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A B S T R A C T

Labisia pumila (Kacip fatimah) is a popular medicinal plant in Malaysia. The constituents of

this plant have been reported to possess anticancer, antioxidant and anti-inflammatory

properties. The growth and production of L. pumila is greatly influenced by the plant water

status. Current techniques to measure plant water status are generally based on the plant

soil moisture, which apparently did not indicate the real water content inside the plant.

There are other techniques to measure directly on the plant such as based on leaf water

potential (LWP) and relative water content (RWC). However, these techniques are destruc-

tive and time consuming. In this study, four levels of evapotranspiration replacement

(ER) treatment which were 100% ER, 75% ER, 50% ER and 25% ER was applied to 30 polybags

of L. pumila plants. The plant water status was measured using an impedance spectroscopy

technique. A pair of electrocardiogram (ECG) electrode connected to an impedance ana-

lyzer board was used to measure the impedance value of the leaf samples non-

invasively. Plant water status parameters such as LWP, RWC, volumetric moisture content

(VMC), and leaf thickness were measured using standard methods. The results show that

after 20 weeks of treatment, 25% ER had the highest impedance value ranged from

0.10 MX to 0.15 MX at the frequency of 70–100 kHz. The resistance of 100% ER at 20 weeks

of treatment increased from 0.70 kX to 1.23 kX as the reactance decreased from 0.51 kX to

0.28 kX. Comparatively, the resistance of 25% ER increased from 1 kX to 1.10 kX as the reac-

tance decreased from 0.88 kX to 0.83 kX. The polynomial regression of impedance mea-

surements with plant water status parameters (VMC, leaf thickness, LWP and RWC)

shows that LWP and RWC had the highest R2 (0.78, 0.73). The results show that impedance

measurement technique is auspicious to evaluate plant water status.

� 2015 China Agricultural University. Production and hosting by Elsevier B.V. All rights

reserved.
1. Introduction

The use of herbal plants and their related products in

the health-food market has become important due to the

increasing awareness towards maintaining health with natu-

ral products. Previous studies reported that the estimated

total economic value of medicinal plants can reach up to
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RM250,000 [1]. Labisia pumila or locally known in Malaysia as

Kacip Fatimah is one of the popular herbs with estimated

demand around 24.4 metric ton yearly [2]. The demand is

due to its therapeutic effects and antioxidative activity that

was reported to be higher than vitamin C and E [3]. In order

to provide sufficient L. pumila supply and demand, environ-

mental factors that affect the growth and cultivation of this

herbal plant need to be studied. Water is one of the important

factors that need to be maintained for plants to continue its

growth and to perform physiological processes, such as pho-

tosynthesis and nutrient uptake. Therefore, when plants do

not receive sufficient water, they are subjected to water

stress. This will disrupt plant cells and the whole plant func-

tions, which will give a negative impact on plant growth and

reproduction [4]. Conversely, studies also showed that plants

need a certain amount of stress to induce its growth and

reproduction [5]. Thus, a precise method to determine plant

water status is essential for optimum growth and cultivation

of the plant.

In many studies, plant water status is determined using a

range of plant and environment parameters such as soil

moisture content (SMC). A general problem with the estima-

tion of SMC arises due to the substantial heterogeneity within

soils; thus, changes in bulk soil water content do not neces-

sarily reflect plant’s water demand [6]. Irrigation decision

according to plant water status is more reliable than soil

water status [7] such as measuring leaf water potential

(LWP) and relative water content (RWC). The LWP indicates

the demand for water within a plant, the resistance

to water movement within the plant, and the demands

for transpiration imposed by the environment. However,

these measurement techniques are destructive and time

consuming [8].

It is important to measure plant water status in real time

for proper decision on irrigation management. Recently, elec-

trical measurement of agricultural materials has been

explored by many researchers for non-destructive and real

time applications. For example, [9] showed that the impe-

dance of biological material is related to the resistance and

capacitive reactance of the tissue. Their electrical behavior

is relatively resistive as tissue composition contains water,

electrolytes, free ions, salts and other components [10]. This

is supported by many previous works such as study on impe-

dance properties of citrus fruits to determine citrus acidity

based on pH value which showed that impedance and pH

gave highest correlation at frequency of 1 MHz [11]. There

was also a study on microstructure changes on heated potato

tissue [10] using two stainless steel needle electrodes that

gave significant result on impedance parameter at tempera-

tures above 60 �C, indicating loss of turgor pressure and

rupture of membranes cell walls. Earlier study by Stout [12]

showed that resistance of intracellular stems had increased

as the effect of cold acclimation. Similarly, study by [12]

showed the intracellular resistance of the shoots of Olea

europea increased during the winter resting period, whereas

intracellular resistance of the leaves decreased.

