966,
Glerum and Krenziglowa 1970, Glerum
1980) or shoots of one-year-old Magnolia (2
mm <d< 4 mm) (Pukacki 1982).
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2.5 Inter-electrode distance

When the distance between the electrodes
was explored in our laboratory it was found
that increasing the distance from 10 mm to 50
mm, increased the impedance of the Scots
pine shoots linearly from 40 kQ to 190 kQ
(Fig. 5). Similar linearity was found by
Glerum and Zazula (1973) but not by Puka-
cki (1982).

Evert (1973) found no influence of the
inter-electrode distance (> 7 mm) on the
phase angle at the frequencies of 50 Hz—500
kHz. He also proposed that the extrapolation
of the impedance magnitude to an inter-elec-
trode distance of zero would indicate elec-
trode imperance.

IMPEDANCE , k0

300
200 —
100 —
0 | T T T T T T 1
0 10 20 30 40 S0 60 0

DISTANCE, mm

Fig. 5. The impedance (f=1 kHz) of a one-year-old shoot
of Scots pine as a function of inter-electrode distance.

3. Physiological aspects of impedance measurements

3.1 Effect of damage

When the cells are undamaged, they are
able to retain high intracellular ion concent-
ration with respect to the intercellular space.
When the cell membranes are injured by frost
they lose their ability to maintain high in-
tracellular concentration because the intrin-
sic membrane proteins (e.g. ATPases) are
denatured (e.g. Palta and Li 1978). Especial-
ly the leakage of the K*-ions from the cells
increses after injury (van den Driessche 1969,
Pukacki and Pukacka 1987). As a result the
concentration gradients between the intra-
and extracellular spaces disappear. The dam-
age can be seen as a decreasing of the low-
frequency impedance.

The impedance of the undamaged tissue is
high at low frequencies. When the cells and
especially the cellmembranes are damaged by
frost, the low-frequency impedance decreases
(e.g. Wilner 1961, Glerum 1962, van den
Driessche 1969). As an example the impe-
dance modulus of the uninjured one- and
two-year-old shoots of Scots pine and Norway
spruce is in the range 100—300 kQ (Fig. 3)
(f=1 kHz), whereas the corresponding values

of the seriously damaged shoots are 10—50
kQ.
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When the frost resistance is estimated us-
ing the impedance method, it is useful to
compare the impedance values of the same
plants before and after frost exposure. If the
plants have suffered no damage their impe-
dances should be equal. The difference be-
tween impedances after and before frost treat-
ment should be lower with damage than
without. With this relationship in mind we
calculated the impedance difference and nor-
malized it with respect to the cross-sectional
area and interelectrode distance as in equa-
tion 2 and for comparison as in Eqn. 3. The
result of Eqn. 2 is called specific impedance
difference and that of Eqn. 3 difference of
specific impedances.

2
Az =20 (2] - |z.) @
41
_ nd? _ nd}
Az = Toe|z,| - T2 |z, 3)
where Az, = specific impedance difference Qm
Az, = difference of specific impedances Qm

d = diameter, mean of six measure-
ments (three before and three af-
ter frost treatment) m
d, = diameter after frost treatment,
mean of three measurements m
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Fig. 6. The specific impedance difference (—J—) and the
difference of specific impedances (—+—) (f=1 kHz)
of the shoots of one-year-old Scots pine seedlings as a
function of frost treatment temperature. The experi-
ment was carried out during the dehardening phase.
The dots represent the mean of 10 seedlings. The
standard deviations are indicated with bars.

d, = diameter before frost treatment,

mean of three measurements m

1 = distance between electrodes m

Z,| = impedance modulus after frost Q
treatment

|Zh| = impedance modulus after frost Q
treatment

When the Az (Az, and Az,) is expressed as
a function of the frost treatment temperature
the curves as calculated with Eqn. 2 and 3
differ somewhat. The phenomenon is more
obvious in young current year’s shoots than
in older ones but can be found also in natural-
ly hardened one-year-old Scots pine seedlings
during the dehardening phase (Fig. 6).

