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Abstract: Plant vitality is an important indicator of plant health. Previous studies have often assessed
plant vitality using related physiological parameters, but few studies have examined the effects
of changes in plant vitality on stem water content (StWC), which can be measured online, in real
time, and nondestructively using a novel fringing impedance sensor. In the present study, the
sensor calibration results showed a linear fitting relationship between the sensor output voltage and
StWC, with coefficients reaching 0.96. The coefficients of correlations between StWC and four plant
physiological parameters related to plant vitality (net photosynthetic rate, transpiration rate, stomatal
conductance, and intercellular carbon dioxide concentration) were more than 0.8, indicating that
StWC can be used to characterize plant vitality to a certain extent. A comparison between plants
with normal vitality and weakened vitality showed that the self-regulation ability of plants gradually
weakened as the plant vitality decreased, the diurnal mean of StWC lowered, and the diurnal range
of StWC increased. In conclusion, StWC can be used as a new parameter to assess plant vitality.

Keywords: plant vitality; inner fringing impedance; sensor; stem water content; external
environmental stress

1. Introduction

Plants are continuously exposed to various abiotic and biotic stresses in natural and
agricultural settings. When plants are subjected to certain stresses, their vitality gradually
decreases, and plants can die in severe cases. Therefore, a timely assessment of plant vitality
is important for preventing plant death.

Plant physiological parameters such as net photosynthetic rate (Pn), transpiration
rate (Tr), stomatal conductance (Gs), and intercellular carbon dioxide concentration (Ci)
are important internal factors that affect plant vitality. Previous studies have shown
that changes in plant viability can be assessed by measuring these plant physiological
parameters. Shangguan et al. showed that plant Pn decreased greatly when plant life and
health were impaired [1]. Ephrath, J. et al. found that Pn decreased when maize vitality was
weakened owing to water shortage [2]. Ploetz et al. reported that avocado (Persea americana
Mill) infected with Raffaelea lauricola sp. nov. had significantly lower Pn, Gs, Tr, water use
efficiency, and xylem sap flow rate than noninfected trees [3]. Pegoraro et al. found that Ci
decreased when plant vitality was lowered owing to drought or water stress [4].

Healthily growing plants have certain regulatory capabilities; however, when plants
are in an unhealthy state, their vitality decreases and self-regulation ability reduces, leading
to abnormal changes in their physiological parameters. The healthy status of plants can be
assessed by detecting such changes in plant physiological parameters [5].
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As the most important constituent in plants, water is involved in all plant life activi-
ties [6]. Plant water content significantly affects plant health; conversely, a decline in plant
vitality causes abnormal changes in plant water content [7,8].

Johnson and Tyree study surface that sap exudation is reduced when stem water
content (StWC) is at a high level [9]. Cao et al. showed that stem diameter, water content,
and freezing–thawing are several important factors influencing the development of bacterial
ulcer disease in fruit trees [10]. Wullschleger et al. noted that measurements of plant water
can be used to quantitatively estimate whole-plant water in trees, which is important for
studying transpiration and hydraulic conductivity in plants and guiding irrigation water
use [11]. Zweifel et al. showed that diurnal variation in StWC reflects the daily water
storage status of plants, and that good plant water storage dynamics not only contribute
to daily transpiration but also play an important role during drought [12]. These studies
further illustrate the close role of plant water in plant growth, but most research studies
have assessed plant vitality on the basis of plant physiological parameters, few studies
have examined the effect of changes in plant vitality on plant water content. In the present
study, we designed an electromagnetic wave inner fringing impedance (EWIFI) sensor
for StWC and analyzed the sensor performance. We selected Lagerstroemia indica L., Pinus
sylvestris var. mongholica Litv, Malus micromalus Makino and Pinus tabuliformis Carriere for
the experiments, the relationship between StWC and various physiological parameters
shows that StWC has obvious correlation with plant physiological parameters and can be
used to characterize plant vitality; and by comparing and analyzing the changes in StWC
under different vitality states, the results show that when plant vitality decreases, StWC
also changes, so StWC can be used to assess plant vitality. By monitoring StWC online in
real time through EWIFI sensors, the dynamic changes in plant vitality can be obtained,
and the plant growth status can be assessed in real time for timely related management.

2. Materials and Methods
2.1. Measuring StWC Using EWIFI Sensor

Tree stem is mainly composed of water and wood. The dielectric constant of water
is approximately 81 and the dielectric constant of wood is approximately 3 [13,14]; thus,
the dielectric constant of tree stems changes with the varying water content in them [15].
When the probe is installed at the stem, a change in the dielectric constant of the stem leads
to a change in the probe impedance. As shown in Figure 1, when the electromagnetic wave
generated by the oscillating source is transmitted to the probe along the transmission line,
the impedance of the plant tissue inside the probe does not match the impedance of the
probe, and the electromagnetic wave is reflected from the inner edge of the probe [16–18].
The impedance of the probe can be estimated by measuring the incident and reflected
waves of the probe. Therefore, we designed an EWIFI sensor to measure StWC. The sensor
mainly includes a 100 MHz electromagnetic wave oscillation signal source, a 50 Ω coaxial
transmission line, a bimetallic ring probe, two signal wave detectors, and a signal amplifier.
The sensor output voltage (U) can be computed using Equation (1) as follows:

U = β(U1 −U2) = 2βAρ = 2βA
ZP − ZL
ZP + ZL

, (1)

where β is the amplification factor of the amplifier; U1. and U2 are the output voltages at
the two ends of the transmission line measured by wave detectors; A is the electromagnetic
wave amplitude; ρ is the reflection coefficient; and ZP is the transmission line and probe
impedance, which is determined by transmission impedance, probe size, and electromag-
netic wave frequency; when the transmission line, probe size, and wave frequency are fixed,
ZP is a fixed value. ZL is the plant impedance at the probe. Among all the parameters, only
the ZL is undetermined, a change in ZL. is reflected in the output voltage magnitude.
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Figure 1. Schematic diagram of the electromagnetic wave inner fringing impedance (EWIFI) sensor.
Sensor output voltage (U), output voltage at both ends of transmission line (U1 and U2), transmission
line and probe impedance (ZP), plant impedance at the probe (ZL).

The EWIFI sensor mainly includes the measurement circuit board, adjustable annular
probe, and shell. The adjustable annular probe consists of two metal rings made of Ameri-
can Society for Testing Materials 304 stainless steel; the ring diameter can be selected by
adjusting a rotary knob. Each ring is connected to the measuring circuit board using a screw
bolt. The shell is made of resin with a lower dielectric constant. The EWIFI sensor output
voltage analog signal can be used to calculate the corresponding StWC after calibration.