Measurements of electrical properties on the leaves for

plant water status indication was also explored by many

researchers. Mizukami et al. [13] had used stainless steel

electrodes connected to a LCR meter to measure dielectric
properties of tea leaves at frequency of 10 Hz–10 MHz. It was

found that impedance and capacitance value showed signifi-

cant effect to measure moisture content at frequency 3 kHz.

The dielectric properties of rubber leaves and oil palm leaves

at 4–18 GHz frequency also had beenmeasured by using coax-

ial probe and showed that moisture content can be estimated

by using Debye Cole model [14]. Afzal et al. [15] did a research

to estimate leaf moisture content using capacitance measure-

ments at frequency 100 kHz and 1 MHz. The result showed

that dielectric constant at 100 kHz was more accurate in

determining the leaf’s moisture content. These findings

showed that electrical properties of plant leaves such as

impedance, resistance, capacitance and dielectric constant

can be used to determine plant water status.

In this study, the impedance of L. pumila leaves was mea-

sured non-destructively using a pair of ECG electrodes con-

nected to an impedance analyzer at 100 Hz–100 kHz. The

objectives of this study were to evaluate changes in plant

water status and its electrical impedance subjected to evapo-

transpiration replacement (ER) treatment and to explore the

potential use of impedance characteristic as plant water sta-

tus indicator. The impedance measurements were compared

to the standard parameters to evaluate plant water status

such as LWP, RWC, leaf thickness and volumetric moisture

content (VMC).
2. Materials and methods

2.1. Sample preparation and evapotranspiration
replacement (ER) treatment

The experimentswere performed on L. pumila var. pumila that

were grown in 14 cm diameter polybags with soilless medium

containing coco-peat, burnt paddy husk and well-composed

chicken manure in 5:5:1 (v/v) ratio in growth houses at the

Faculty of Agriculture Glasshouse Complex, Universiti Putra

Malaysia (longitude 101�440N and latitude 2�580S, 68 m above

sea level). The ER treatment was applied based on the previ-

ous study by [5]. In total of 30 plants were chosen for sampling

of ER measurement from a total of 192 polybags. The initial

weight of polybag, media and plant were determined (A kg).

All polybags initially received an equal volume of water

(0.6 L per 2 L of media) and water was allowed to drip for

24 h. The dripped out water from the polybag was collected

to determine the saturated level of the soil (Y mL). The

polybagwithmedia and plant wasweighed again after the fol-

lowing 24 h (B kg) and after 48 h (C kg). The amount of water

held by media was calculated by Z (mL) = (600 � Y) mL. Water

loss by evapotranspiration was calculated by, D (kg) = (B � C)

kg. The irrigation was based on the amount of water lost by

evapotranspiration, which were 25%, 50%, 75% and 100% of

D. The 100% irrigation represents well watered, 75% repre-

sents moderate water stress, 50% represents high water stress

and 25% represents severe water stress. The conversion of

1 kg = 1 L was applied to calculate the amount of water to irri-

gate based on weight loss. This method was calibrated every

two or three days to ensure good readings of water require-

ment and loss. The ER treatment was applied for 20 weeks

with three measurement stages at week 5, 10 and 20.



Fig. 2 – Impedance plot in a complex plane. R is the real or

resistive component, and X is the imaginary or reactance

component.
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2.2. Impedance spectroscopy measurement

After five weeks of ER treatments, the impedance and plant

parameters measurements were carried out. In this method,

two electrocardiogram (ECG) electrodes were used as the test

fixture. The young, fully expanded leaves (generally the

second or third leaf from the tip of the stem) was selected

for impedance measurement. The leaf surface was cleaned

using dry tissues before attaching the ECG electrodes. The

electrodes were connected to an impedance analyzer board

(AD5933, Analog Device, Massachusette USA) and a personal

computer (Fig. 1). The reactance, X and resistance, R of the

leaves at every 200 Hz intervals within 1 kHz–100 kHz fre-

quency range were recorded in Microsoft Excel (see Fig. 2).

