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Techniques to measure vegetative maturity and dormancy 

of deciduous nursery stock were investigated in red-osier 

dogwood.  Previous methods which were based on:  survival 

or tip dieback, change in level of ethylene production, 

xylem water potential, and alteration of square wave traces 

traces, provided no better indication of dormancy than did 

a knowledge of calendar date.  Tissue response to and modi- 

fication of applied electrical currents however, indicated 

that electrical impedance ratios could be used success- 

fully not only in plant breeding, presymptomatic disease 

diagnosis, water relations, and frost hardiness studies, 

but as a predictor for vegetative maturity and dormancy 

development as well. 

Impedance ratios and water contents were determined 

concomitantly during the development of vegetative maturity 

in a clone of red-osier dogwood which enters dormancy at 

a photoperiod of 14.2 hours or less.  Plants were exposed 

to 16 hr. and 12 hr. photoperiods in growth chambers to 

selectively prevent (16 hr.) or induce (12 hr.) dormancy. 



The onset of vegetative maturity was measured by defoliat- 

ing plants at weekly intervals and subsequently observing 

whether or not previously dormant buds were stimulated to 

grow.  There was a consistent and significant increase in 

the impedance ratios of dogwood stems at time plants became 

vegetatively mature.  During the first 5 weeks, impedance 
4  5 

values obtained from frequencies 10 /10  Hz remained rela- 

tively stable at 2.3 in plants grown at the 12 hr. photo- 

period.  After week 5, a significant increase in the ratio 

occurred, rising to a peak of 4.0 by the 7th week, and 

remained at that level.  Stem moisture content declined 

gradually as the plants matured, and was approximately 

inversely proportional to impedance value.  Changes in 

impedance ratios were consistent and less subject to varia- 

tion than stem water contents.  Impedance ratio measure- 

ments have potential for predicting the timing of vegeta- 

tive maturity and dormancy in woody deciduous species. 
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THE RELATIONSHIP OF ELECTRICAL IMPEDANCE TO VEGETATIVE 

MATURITY AND DORMANCY IN RED OSIER-DOGWOOD 

INTRODUCTION 

It is often difficult to determine dormancy develop- 

ment of deciduous plants by visual inspection alone. 

Researchers and nurserymen have been aware of this problem 

for years and have made numerous attempts to estimate 

depth of dormancy by non-visual methods.  Such attempts 

have been based primarily on the following types of physio- 

logical and chemical changes that have been found to occur 

during the maturation period:  carbohydrate accumulation, 

changes in water-soluble proteins, decreases in ratios of 

"free" and "bound" water (Bunning, 1953), rate and extent 

of leaf abscission, decreases in respiration rates and eth- 

ylene levels, increases in osmotic pressure, progress of 

terminal bud formation, changes in electrical resistance or 

impedance, and the alteration of square wave traces. Mea- 

surements based on these characteristics have, at best, 

provided only general descriptions of dormancy, often 

involving time-consuming analyses and results of question- 

able value. 

A rapid, inexpensive, and  reliable method for deter- 

mining stages of development in the autumn would be of con- 

siderable value in physiological studies and would provide 

a basis for some cultural practices in the nursery industry, 

I have attempted to gain a better understanding of the 
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various stages of plant development and to refine present 

methods of characterizing vegetative maturity and dormancy. 

Repeated studies have demonstrated and defined a stage of 

development called vegetative maturity.  This stage of 

development can be established by manually defoliating 

plants at intervals during the autumn and measuring their 

subsequent response.  When plants are vegetatively mature 

no regrowth of buds occur and no visible signs of injury 

result from defoliation.  Deciduous plants at this stage of 

development are capable of surviving harvesting, prolonged 

periods of storage, and defoliation (Fuchigami, 1977; 

Fuchigami et al., 1977).  Plants at this stage are also 

capable of acclimating to resist freezing temperatures 

(Nissila and Fuchigami, 1978).  Unfortunately, defoliation 

techniques take 1 to 2 weeks to establish vegetative 

maturity. 

- Attempts to reliably measure vegetative maturity by 

simple, rapid techniques have been unsuccessful.  Nissila 

and Fuchigami (1978) and others, (Wilner, 1964) noted that 

changes in electrical impedance (resistance) occurred dur- 

ing the development of dormancy.  Nissila's and Fuchigami's 

technique involved passing a current through plant tissues 

to identify impedance responses at a ratio of 1 kHz to 

1 MHz.  Their impedance instrumentation did not cover a 

sufficient range to measure the highest plant responses, 

but it did show that internodal stem sections of woody 
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species exhibited a rapid increase in impedance a few weeks 

prior to maturity development.  The objectives of this 

research were: 

1. To further investigate and characterize the rela- 

tionship of electrical impedance to the develop- 

ment of vegetative maturity and dormancy in red- 

osier dogwood. 

2. To determine whether measurements of electrical 

impedance can be used to reliably and rapidly iden- 

tify when plants are vegetatively mature. 



VEGETATIVE MATURITY AND DORMANCY DEVELOPMENT 

Continual manual defoliation of an actively growing 

deciduous plant will result in death of some of the distal 

buds and terminal portions of the stem, or in some cases 

death of the entire plant (Fuchigami et_ al., 1977). As 

plants approach vegetative maturity less damage is observed, 

until a point is reached when no regrowth of buds occurs 

and no visible signs of injury result from defoliation.. 

This stage of development is called vegetative maturity 

(Fuchigami, 1977; Fuchigami et.al., 1977).  Seibel and 

Fuchigami (1978) related vegetative maturity to other known 

phases of seasonal deciduous plant development.by defoli- 

ation techniques.  To eliminate potential confusion regard- 

ing dormancy nomenclature, a brief description of terms 

used in this study follows. 

"Dormancy" is a general term used to describe a condi- 

tion in which plant tissues normally predisposed to elon- 

gate fail to do so for a variety of reasons. This includes 

summer dormancy or correlative inhibition in which certain 

buds or leaves may inhibit other buds from growing (Samish, 

1954).  Quiescence, another type of dormancy, involves the 

inhibition of growth by unfavorable environmental condi- 

tions (Samish, 1954). When dormant plants in these stages 

of development are completely defoliated and placed in a 

favorable environment, bud break occurs. As the season 
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progresses however, buds become less responsive to defoli- 

ation9 and eventually leaf removal no longer stimulates 

rapid bud break within 7 days. This stage (vegetative 

maturity) marks the transition from summer to winter dor- 

mancy.  Growth of buds in winter dormancy (rest) is pre- 

vented by endogenous factors (Doorenbos, 1953) within the 

buds themselves, which prevent growth.  For many plants the 

state of rest means that a chilling requirement must be 

satisfied before bud break can occur in the otherwise favor- 

able environments ( Chandler, 1954). 

METHODS USED TO MEASURE VEGETATIVE MATURITY AND DORMANCY 

Since a plant that is vegetatively mature is visibly 

indistinguishable from one that is not, several attempts 

have been made to predict the precise timing of vegetative 

maturity by indirect means.  In this laboratory measure- 

ments have been made of tip dieback resulting from defoli- 

ation (Fuchigami, 1977; Seibel and Fuchigami, 1978), bud 

break response (Fuchigami, 1977; Seibel and Fuchigami, 1978 

1978), declining xylem water potential (Hotze, 1976); 

differences in ethylene and ethane production (Seibel and 

Fuchigami, 1978), response to controlled photoperiod and 

temperature (as the basis for a predictive computer model 

by Renquist et al., 1979), and changes in electrical impe- 

dance ratios (Nissila and Fuchigami, 1978). The following 

is a brief description of these techniques, explaining 



their practical value and limitations. 

Defoliation studies, percent tip dieback and bud break 

The defoliation-survival test described previously 

(Seibel and Fuchigami, 1978) can be used to effectively 

identify when plants become vegetatively mature, but it 

takes weeks or months.  Defoliation and tip dieback studies 

can be used to identify when plants become vegetatively 

mature in retrospect, bat'are of no practical use to nur- 

serymen who need to predict the earliest date that plants 

can be safely defoliated, dug, and stored without damage. 

