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Responses of electrical properties of tea leaves to low-temperature stress
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Abstract: Critical temperature is one of the most important parameters for the control of crop frost protection through airflow

disturbance. It changes with complex weather conditions, thus it is difficult to be determined. A method of testing electrical

property of tea leaves under cold stress was put forward to indicate critical temperature. The testing system was established to

measure the capacitance, impedance, resistance and reactance of the samples under different air temperatures, air humidities

and airflow velocities. The variation of the electrical property was also analyzed. The results show that at humidity below

70% and airflow velocity of 0 m/s the impedance and resistance increased slowly, while the reactance kept steady when air

temperature decreased from 8.0°C to around —6.3°C, and then increased rapidly from around —6.3°C to —15.0°C. There were

no significant differences of the above parameters and variation trend under different airflow velocities. There was an

exponential relationship between the impedance and the temperature. The capacitance was rather small and almost no change

occurred with air temperature under different conditions of air velocity and humidity, except a few abrupt peaks. The

maximum peak capacitance was representative of its response at certain humidity and airflow velocity. The typical

temperatures were close to a range, where the other three parameters began to increase rapidly. The typical temperature

dropped to the lowest of —7.8°C at the airflow velocity of 0 m/s. Therefore, the characteristic response of the capacitance

could indicate critical temperature of tea leaves.
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1 Introduction

Tea plants (Camellia Sinensis) grow well in humid
and warm hilly areas and sprout at air temperature above
10°C during the early spring". Cold injuries greatly
reduce tea production and quality, resulting in a huge

economic loss to tea industry”.  Mechanized frost
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protection equipment through airflow disturbance and
irrigation has been applied in tea fields and orchards, such
as anti-frost fans, large wind machines, helicopters and
sprinklers”™,

Ribeiro and Snyder et al.'*"! pointed out that critical
temperature was one of the most crucial parameters for
the control of the above equipment, and the decision to
start wind machines was based on the minimum
temperature forecast and knowledge of the critical
damage temperature, which depends on the crop and its
phenological stage. Hu!® put forward a strategy for the
control of wind machines based on critical temperature
and thermal inversion strength, which met the
requirements of necessary and sufficient conditions for
the start or stop of the machines. Critical temperature of
certain crops changes with many factors, such as ambient
humidity, wind speed and ice nucleation active bacteria™’.

Therefore, it is variable under different conditions and is
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difficult to be quantitatively determined. Mills et al.!'”!
developed a simple test system based on differential
thermal analysis (DTA) to provide the identification of
critical temperatures for dormant grapevine buds and
canes. Yang et al.l'"! conducted an experiment to study
the relationship between cold hardiness and semi-lethal
temperature of tea leaves through relative electrical
conductivity (REC). [12]

super-cooling and freezing points of almond floral organ

Meng et al measured the
in an artificial frost chamber and found that super-cooling
point could indicate critical temperature, and critical
around —5°C.

However the above measurements of critical temperature

temperature of almond petals was

are not ease of operation and the influence of ambient
conditions is ignored.

Plant electrical properties have been widely used to
monitor the growth and physiological process, especially
to indicate the environmental stresses. Robert et al."’!
reported that resistance of elm trunks increased when
infected with Ceratocystis ulmi. Criteria were given for
prediction of the disease from 2 to 12 days prior to
symptom expression.  Zhang et al!* found the
resistance of the maize stems changed with the sap
density and discussed its relationship with water deficit.
Water loss of the plants had influence on the electrical
properties whether they were living or in vitro, and the
decrease of capacitance and the increase of resistance

were obvious with the water loss!”.

In plants with
blocked,

dose-dependent voltage transients were evoked by cold

anion and  potassium  conductance

stimuli. Temperature drop elucidated membrane
potential changes due to calcium influx both from
external and internal stores!'®. The study by Zhang et
al.l'"”! showed that the electrical impedance spectroscopy
(EIS) method was consistent with REC when measuring
the frost hardiness of peach branches.

Low-temperature stress on the tea leaf causes its
internal physiological disorder due to the change of cell
The leaf
takes on certain dielectric properties under an electric
field"™.

temperature could be expressed by the measurement of its

structure, morphology and some substances.

Therefore, its physiological responses to low

electrical properties.