2.2. Artificial Cultivation of Lagerstroemia indica L.

The site was located in a nursery (116◦20′43.62′′ E, 40◦0′41.9′′ N) in Haidian District,
Beijing. The study area has a temperate monsoon climate with warm summers and cold
winters. The main soil type is clay loam with hydrogen ion concentration (pH) values
ranging from 7 to 8. Since 2018, the mean annual air temperature has been 12.6 ◦C,
and the mean maximum and minimum annual air temperatures have been 36.5 and
−12.8 ◦C, respectively. The mean annual precipitation was 620 mm, and the mean annual
sunshine duration was 2569 h. A large number of Lagerstroemia indica L. were planted in
the nursery (Figure 2a). After a year of artificial cultivation, some healthy trees with similar
morphological characteristics (approximately 2.5 m in height, 0.04 cm in diameter at breast
height, and 1 m2 in crown projection area) were selected as experimental subjects. Some of
these trees were artificially infested with pests (Eriococcus legerstroemiae Kuwana) to weaken
their vitality, whereas others were regularly sprayed with an insecticide to maintain their
healthy growth. A healthy tree used in the experiment is shown in Figure 2a and a diseased
tree is shown in Figure 2b.
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Figure 2. (a) Lagerstroemia indica L. growing healthily; (b) Lagerstroemia indica L. artificially infested
with pests in July 2019; the lesion area on the trunk or leaves was more than 50%; (c) Malus micromalus
Makino under normal watering conditions.; (d) Malus micromalus Makino under drought stress
(26 June 2019); (e) Pinus tabuliformis Carriere.

2.3. Pinus sylvestris var. mongholica Litv Growing in Natural Conditions

The site was located in the Hailaer National Forest Park in Inner Mongolia (119◦42′26.91′′ E,
49◦11′40.50′′ N); the total area of the Forest Park is 1.4 × 108 m2 and the water area is 1.333
× 107 m2. The total number of natural Pinus sylvestris var. mongholica Litv in the park
is more than 4600. The elevation of the park ranges from 612 m to 709 m. The study
area belongs to the semi-arid continental grassland climate in the middle temperate zone.
The lowest monthly average temperature is −30.83 ◦C, and the highest monthly average
temperature is 25.84 ◦C. The average annual sunshine hours are 2800 h. The study was
conducted on Pinus sylvestris var. mongholica Litv growing in natural conditions; the tree
diameter was approximately 0.1 m. The trees in the first experimental group were divided
into trees with and without emergence holes (Table 1). The trees in the second experimental
group were divided into healthy trees, trees with a few green leaves, trees with dead leaves,
and leafless trees (Table 2).

Table 1. Canopy color and symptoms of the first group of Pinus sylvestris var. mongholica Litv.

Category Canopy Color Symptom

No emergence holes Green No sign of Sirex noctilio Fabricius
With emergence holes Reddish A few emergence holes and reddish needles

Table 2. Canopy color and symptoms of the second group of Pinus sylvestris var. mongholica Litv.

Category Canopy Color Symptom

Healthy tree Green No sign of Sirex noctilio Fabricius
Tree with a few green leaves Green A few green leaves in the canopy

Tree with dead leaves Red Canopy becomes red
Leafless tree Gray Canopy with no needles

2.4. Malus micromalus Makino in Pots Undergoing Drought Stress

The site is located in the center of Dongsheng Garden in Beijing (116◦20′13.15′′ E,
40◦0′42.67′′ N), the elevation of the site is about 50 m, the average temperature is about
12.8 ◦C, and the annual sunshine hours are about 2560 h, which belongs to temperate
monsoon climate. The average diameter of the stem of the potted Malus micromalus Makino
was about 0.045 m, and the diameter and height of the pot were 0.7 m and 0.6 m, respectively.
Two similar and good-growing Malus micromalus Makino were selected as experimental
subjects from 11 June 2019 to 26 June 2019, one plant was irrigated normally (50 mL of
water per day) and one plant was not irrigated during the experimental time and the pots of
both trees were covered with cling film to ensure that water dissipation was only consumed
through plant transpiration. The normal watered and drought-stressed Malus micromalus
Makino are shown in Figure 2c,d.
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2.5. Pinus tabuliformis Carriere Undergoing Freeze–Thaw Stress

The site is located in Hohhot City Nursery, Inner Mongolia (111◦51′53.96′′ E,
40◦26′33.66′′ N), with a site elevation of about 1115 m and an average annual temper-
ature of about 6.2 ◦C. The average temperature in January is −12.8 ◦C and the extreme
minimum temperature is −31.7 ◦C, the average temperature in July is 22.1 ◦C and the
extreme maximum temperature is 37.9 ◦C, which belongs to the middle temperate semi-arid
continental monsoon climate with long and cold winters and short and warm summers.
The study was conducted on artificially planted Pinus tabuliformis Carriere in a nursery
with a diameter of about 0.04 m (Figure 2e), and the experiment was conducted from
1 September 2017 to 16 February 2018.

2.6. Measurement of Physiological Parameters and Stem Water Content

Plant physiological parameters such as Pn, Tr, Gs, and Ci are internal factors that
affect the regulation of plant water status. The four physiological parameters were syn-
chronously measured and recorded using a LI-6400XT portable photosynthesis system
(LI-COR Nebraska, America, carbon dioxide (CO2) range 0–3100 µmol mol−1, CO2 accuracy
± 10 µmol mol−1, water (H2O) range 0–75 mmol mol−1, H2O accuracy ± 1 mmol mol−1).
Because Pn measured by the LI-6400XT system only represents the leaf transpiration rate,
the whole-tree transpiration was measured by electronic balance (UWA-T-030, LangKe
XingYe Weighting Equipment Ltd., Shanghai, China, range 0–30 kg, accuracy ± 1 g).

The stem water content was monitored using the EWIFI sensor; the performance
indexes of EWIFI sensor were as follows: allowable maximum stem diameter ≤ 0.1 m,
measuring range for StWC 0–100%, measuring accuracy ± 0.5%. The data, including StWC,
were collected using the self-developed data logger (8 MB flash, 16-channel and 12-bit
analog-to-digital converter (ADC), 0–2.5 V range, 2-channel RS-232, 2-channel RS-485) at
intervals of 10 min.