The difference between the curves in Fig. 6
is caused by the change of the diameter of the
shoots during the frost treatment (Fig. 7).
The average difference between undam-
aged and damaged shoots is as high as 0.5
mm which has a signifcant effect on the Az-
value if either Eqn. 2 or Eqn. 3 is used. The
contraction is propably partly due to the
damage of the cells, partly due to compres-
sing the stem when measuring the diameter.
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Fig. 7. The diameter of the shoots of the same seedlings
as in figure 6 before (—0O—) and after (—+—) frost
treatment as a function of frost treatment tempera-
ture. The diameter was measured with micrometer
(Mitutoyo, accuracy * 0.01 mm) three times before
and three times after frost treatment from random
directions on the shoot. The needles of the shoots
were removed from the measurement point.

3.2 Effect of different cell-layers

There are few studies on the impedance
characteristics of separate cell-layers, except
in the case of bark and wood of red-osier
dogwood (Evert 1973), xylem of red pine
(Pinus resinosa Ait.) and poplar (Populus del-
toides Marsh.) (Glerum and Krenciglowa
1970, Glerum and Zazula 1973) and pith of
Magnolia shoots (Pukacki 1982). Bark, which
is regarded as a combination of periderm,
phloem and cambium, and xylem were mea-
sured by inserting the electrodes in a step by
step procedure through different cell-layers
(Glerum and Krenciglowa 1970, Glerum and
Zazula 1973).

Pukacki (1982) estimated the effect of pith,
xylem, cambium and bark on the impedance
of Magnolia shoot by peeling the shoot layer
by layer without elimination of the effects of
the inside layers. Using these results the au-
thor calculated the approximate values of the
impedance modulus (f=80 Hz) of different
intact and injured layers (Table 1). Pith,
xylem, cambium and bark were assumed to
form a parallel circuit of electrical resistances.

The impedance of the thin cambium layer
is high and injuries there cause a drastic
decrease of impedance. Uninjured pith, xy-
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Table 1. The admittances (f=80 Hz) of bark, cambium, xylem and pith of one-year-old uninjured and injured shoots
of Magnolia x soulangiana ’Amabilis’ (Pukacki 1982) and the corresponding impedances calculated by the author.

/ /denotes a parallel combination of the layers.

Uninjured Injured
admittance impedance admittance impedance

KS kQ uS kQ
Ya pith 48 207 5.7 175
Y2 pith / / xylem 9.2 109 10.5 95
xylem - 228 = 207
Y pith / / xylem / / cambium 10.5 95 18.9 53
cambium - 760 - 120
Y. pith / / xylem / / cambium / / bark 15.1 66 25.9 39
bark - 219 - 143

lem and bark have about the same impedance
values, but injuries cause the most remark-
able change in the values of bark, and the
smallest one in xylem.

The calculated results in Table 1 can be
questioned, however, because the peeling
may be injurous. For example the impedance
of the peeled bark and wood, when measured
together, was lower than that of the intact
stem of red-osier dogwood (Evert 1973). Also
when the stem impedance is calculated using
the separately measured values of bark and
wood, the calculated stem impedance is lower
than that of the intact stem (Glerum and
Zazula 1973, Evert 1973). Maybe the appli-
cation of the circuit theory of parallel resist-
ances is not reasonable in this case.

There is a strong inverse correlation be-
tween the electrical resistance of combined
bark and wood of red maple (Acer rubrum L.),
and the phloem width (Carter and Blanchard
1978). Similar results were found in lodgepole
pine (Pinus contorta Dougl.) (Cole and Jensen
1979). Cambial electrical resistance has been
related to the number of cells per radial file of
vascular cambium in balsam fir (Abies bal-
samea (L.) Mill. ) during the growing season
(Smith et al. 1984).