A somewhat quicker defoliation technique has therefore 

been utilized by Seibel and Fuchigami, 1978. Following 

complete manual defoliation, the days required for regrowtn 

under favorable growth conditions are recorded.   It is 

only necessary to defoliate once, and the depth of dormancy 

can be expressed quantitatively by recording the number of 

days required before regrowth begins. This technique pro- 

vides more rapid and quantitative results, but does not 

provide immediate results, thus precluding its use as a 

predictor for vegetative maturity. 

Changes in levels of ethylene production 

The relationship of ethylene evoluation to dormancy of 

deciduous woody plants is not clearly understood. General 

observations  indicate that decreasing levels of ethylene 
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production are associated with the onset of winter dormancy, 

Relatively high levels of ethylene evolution occur when 

plants are actively growing (Seibel and Fuchigami, 1978). 

Using a nondestructive method to measure internal levels of 

ethylene, Leopold et al.   (1972) found that the ethylene 

content of white pine stems increased from spring bud break 

until June, later reaching a stable concentration in the 

tissue about 0.1 or 0.2 ppm.  The concentration decreased 

to a low level in September and was nondetectable in Octo- 
1 

ber. 

Similar results were reported by Seibel and Fuchigami 

(1978) using excised sections of leaves, and internodal 

and nodal stem sections of red-osier dogwood. The seasonal 

pattern of ethylene production in the nodal sections were 

consistent and similar with those reported in white pine, 

although wound ethylene was no doubt measured in addition 

to the internal ethylene levels (Abels, 1973).  By relating 

this to vegetative maturity, Seibel and Fuchigami found the 

decreased production of ethylene to be closely related to 

vegetative maturity and dormancy development. 

In spite of the close correlation between ethylene 

production and vegetative maturity, the data were still 

insufficient to predict the time of vegetative maturity 

precisely.  Nissila (1978) confirmed these results, noting 

■'■Leopold, unpublished results, 
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decreased ethylene concentrations at and after full matu- 

rity development.  In addition, he found a strong correla- 

tion between ethylene production and tip dieback. But as 

in earlier studies, extensive variability within samples 

precluded any determination of threshhold values.  Ethylene 

measurements also have the disadvantage of requiring a 

level of specialized skill and equipment not available in 

nursery operations. 

Xylem water potential 

Tissue hydration (percent moisture) decreases drama- 

tically in red-osier dogwood and other hardy deciduous 

species during late summer and autumn as plants enter win- 

ter dormancy (Parsons, 1978).  Hotze (1976) examined the 

possibility of using xylem water potential as a predictor 

of vegetative maturity. Although xylem water potential 

measurements proved fairly rapid, only a slight lowering of 

values took place during the onset of vegetative maturity. 

In addition, pre-dawn xylem water potential was found to 

vary almost daily among all the cultivars studied, thus 

requiring frequent sampling to establish sufficiently reli- 

able trends to predict maturity onset (Hotze, 1976). 

Nissila ( 1978) continued these investigations and noted a 

similar decline of xylem water potential with increasing 

maturity,, Variability witnin samples and weekly fluctua- 

tions were extensive,,  Thus it appears that the use of 
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xylem water potential is unsuitable as an operational pre- 

dictor of vegetative maturity. 

Electrical impedance ratios 

Previous studies by Wilner (1964) indicated that an 

electric resistivity technique was useful in studying 

general physiological changes of apple trees during summer 

and autumn maturation,. Following this and other studies, 

Nissila and Fuchigami (1978) investigated the potential use 

of electrical impedance ratios to determine changes occur- 

ring during development of vegetative maturity.  His tech- 

nique involved application of a current through plant tis- 

sues to determine impedance responses at a ratio of 1 kHz 

to 1 MHz. Although the impedance meter used did not have 

a sufficient range to register the highest plant responses, 

it did show that internode stem sections exhibited a rapid 

increase in impedance a few weeks prior to maturity devel- 

opment.  Due to the instrument limitations no plants regis- 

tered 'on scale1 values after development of vegetative 

maturity. A rapid and consistent change in impedance was 

noted, however, during dormancy development, suggesting 

that electrical impedance values could be used as an index 

of it. 

For these reasons, a more thorough investigation 

regarding changes in electrical impedance values during 

development of vegetative maturity and dormancy seemed 
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warranted.  The following review describes some electrical 

properties of plant tissues, tissue response to and modifi- 

cation of applied electrical currents, and pertinent mea- 

suring techniques, providing the background for this inves- 

tigation. 
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ELECTRICAL CURRENTS IN PLANT TISSUES 

Flow of an electrical current through dilute solutions 

such as found within plant tissues is brought about by 

movement of ions (Fensom, 1966; Olien, 1961).  Mobility of 

ions, or charge movement in solutions is primarily deter- 

mined by the size of hydrated ions. Thus, a high density 

of mobile ions with adequate moisture leads to current flow 

through tissues.  However, electrolyte movement is also 

influenced by the plasma membrane which controls passage of 

ions through cells.  Selective permeability to ions such as 
2+   - 2- 

K+, Ca  , NO3, H2PO/, or SO4 may cause high concentrations 

to build up within the cell (Moore, 1964).  Differences in 

ionic concentrations, inside and outside cells generally 

result from varying electrical potentials actively produced 

across living membranes.  These potentials are generally 

caused by a combination of variables such as charges on the 

surface of large molecules within the cells (Donnan poten- 

tials), concentration gradients, and active ion pumps 

(Moore, 1964). 

Intercellular wall fluids and intracellular plant sap 

provide the transport system for movement of these electro- 

lytes.  In hydrated plants extracellular water can form a 

continuous liquid system throughout the plant tissues which 

can provide an effective pathway for ion movement along the 

cell walls, in spaces between cells and through xylem ves- 

sels (Olien, 1964).  Substances in solution can diffuse 
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freely through this extracellular water. Olien (1961; 

1964) tested electrolyte migration by introducing foreign 

charged particles into cereal crop tissues.  Using direct 

current and non-injurious low voltages he noted that in 

barley leaves, the major.portion of current passed through 

the film of extracellular water on leaf mesophyll cells. 

In roots however, most of the current was carried through 

xylem vessels»  Limitation of current flow by the cellular 

organization is clearly exemplified by Olien1s work (1964) 

in which resistances were found to be high (on the order of 

5 x lO-5 ohms cm" ) even along the longitudinal axes of 

leaves. After tissue was killed and the membrane destroyed, 

resistance dropped to less than 5 percent of the initial 

value„ 

Mobility of ions, and thus current flow is greatly 

affected by moisture content and tissue type (Olien, 1964). 

Hayden (1969) reported that the number of ions in extracel- 

lular fluid is indicative of the metabolic activity of tis- 

sues. Actively metabolizing meristems (Taper, 1964), inclu- 

ding cambial tissues of woody plants (Fensom, 1960), are 

more conductive to current.  In the plant as a whole, upward 

ion movement is greatly dependent upon the transpirational 

flow of water and thus represents a natural current flow 

that depends on those environmental conditions (such as 

high soil moisture and solar radiation) which increase . 

transpiration.  Conversely, when an actively growing plant 
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approaches vegetative maturity and the extracellular water 

content decreases, this natural current flow and ion accu- 

mulation will be decreased. Application of an external 

current through an entire stem would measure these changes 

in maturity most likely due to a decrease in tissue hydra- 

tion. 
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BIOPOTENTIALS 

Biopotentials are differences in electrical potential 

between various tissues of a plant, or between the plant 

and its surrounding medium,, This leads to a flow of cur- 

rent unless active processes or impermeable barriers inter- 

vene.  Biopotentials are developed  tabolically and there- 

fore convey information about the growth activity of tis- 

sues (Tattar and Blanchard, 1976).  They have been measured 

in single plant cells by inserting glass microelectrodes 

through the plasma membrane. 

Extensive research has been conducted on the biopoten- 

tials of large-celled algae such as Hydrodictyon, Valonia, 

Tolypella, Halicystis, Chara, Nitella, and Acetabularia. 