2.7. Calibration of EWIFI Sensor and Comparison of Plant Physiological Parameters

Stems of Lagerstroemia indica L. (diameter: 0.042 m, height: 0.112 m), Malus micromalus
Makino (diameter: 0.04 m, height: 0.105 m), Pinus tabuliformis Carriere (diameter: 0.04 m,
height: 0.11 m), and Pinus sylvestris var. mongholica Litv. (diameter: 0.075 m, height:
0.12 m) were collected from the study sites and brought back to the laboratory. The stems
were soaked in pure water for 48 h until they were completely saturated with water
(purified water). The volume of the stem samples was measured by the overflow method;
then, the EWIFI sensor was installed on the stem samples. The samples were weighed
using precision electronic weighing and dried in a drying chamber (at 45 ◦C). The output
voltage of the EWIFI sensor was recorded every hour, and the water lost from the stem
sample was calculated on the basis of the change in weight of stem; the sample StWC
corresponding to the voltage value was obtained. Finally, the EWIFI sensor was calibrated
by fitting a relationship between the voltage and StWC.

The LI-6400XT system was used to measure four typical physiological parameters of
healthy Lagerstroemia indica L. on a typical summer day; the changes in the physiological
parameters between 6:00 and 18:00. were recorded. Simultaneously, the changes in StWC
of Lagerstroemia indica L. on the same day were measured with the EWIFI sensor. The
feasibility of the standard plant life activity of StWC was verified by comparing responses
of physiological parameters and StWC to plant life activities.

2.8. Response of Stem Water Content to Changes in Plant Vitality

The EWIFI sensors were installed on the stem of Lagerstroemia indica L., Pinus sylvestris
var. mongholica Litv, Malus micromalus Makino, and Pinus tabuliformis Carriere, and mea-
sured the data automatically every 10 min with the data collector. The changes in StWC
of Lagerstroemia indica L., Malus micromalus Makino, and Pinus tabuliformis Carriere with
different vitality levels were compared using the measured data. For Lagerstroemia indica
L., healthily growing trees represented normal vitality conditions, whereas trees infested
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with insect pests represented weakened vitality conditions. For Malus micromalus Makino,
normally watered trees represented normal vitality conditions, whereas trees infested with
drought stress represented weakened vitality conditions. For Pinus tabuliformis Carriere,
before entering the overwintering period, the trees are not subjected to freeze–thaw stress,
which represents a normal vitality condition, while after entering the overwintering period
the temperature drops and the trees are subjected to freeze–thaw stress, which represents
a weakened vitality condition.

Furthermore, we measured the changes in StWC in one day in two groups of Pinus
sylvestris var. mongholica Litv. In the first group, the trees without emergence holes rep-
resented normal vitality conditions, whereas the trees with emergence holes suggesting
damage by pests (Sirex noctilio Fabricius) represented weakened vitality conditions. In the
second group, Pinus sylvestris var. mongholica Litv was divided into four different health
categories representing different levels of vitality. The changing curves and diurnal range
of StWC were investigated under normal and weakened plant vitality levels, and a feasible
method to evaluate stem moisture in order to assess plant vitality was provided.

3. Results
3.1. Calibration of the EWIFI Sensor

The calibration of the EWIFI sensor was achieved by fitting a relationship between
StWC and the EWIFI sensor output voltage. The results are shown in Table 3, there was
a good linear relationship between the voltage value and the volumetric stem liquid water
content, the coefficient of decision of the one-time fitting decision equation reached 0.96 or
more, and the K and B values of the fitting equation were used as the calibration coefficients
for the different tree species in the experiment, and StWC can be calculated by fitting
the curve.

Table 3. Fitting equation of value of stem water content (θ) and U.

Tree Species Fitting Equation R2 K B

Lagerstroemia indica L. θ = 57.91U − 9.66 0.9620 57.91 −9.66
Pinus sylvestris var. mongholica Litv θ = 43.28U − 1.29 0.9662 43.28 −1.29

Malus micromalus Makino θ = 63.60U − 0.65 0.9653 63.60 −0.65
Pinus tabuliformis Carriere θ = 49.05U − 2.69 0.9853 49.05 −2.69

Value of stem water content (θ), it is the ratio of the volume of water to the total volume of the stem (volumetric
water content).

3.2. Relation between Physiological Parameters and Stem Water Content of Lagerstroemia indica L.

The correlations between StWC and physiological parameters were analyzed under
unstressed conditions on a typical summer day (Table 4). Correlation analysis suggests
that Pn, Tr, and Gs were significantly negatively correlated with StWC, and Ci was sig-
nificantly positively correlated with StWC. The coefficients of correlations between StWC
and the four physiological parameters were greater than 0.8, indicating a high correlation.
The reason for the difference may be that the physiological parameters directly affect
StWC [19,20]. In addition, we further analyzed the diurnal variation rules for StWC and
the four physiological parameters (Figure 3). There was an evident decline in Pn and
Gs at midday, resulting in an increase in Ci and a decrease in Tr. Furthermore, StWC
also increased at midday [21,22]. The above analysis suggests that StWC can be used to
characterize plant vitality to a certain extent.
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Table 4. Correlations between stem water content (StWC) and four physiological parameters of
Lagerstroemia indica L. under unstressed conditions on a typical summer day.

Variables
Physiological Parameters

Pn Tr Gs Ci

StWC

Correlation
coefficient −0.8402 −0.8374 −0.8535 0.9457

Significance
probability 0.0003 0.0004 0.0002 0.0000

Sample size 13 13 13 13
Stem water content (StWC), net photosynthetic rate (Pn), transpiration rate (Tr), stomatal conductance (Gs),
intercellular carbon dioxide concentration (Ci).
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Figure 3. Diurnal variation rules of StWC and environmental parameters Pn, Tr, Gs, and Ci of
Lagerstroemia indica L. under unstressed conditions on a typical day in summer, the results of Pn, Tr,
Gs, and Ci were normalized to facilitate the observation of correlation patterns.

3.3. Comparison of Stem Water Content Parameters among Artificially Cultivated Lagerstroemia
indica L.

The changes in StWC of Lagerstroemia indica L. under different health conditions
are depicted in Figure 4. In the long term, the diurnal mean StWC of healthy trees first
decreased and then increased. However, the diurnal mean StWC of severely diseased trees
decreased all the time. For a better understanding of the effects of weakened plant vitality
owing to diseases on StWC, we further analyzed the diurnal variation rule of StWC under
disease stress. The diurnal minimum, maximum, mean, and range of StWC were selected as
feature parameters to represent the diurnal variation rule of StWC. The means and standard
deviations of the four feature parameters measured on June 1 among the different health
level groups are shown in Figure 5. The diurnal minimum, maximum, and mean of StWC
showed a positive correlation with the group health levels, and the diurnal range of StWC
showed a negative correlation with the group health levels. Furthermore, the effects of
disease on the four feature parameters were tested using one-way analysis of variance. As
Table 5 shows, the four feature parameters differed significantly (p < 0.001) among different
health level groups, indicating that tree health status can be diagnosed by analyzing the
four feature parameters. The effects of disease on StWC also can be interpreted based
on plant physiology. The lesions caused by diseases can induce tylosis formation, which
reduces hydraulic conductivity, xylem function [23], and water transport [24] in affected
stems and weakens the plant vitality, ultimately resulting in a decrease in diurnal mean
StWC and an increase in the diurnal range of StWC.
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Figure 4. Changing curves of StWC in Lagerstroemia indica L. with different health levels during the
period of germination.
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Figure 5. The means and standard deviations of four feature parameters of StWC measured on June
1 among different groups of Lagerstroemia indica L.