The differences in the impedances of the
cell-layers can be explained with the structur-
al differences of the cells and the thickness of
the layers. The central pith and xylem have
few living protoplasm and membranes to
maintain high intracellular ion concentra-
tion, in contrast to the cambium and phloem.
The studies of Glerum and Zazula (1973) and
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Pukacki (1982) showed, that if the electrolyte
content of the tissue is high, as in living
tissues, the impedance is low. There are also
more membranes in the living tissues which
contribute to the reactive part of the impe-
dance through the permittivity of the mem-
brane material and through the boundary
layers associated with the membranes and
the electrodes.

3.3 Effect of growth stage

The specific impedance of the current year
needles and shoots are lower than the previ-
ous year’s corresponding parts until Sep-
tember. Also the values of the previous year’s
shoots and needles are lower in summer than
in winter (e.g. Glerum 1973, 1980, Repo et al.
1984, Fig. 4). This may be due to the seasonal
changes in vacuolization and wall thickness
in the cells (Sennerby-Forsse 1986). Also con-
centration of the liquids and storage mate-
rials in the cells, and the thickness of the
layers change from one growth stage to
another (e.g.. Carter and Blanchard 1978,
Cole and Jensen 1979, Levitt 1980, Sennerby-
Forsse 1986). The cambial zone is thinner
(Sennerby-Forsse 1986), and the phloem is
thicker (Cole and Jensen 1979) during dor-
mancy than during the active period.

Structure and compartmentalization of wa-
ter is different in dormant than in active cells
(Tumanov 1967). The water content of the
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tissues, and the distribution between the int-
ra- and extracellular spaces are also charac-
teristics which change during the year (e.g.
Scarth 1936, Levitt 1980). In addition, there
is a slight within-day fluctuation with the
specific impedance of the needles of Scots
pine in summer (Repo et al. 1984), which
may be connected with changes in water
content (Scarth 1936), and water potential of
the tissue (e.g. Dixon et al. 1978, Unger 1980,
Hillerdal-Hagstromer et al. 1982), or the wa-
ter potential of the ambient air (Gagnon et al.
1987). The rapid acclimation of hardened
samples (shoots, needles), when transferred
to room temperature can be a source for the
higher impedance values in winter than in
summer (chapter 3.6).

3.4 Effect of the moisture content

The effects of water content on impedance
are inconsistant. Tattar et al. (1972) found
that the electrical resistance of plant tissues
will be relatively independent of small

. changes in tissue water content as long as

sufficient interstitial free water is available
(moisture content > 30 %). The resistance of
the undamaged tissue of red maple changed
by 50 k€2/% change in water content in the
moisture range 20 % —35 %. Glerum (1980)
proposed that moisture content has little ef-
fect on impedance when the moisture content
is above the fibre saturation point. The impe-
dance of the Magnolia shoots decreased from
400 kL to 50 kQ, however, when the moisture
content increased from 30 % to 50 % (Pukac-
ki 1982, cf. also Kucera 1986). In living tis-
sues the moisture content is usually well
above the fibre saturation point (about 30
%).

Karmanov et al. (1964, 1965) and Mele-
shchenko (1965) suggested that impedance is
closely connected with water metabolism of
the plants. The observation is supported by
the correlation of the impedance with water
potential (e.g. Dixon et al. 1978 and Unger
1980).
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3.5 Effect of nutrients

The accumulation of mobile ions in the
tissues can decrease impedance. Pukacki
(1982) found a slight decrease in the impe-
dance (f=80 Hz) with increasing potassium
and sodium content in uninjured Magnolia
shoots. A greater response was observed in
frozen shoots. Tattar et al. (1972) found a
correlation between resistive impedance
(f=100 Hz) of the shoots of sugar maple and
the concentration of potassium and calcium
ions. High concentrations of ions in solutions
taken up by the shoots resulted in a large
decrease in resistive impedance. The impe-
dance (f=1 kHz) of birch (Betula pendula)
seedling shoots was low when the potassium
concentration of fertilizer was high (Jozefek
pers. comm.).