In addition, cells from highly differentiated species such 

as root and mesophyll cells of leaves have also been ana- 

lyzed (Nobel, 1974).  Potentially useful, though empirical 

relationships have been found between bioelectrical poten- 

tials and a variety of factors, including changes in repro- 

duction and vigor in pines (Asher, 1964), effects of syn- 

thetic growth regulators (Fensom, 1955), changes in response 

to drought and suppression (Snow, 1942), differential 

responses to insect attack (Parr, 1943), temperature effects 

on bioelectrical potentials surrounding the root tip of Zea 

mays (Larson and Bortz, 1967), and relative changes in the 

general 'vitality' of woody plants (Sinyukhin and Rutkovskii, 

1966). 
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From these studies and others, it is clear that bio- 

potential measurements do contain information about changes 

within plants.  However, techniques are notoriously diffi- 

cult, requiring delicate instrumentation and technical 

expertise„  Researchers have therefore attempted to improve 

methods based on the plant's modification of applied cur- 

rent rather than measurement of small static potentials. 

MEASUREMENT OF ELECTRICAL RESISTANCE AND CONDUCTIVITY 

Living cells typically have high resistances when mea- 

sured by direct currents or low frequency alternating cur- 

rents. These high resistances can be attributed to one or 

both of the two cell membranes (Fensom, 1966).  Resistance 

equals the ratio of the amount of change in potential to 

the amount of current applied, and is described by Ohm's 

law, R = V/I, where R = the resistance in ohms, V = the 

electrical potential difference in volts, and I = the cur- 

rent flow im amperes.  Caution must be exercised when ana- 

lyzing this variable however, as Ohm's law does not always 

strictly apply in biological systems.  Changes in membrane 

charge or structure or additional variables may cause devi- 

ations from simple theoretical models (Fensom, 1966). 

In healthy tissues electrolyte movement is restricted 

by intact, undamaged plasma membranes. After injury how- 

ever, loss of permeability of the membrane changes the 

resistance and allows freer movement of electrolytes, with 
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the amount diffused from tissues related to the number of 

dead or injured cells in the sample (Svedja, 1966). These 

changes can be measured by conductance, which is the recip- 

rocal of resistance in a direct current, 1/R.  Conductance 

values provide essentially the same information as resis- 

tance, but are more difficult to obtain.  Electrolytic con- 

ductance tests are time-consuming and require leaching and 

destruction of samples.  Conductance is expressed in micr- 

mhos and measures how easily a charge can flow through a 

conductor. As previously stated, since conductance due to 

cell wall fluids is dependent upon the concentration, mobil- 

ity, and charge of ions contained within, it is therefore 

also a measure of the permeability of membranes to ions 

(Osterhout, 1922)„ 

Wilner (1960) showed that conductance of diffused elec- 

trolytes decreased rapidly as plants matured and hardened to . 

cold, finding correlations between conductance of bathing 

solution and resistance between electrolytes inserted 

directly into tissue when testing cultivars for winter hardi- 

ness.  In addition, the conductivity appeared to measure 

"changes in the permeability of living cells due to seasonal 

periodicity in vegetative growth". Van denDriessche (1976) 

used conductivity percentages to predict lethal temperatures 

for Douglas-fir, but found that values did not always agree 

with the results of long-term survival tests. 
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ELECTRICAL IMPEDANCE 

Besides exhibiting typically high resistances, living 

cells also have the ability to store a charge across their 

tissues or membrane boundaries (Tattar and Blanchard, 1976). 

This property, known as capacitance, can be measured using 

alternating currents.  Living membranes are far from perfect 

capacitors however, and are often described as 'leaky' when 

high frequency alternating currents are used.  Injury or 

changes in membranes during dormancy development may also 

effect the capacitance values. 

In electrical circuitry capacitors can be formed by 

a pair of conductors which are separated from one another by 

an insulator (Lobkowicz and Melissinos, 1975).  One of the 

simplest types of capacitors consists of two parallel plates 

separated by an insulator.  In this case, after applying an 

alternating current to the plates, charge distribution will 

occur on the inside surface of each plate. An electrical 

field is formed inside the gap between the surface of each 

plate which stores the charge (Lobkowicz. and Melissinos, 

1975). Capacitance can be measured in picofarads, provided 

the capacitance of the measuring, equipment does not dominate 

the sensitivity of the system. 

When alternating currents are used, a capacitor such 

as a membrane provides its own resistance against current. 

This portion of resistance, called reactance, is a measure 
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of the combined effects of frequency utilized and the capa- 

citance of the system.  Different frequencies applied to 

plant tissues lead to a change in reactance.  This can best 

be explained by the following formula:  X = l/2ftfC, where 

Xc= capacitive reactance in ohms, f = frequency in cycles/ 

second, and C = capacitance in microfarads0  Thus it can be 

seen that reactance decreases with increasing frequency,, 

In other words, as higher frequencies are applied through 

a plant during testing, the reactance decreases. 

If the effects of resistance and reactance are com- 

bined, they form a quantity called impedance, explained by 

the formula:  Z = X + R, where Z = impedance in ohms, R = 
c 

resistance in ohms, and Xc = capacitive reactance in ohms. 

Any decrease in reactance in the plant will yield corres- 

pondingly lower impedance values. This decrease in impe- 

dance at high frequencies has been recorded by many resear- 

chers ( Evert, 1973; Fensom, 1966; Glerum and Krenciglowa, 

1970). Ohm's law can also be applied to circuits contain- 

ing impedance in a modified form:  Z = E/I, where E = elec- 

tromotive force in volts, I = current in amperes, and Z = 

impedance in ohms (Lobkowicz and Melissinos, 1975). 

However, as is true of resistance measurements, impe- 

dance values obtained through plants do not strictly apply 

to Ohm's law. As mentioned previously, membranes become 

'leaky' when high frequency alternating currents are used. 

In these cases, some of the current may flow directly across 
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the surface of the membrane (Williams, 1964).  In an attempt 

to avoid difficulties in measurement, many investigators 

have suggested using a frequency of 1 kHz, although others 

have stated that the frequencies used should be even lower 

(De Plater and Greenham, 1959).  But it seems possible that 

the amount of 'leakiness' could be a function of the physi- 

ological condition of the plant, and for this reason it is 

desirable that the measurement frequency is selected to 

include leakiness rather than avoid it. 

In spite of the difficulties involved in modeling the 

plant as an electrical system, it is still evident that 

electrophysiological studies convey information about inter- 

nal changes within plants. The following is a brief his- 

torical review of such measurements and the variables 

affecting them. 

Differential frequency response and injury studies 

Most early electrical impedance and resistance studies 

of plants centered around changes resulting from tissue 

injury and around differential frequency responses,, Oster- 

hout (1922) observed reduced impedances in plant tissues . 

when measured at low frequencies after exposure to killing 

agents.  The decline reached a minimum at death and was 

attributed to increased permeability of cell membranes. 

Luyet (1932) also observed this decrease in impedance fol- 

lowing injury, noting that greater decreases in impedance 

occurred at low than at high frequencies.  Impedance 
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measured at 1 MHz remained fairly constant regardless of 

the condition of the cell, and at 64 kHz the ability to dis- 

tinguish living from dead tissues was lost.  Rothschild 

(1946) attributed his findings of differential frequency 

response in animal tissues, as Osterhout had done for 

plants, to a change in membrane resistance.  Greenham and 

Daday (1957) used this differential frequency response to 

determine vitality, injury, and death in plant tissue. A 

resistance ratio was utilized which consisted of impedance 

measured at a low frequency of 1 kHz and a high frequency 

of 1 MHz. The ratio was generally high with healthy tis- 

sue.  Data revealed that initial injury occasionally 

resulted in temporarily high ratios, presumably due to 

some delay in the deterioration of membranes.  These ratios 

declined with increasing injury, until a steady value of 

approximately 1 was obtained upon death (De Plater and 

Greenham, 1959).  Rothschild stated that low frequency 

measurements generally recorded impedance of membranes, but 

higher frequencies tended to record cytoplasmic impedance 

because the structure of healthy membranes was such as to 

offer little resistance to high frequency alternating cur- 

rents.  The fundamental reasons for this are not understood. 

Besides differential frequency response and injury 

effects, several other factors have become important to con- 

sider when measuring impedance in plants. Among the most 

important are stem diameter and living tissue function. 
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temperature, water content, possible damage caused by the 

equipment itself, and the type of equipment used. 

Stem diameter and sample length 

Stem diameters and sample length may significantly 

effect impedance readings (Evert, 1973; Glerum and Kren- 

ciglowa, 1970; Hewett, 1976; Wargo and Skutt, 1975). Much 

like the behavior of a current through a wire conductor, 

decreasing stem diameters allow less current flow, leading 

to greater impedance values (Fensom, 1966; Glerum and 

Krenciglowa, 1970; Van den Driessche, 1969).  Impedance of 

the tissue is inversely related to the cross sectional 

area being measured.  During the course of Weaver's (1968) 

experiments the relationship between impedance and diam- 

eter had a correlation coefficient, R = -.858.  He cor- 

rected for this in part by multiplying by the twig diam- 

eter. 