Table 5. One-way analysis of variance to examine the effects of disease on four feature parameters of
StWC in Lagerstroemia indica L.

Feature Parameters Source Sum of
Squares df Mean

Square F p

Diurnal minimum StWC
Between groups 0.953 2 0.476 421.562 <0.001
Within groups 0.078 69 0.001

Diurnal maximum StWC
Between groups 0.778 2 0.389 368.243 <0.001
Within groups 0.073 69 0.001

Diurnal mean StWC
Between groups 0.842 2 0.421 534.468 <0.001
Within groups 0.054 69 0.001

Diurnal range of StWC Between groups 0.009 2 0.004 10.350 <0.001
Within groups 0.029 69 <0.001

Degree of freedom (df ), F-Value (F), p-Value (p).

3.4. Comparison of Stem Water Content of Naturally Grown Pinus sylvestris var. mongholica Litv.

Figure 6a shows the StWC values measured in one day in the first group of Pinus
sylvestris var. mongholica Litv., whereas Figure 6b shows the diurnal range of StWC in the
same group. The diurnal range of StWC of trees with emergence holes is larger than that of
those with no emergence holes. The presence of emergence holes on the trees suggests that
the trees are damaged by pests and have low vitality. Therefore, the results indicate that
the diurnal range of StWC increases with decreasing plant vitality. Figure 7a depicts the
StWC values measured under four health conditions in the second group of Pinus sylvestris
var. mongholica Litv.; the diurnal range of StWC is shown in Figure 7b. The diurnal range of
StWC of healthy trees was the lowest; the diurnal range of StWC increased gradually with



Forests 2022, 13, 1198 9 of 16

decreasing plant vitality. In leafless Pinus sylvestris var. mongholica Litv. Trees, the diurnal
range of StWC was the highest, which also indicates that StWC is closely related to plant
vitality. The results of the first and second experiments suggest that StWC can be used to
evaluate plant vitality, and the diurnal range of StWC can effectively reflect the changes in
plant vitality.
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3.5. Comparison of StWC Changes in Malus micromalus Makino under Drought Stress

Figure 8a shows the StWC changes in Malus micromalus Makino under normal irriga-
tion and drought stress. Malus micromalus Makino under normal irrigation and without
irrigation consistently showed stable fluctuations in stem water until 15 June 2019, and the
StWC of Malus micromalus Makino without irrigation began to fluctuate and decline after
15 June. Further analysis of the diurnal range and diurnal mean of StWC showed that the
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diurnal range of StWC for Malus micromalus Makino under normal irrigation was less than
4% in Figure 8b, However, from 15 June, the diurnal range of StWC for Malus micromalus
Makino without irrigation showed a trend of slowly fluctuating and becoming larger, and
it reached about 10% on 20 June, and thereafter the diurnal range of StWC fluctuated
significantly around 10%.The diurnal mean of StWC for Malus micromalus Makino under
normal irrigation fluctuated very little and was basically around 47% in Figure 8c, the
diurnal mean of StWC for Malus micromalus Makino without irrigation also was basically
around 47% until 15 June, after which it started to decline to about 42% and remained
stable again from 20 June, and then from 20 June started to drop again consistently.
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Figure 8. StWC changes in normal irrigation with water and without irrigation with water: (a) StWC
of Malus micromalus Makino. (b) Diurnal range of StWC for Malus micromalus Makino. (c) Diurnal
mean of StWC for Malus micromalus Makino.

3.6. StWC Changes in Pinus tabuliformis Carriere during the Overwintering Period When
Experiencing Freeze-Thaw Stress

Figure 9 shows changes in StWC of Pinus tabuliformis Carriere before and after entering
the overwintering period. Before the overwintering period, the ambient temperature was
above 0 ◦C and the StWC fluctuated steadily at about 27%. The vitality of Pinus tabuliformis
Carriere declines when StWC begins to decline rapidly until the plant goes dormant for
overwintering, at which point stem moisture remains at a low level of about 10%.
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Figure 9. StWC changes in Pinus tabuliformis Carriere during the overwintering period when experi-
encing freeze-thaw stress.

4. Discussion
4.1. Significance of Measuring Stem Water Content

The water storage capacity of stems determines the tree phenology and distribu-
tion [25], and StWC can be used as an indicator of plant water stress [26]. The saturated
stem water content is inversely proportional to wood density; thus, dynamic changes in
wood density during plant growth can be evaluated by measuring StWC [27]. Stem water
content is easy to measure in the field. Stem embolisms affect the flow of sap and the
proportion of water in the stem; therefore, StWC can be used to detect the presence of
embolisms in tree stems [28]. In addition, biological and abiotic stresses usually affect StWC,
then StWC can be used to evaluate the stress degree and provide technical support for the
study of plant stress resistance. Moreover, irrigation strategies based on plant physiological
parameters such as StWC have received increasing attention in research aiming to improve
the efficiency of plant irrigation and save water resources [29–31]. Therefore, measuring
StWC is of great significance.

4.2. Correlation between Stem Water Content and Plant Physiological Parameters

Figure 3 shows that Pn, Tr, and Gs were significantly negatively correlated with StWC,
and Ci was significantly positively correlated with StWC. The correlation between StWC
and physiological parameters can be clearly explained in terms of plant physiology. This
shows that Pn accelerates with the increase in light intensity in the morning, and the rapid
production of organic matter in plants increases the demand for water and carbon dioxide,
reducing Ci, The increase in Gs leads to an increase in Tr, improving the water transport
efficiency [21,22], the stem tissue transports part of the water to the leaves through ducts,
which leads to a decrease in StWC. However, the plants take a short siesta at noon; Pn, Tr,
and Gs decrease; Ci increases; leaf water demand decreases; and StWC increases slightly.
The close correlation between StWC and plant physiological parameters (Pn, Tr, Gs, and
Ci) indicates that StWC can effectively reflect information on the vital activity status of
plants [32,33].