3.6. Effect of acclimation

Recent studies in our laboratory have
shown that the specific impedance of har-
dened shoots of Scots pine and Norway
spruce changed when transferred to room
temperature (Fig. 8). In the first phase,
which was over in a few minutes, the specific
impedance decreased as a result of melting of
the extracellular ice. At the beginning of the
second phase, there occured about a half hour
long latent period after which the specific
impedance increased. An exact stationary
level was not reached in either species within
eight hours, although the steady state is more
obvious in spruce than in pine. After the frost
treatment (—15 °C for 3 h), which was sus-
pected not to be injurious to the cells in this
phase, no significant acclimation was ob-
served (Fig. 8).

This acclimation phenomenon causes
problems in the frost resistance estimation
when the plants’ growing conditions differ
significantly from the measuring conditions.
Due to the acclimation, the specific impe-
dance difference at the high temperature level
as calculated with equation 2 is below 0 Qm
although no cell injuries are suspected during
the frost treatments. In this case the estima-
tion of the temperature equivalent of =10 Qm
is inaccurate, or it is impossible if the high
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Fig. 8. The specific impedance of the wintertime (March
18) shoots of Scots pine (A) and Norway spruce (B)
before (—X—) and after — /A —) frost treatment as a
function of time at room temperature (mean of 15
shoots). All measurements were made on the same
shoots. The frost treatment consisted of freezing from
20 °C to —15 °C and remaining at the low tempera-
ture for 3h. The cooling and the warming rates were

6and 7 °C h™".

temperature level of specific impedance dif-
ference is <-10 Qm.

Contrary to the results in Figure 8, the
specific impedance of the one-year-old Scots
pine seedlings, when stored about 2 months
in cold storage, decreased from about 45 Qm
to 30 Qm after 20 hours at room temperature.
Because the time constant for temperature
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stabilization of the tissue with diameter 2—3
mm is a few minutes, the phenomenon can
not be explained by temperature changes in
the tissue (cf. chapter 2.3).

The explanation of wintertime shoot accli-
mation at room temperature is unclear. It
may be coupled with water flows between
intra- and extracellular spaces. The specific
impedance (f=1 kHz) is supposed to repre-
sent the resistive nature of the extracellular
space. Because there is an imbalance in the
vapour pressure between intra- and extracel-
lular spaces after thawing of the extracellular
ice, water flows inside the cells causing swel-
ling. When the amount of the extracellular
water diminishes the specific impedance
value increases. The swelling would not be
strong enough, however, to plasmolyse the
cells and thereby decrease the impedance.

This acclimation phenomenon necessitates
that much more accuracy is required with the
measurement temperature, when impedance
measurements are carried out at different
growth stages. To eliminate the acclimation
error the temperature where the measure-
ments are carried out may be necessary to
change according to the temperatures of the
growing conditions. The measurement temp-
erature has to be > 0 °C, however, because
the impedance of the frozen tissue is very
high. When the measuring conditions are
changed, the error caused by the temperature
dependency of the impedance of the cell li-
quids, and maybe also that of the cell mem-
branes, increase. On the other hand the error
may be small after the specific impedance
difference is calculated.

If the seasonal fluctuation of the specific
impedance is due to the acclimation
phenomenon, it’s elimination may make it
unnecessary to calculate the specific impe-
dance difference. Thus the frost resistance
estimation would be possible only after the
temperature response of the specific impe-
dance following frost treatment has been me-
asured. The elimination of the temperature
dependency error of the impedance would be
possible by using a correction coefficient, as is
generally done in the conductivity measure-
ments of liquids.