The influence of stem diameters is not only caused by 

the total amount of tissue between the electrodes, but also 

reflects differences in the relative proportions of bark 

and xylem due to the thickness of the bark (Glerum and 

Krenciglowa, 1970)» When xylem and bark tissues were 

measured to evaluate their respective contributions to the 

impedance, the xylem tissues registered much lower impe- 

dance values than the bark. Glerum (1970) pointed out 

that this was to be expected since 90 percent of the xylem 
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cells are dead and their water content is all effectively 

"extracellular". Evert's (1973) observation that the bark 

offered almost twice the impedance to current flow as did 

the actively growing wood, is in agreement.  It is recom- 

mended to record diameters while testing samples, so that 

impedance values may be adjusted for diameter in an analy- 

sis of covariance.  Evert (1973) measured the relationship 

between impedance and stem sample length by a technique in 

which cut stem sections were inserted into a sample holder 

and impedance measured along the longitudinal axis,, He 

found an approximately linear increase with increasing 

length of the sample in conformance with Ohm's law, and 

suggested that this and other effects could be minimized 

by computing a normalized impedance magnitude.  This 

expresses the impedance difference at two frequencies as 

a function of impedance to the higher frequency (500 Hz) 

according to the formula:  Normalized impedance = impedance 

at any frequency - impedance at 500 Hz/impedance at 500 Hz. 

With this index, differences between impedances of bark 

and wood, and boiled tissue were more clearly detectable. 

It is noteworthy that the linear relationship between 

electrode separation and impedance (reported by Machia 

and Campbell, 1962) when extrapolated back to zero sepa- 

ration on a graph, provides an estimate of the contact 

resistance between electrodes and tissue. Care in elec- 

trode design and use of wider separations reduce this 
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source of variation in impedance measurement. A 3" sepa- 

ration was suggested (Machia and Campbell, 1962). 

Temperature 

Impedance values are fairly sensitive to temperatures 

even within the relatively narrow temperature range in 

which living processes occur (Svejda, 1966).  Daily and 

weekly fluctuations were found to correspond well with 

fluctuations in temperature (Dixon, 1978)„ Part of this 

effect is due to the increase in viscosity of water with 

decreasing temperature and can be corrected on the basis 

of this physical relationship. A significant portion 

however, is probably accounted for by reductions in mem- 

brane permeability, which are known to accompany chilling 

(Olien, 1964). Other workers have substantiated the need 

for careful monitoring and control of ambient temperatures 

prior to and during impedance sampling (Fensom, 1966; 

Glerum, 1969; Hewett, 1976; Svejda, 1966; Weaver, 1968). 

Svejda (1966) warned that the correlation between temper- 

ature and impedance may even predominate over other effects. 

Ratios and injury effects 

Measurements of electrical impedance in the form of 

ratios of different quantities have been shown to minimize 

effects of the variables discussed above (stem diameter, 

anatomy, length, water content, and temperature), and in 



24 

general reduce the sensitivity of impedance measurements 

to extraneous influences (Askren, 1978; Glerum, 1970; 

Van den Driessche, 1973).  Significant differences between 

the anatomy of samples may exist, or between sites of 

electrode implantation, making comparison between simple 

impedande readings somewhat inconclusive.  One such ratio 

that has helped reveal significant trends (Glerum, 1970) 

is the change expressed as a percentage of maximum impe-^ 

dance.obtainable from a known healthy sample. Another is 

the ratio of impedance at two frequencies (Timmis, 1976) 

or Evert's (1973) normalized impedance magnitude described 

above. Also, comparisons between different diameters and 

probe distances in impedance studies may be made if con- 

verted to units of specific resistance.  This may be 

achieved by multiplying the resistance recorded by the 

cross-sectional area in square centimeters and dividing by 

the distance between electrodes (Fensom, 1966), or more 

empirically, by multiplying the resistance by the diameter 

(Weaver and Doughty, 1975). 

One source of error which use of ratios does not mini- 

mize is the injury due to the electrode insertion and 

external voltage incurred by the measurement procedure it 

itself.  Distorted readings may occur due to tissue damage 

by probe insertion. Changes of charge on capacitor sur- 

faces and leakages through the associated resistances may 

occur following the application of electrical current 
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(Fensom, 1966). 

The significance of these currents and damaged tis- 

sues is still not clear.  Olien (1964) reports that "no 

direct interference with metabolic activity was found in 

protoplasts" tested under low voltages less than 5 volts 

per cm.  In his studies normal growth continued in crown 

tissues of barley.  Evert (1973) claimed that impedance 

measurements caused no obvious injury, and his samples 

could still be utilized for further experimentation.  Fol- 

lowing conductivity testing which utilizes less than 24 

microamperes current, plants inspected visually 1 week 

after treatment reveal no injury.  (In fact, apparent 

increases in hardiness were reported,, The possibility of 

increasing hardiness in short periods is even suggested). 

(Evert and Weiser, 1971). 

In studies such as these however, it has been assumed 

that the above factors exert similar effects on all plants 

measured, and preliminary evaluations conducted in this 

laboratory substantiate this assumption.  Time studies have 

been conducted in which pins are left inserted into dogwood 

stem tissue under LD (16 hour) and SD (12 hour) exposures 

on a continual basis.  Samples evaluated at weekly inter- 

vals under similar testing regimes showed little change in 

impedance during an 8 week period. 
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APPLICATIONS OF ELECTRICAL RESISTANCE AND IMPEDANCE 

Electrical resistance and impedance measurements have 

been used successfully to provide information on a wide 

range of operations of interest to nurserymen and resear- 

chers. These include:  1) plant breeding and progeny 

tests, 2)  presymptomatic disease analyses, 3)  drought 

and frost conditioning, 4)  evaluation of low temperature 

injuries, and 5) maturity analyses. 

Plant breeding 

A number of studies have revealed a useful relation- 

ship between high resistance or impedance values and 

increased frost hardiness (Fejer, 1976; Wilner, 1964). 

Wilner suggested the increased resistance values obtained 

in the fall might aid in selecting early maturing and more 

winter hardy fruit tree varieties. He found that these 

electrical characteristics (and presumably the hardiness 

characteristics) were passes on in a logical manner to the 

progeny after controlled pollination.  In other words, 

relative impedance values were inherited to some degree. 

In support of this approach (Bialobok, 1974) found that 

electrical admittances (reciprocal of impedance) success- 

fully identified resistant fdrsythia individuals for breed- 

ing purposes. 



27 

Disease 

Several applications of impedance and resistance in 

plant pathology have been investigated, particularly to 

achieve presymptomatic and nondestructive detection of 

disease in plants.  Sylvia et al. (1978) demonstrated the 

existence of 3 distinguishable electrical zones in tis- 

sues of deciduous trees infected by cankers.  In relation 

to healthy tissue, a lower resistance was registered along 

canker margins, while higher resistances were recorded on 

the canker face.  Sylvia et al. attributed these variations 

in resistance to moisture content, mobile cation exhhange, 

and the path of current flow. Numerous studies have been 

conducted relating increased injury caused by plant patho- 

gens to decreases in resistance or impedance. These have 

been fully summarized by Tattar and Blanchard (1976). 

Water relations 

Tattar and Blanchard (1976) stated that "as long as 

interstitial free water remains to allow ion movement, 

electrical resistance will be relatively independent of 

small changes in tissue water content." Olien (.1964) 

measured the electrical properties of moisture films over 

surfaces such as cellulose, and movement of charged dye 

particles on plant tissues. Electrolytes were primarily 

conducted by direct current through the extracellular wa- 

ter, and in proportion to the diminishing amount present 
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as the tissue was slowly frozen0  The amount of extracel- 

lular water did control resistance and was highly dependent 

on the total moisture content of the plant as well as tis- 

sue type.  Thus it is not surprising that Dixon (1978) 

noted that resistance was correlated with the hydration 

of the plant as well as its rigidity, and could provide a 

means of continually monitoring the water potential of 

avocado and white spruce hondestructively0  He obtained a 

linear correlation between water potential and electrical 

resistance when the latter was expressed as a percentage 

of maximum measured resistance.  This relationship contin- 

ued to hold if measurements were taken at fixed times 

through daily cycles, at various positions vertically up 

a tree, or under varying degrees of hydration.  Generally 

greater water stress, and higher resistances were recorded 

at the upper portions of stems, although inversions of both 

resistance and water stress were recorded often at midday. 