4.3. Distribution and Transportation of Water in the Stem

The dynamic change in StWC is mainly attributed to the distribution and trans-
portation of water in the stem. Therefore, StWC can reflect the distribution and transporta-
tion of water in the stem to a certain degree. Nakada et al. suggest that sapwood contains
a large amount of water distributed evenly, whereas heartwood contains a smaller amount
of water distributed unevenly [34], and water transport occurs primarily through the ves-
sels and tracheids of the xylem in the sapwood and heartwood [35]. Therefore, water is
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mainly concentrated in the vessels and tracheids of the sapwood, which is chiefly responsi-
ble for the transportation of water and minerals in plants and has a certain water storage
capacity [36], and changes in the distribution and transport of water in the sapwood are
accompanied by changes in StWC; the good distribution and transport of water in the stem
is the basis for healthy plant growth, which proves that it is feasible to assess plant vitality
by StWC.

4.4. Stem Water Imbalance under Decreased Plant Vitality Conditions

The decrease in StWC and the increase in StWC fluctuations (Figures 4, 6 and 7)
indicate that the distribution and transport of water in the stem is disrupted and the stem’s
ability to store and transport water is reduced [37], at a time when we know that the tree is
suffering from pest and disease infestation. Under conditions such as plant senescence and
pest and disease infestation, plant vigor decreases and normal metabolism is disturbed.
A series of changes and disruptions in physiological functions and structural tissues occur,
usually manifested by symptoms such as discoloration and wilting of leaves, and the tilting
and embolism of stems and branches [38–40]. This conclusion is consistent with our finding
that compared to unhealthy tress, healthy trees have better water regulation which leads to
a smaller diurnal range of StWC. Therefore, StWC can be used to determine whether plants
suffer from pests and diseases and further assess their vitality, which may have important
practical implications for plant pest and disease control.

4.5. Self-Adjustment of Plants to Adapt to Stressful Environments When Vitality Decreases

The StWC of Malus micromalus Makino under normal irrigation and without irri-
gation in Figure 8 showed significant variability, indicating that StWC can effectively
characterize abnormalities in plant vital status, and the fluctuation of StWC in the form
of diurnal variation also proves that the tree stem has the function of water storage and
self-regulation [11,41,42]. The diurnal range and diurnal mean of StWC for Malus microma-
lus Makino under normal irrigation and without irrigation which indicate that the plant is
in dynamic equilibrium in a healthy state and will self-regulate to maintain its dynamic
stability [43,44]. Moreover, plant in a healthy state also have certain resistance to stress. The
diurnal range of StWC for Malus micromalus Makino under normal irrigation and without
irrigation before 15 June in Figure 8b were within 4%, and the diurnal mean of StWC
fluctuated around 47% (Figure 8c), respectively, which clearly support this conclusion.
When the stress suffered by the plant persisted with entering into a sub-healthy state, and
in order to resist this sub-healthy state, the plant gradually slowed down and shut down
the related vital activities and reduced water consumption, it also still had some regulation
ability to itself, so the diurnal range and diurnal mean of StWC in Figure 8b,c showed
a trend of slow fluctuation after 15 June. As drought stress continues, the water deficit
in the plant will lead to the death of a large number of cells in the plant, at which point
the plant becomes less vigorous and begins to lose its ability to regulate itself [45]; the
irreversible decline of stem moisture at 20 June in Figure 8 also proves the point of attention
that the plant is in an irreversible dying state at this time. To ensure the health of the
plant, irrigation should be started as soon as the diurnal range and diurnal mean of StWC
fluctuate more than normal. Hence, StWC can be used to set irrigation thresholds and
provide technical support for precision water-saving irrigation.

Constantz et al. pointed out in a previous report that plants are subjected to freeze–
thaw stress at low temperatures during the overwintering period, and vitality vigor de-
creases significantly to reduce unnecessary consumption. In order to successfully pass
through the overwintering period, plants need to go through the cold training process first
and through a transitional stage is itself gradually adapted to deep winter [46–49], and
the fluctuating decline process of StWC in the pre-wintering period in Figure 9 indicates
the occurrence of this feature, confirming that cold domestication The process of cold
domestication and warm domestication may have important physiological significance. At
the same time, the higher the water content in plants during the overwintering period, the
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more likely the plant tissues will freeze, and the ice crystals generated in the cells will lead
to cell death more easily [50–53]; this is also evidenced by the fact that the StWC of Pinus
tabuliformis Carriere was maintained at about 10% during the late overwintering period
in Figure 9, Plants make it more difficult for themselves to produce large amounts of ice
crystals by keeping the water content low.

4.6. Advantanges of Stem Water Content Based on EWIFI Sensor

There are many studies on water detection based on the dielectric principle [54–56],
but the instrumentation is expensive [56] and invasive [47,54]. The EWIFI sensor uses
a ring probe, which can measure StWC nondestructively. Based on Figure 3, it can be seen
that each parameter or StWC may have a similar effect in assessing plant vitality, but the
sensor has a low cost and a small size, and it is easy to be widely used in the field; it can
monitor the tree stem water change in real time and online for a long time, which will
greatly reduce the workload of acquiring plant physiological parameters. StWC is closely
related to plant physiological parameters and plant health status, thus providing a new and
easily accessible parameter for assessment of plant vitality, including drought resistance,
cold resistance, and disease resistance. In the next step, we will further improve the EWIFI
sensor so that it can be installed separately and used in large quantities, and StWC can be
monitored nondestructively, in real time, remotely and extensively by the EWIFI sensor.

5. Conclusions

In the present study, the change in StWC under decreased plant vitality was studied
using the novel EWIFI sensor, and the feasibility of the sensor was analyzed. The results
suggest that StWC can be used to characterize plant vitality to a certain extent, by comparing
the correlation between stem water content and plant physiological parameters and changes
in stem water content with plant vitality. The EWIFI sensor can be used to estimate StWC,
and it has the advantages of low cost, convenient and non-destructive measuring. StWC, as
a new plant physiological parameter, can be used to assess plant vitality. It is also possible
to combine the EWIFI sensor with the smart internet of things and artificial intelligence
algorithms [57–60] to study soil water and plant water prediction problems at different
time scales [61–63], which can be applied to other engineering systems in combination with
environmental parameters [64–66].