The impedance was calculated using Eq. (1):

Impedance ðXÞ ¼ 1
Gain Factor � Magnitude

ð1Þ

where the magnitude of the impedance was calculated as:

Magnitude ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ X2

p
ð2Þ

and the gain factor was determined using Eq. (3) where the

know impedance was set to be 200 kX connected between

VOUT and VIN of the AD5933 impedance analyzer board

(Fig. 3). The calibration magnitude was calculated based on

R and X values of the known impedance as described in the

data sheet of the board [16].

Gain Factor ¼
1

Known Impedance

� �

Calibration Magnitude
ð3Þ
2.3. Leaf water potential (LWP) measurement

The LWP of the L. pumila leaf samples were measured using a

pressure chamber (Model 600, PMS Instrument Company,

Oregon USA). The same leaf used for impedance measure-

ment was cut from the stem and placed in a chamber with

the cut surface protruding through the chamber lid. Pressure

was applied to the leaf and reading was taken when water

first appeared at the cut surface. The unit of pressure used

was bar (1 bar = 14.5 psi). The amount of pressure to make

water appear at the cut surface described the amount of ten-

sion experienced by the leaf.

2.4. Relative water content (RWC) measurement

Samples of leaf disc were taken using a cork borer. In total of

18 leaf discs were taken from each leaf sample and placed on
Fig. 1 – Layout of instrumentation for impedance measurement

electrode with an impedance analyzer board connected to a com
a pre-weighed clear container, and fresh weight (FW) was

determined using digital balance (Shimadzu TX432L, Kyoto,

Japan). The samples were then floated in distilled water and

kept in the dark for 24 h to regain full turgor. Then, the leaf

discs were removed from the vial and excess water was

removed using a paper tissue, and then the turgid weight

(TW) was measured. The samples were subsequently oven-

fried to a constant weight at 60 �C for 48 h and the dry weight

(DW) of the sample was recorded. The RWC was calculated

based on Eq. (4).

RWC ð%Þ ¼ FW�DW
TW�DW

� 100% ð4Þ

where FW is the fresh weight, DW is the dry weight and TW is

the turgid weight.

2.5. Leaf thickness measurement

A micrometer (Digimatic, Mitutoyo Corporation, IP65, Japan)

was used to measure the leaf thickness. The measurement

range was from 0 to 25.4 mm with the accuracy of

±0.00127 mm. The leaf thickness value shown on the display

screen was recorded.

2.6. Volumetric moisture content (VMC) of planting
medium

The VMC of soil generally is used as plant water status indica-

tor for irrigation management. In this study, the VMC of the L.

pumila planting medium was measured using a soil moisture
of Labisia pumila leaves using electrocardiogram (ECG)

puter.



Table 1 – Labisia pumila plant water status parameters at week 5, 10 and 20 of evapotranspiration replacement (ER) treatment.

ER (%) LWP (-bar) RWC (%) LT (mm) VMC (%vol)

Week 5 100 8.67 ± 0.61a 86.05 ± 0.81a 0.280 ± 0.005a 33.95 ± 0.43a

75 9.29 ± 0.55ab 85.99 ± 0.82a 0.263 ± 0.006a 31.89 ± 0.57b

50 9.79 ± 0.74ab 83.36 ± 1.44a 0.246 ± 0.004b 31.68 ± 0.40b

25 11.33 ± 0.95b 83.16 ± 1.67a 0.244 ± 0.004b 31.49 ± 0.41b

Week 10 100 5.50 ± 0.50a 90.25 ± 0.88a 0.250 ± 0.004a 26.07 ± 0.54a

75 6.96 ± 0.60ab 89.53 ± 1.24a 0.250 ± 0.004a 24.42 ± 0.84a

50 8.30 ± 0.82b 88.40 ± 1.32a 0.234 ± 0.004b 19.24 ± 0.68b

25 8.18 ± 0.58b 87.83 ± 1.61a 0.235 ± 0.004b 17.12 ± 1.16b

Week 20 100 4.27 ± 0.21a 81.39 ± 1.33a 0.285 ± 0.007a 19.93 ± 0.98a

75 6.09 ± 0.59ab 80.86 ± 2.61a 0.268 ± 0.006ab 14.40 ± 1.36b

50 7.40 ± 0.59bc 80.25 ± 1.98a 0.262 ± 0.004b 9.53 ± 0.75c

25 8.86 ± 0.32c 78.71 ± 3.44a 0.243 ± 0.006c 8.95 ± 0.70c

LWP is leaf water potential (-bar), RWC is relative water content (%), LT is leaf thickness (mm), and VMC is volumetric moisture content (%vol).