Changes in the state of water in the channels of cell 

walls of potato tubers and roots and stems of alfalfa were 

detected with the use of low frequency alternating currents 

(  Hayden et al., 1969).  They observed that the "root 

impedance decreased around noon each day, while in the stem 

a considerable increase reflected the time of maximum 

transpiration,, The effect of water may be clearly seen to 

reduce impedance temporarily".  Drought injury was indi- 

cated in various turf grasses, by a decrease in resistance 
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of blade tissue following drought stress (Cordukes, 1966). 

Impedance changes were also found to accompany vari- 

ous environmental conditions or treatments, such as soil 

moisture, temperature, pulses of heat and light, and appli- 

cation of potassium fertilizer (Hayden et al0, 1969)„ Also 

major differences between resistances of summer and winter 

samples have been reported, with inverse relationships 

existing between resistance and total bark ash, and resis- 

tance and potassium concentrations during September (Sylvia 

and Tattar, 1978). February samples however, only 

exhibited an inverse correlation between resistance and 

moisture, and no correlation with potassium. The authors 

concluded that moisture was the dominating factor involved 

in resistance measurements taken in the winter (Sylvia and 

Tattar, 1978). 

Frost hardiness 

Probably the most thorough investigations involving 

resistance and impedance techniques have dealt with changes 

in response to low temperature treatments and frost hardi- 

ness.  Using a technique developed by Filinger and Cardwell 

(1951), which was modified by Glerum (1973), impedance 

measurements have been evaluated for both woody and herba- 

ceous plants. 

Two types of studies have been conducted.  The first 

investigations involved a predictive method of measuring 
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cold hardiness in the field without actually injurying the 

tissues (Wilner, 1967). Wilner showed that varietal dif- 

ferences in apples could be predicted by electrical resis- 

tance.  For example, significant differences between the 

varieties Antonoka and Northern Spy were recorded from 

January until Juiie. Antonoka exhibited the highest rela- 

tive resistance throughout the entire period, corresponding 

well with previous freezing tests and known high levels of 

hardiness.  In the second group of studies impedances were 

used to screen plants for frost hardiness in relation to 

freezing.  Correlations were established because ice cry- 

stals formed in the free water of cells (and possibly the 

cell wall) which injured the membrane. After thawing, the 

resultant electrolyte loss and lower resistance and impe- 

dance values were then recorded (Blazich, 1974; Cooley and 

Evert, 1979; Evert and Weiser, 1971; Glerum, 1970; Machia 

and Campbell, 1962; Puckai, 1973; Van den Driessche, 1973). 

Filinger et: al. (1951) showned that hardiness was 

inversely correlated with the fractional drop in resistance 

following artificial freezing tests.  Several successful 

tests were conducted on a wide variety of plants including 

apricots (Hewett,1976), various coniferous species (Glerum, 

1973; Van den Driessche, 1969, 1970), blueberries,(Doughty, 

1975), apples (Cooley and Evert, 1979), and barley and 

other cereals (Fejer and Schwarzback, 1977), revealing 

similar trends. 
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Measuring cold injury by a change in impedance is 

advantageous because values may be calculated immediately 

after thawing, well before visual symptoms or conductance 

of leachates can be evaluated.  Because of this, survival 

of individual plants can be predicted quickly by these 

techniques (Van den Driessche,1976).  Timmis (1976) repor- 

reported that "between 88% and 9270 of Douglas-fir seedlings 

were correctly classified as alive or dead" using impedance 

ratios. 

More recently Doughty (1978) used an impedance ratio 

to measure the induction of resistance to cold injury 

caused by application of growth regulators.  Significant 

correlations were obtained in blueberries between post- 

freezing impedance value and frost hardiness. 

Although most reports show a good correlation between 

post-freezing electrical impedance and cold hardiness, some 

do not. Fejer (1976) found that impedance could indicate 

presence of winter injury, but failed to consistently pre- 

dict it. At certain times of the year, gradual dessication 

of tissues and correspondingly high impedance readings con- 

cealed the effects of freezing injury. Wilner (1967) found 

that although post-freezing impedance tests generally indi- 

cated when buds reached maximum hardiness, they were not 

capable of indicating which cultivars were most hardy on 

a specific date.  In addition, the close relationship 

between impedance and hardiness diminished with resumption 
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of shoot growth.  Svejda (1965) reported differences 

between greenhouse and field-grown roses, with most though 

not all the hardy plants exhibiting high impedances. 

Maturity studies 

Use of impedance or resistance values to determine 

various physiological stages of plant development have also 

been suggested.  Stone (1914) found resistance to direct 

currents lowest in the cambium and suggested that this be 

a basis for measuring seasonal changes in plant activity. 

Maturity of cryptomerias (Euguchi et al., 1966), willows 

and mulberry (Sakai, 1964), and fruit trees (Wilner, 1964), 

have been successfully tested.  Because the number of 

mobile ions in interstitial fluids is related to metabolic 

tissue activity (Hayden et al., 1969), it seems reasonable 

that maturity could be detected by electrical means. Wil- 

ner (1964) conducted a series of tests evaluating seasonal 

changes of electrical resistance in fruit trees and 

reported that significant differences in impedance 

"appeared to reflect changes in the rate and time of devel- 

opment of autumn maturity," which could possibly aid in the 

selection of early maturing varieties. Work by Nissila 

and Fuchigami (1978) during the transition of red-osier 

dogwood into vegetative maturity and dormancy further sub- 

stantiated these results. However, none of the above tests 

showed an accurate correlation between vegetative maturity 



33 

and electrical impedance. 

The foregoing suggests that impedance values are par- 

ticularly responsive to changes within plants and could 

provide additional information during physiological stu- 

dies. 

Modeling the circuitry of deciduous woody plants 

Attempts have been made to develop a model which ade- 

quately describes the electrical circuitry of plant tissues. 

Hayden et al. (1969) attributed the greatest amount of 

resistance to membranes, followed by cell walls and finally 

cytoplasm.  These researchers proposed a simple model 

assuming that cells within tissues behaved like small capa- 

citors in parallel. With this model, frequency response of 

alfalfa and potatoes could be adequately explained.  How- 

ever, Glerum and Krenciglowa (1970) and: Evert and Weiser 

(1971) stated that although the simple model proposed by 

Hayden adequately described electrical properties of homo- 

geneous and isodiametric tissues of potato, it was inade- 

quate to describe impedance of complex woody tissues. 

Impedances of specific tissues were calculated to determine 

their relative contributions to impedance valuesB    Using 

separate components such as bark and wood impedances, 

results indicated great variations in response.  Intact 

samples of bark and wood combined however, revealed that 

the two tissues behave as if connected in parallel (Evert, 
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1973; Glerum and Krenciglowa, 1970).  Glerum's model of 

plant tissues consisted of a complex combination of resis- 

tors and leaky capacitors connected mostly in parallel. 

Glerum more or less agreed with Hayden's conception of the 

cell wall and vacuoles however.  Glerum found that the cell 

walls exhibited a low specific resistance and capacitance, 

and that the cytoplasm and vacuoles had extremely low 

resistances and negligible capacitances (Glerum and Kren- 

ciglowa, 1970).  The cell membranes however, exhibited 

high capacitance and resistance. 

Any electrical model which attempts to describe a 

plant system must account for the wide diversity of cell 

sizes present and the characteristic impedance of various 

tissue types. This is because large cells have greater 

membrane capacitance than smaller cells (Glerum and Kren- 

coglowa, 1970), which results in a greater reactive compo- 

nent of impedance.  For a better model, parallel addition 

of the wide distrubution of impedance values is essential. 