Author Contributions: Conceptualization, H.T., Y.Z. and C.Y.; methodology, H.T. and Y.Z.; software,
C.G.; validation, H.T., C.Y. and T.X.; formal analysis, H.T.; data curation, H.T. and T.Z.; writing—
original draft preparation, H.T.; writing—review and editing, H.T. and C.Y.; visualization, H.T.;
supervision, C.Y.; project administration, H.T.; funding acquisition, C.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by Beijing Natural Science Foundation (No. 6214034), National
Key Research and Development Program of China (No. 2021YFD2100605), National Natural Science
Foundation of China (No. 62006008, 62173007), National Key Research and Development Program of
China (No.2017YFD0600901) and Research Foundation for Youth Scholars of Beijing Technology and
Business University (No. QNJJ2022-37).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available from
the corresponding author upon request.

Acknowledgments: The authors would like to thank the School of Artificial Intelligence, Beijing
Technology and Business University for assistance with simulation verifications related to this work.

Conflicts of Interest: The authors declare no conflict of interest.



Forests 2022, 13, 1198 14 of 16

References
1. Shangguan, Z.; Shao, M.; Dyckmans, J. Effects of Nitrogen Nutrition and Water Deficit on Net Photosynthetic Rate and Chlorophyll

Fluorescence in Winter Wheat. J. Plant Physiol. 2000, 156, 46–51. [CrossRef]
2. Ephrath, J.E.; Hesketh, J.D. The Effects of Drought Stress on Leaf Elongation, Photosynthetic and Transpiration Rates in Maize

(Zea mays) Leaves. Photosynthetica 1991, 25, 607–619.
3. Ploetz, R.C.; Schaffer, B.; Vargas, A.I.; Konkol, J.L.; Salvatierra, J.; Wideman, R. Impact of Laurel Wilt, Caused by Raffaelea

Lauricola, on Leaf Gas Exchange and Xylem Sap Flow in Avocado, Persea Americana. Phytopathology 2015, 105, 433–440.
[CrossRef] [PubMed]

4. Pegoraro, E.; Rey, A.; Bobich, E.G.; Barron-Gafford, G.; Grieve, K.A.; Malhi, Y.; Murthy, R. Effect of Elevated CO2 Concentration
and Vapour Pressure Deficit on Isoprene Emission from Leaves of Populus Deltoides during Drought. Funct. Plant Biol. 2004, 31,
1137–1147. [CrossRef]

5. Verslues, P.E.; Agarwal, M.; Katiyar-Agarwal, S.; Zhu, J.; Zhu, J. Methods and Concepts in Quantifying Resistance to Drought,
Salt and Freezing, Abiotic Stresses That Affect Plant Water Status. Plant J. 2006, 45, 523–539. [CrossRef]

6. Sperry, J.S.; Wang, Y.; Wolfe, B.T.; Mackay, D.S.; Anderegg, W.R.L.; McDowell, N.G.; Pockman, W.T. Pragmatic Hydraulic Theory
Predicts Stomatal Responses to Climatic Water Deficits. New Phytol. 2016, 212, 577–589. [CrossRef]

7. Hanson, A.D.; Hitz, W.D. Metabolic Responses of Mesophytes to Plant Water Deficits. Annu. Rev. Plant Physiol. 1982, 33, 163–203.
[CrossRef]

8. Blanco, V.; Domingo, R.; Pérez-Pastor, A.; Blaya-Ros, P.J.; Torres-Sánchez, R. Soil and Plant Water Indicators for Deficit Irrigation
Management of Field-Grown Sweet Cherry Trees. Agric. Water Manag. 2018, 208, 83–94. [CrossRef]

9. Johnson, R.W.; Tyree, M.T. Effect of Stem Water Content on Sap Flow from Dormant Maple and Butternut Stems: Induction of Sap
Flow in Butternut. Plant Physiol. 1992, 100, 853–858. [CrossRef]

10. Cao, T.; Sayler, R.J.; DeJong, T.M.; Kirkpatrick, B.C.; Bostock, R.M.; Shackel, K.A. Influence of Stem Diameter, Water Content, and
Freezing-Thawing on Bacterial Canker Development in Excised Stems of Dormant Stone Fruit. Phytopathology 1999, 89, 962–966.
[CrossRef]

11. Wullschleger, S.D.; Meinzer, F.C.; Vertessy, R.A. A Review of Whole-Plant Water Use Studies in Tree. Tree Physiol. 1998, 18,
499–512. [CrossRef]

12. Zweifel, R.; Item, H.; Häsler, R. Link between Diurnal Stem Radius Changes and Tree Water Relations. Tree Physiol. 2001, 21,
869–877. [CrossRef]

13. Rusche, E.W.; Good, W.B. Search for Discontinuities in the Temperature Dependence of the Dielectric Constant of Pure Water
From −5 to +25 ◦C. J. Chem. Phys. 1966, 45, 4667–4669. [CrossRef]

14. Kabir, M.F.; Daud, W.M.; Khalid, K.B.; Sidek, A.H.A. Equivalent Circuit Modeling of the Dielectric Properties of Rubber Wood at
Low Frequency. Wood Fiber Sci. 2000, 32, 450–457.

15. Wang, P.; Anderko, A. Computation of Dielectric Constants of Solvent Mixtures and Electrolyte Solutions. Fluid Phase Equilib.
2001, 186, 103–122. [CrossRef]

16. Roberts, S.; Von Hippel, A. A New Method for Measuring Dielectric Constant and Loss in the Range of Centimeter Waves. J. Appl.
Phys. 1946, 17, 610–616. [CrossRef]

17. Zhou, H.; Sun, Y.; Tyree, M.T.; Sheng, W.; Cheng, Q.; Xue, X.; Schumann, H.; Schulze Lammers, P. An Improved Sensor for
Precision Detection of in Situ Stem Water Content Using a Frequency Domain Fringing Capacitor. New Phytol. 2015, 206, 471–481.
[CrossRef]

18. Zhou, H.; Sun, Y.; Shan, G.; Grantz, D.A.; Cheng, Q.; Lammers, P.S.; Damerow, L.; Wen, B.; Xue, X.; Chen, B. In Situ Measurement
of Stem Water Content and Diurnal Storage of an Apricot Tree with a High Frequency Inner Fringing Dielectric Sensor. Agric. For.
Meteorol. 2018, 250, 35–46. [CrossRef]

19. Terada, R.; Watanabe, Y.; Fujimoto, M.; Tatamidani, I.; Kokubu, S.; Nishihara, G.N. The Effect of PAR and Temperature on the
Photosynthetic Performance of a Freshwater Red Alga, Thorea Gaudichaudii (Thoreales) from Kagoshima, Japan. J. Appl. Phycol.
2016, 28, 1255–1263. [CrossRef]

20. Grantz, D.A.; Zinsmeister, D.; Burkhardt, J. Ambient Aerosol Increases Minimum Leaf Conductance and Alters the Aperture–Flux
Relationship as Stomata Respond to Vapor Pressure Deficit (VPD). New Phytol. 2018, 219, 275–286. [CrossRef]

21. Lv, C.; Lei, M.A.; Yan, S. Study on the Diurnal Changes of Net Photosynthetic Rate and the Impact Factors of Stevia Rebaudiana
Bertoni in Autumn. Am. J. Plant Physiol. 2009, 4, 18–23.