Values represent mean ± S.E. data. Means not sharing a common letter were significantly different at p 6 0.05, n = 48.

Fig. 3 – Block diagram of impedance analyzer AD5933 with for impedance measurement of Labisia pumila leaves. Known

impedance (200 kX) was placed between VOUT and VIN.
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meter (IMKO, Trime FM3, Germany), which gave volumetric

moisture content of the planting medium. It has three-rod

probes inserted into the medium and the value of percent

volume (%vol) moisture content was displayed on the LCD

within 10 s. Two points were measured for each planting

medium to obtain the average data.

3. Results and discussion

3.1. Effect of evapotranspiration replacement (ER)
treatment on plant water status parameters

Analysis of variance (ANOVA) was performed to determine

the effect of ER treatment on plant physiology that was asso-

ciated with the plant water status (Table 1). The LWP of L.

pumila leaves for 100% ER to 25% ER significantly increased

at each measurement week with a significant difference

between each treatment. The result infers that well watered

plants needs less pressure to pull out water to the stem

surface as the plant cells itself are in high water tension
condition. This supports the study by [17], which found that

LWP decreased continuously with time after imposition of

water deficit on rice.

The RWC from 100% ER to 25% ER continuously decreased

at each week of treatment, which shows that plants that

received less amount of water replacement have lower value

of RWC than well-watered plants. Although ANOVA showed

no significant difference of RWC between ER treatment, at

week 20, it shows that the 100% ER plants had the highest

RWC (81.39%), followed by 75% ER (80.86%), 50% ER (80.25%)

and 25% ER (78.71%). It proves that plants that received less

amount of water replaced had less water inside the cell.

Well-watered plants have thicker leaf than plants that

received less amount of water replacement. Table 1 shows

that the leaf thickness decreased as the amount of water

replaced decreased. There was a significant difference of leaf

thickness between ER treatments, especially at week 20. This

might be due to the changes in the leaf cell structure, which is

influenced by turgidity of the cell wall and thus affect the leaf

thickness [18].



Fig. 4 – Full frequency range from 100 Hz to 100 kHz of Labisia pumila impedance at different evapotranspiration replacement

(ER) treatments.
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Generally, the VMC of L. pumila planting medium

decreased as the irrigation decreased from 100% ER to 25%

ER. This corresponds to the applied water treatment based

on the amount of water loss by evapotranspiration. ER treat-

ments apparently affected the VMC as there was a significant

difference of VMC between treatments with p value 6 0.05.

3.2. Impedance measurement at different frequencies

Generally, the impedance measurement of L. pumila leaves

decreased as the frequency increased. This decrement can

be seen clearly at frequency 70 kHz–100 kHz as it has more

stable pattern with less noise compared to the frequency

below 70 kHz (Fig. 4). This decreasing graph shows that at

70 kHz, the highest impedance value was 25% ER (0.154 MX),

followed by 50% ER (0.147 MX), 75% ER (0.145 MX) and 100%

ER (0.144 MX) (Fig. 5a). This proves that plants that received

less water have more resistance and thus have higher impe-

dance value compared to the plants that received more water.

The same trend was observed in week 10 of treatment

(Fig. 5b). However, in week 20, there was a slight difference

of the trend for 100% ER, where it shows that the impedance

value of 100% ER was higher than 75% ER and 50% ER (Fig. 5c).

The results also show that after 20 weeks of treatment, 25%

ER showed the highest impedance value range from 0.10 MX

to 0.15 MX at the frequency of 70–100 kHz. This might be
Fig. 5a – Impedance (ohm) of Labisia pumila leaves at

different evapotranspiration replacement (ER) treatments at

week 5 under treatment.
due to changes in the environment such as temperature

and transpiration that affected the performance of plant

water intake. Since the plants have been implied with ER

treatment for 20 weeks, changes in the cell structure and

ion concentration affect the impedance value inside the leaf.