35 

SQUARE WAVE GENERATOR 

Recently the square wave generator and attached oscil- 

loscope has gained popular usage in investigations evaluat- 

ing various conditions of plant tissue (Askren, 1978; Fer- 

guson et al., 1975; Jaramillo, 1978; Wanek, 1971; Zaerr, 

1972).  The process involves the application of a square 

wave electrical pulse through stem tissues and observation 

of modifications of trace shape on an oscilloscope. Wanek 

(1971) noted visible differences between traces of actively 

growing, dormant, and dead Douglas-fir needles, and sug- 

gested these changes might be useful for determining when 

seedlings became dormant.  Zaerr (1972) evaluated trace 

shape following exposure to freezing, steaming, or herbi- 

cide damage, and found that the trace of healthy tissues 

had a 'spike on the leading edge'. Trace forms from dead 

tissues however, had no 'spike', and the voltage curve was 

rounded (see Fig. 1, page 36) Zaerr (1972) stated that 

although species such as Rhododendron, Juniperus, and 

Pseudotsuga had their own characteristic trace form, the 

square wave technique would still be applicable for deter- 

mining live versus dead tissue.  "The amplitude and shape 

of the trace varied among species, but the differences in 

shape of curve for live and dead tissue of a given species 

were consistent" (see Fig. 2, page 37). By comparing 

undamaged with dead leaf tissue, he concluded that injury 
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Fig.  1. Comparison of oscilloscope traces:  (a)  square 
wave input signal, Douglas-fir leaves, (b) 
healthy, (c) steamed, (d) frozen, (e) treated 
with herbicide, M3MA, and (f) injured by freez- 
ing. The arrow indicates the portion of the trace 
trace that differs in live and dead tissues 
Zaerr, 1972) 
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Fig,  2. Comparison of oscilloscope traces of healthy 
(upper) and steamed (lower) tissue:  (a) square 
wave input signal, (b) rhododendron leaf, (c) 
juniper branchlet, (d) ponderosa pine leaf, and 
(e) ponderosa pine seedling shoot.  Arrows indi- 
cate the portion of the trace that differs in 
live and dead tissue  (From Zaerr, 1972), 
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could be detected before visual symptoms appeared. 

Ferguson ej: aJ..(1975) continued work with square waves 

to determine whether physiological status of plant tissues 

could be measured with this technique.  General oscillo- 

scope traces interpreted to indicate 'active1, 'fully dor- 

mant', and 'dead' tissue were reported for a large variety 

of plants including conifers and deciduous trees and shrubs 

(see Fig. 3, below).  Similarities in wave form between 

related plant species were also reported.  Ferguson stated 

that these trace shapes appeared to be related to the level 

of activity or dormancy of samples.  However, dormancy was 

not actually measured by standard growth tests, so the 

measurements obtained will not be correlated with anything 

except time of year. 

VERY 
ACTIVE 

Fig0  3.  Patterns ot oscilloscope traces that indicate (A) 
very active, (B)  dormant, and (C)  dead tissue 
Ferguson et al., 1975. 
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Askren (1977) attempted to use the square wave tech- 

nique to detect depth of dormancy and survival potential 

of coniferous seedlings. Although seasonal trends in wave 

form did exist, and increased apical activity of pine as 

well as cambial growth cessation in fir and pine was indi- 

cated by a modified trace, no significant changes were 

discernible during the transition from dormancy deepening 

to the dormant state.  In addition, the trace shape did 

not signal release from deep dormancy in Douglas-fir, and 

poor correlations of trace form after storage with survival 

and growth were reported. 

2 Jaramillo reported a seasonal trend in wave form 

based on rather crude categories such as 'slightly active1, 

'very active', 'dormant', or 'dead'.  Her objective was to 

clear up confusion regarding the reliability of square 

waves as indicators.  This was to be done by correlating 

trace forms and dormancy development to the timing of con- 

ditioning, when seedlings could withstand storage or trans- 

planting. However, no correlation was found between per- 

centage of severely damaged or killed seedlings due to 

early lifting date and the percentage of seedlings indi- 

cated to be dormant by the square wave trace. 

Problems with the use of the square wave generator lie 

in the very nature of the complex wave form itself. This 

2 
Jaramillo, unpublished results, 
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is because the square wave comprises many sine waves, con- 

sisting of the fundamental frequency and various harmonics 

(see Fig. 4, below) 

SQUARE WAV 

Fig.  4.  Composition of a square wave, including the (A) 
fundamental, (B) .3rd harmonic, (C)  fundamental 
plus 3rd harmonic, (D)  5th harmonic,  (E) fun- 
damental plus 3rd and 5th harmonic, (F)  7th 
harmonic, (G)  fundamental plus 3rd, 5th, and 7th 
harmonics (From "Radar Electronic Fundamentals", 
NAVSHIPS 900,016, U. S. Government Printing 
Office, Washington, D. C., 1944). 
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When testing electrical equipment, the circuit response to 

a wide frequency range is frequently analyzed indirectly by 

noting changes in a square wave voltage signal after it has 

passed through the circuit.  Ferguson et al. (1975) claimed 

that the square wave permits circuit response testing to a 

wide range in one easy operation. Although this may be 

true in theory, these modifications of wave traces are 

often quite difficult to interpret. Askren (1977) found 

it necessary to classify the traces into 2 different groups 

using voltage measurements at 3 constant points and ratios 

of these to differentiate tissue response (see Fig. 5, page 

42). Because plant species exhibit their own characteris- 

tic traces (Zaerr, 1972), one would need to establish ave- 

rage wave traces for each category to allow comparisons 

with modified traces.  Use of the square wave in this man- 

ner would quickly prove impractical. 

Repeatibility of trace shape also poses a problem. 

Our testing showed that significant differences in wave 

form were obtained by even slight physical movement of the 

twig in spite of complete insertion of the pins.  Ferguson 

et al.   (1975) recommended that twigs not be touched after 

probe insertion due to the changes that this causes in 

trace shape.  This creates difficulties in reproducing 

measurements and interpreting data obtained from the trace. 

It was interesting to note however, that with the same 

electrical system and fundamental frequencies, voltage 
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Mo Storage 

Lifting Date 

4 Weeks 
Storage 

8 Weeks 
Storage 

0C7 11 

HOV 10 

DEC 8 

JAW 4 

FEB 8 

MAR 24 

Scale:_Ver. 
Hor. 

1 an. - 0.012 V 
1 ran. ■ 0.026 tmsec 

Fig.  5.  Trace form at time of planting for lifting and 
storage treatments (From Askr_n, 1977. 
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responses using a sine wave were not nearly as susceptible 

to minor movement. 

Because of the difficulties encountered with the . 

interpretation and reliability of the square wave in our 

system, primarily due to its lack of quantitative data, it 

was felt that voltage responses from sine waves, which con- 

sist of only a single frequency, would provide more use- 

ful and objective information. 
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THE RELATIONSHIP OF IMPEDANCE RATIOS AND STEM MOISTURE 

CONTENT TO VEGETATIVE MATURITY AND DORMANCY IN RED-OSIER 

DOGWOOD 
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defoliation, storage, Cornus sericea L. 

Abstract.  Impedance ratios and water contents were deter- 

mined concomitantly during the development of vegetative 

maturity and dormancy in a clone of red-osier dogwood 

which ceases to grow and enters dormancy at a photoperiod 

of 14.2 hours or less. Plants were exposed to 16 hr. and 

12 hr. photoperiods in growth chambers to selectively pre- 

vent (16 hr.) or induce (12 hr.) dormancy.  The onset of 

vegetative maturity was measured by defoliating plants at 

weekly intervals and subsequently observing whether or not 

previously dormant buds were stimulated to grow.  There was 

a consistent and significant increase in the impedance 

ratios of dogwood stems at time plants became vegetatively 

mature. During the first 5 weeks, impedance values obtained 

from frequencies 10 /10 Hz remained relatively stable at 

2.3 in plants grown at the 12 hr. photoperiod. After week 

5, a significant increase in the ratio occurred, rising to 

a peak of 4.0 by the 7th week, and remained at that level. 

Stem moisture content declined gradually as the plants 

matured, and was approximately inversely proportional to 
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impedance value.  Changes in impedance ratios were consis- 

tent and less subject to variation than stem water con- 

tents.  Impedance ratio measurements have potential for 

predicting the timing of vegetative maturity and dormancy 

in woody deciduous species. 
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INTRODUCTION 

A demand exists among nurserymen and researchers for 

the development of a rapid, reliable method for determining 

the onset of vegetative maturity of deciduous plants. 