22. Ren, G.; Liu, X.; Shi, Y. Effects of Plant Growth Regulator SY on Diurnal Changes in Photosynthetic Parameters and Yield of
Stevia Rebaudina Bertoni. Energy Procedia 2011, 5, 429–434. [CrossRef]

23. Inch, S.A.; Ploetz, R.C. Impact of Laurel Wilt, Caused by Raffaelea Lauricola, on Xylem Function in Avocado, Persea Americana.
For. Pathol. 2012, 42, 239–245. [CrossRef]

24. Kirisits, T.; Offenthaler, I. Xylem Sap Flow of Norway Spruce after Inoculation with the Blue-stain Fungus Ceratocystis Polonica.
Plant Pathol. 2002, 51, 359–364. [CrossRef]

25. Borchert, R. Soil and Stem Water Storage Determine Phenology and Distribution of Tropical Dry Forest Trees. Ecology 1994, 75,
1437–1449. [CrossRef]

26. McCutchan, H.; Shackel, K.A. Stem-Water Potential as a Sensitive Indicator of Water Stress in Prune Trees (Prunus domestica L. cv.
French). J. Am. Soc. Hortic. Sci. 1992, 117, 607–611. [CrossRef]

http://doi.org/10.1016/S0176-1617(00)80271-0
http://doi.org/10.1094/PHYTO-07-14-0196-R
http://www.ncbi.nlm.nih.gov/pubmed/25496301
http://doi.org/10.1071/FP04142
http://doi.org/10.1111/j.1365-313X.2005.02593.x
http://doi.org/10.1111/nph.14059
http://doi.org/10.1146/annurev.pp.33.060182.001115
http://doi.org/10.1016/j.agwat.2018.05.021
http://doi.org/10.1104/pp.100.2.853
http://doi.org/10.1094/PHYTO.1999.89.10.962
http://doi.org/10.1093/treephys/18.8-9.499
http://doi.org/10.1093/treephys/21.12-13.869
http://doi.org/10.1063/1.1727552
http://doi.org/10.1016/S0378-3812(01)00507-6
http://doi.org/10.1063/1.1707760
http://doi.org/10.1111/nph.13157
http://doi.org/10.1016/j.agrformet.2017.12.002
http://doi.org/10.1007/s10811-015-0660-z
http://doi.org/10.1111/nph.15102
http://doi.org/10.1016/j.egypro.2011.03.074
http://doi.org/10.1111/j.1439-0329.2011.00749.x
http://doi.org/10.1046/j.1365-3059.2002.00722.x
http://doi.org/10.2307/1937467
http://doi.org/10.21273/JASHS.117.4.607


Forests 2022, 13, 1198 15 of 16

27. Stratton, L.; Goldstein, G.; Meinzer, F.C. Stem Water Storage Capacity and Efficiency of Water Transport: Their Functional
Significance in a Hawaiian Dry Forest. Plant. Cell Environ. 2000, 23, 99–106. [CrossRef]

28. Hölttä, T.; Vesala, T.; Perämäki, M.; Nikinmaa, E. Relationships between Embolism, Stem Water Tension, and Diameter Changes.
J. Theor. Biol. 2002, 215, 23–38. [CrossRef]

29. Lampinen, B.D.; Shackel, K.A.; Southwick, S.M.; Olson, W.H. Deficit Irrigation Strategies Using Midday Stem Water Potential in
Prune. Irrig. Sci. 2001, 20, 47–54. [CrossRef]

30. Fereres, E.; Goldhamer, D. Suitability of Stem Diameter Variations and Water Potential as Indicators for Irrigation Scheduling of
Almond Trees. J. Hortic. Sci. Biotechnol. 2003, 78, 139–144. [CrossRef]

31. Moriana, A.; Pérez-López, D.; Prieto, M.H.; Ramírez-Santa-Pau, M.; Pérez-Rodriguez, J.M. Midday Stem Water Potential as
a Useful Tool for Estimating Irrigation Requirements in Olive Trees. Agric. Water Manag. 2012, 112, 43–54. [CrossRef]

32. Gruda, N.; Schnitzler, W.H. The Effect of Water Supply on Bio-Morphological and Plant-Physiological Parameters of Tomato
Transplants Cultivated in Wood Fiber Substrate. J. Appl. Bot. 2000, 74, 233–239.

33. da Graça, J.P.; Rodrigues, F.A.; Farias, J.R.B.; de Oliveira, M.C.N.; Hoffmann-Campo, C.B.; Zingaretti, S.M. Physiological
Parameters in Sugarcane Cultivars Submitted to Water Deficit. Braz. J. Plant Physiol. 2010, 22, 189–197. [CrossRef]

34. Nakada, R.; Fujisawa, Y.; Hirakawa, Y. Soft X-Ray Observation of Water Distribution in the Stem of Cryptomeria Japonica D. Don
I: General Description of Water Distribution. J. Wood Sci. 1999, 45, 188–193. [CrossRef]

35. Sperry, J.S. Evolution of Water Transport and Xylem Structure. Int. J. Plant Sci. 2003, 164, S115–S127. [CrossRef]
36. Meinzer, F.C.; James, S.A.; Goldstein, G.; Woodruff, D. Whole-tree Water Transport Scales with Sapwood Capacitance in Tropical

Forest Canopy Trees. Plant. Cell Environ. 2003, 26, 1147–1155. [CrossRef]
37. Magnani, F.; Borghetti, M. Interpretation of Seasonal Changes of Xylem Embolism and Plant Hydraulic Resistance in Fagus

Sylvatica. Plant. Cell Environ. 1995, 18, 689–696. [CrossRef]
38. Fenemore, P.G. Plant Pests and Their Control; Butterworth-Heinemann: Oxford, UK, 2013; ISBN 1483103498.
39. Goodman, R.N.; Király, Z.; Wood, K.R. The Biochemistry and Physiology of Plant Disease; University of Missouri Press: Columbia,

MO, USA, 1986; ISBN 0826203493.
40. Wingfield, M.J.; Robison, D.J. Diseases and Insect Pests of Gmelina Arborea: Real Threats and Real Opportunities. New For. 2004,