A similar decrease of impedance value was also reported in

durian [19] and kiwifruit [20].
3.3. Changes between resistance and reactance

Instead of impedance and frequency plot, resistance and

reactance components of impedance can be plotted to

explore the variation of electrical impedance pattern for each

ER treatment. This real and imaginary part of impedance

graph is also known as Nyquist plot. For week 5 of treatment,

it can be seen that the reactance was a continuously

decreased as resistance increased at frequency ranged from

70 kHz to 100 kHz (Fig. 6a). The 100% ER had the lowest reac-

tance value compared to other ER treatments. The data shows

clear data lines at 100 kHz compared to 70 kHz, where some

data points were mixed up. This implies that higher fre-

quency shows better variation between ER treatments.

The pattern of the plot shows clear separation between

each ER treatment when prolonged up to 20 weeks. In week

10 of treatment, the resistance values at 100 kHz, for 25% ER
Fig. 5b – Impedance (ohm) of Labisia pumila leaves at

different evapotranspiration replacement (ER) treatments at

week 10 under treatment.



Fig. 6b – Reactance (ohm) versus resistance (ohm) of Labisia

pumila leaves at different evapotranspiration replacement

(ER) treatments at week 10.

Fig. 6c – Reactance (ohm) versus resistance (ohm) of Labisia

pumila leaves at different evapotranspiration replacement

(ER) treatments at week 20.

Fig. 6a – Reactance (ohm) versus resistance (ohm) of Labisia

pumila leaves at different evapotranspiration replacement

(ER) treatments at week 5.

Fig. 5c – Impedance (ohm) of Labisia pumila leaves at

different evapotranspiration replacement (ER) treatments at

week 20 under treatment.
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and 50% ER were higher (>800 X) than resistance values for

75% ER and 100% ER (<700 X). Similarly, the reactance values

of L. pumila leaves under 25% ER and 50% ER were higher

(>1 kX) than 75%ER and 100% ER (<600 X) (Fig. 6b). At 20 week

of treatment, plants of 50% ER had reduced resistance and

reactance compared to week 10 (Fig. 6c). This implies that

L. pumila leaves experiencing a higher degree of water

stress as treatment was prolonged.

3.4. Relationship between impedance and physiological
parameters of L. pumila leaf

The relationship between impedance and plant physiological

parameters was further explored with the development of

mathematical model and determination of its coefficient of

determination (R2). The frequency selected on each plant

physiological parameters was based on the highest R2 at

20 weeks of ER treatments. The R2 for each plant physiological

parameters was between 0.66 and 0.78 (Table 2). The relation-

ship between impedance and LWP show the highest R2 at

100 kHz. The impedance measurements increased when

LWP increased in polynomial forms with R2 = 0.78 (Fig 7a).

The low impedance value represents high LWP, which indi-

cates more available water inside the cell. Since water con-

ducts electricity more easily with less resistivity, leaves with

higher water content have lower impedance. Leaves could

be regarded as dielectric and have stronger conductivity when

they contained much water [8].

The impedance of L. pumila leaves was increased as the

RWC decreased with R2 = 0.73 at frequency of 90 kHz (Fig. 7b).

SincehighRWC indicates highwater content, this result shows

that the impedance will be much higher at a high level of leaf

water stress. Zheng et al. [8] also found that RWC parameters

had a very significant correlation with the electrical property

of corn leaves by linear regression in different growing stages.

The regression analysis of impedance and leaf thickness

shows highest R2 = 0.70 at 80 kHz. Leaf thickness shows

decreasing value with the increase of impedance. The



Fig. 7c – Relationship between leaf thickness (LT) with

impedance at frequency 80 kHz.

Fig. 7d – Relationship between volumetric moisture content

(VMC) with impedance at frequency 80 kHz.

Table 2 – The coefficient of determination for regression equation used to predict plant water status parameters using
impedance value at the optimum frequency.