Determination of this stage is of major importance, because 

it identifies a time when plants may be defoliated, har- 

vested, and stored for prolonged periods without detrimen- 

tal effects (Fuchigami, 1977; Hotze, 1976; Nissila and 

Fuchigami, 1978; Roberts, 1950; Seibel and Fuchigami, 

1978). 

Previously, a rapid, reliable, and quantitative mea- 

sure of vegetative maturity and dormancy development has 

not been available.  The following study reports a tech- 

nique of measuring changes in electrical impedance of plant 

tissues which may be used effectively for this purpose. 

This procedure is based on previous findings that plants 

exhibit changes in electrical impedance as a result of 

differential ion movement, stem-water content, injury and 

tissue type (Cordukes et al., 1966; Dixon, 1978; Doughty, 

1975, 1978; Fejer, 1976; Filinger and Cardwell, 1951; 

Glerum and Zazula, 1973; Malia and Tattar, 1978; Olien, 

1964; Osterhout, 1922; Van den Driessche, 1973; Weaver, 

1968). These impedance values reflect internal changes 

within plants before they are generally detectable by 

other methods (Snow, 1942). 
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During the transition from summer dormancy to winter 

dormancy, various biochemical changes occur within the 

plant which may in part be responsible for observed 

increases in electrical impedance during these stages. 

Alterations in RNA, protein, starch, lipid and sugar levels 

occur (Chen and Li, 1977; Genkel1 and Oknina, 1948; Li and 

Weiser, 1966; Li et al., 1965; Sakai, 1966).  Decreases in 

stem moisture content have also been noted during acclima- 

tion (Chandler, 1954; Hotze, 1976; McKenzie et al., 1974; 

Parsons, 1978) in Cornus stolonifera. Nuclear resonance 

studies show a broadening of spectral lines, indicating a 

decline in free water in the tissues during dormancy devel- 

opment (Burke, 1974).  Significant correlations between 

xylem water potential and impedance have been found in dog- 

wood as well as other species (Dixon, 1978; Hotze, 1975; 

Nissila and Fuchigami, 1978).  Since low frequency electri- 

cal current flows through cell walls and intercellular wall 

fluids (Fensom, 1966; Hayden et al., 1969; Tattar and 

Blanchard, 1976), changes in water content such as those 

which occur during the development of vegetative maturity 

and dormancy would have profound effects on electrical 

impedance values. 

Anatomical changes also occur during dormancy develop- 

ment. Cell membranes in Cornus originally containing mole- 
18 

cules shorter than C  are later found to contain longer 
24 

molecules reaching C   (Williams, 1973).  This change in 
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membrane structure could lead to differential ion or water 

permeability and thus alter impedance values.  During ini- 

tial stages of acclimation in Cornus sericea L., which 

process Nissila (1978) has likened to vegetative maturity, 

a marked increase in water permeability of cells from 

living phloem and cortical parenchyma occurs (McKenzie et 

al., 1974). 

A simple method to measure some of these changes 

occurring during vegetative maturity and dormancy develop- 

ment would be most advantageous. Wilner (1964) showed 

that the electrical resistance technique could be useful 

for studying physiological transitions during autumn 

growth, and suggested that increasing resistance values 

toward the end of the season might be related to an 

increase in dormancy.  Several other researchers used 

these techniques to measure degrees of maturity in rela- 

tion to:  frost hardiness of cryptomerias (Euguchi et  al., 

1966), freezing injury of willows and mulberry (Sakai, 

1964), vigor of apple shoots and rootstocks (Wilner, 1964, 

1967), winter hardiness of peaches (Weaver, 1968), and 

hardiness and the rest period of blueberrres (Doughty, 

1975). 

Work by Nissila et al., 1978) exemplified the sensi- 

tivity of impedance values to changes in dormancy develop- 

ment, but suggested the need for calculating critical 

values for discerning different stages of physiological 
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growth. 

This study was initiated to determine whether impe- 

dance values could be used to predict the development of 

vegetative maturity and dormancy, and to evaluate the 

reliability and reproducibility of changes in impedance 

values. Various frequencies and ratios were investigated 

to determine which could depict greatest changes in impe- 

dance during the transition into vegetative maturity and 

dormancy development. 

MATERIALS AND METHODS 

Plant tissue In spring of 1978 a clone of red-osier dog- 

wood, native to Wayland Massachusetts was propagated from 

single node stem cuttings.  Rooted cuttings were trans- 

planted into 5" pots containing a mixture of sand, peat, 

and soil (1:1:1).  Plants were subsequently grown in a 

lathhouse prior to the experiment. 

Only July 5, 1978, 200 plants approximately 50 cm 

in height were moved into two growth chambers, one set at 

a 12 hour (short-day, SD) photoperiod to preferentially 

induce dormancy development, and the other at 16 hour 

(long-day, LD) photoperiod.  Constant temperatures of 18 

—2c and light intensity of 10,765 lux were maintained 

throughout the experiment. Plants were watered by hand 

as necessary to field capacity. 
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Sampling technique Six plants were sampled at the start 

of the experiment, and at approximately weekly intervals 

for a total of 9 weeks, three plants from each controlled 

environment chamber were selected randomly, and tested. 

Sampling of the plants in the lathhouse began on July 7 

and continued through September 6.  The test for winter 

dormancy and maturity was conducted by defoliating and 

recording days required for bud break after exposure to 

a favorable environment (Seibel and Fuchigami, 1978). 

Two plants from each controlled environment chamber were 

defoliated and moved into a greenhouse where temperatures 

were maintained no lower than 21° in the day and 15 at 

night.  Defoliated plants were checked daily for evidence 

of bud break. 

Stem moisture content To measure stem moisture content, 5 

ml sections of nodes and internodes were cut and weighed 

from five plants growing in each of the controlled enviro- 

mental chanbers.  These sections were than dried for 48 

hours in a 58° drying oven before the final weighing.  Stem 

moisture content was then expressed as mg fresh-mg dry 

weight/ mg fresh weight. 

Impedance values At least 4 hours before the impedance 

test, the plants were placed in a controlled temperature 

room maintained at approximately 23°. Impedance was mea- 

sured with a portable Tektronix SC 502 Oscilloscope, using 
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sine waves generated from a FG 503 Function Generator at 

5 frequencies ranging from 100 Hz to 1 MHz.  Electrodes 

consisted of 2 stainless steel pins 27 mm long and con- 

nected to two 50 ohm coaxial cables.  The pins were con- 

nected to a constant current device consisting of a 600 

volt source in series with a 1.0 megohm resistor. The 

constant current device produced about 20 microamps through 

plant tissue between the 2 pins.  Pins were inserted com- 

pletely through the stem in situ 2.54 cm apart at 2 posi- 

tions, 25 percent from the top and 25 percent from the base 

of the stem.  Impedance values and stem diameters were 

recorded from both positions, for a total of 60 impedance 

values per week. 

Statistical analysis Data were analyzed by comparing 100 

each of LD (Group I) with SD (GroupII).  Slopes of 2 regres- 

sion lines, 1 for the first 5 weeks (0-4) of testing, and 

another for the final 4 weeks of the experiment (5-9), 

allowed comparison of each dependent variable for a 9 week 

period,, Two regression lines were used because during the 

first 5 weeks of the experiment both LD and SD plants were 

still essentially in .an active growing period.  During the 

last 4 weeks of the experiment LD plants remained rela- 

tively stable. Major transitions occurred under SD expo- 

sures however, as these plants reached vegetative maturity 

as tested by days required for regrowth of buds.  In 
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addition, all possible correlation coefficients of depen- 

dent variables were obtained. 

RESULTS AND DISCUSSION 

Based on the defoliation test, plants growing in SD 

conditions (12 hr) reached complete vegetative maturity in 

the 7th week of the experiment, while those in long days 

were still actively growing.  Stem moisture content declined 

gradually in plants exposed to short days (see Fig.  1), 

supporting the findings of others (Hotze, 1976; Li and 

Weiser, 1971; McKenzie, 1974; Parsons, 1978) that during 

dormancy development and acclimation of deciduous plants, 

decreases in stem water content occurred.  But this decline 

in moisture content was too gradual and subject to too 

large of variation within samples to serve as a reliable 

index of maturity.  In this study a large range in stem 

moisture content was recorded, with weekly averages from 

61% to 47% in vegetatively mature plants during weeks 7-9. 