The objective of the study was to put forward a
testing method of tea leaf’s electrical property and find an
indicator of tea leaf’s critical temperature through
responses of the electrical property to low-temperature
stress. The testing system was established to measure
the capacitance, impedance, resistance and reactance of
the leaves under different conditions of air temperature,
air humidity and airflow velocity. Then the characteristics
of the above parameters were found out to correlate with

critical temperature under low-temperature stress.
2 Materials and methods

2.1 Materials

Sampled tea trees, aged about three years, were
planted in a field plastic house on Maichun tea farm in
Danyan, (Latitude 32°01'33"N,
Longitude 119°40'28"E, Altitude 14 m). The variety

Fuding Dabai was early-maturing and vulnerable to

Jiangsu Province

freeze injury. Nine branches with healthy leaves were
sampled on March 20, 2014, when the ambient
temperature was 8.0°C. The samples were kept fresh for
electrical property test in the laboratory.

The testing system of tea leaf electrical property is
shown in Figure 1, which consisted of a constant-
temperature incubator MIR253 (Sanyo, Japan; accuracy
+0.5°C, —16-50°C), a temperature and humidity recorder
ZDR-3WIS (Hangzhou Zeda, China; accuracy +0.1°C,
—50-100°C), a high-precision LCR tester 3532-50 (Hioki,
Japan), a computer for data acquisition and analysis, a
four-terminal Kelvin probe 9140 (Hioki, Japan), a
speed-adjustable fan and a humidifier. The specifications
of the LCR tester are shown in Table 1.
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Figure 1 Testing system of tea leaf electrical property
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Table 1 Specifications of LCR tester
Measurements Measuring range
|Z, R, X 10.00 mQ-200.00 MQ
6 —180.00°-+180.00°
C 0.32 pF-380.00 F
L 16.00 nH-750.00 kH

DC 42 Hz-5 MHz
Z: £0.08%; 6: £0.05°

Excitation frequency

Basic Accuracy

2.2 Methods
2.2.1 Treatments of the low-temperature stress

Tea leaves were treated under the low temperature
within —15.0°C to 8.0°C, expected humidity and airflow
velocity in the incubator. The treatments of humidity
and airflow velocity are listed in Table 2. The initial
temperature inside the incubator was set to 8.0°C. It
decreased to 2.0°C at a rate of 4.0°C/h, and then
decreased to —15.0°C at a rate of 2.0°C/h. A humidifier
and a speed-adjustable fan were used to achieve the
above humidity and airflow velocity.

Table 2 Treatment of humidity and airflow velocity

Airflow velocity/m~s'l Air humidity/%

0 below 70
1.5 70-90
2.5 above 90

2.2.2  Testing of electrical property

Given a specific humidity, the capacitance,
impedance, resistance and reactance of the tea leaves
When

the measurements of two clips of the 9140 probe clamped

were measured under different airflow velocities.

the same side of the samples and were kept away from
the main veins without injury to the samples. The two
clips were kept parallel with the spacing of 20 mm. The

clamping is shown in Figure 2.

Figure 2 Leaf clamping by the test probe
The excitation voltage and frequency were set to
1.0 V and 3.0 kHz, respectively. The temperature and

humidity recorder was placed in the incubator to collect

air temperature and humidity around the samples. The
collection interval of the recorder and the LCR tester was
1.0s.

3 Results and analysis

3.1 Responses of resistance, reactance and impedance
to low-temperature stress

The resistance response to low-temperature stress
under air humidity below 70% is shown in Figure 3.
The resistance increased with the decrease of the
temperature. The resistance began to increase slowly
when air temperature decreased from 8.0°C to around
—6.3°C, and then increased rapidly from around —6.3°C
to —15.0°C. The resistance measured at airflow velocity
of 2.5 m/s was larger than that measured at other airflow

velocities within the whole range of temperatures.

900
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Temperature/ ‘C

Figure 3  Resistance response to low-temperature stress under air
humidity below 70%

The reactance response to low-temperature stress
under air humidity below 70% is shown in Figure 4.
The reactance kept steady when air temperature
decreased from 8.0°C to around —6.3°C, but there was a
transient drop at the temperature around —6.3°C, and then
increased rapidly from around —6.3°C to —15°C. The
reactance measured at airflow velocity of 1.5 m/s was
larger than that measured at other airflow velocities at
temperatures after the drop.

The impedance response to low-temperature stress
under air humidity below 70% was similar to the
resistance and reactance response. As shown in Figure 5,
the impedance increased with the decrease of the
temperature and it rose sharply with the temperature from
around —6.3°C to —15°C. The impedance measured at

airflow velocity of 0 m/s was less than that measured at
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other airflow velocities at temperatures below around
—6.3°C.
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Figure 4 Reactance response to low-temperature stress under air
humidity below 70%
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Figure 5 Impedance response to low-temperature stress under air
humidity below 70%

There were no significant differences of all the
parameters and variation trend under different airflow
velocities. ~ There was an exponential relationship
between the impedance (y) and the temperature (x) and a
second-order

polynomial relationship between the

resistance (y) and the temperature (x). The fitted

equations are listed in Table 3.