Tapani Repo

4. Concluding remarks

Although there are many factors which
have an effect on the impedance characteris-
tics of the plant tissue, the use of the impe-
dance method in frost resistance studies is not
as cumbersome and unreasonable as it may
seem (cf. Greer 1983, Repo and Pelkonen
1986). Once we are satisfied with measuring
the impedance modulus of the whole shoot
with a relatively low frequency (100—1000
Hz), the technical factors do not present large
difficulties. Many of the factors can be stan-
dardized. For example by using a given type
of electrodes, a constant frequency, tempera-
ture and inter-electrode distance, the error
caused by these factors can be minimized.
The effect of the nutrient status and the water
content can be normalized when the same
material is measured both before and after
frost treatment and the results compared.

The accurate measurement of the cross-
sectional area of the stem and especially of
different cell-layers separately is a problem.
For the present there are no electrodes avail-

- able to measure the impedance modulus and

phase angle of separate cells or cell-layers in
higher plants. The studies of the effect of the
temperature acclimation on impedance is just

beginning and so far the phenomenon is un-
explained. Many technical problems appear
when the impedance phase angle is measured
at high frequencies (above 100 kHz). The
solving these problems is necessary for furth-
er developing of the method.

When the impedance method is further
developed for frost resistance studies of
plants, the effort should be concentrated on
developing the method in the direction of
impedance spectroscopy. The estimation of
the electrical model for different plant tissues
is also important. This necessitates improve-
ment of the measuring technique including
the electrodes, and both measuring and
analysing devices so that more details of the
plant cells and tissues can be measured. Then
the effect of different stress factors on the cell
constituents and, thereby, on the parameters
of the electrical model could be predicted
more accurately. The analysis of noise input
voltage response may be a future tool in
impedance spectroscopy. Also the analysis of
the electrical noise generated by the mem-
branes is an “unploughed” area of cryo-
biological electrophysiology in higher and
lower plants
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Appendix. Impedance locus

One of the commonly used circuits to describe the
biological structure is that shown in Fig. Al.
Impedance of this circuit can be written in a complex

notation:
R ., @ CR}
Z= R +—R ) L &
(Ri l+(u2C’R§) J(l+m("CzR§,) ()
where R, R, = resistances
C = capacitance
® = angular velocity
= 2m frequency
j= VA

The first term in the parentheses of Eqn. 1 is the real or
resistive component and the second term the imaginary
or reactive component of the impedance. Indicating

.these terms as R and X, respectively, the impedance

modulus of the considered circuit simplifies to
|z| = VRT+ X2 @)

and the phase angle of the impedance becomes

tang = % (3)

The low frequency impedance of the circuit in the inset
of Fig. Al can be expressed as

Ry=R; +R, (#)
and the high frequency impedance
R. =R, (5”)

Indicating the time constant R,C=t, the resistive
component can then be written

R=R,+ ReR. 6)

1+ w*?

and the reactive component

— _ 0T (Ry—R) ,
A E &

2 Silva Fennica 22 (3)

Wilner, J. 1961. Relationship between certain methods
and procedures of testing for winter injury of
outdoor exposed shoots and roots of apple trees.
Canad. J. Plant Sci. 41: 309—315.

Total of 50 references

Impedance modulus, phase angle, real part and imagi-
nary part of the given circuit are all dependent on
frequency. When the frequency is changed between 0
and ®, Z will change continually along the curve shown in
Fig. Al. The corresponding change in the RX-plane will
be as in Fig. A2, which is called the impedance locus of
the circuit.

The interception of the locus, or more precisely the
interception of the hemisphere or -spheres with the real
axis, and the center of the hemisphere characterize the
electrical circuit under consideration.

R,

R1 '—| l_
1z1 S

!
| .£

log w T

Fig. Al. Impedance modulus of the circuit in the inset as
a function of logarithm of angular velocity.
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R

Fig. A2. Impedance locus, it is imaginary part of impe-
dance as a function of real part, of the circuit in Fig.
Al. P, and P, indicate resistive and reactive compo-
nent of impedance at a given frequency. The direct
current impedance Ry = R, + R,. The impedance at
very high frequencies is R. = R,.
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