Plant water status parameter Frequency (kHz) Equation R2

LWP (-bar) 70 LWP = �2E � 9Z2 � 0.0004Z + 27.87 0.75
80 LWP = �1E � 9Z2 � 0.0001Z + 6.35 0.73
90 LWP = �3E � 9Z2 � 0.0001Z � 7.19 0.66

100 LWP = �5E � 9Z2 � 0.0008Z + 36.13 0.78

RWC (%) 70 RWC = �4E � 9Z2 � 0.0006Z + 73.80 0.70
80 RWC = �2E � 9Z2 � 2E5Z + 114.74 0.70
90 RWC = 1E � 9Z2 � 0.0008Z + 153.97 0.73
100 RWC = 3E � 9Z2 � 0.0011Z + 166.87 0.72

LT (mm) 70 LT = �6E � 12Z2 + 5E � 7Z + 0.33 0.70
80 LT = 9E � 12Z2 � 3E � 6Z + 0.53 0.65
90 LT = 1E � 11Z2 � 5E � 6Z + 0.65 0.55

100 LT = 1E � 11Z2 � 4E � 6Z + 0.56 0.66

VMC (%vol) 70 VMC = 3E � 9Z2 � 0.001Z + 108.24 0.69
80 VMC = 5E � 9Z2 � 0.002Z + 116.59 0.69
90 VMC = 4E � 9Z2 � 0.001Z + 117.47 0.70
100 VMC = 6E � 9Z2 � 0.001Z + 113.45 0.67

LWP is leaf water potential (-bar), RWC is relative water content (%), LT is leaf thickness (mm), VMC is volumetric moisture content (%vol). Z is

impedance (ohm). The equation is based on the 20 week of ER treatment. The bold frequency is the highest R2 for particular parameter.

Fig. 7b – Relationship between relative water content (RWC)

with impedance at frequency 90 kHz.

Fig. 7a – Relationship between leaf water potential (LWP)

with impedance at frequency 100 kHz.
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polynomial curves show that impedance value was changed

with leaf thickness (Fig. 7c). Previous results on ER treatments

show that plants receiving less amount of water replacement

have a thinner leaf, which conclude that plants received less

amount of water replacement have a higher value of impe-

dance compared to well-watered plants. The relationship
between impedance and VMC was analyzed because VMC

generally has been used as plant water status indicator for

irrigation management. The relationship between VMC and

impedance showed highest R2 = 0.70 at 80 kHz (Fig. 7d). The
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result was comparatively lower than the R2 of impedance and

LWP or RWC. This might be due to the fact that impedance,

LWP and RWC were measured on the leaf surface rather than

planting medium, which reflects that different medium of

measurement affected the result.

4. Conclusion

The ECG probe and an impedance analyzer were used to eval-

uate the impedance property of L. pumila leaves. Performance

experiments were conducted to explore the relationship

between leaf impedance characteristic and water status at

different ER treatments. The following conclusions are

obtained from the study:

(1) ER treatments gave a significant effect on plant physiol-

ogy of L. pumila. It shows that plants received sufficient

amount of water replaced (100% ER) had the highest

LWP, RWC, leaf thickness and VMC, compared to other

treatments (75% ER, 50% ER, and 25% ER).

(2) In week 5 of treatment at the frequency of 70 kHz, the

highest impedance value was recorded for 25% ER

(0.154 MX), followed by 50% ER (0.147 MX), 75% ER

(0.145 MX) and 100% ER (0.144 MX). This proves that

plants that received less water had more resistance

and thus had higher impedance value compared to

plants that received more water inside the leaf.

(3) Impedance measurement also detected changes in tis-

sue resistance and reactance at different treatments,

which indicates that the impedance method has a good

potential to be used as a plant water status indicator.

The resistance value of plants in 25% ER and 50% ER

were higher than in 100% ER and 75% ER. The well-

watered plants (100% ER) had the lowest reactance

value compared to other ER treatments.

(4) The R2 of polynomial regression of plant water status

parameters (LWP, RWC, leaf thickness, and VMC) with

impedance shows that LWP and RWC had the highest

R2 (0.78, 0.73). Reflecting leaf water status by measuring

impedance property is feasible and practical.

From these results, it shows that impedancemeasurement

is auspicious to be used in the determination of L. pumila

plant water status. This method offers in-situ and simple

measurement technique for plant water status measurement.

Future investigations on the leaves physiological and biologi-

cal behaviors as plant water status changes and their rela-

tionship with impedance measurements need to be

extended for further development of a plant water status

indicator.
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