Table 3 Fitted equations of resistance and impedance

Parameter Fitted equation Determination coefficient
Resistance  y= 2.226x*~11.459x+30.737 0.9823
Impedance  y =23.823¢"01% 0.9863

At humidity of 70%-90% and above 90%, the results
were similar to the above.
3.2 Response of capacitance to low-temperature
stress

Figures 6-8 show the capacitance responses to

low-temperature stress under different airflow velocities

at humidity below 70%, 70% to 79% and above 90%,
respectively.  The capacitance was rather small and
almost no change occurred with almost all air
temperatures under different air velocity and humidity
conditions, but the responses had obvious characteristics
of a few abrupt peaks. The maximum peak capacitance
was representative of its response at certain humidity and
airflow velocity.  The peak and its corresponding

temperature were the typical ones.
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Figure 6 Capacitance response to low-temperature stress under
air humidity below 70%
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Figure 7 Capacitance response to low-temperature stress under
air humidity between 70% and 90%
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Figure 8 Capacitance response to low-temperature stress under

air humidity above 90%
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The maximum peak capacitance and its typical
temperature for all the treatments were listed in Table 4.
Under all the treatments of humidity, the typical
temperature was the lowest when airflow velocity was
0 my/s.

decreased with airflow velocity.

At humidity above 70% the typical temperature
And the typical
temperature increased with humidity at airflow velocity
of 2.5 m/s.
humidity above 90% and the velocity of 0 m/s, and was
—1.3°C at the humidity above 90% and the velocity of
2.5 my/s.

The typical temperature was —7.8°C at the

Table 4 Maximum peak capacitance and its typical
temperature

Air humidity/%  Airflow velocity/m's’  Capacitance/nF  Temperature/°C

below 70 0 143.03 6.3
below 70 1.5 802.83 —4.6
below 70 25 297.05 -6.0
70-90 0 208.84 5.6
70-90 1.5 1552.10 —4.9
70-90 25 2071.70 —4.4
above 90 0 155.16 1.8
above 90 1.5 2 537.80 -1.3
above 90 25 3110.30 -1.3

At humidity below 70% and airflow velocity of 0 m/s
the capacitance reached its maximum peak and its typical
temperature was —6.3°C, around which the resistance,
reactance and impedance also had obvious characteristics
of variation. Thus, there may be some relationship
between typical temperature and critical temperature.

The cellular membrane system of a tea leaf is
capacitive!"*” and the equivalent capacitance of the leaf
should be described as Equation (1):

C=eS/d (1)
where, ¢ is the permittivity, F/m; S is leaf area, m’; d is
leaf thickness, m.

With certain leaf area and thickness the capacitance
changes only with .  Under low-temperature stress, the
membranes are first injured with cytosol loss and

chemical bond fracture?' %

because of the phase
transition of the cellular membrane system, which
develops from the states of liquid crystal to gel, and then
to solidification. During the gel state the permittivity is
extremely large, so the capacitance has the abrupt peaks

perhaps because the gel state lasts extremely short time.

Therefore, the typical temperature could indicate critical

temperature of tea leaves for frost protection control.
4 Conclusions

As one of the most important control factors for frost
protection, critical temperature of crops is difficult to be
could be

characteristics of crops’ electrical property. With tea

quantified, but still indicated by some
leaves exposed to low-temperature stress under different
humidities and airflow velocities, the characteristics of
their capacitance, impedance, resistance and reactance
under were found with a testing system.

1) The impedance and resistance first increased
slowly, and the reactance kept steady above a certain
temperature, and then they all increased rapidly. There
were no significant differences of the above parameters
and variation trend under different airflow velocities and
humidities.

2) A few abrupt peaks occurred to the capacitance
response at different air velocities and humidities,
The

maximum peak capacitance was representative of its

corresponding to certain typical temperatures.
response. The typical temperatures were close to a
range where the other three parameters began to increase
rapidly, which might be relevant to critical temperature.
Therefore, the capacitance could be used as a testing
parameter due to its characteristic response to
low-temperature stress, and typical temperature could
indicate critical temperature of tea leaves for frost
protection control. The future study will focus on the
validation of the quantitative relationship between typical
temperature and critical temperature through correlating
of tea and

the characteristics leaf capacitance

physiological process.
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