Plants exposed to long day conditions range from 79.7% to 

65.4% during this same time period.  Specifically, during 

the 8th week, LD plants contained an average of 62.5%, — 
+ 

5.6, of water, while SD plants contained 49.3% " 6.5. 
2   3 

Impedance at individual frequencies of 10 , 10 , 
45 5       6 

10 , 10' , 3.33 x 10 , and 10 Hz were evaluated to deter- 

mine whether any significant changes occurred during vege- 

tative maturity and dormancy development.  No significant 
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changes at any frequency were found on measurements taken 

257o from the base of the plants.  Generally, changes in 

impedance were greater at the upper 25% test position. 

Several other workers utilized young growth (upper 25%) 

(Askren, 1977; Ferguson et al., 1975; Timmis, 1976; Zaerr, 

1972) as these tissues appear more reliable and responsive 

to changes in plant growth. Although plants exposed to 

short days show a general increase in impedance in the 

upper 257o of the stem at all frequencies, no significant 

differences were recorded at a single frequency.  This was 

due to a large sample variance, which became most prominent 

at single frequencies measured. 

Impedance to low frequency current is affected by 

stem diameter, temperature fluctuations, concentration of 

electrolytes, membrane changes, distance between electrodes, 

and water content (Fensom, 1966; Tattar and Blanchard, 

1976).  Except for changes in membrane integrity, measure- 

ments at higher frequencies are influenced by the same 

variables (Evert and Weiser, 1971).  Therefore, by utiliz- 

ing a ratio of the 2 single frequency measurements, sensi- 

tivity to membrane changes is generally greatly enhanced 

(Evert and Weiser, 1971). 

Van den Driessche (1973) and others (Glerum, 1973; 
3 /  6 

Greenham and Daday, 1957) used a ratio of 10 /10 for test- 

ing. As atated by Van den Driessche, "Both this ratio and 

4.5 kHz provided similar conclusions about cold treatment 
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effects, which agreed satisfactorily with conclusions from 

survival data." By computing the ratios of various combi- 

nations of frequencies, the best combination found was a 
4  5 

ratio of 10 /10 Hz which depicted changes in dormancy with 

the fewest number of measurements and the greatest accu- 

racy.  Highly significant differences in impedances 

between the regressions of impedance against days until 

bud break were noted on the upper 25% of plants from Group 

II, 5 weeks after exposure to SD dormancy-inducing condi- 

tions (p = .002)  (see Fig.  2). 

The small increase in impedance of plants continuously 

exposed to long days should be noted.  Other researchers 

have found that plants exposed to long days may enter a 

partial dormancy (Howell, 1970).  As stated by Howell, 

"Plants grown in a greenhouse in the autumn under long 

days and high temperatures acclimate slightly in spite of 

non-inductive conditions," This seems to be the case in 

these studies because the number of days until bud break 

at the onset of the experiment was ininitially 3.6 + .9, 

and 10.0 + .0 during week 6. 

Because stem diameter is known to influence impedance 

(Evert, 1973; Fensom, 1966; Glerum and Krenciglowa, 1970; 

Lines may differ either by their slope, or by their inter- 
cept, or both.  In this test, lines differed by both 
values.  Tests were not conducted to determine whether sig- 
nificant differences occurred in intercept alone. 
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Timmis, 1976), its effect was analyzed.  In electronics, 

when a constant homogeneous conductor such as copper is 

used, diameter effects are easily analyzed.  This is 

because "resistance is proportional to the length of the 

conductor and inversely proportional to its cross-sec- 

tional area" when using direct or low frequency alternat- 

ing currents (Lobkowicz and Melissinos, 1975).  In other 

words, if 2 conductors of the same material and length are 

used, but differ in their respective diameters (cross-sec- 

tional area), the one with the widest diameter would have 

the lower impedance. 

Most plant systems however, are composed of more com- 

plex components. As a result, some impedance values 

obtained from particularly small stems appeared uncharac- 

teristically high, while the majority of the specimens did 

not seem to require correction.  In fact, when the correc- 

tion factor was applied to all samples, results became 

more variable. 

This is probably best explained by varying electrical 

properties recorded for different tissues. For example, 

the bark of Comus stolonifera has almost 2 times greater 

impedance than wood tissue.  (At 5 x 10 Hz bark had 

impedance values of 18.1 kilohms, whereas wood had only 

9*8 kilohms).  (Evert, 1973). A change in stem diameter 

reflected the variance in overall amounts of the bark and 

wood tissues (Evert, 1973).  Large diameters have a greater 
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volume of wood compared to bark than stems with smaller 

diameters; thus, greater diameters have lower impedances. 

Glerum and Krenciglowa (1970) obtained similar results when 

analyzing bark and xylem.  In their studies, electrical 

properties were expressed as specific resistivity according 
2 

to the method used by Fensom (1966) .  Due to the heter- - 

Ggeneity of tissues diameter dependence was not eliminated 

because the bark and xylem had their own characteristic 

impedance values and the relative amount of these 2 tis- 

sues varies with the twig diameter. 

Glerum and Krenciglowa (1970) found that diameter 

effects became minimal at approximately 5 mm and above. 

Since the samples tested in my experiments ranged from 

2.5 cm to 4.3 cm on the upper 257o of the stem, and 3.0 cm 

to 6.0 cm on the lower 25% of the stem, no correction fac- 

tors were necessary. 

Although it is not clear why plants increase in impe- 

dance during vegetative maturity and into dormancy, it is 

undoubtably related to many factors.  One important factor 

that influences the electrical impedance is the stem mois- 

ture content.  Our experiments illustrate a significant 

inverse correlation R = -.91) between stem moisture content 

9 
Specific resistance = resistance multiplied by the cross- 
sectional area ( Sp. R = R x A/L) in centimeters and 
divided by the electrode distance in centimeters. 
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and impedance ratio (see Fig. 3).  Change in the number of 

ions in interstitial fluids is related to seasonal changes 

in tree activity (Hayden .at al., 1969), so that a low den- 

sity of mobile ions would lead to increased impedance 

ratios. 

Tattar et al. (1962) stated that resistance readings 

are relatively independent of moisture content, as long 

as sufficient interstitial free water is present for move- 

ment of ions; but "When free water becomes limiting due 

to moisture stress, electrical resistance becomes dependent 

on the moisture content of the tissue" (Tatter and Blanch- 

ard, 1976). During initial stages of acclimation in Cornus 

sericea L., which corresponds to vegetative maturity, 

changes are known to occur in leaf xylem water potentials, 

stem water content, stomatal resistance, transpiration 

rate, root conductivity, (Dixon.et al., 1978; Parsons, 

1978), and possibly root cell permeability to water (McKen- 

zie, 1974).  In addition, wood maturation, tissue harden^ 

ing, and cell wa 1 lignification are commonly associated 

with dormancy progre sion (Chandler, 1954).  Thus it 

appears that a change in stem moisture content, which 

allows movement of ions, is a major factor causing the 

change in impedance at vegetative maturity and during dor- 

mancy development. 
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Fig.  1.  Changes in stem moisture content from the upper 
25% of the stem of SD plants (12 hr.) during a 
9-week period. 
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4  5 
Fig.  2.  Comparison of impedance ratios (10 :10 Hz) 

obtained from SD plants (12 hr.       ) and 
LD plants (16 hr. — — — —) during a 9-week 
period. 
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4  5 
Fig.  3.  The relationship of impedance ratio (10 :10 Hz) 

and stem moisture content during a 10-day drying 
test. 
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Fig.  1.  Changes in stem moisture content during a 
10-day drying test. 
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4  5 
Fig.  2.  Changes in impedance ratio (10 :10 Hz) during 

a 10-day drying test. 
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4  5 
Fig.  3.  The relationship of impedance ratio (10 :10 Hz) 

and stem moisture content during a 10-day dry- 
ing test. 
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Fig.  4.  Voltage response of equipment over a wide 
frequency range (50 Hz to 1 MHz). 
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Fig.  5.  Voltage response of actively growing red-osier 
dogwood over a wide frequency range (50 Hz to 
1 MHz). 
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Fig.  6.  Voltage response of dormant red-osier dogwood 
over a wide frequency range (50 Hz to 1 MHz). 
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