28, 227–243. [CrossRef]
41. Slatyer, R.O.; Markus, D.K. Plant-Water Relationships. Soil Sci. 1968, 106, 478. [CrossRef]
42. Hoshika, Y.; Fares, S.; Pellegrini, E.; Conte, A.; Paoletti, E. Water Use Strategy Affects Avoidance of Ozone Stress by Stomatal

Closure in Mediterranean Trees—A Modelling Analysis. Plant. Cell Environ. 2020, 43, 611–623. [CrossRef]
43. Rankenberg, T.; Geldhof, B.; van Veen, H.; Holsteens, K.; Van de Poel, B.; Sasidharan, R. Age-Dependent Abiotic Stress Resilience

in Plants. Trends Plant Sci. 2021, 26, 692–705. [CrossRef]
44. Prytz, G.; Futsaether, C.M.; Johnsson, A. Self-sustained Oscillations in Plant Water Regulation: Induction of Bifurcations and

Anomalous Rhythmicity. New Phytol. 2003, 158, 259–267. [CrossRef]
45. Bray, E.A. Plant Responses to Water Deficit. Trends Plant Sci. 1997, 2, 48–54. [CrossRef]
46. Irvine, J.; Grace, J. Non-Destructive Measurement of Stem Water Content by Time Domain Reflectometry Using Short Probes. J.

Exp. Bot. 1997, 48, 813–818. [CrossRef]
47. Sparks, J.P.; Campbell, G.S.; Black, A.R. Water Content, Hydraulic Conductivity, and Ice Formation in Winter Stems of Pinus

Contorta: A TDR Case Study. Oecologia 2001, 127, 468–475. [CrossRef]
48. Burke, M.J.; Gusta, L.V.; Quamme, H.A.; Weiser, C.J.; Li, P.H. Freezing and Injury in Plants. Annu. Physiol. 1976, 27, 507–528.

[CrossRef]
49. Charrier, G.; Nolf, M.; Leitinger, G.; Charra-Vaskou, K.; Losso, A.; Tappeiner, U.; Améglio, T.; Mayr, S. Monitoring of Freezing

Dynamics in Trees: A Simple Phase Shift Causes Complexity. Plant Physiol. 2017, 173, 2196–2207. [CrossRef]
50. Mazur, P. Freezing Injury in Plants. Ann. Rev. Plant Physiol. 1969, 20, 419–448. [CrossRef]
51. Charrier, G.; Pramsohler, M.; Charra-Vaskou, K.; Saudreau, M.; Améglio, T.; Neuner, G.; Mayr, S. Ultrasonic Emissions during Ice

Nucleation and Propagation in Plant Xylem. New Phytol. 2015, 207, 570–578. [CrossRef]
52. Zhao, Y.; Tian, H.; Han, Q.; Gu, J.; Zhao, Y. Real-Time Monitoring of Water and Ice Content in Plant Stem Based on Latent Heat

Changes. Agric. For. Meteorol. 2021, 307, 108475. [CrossRef]
53. Sun, Y.; Zhou, H.; Shan, G.; Grantz, D.A.; Schulze Lammers, P.; Xue, X.; Damerow, L.; Burkhardt, J. Diurnal and Seasonal

Transitions of Water and Ice Content in Apple Stems: Field Tracking the Radial Location of the Freezing- and Thawing-Fronts
Using a Noninvasive Smart Sensor. Agric. For. Meteorol. 2019, 274, 75–84. [CrossRef]

54. HOLBROOK, N.M.; Burns, M.J.; Sinclair, T.R. Frequency and Time-Domain Dielectric Measurements of Stem Water Content in
the Arborescent Palm, Sabal Palmetto. J. Exp. Bot. 1992, 43, 111–119. [CrossRef]

55. Robinson, D.A.; Gardner, C.M.K.; Evans, J.; Cooper, J.D.; Hodnett, M.G.; Bell, J.P. The Dielectric Calibration of Capacitance Probes
for Soil Hydrology Using an Oscillation Frequency Response Model. Hydrol. Earth Syst. Sci. 1998, 2, 111–120. [CrossRef]

56. Rial, W.S.; Han, Y.J. Assessing Soil Water Content Using Complex Permittivity. Trans. ASAE 2000, 43, 1979. [CrossRef]
57. Kong, J.; Yang, C.; Wang, J.; Wang, X.; Zuo, M.; Jin, X.; Lin, S. Deep-Stacking Network Approach by Multisource Data Mining for

Hazardous Risk Identification in IoT-Based Intelligent Food Management Systems. Comput. Intell. Neurosci. 2021, 2021, 1194565.
[CrossRef]

http://doi.org/10.1046/j.1365-3040.2000.00533.x
http://doi.org/10.1006/jtbi.2001.2485
http://doi.org/10.1007/s002710000028
http://doi.org/10.1080/14620316.2003.11511596
http://doi.org/10.1016/j.agwat.2012.06.003
http://doi.org/10.1590/S1677-04202010000300006
http://doi.org/10.1007/BF01177724
http://doi.org/10.1086/368398
http://doi.org/10.1046/j.1365-3040.2003.01039.x
http://doi.org/10.1111/j.1365-3040.1995.tb00570.x
http://doi.org/10.1023/B:NEFO.0000040950.01256.ed
http://doi.org/10.1097/00010694-196812000-00020
http://doi.org/10.1111/pce.13700
http://doi.org/10.1016/j.tplants.2020.12.016
http://doi.org/10.1046/j.1469-8137.2003.00742.x
http://doi.org/10.1016/S1360-1385(97)82562-9
http://doi.org/10.1093/jxb/48.3.813
http://doi.org/10.1007/s004420000587
http://doi.org/10.1146/annurev.pp.27.060176.002451
http://doi.org/10.1104/pp.16.01815
http://doi.org/10.1146/annurev.pp.20.060169.002223
http://doi.org/10.1111/nph.13361
http://doi.org/10.1016/j.agrformet.2021.108475
http://doi.org/10.1016/j.agrformet.2019.04.018
http://doi.org/10.1093/jxb/43.1.111
http://doi.org/10.5194/hess-2-111-1998
http://doi.org/10.13031/2013.3104
http://doi.org/10.1155/2021/1194565


Forests 2022, 13, 1198 16 of 16

58. Zheng, Y.-Y.; Kong, J.-L.; Jin, X.-B.; Wang, X.-Y.; Su, T.-L.; Zuo, M. CropDeep: The Crop Vision Dataset for Deep-Learning-Based
Classification and Detection in Precision Agriculture. Sensors 2019, 19, 1058. [CrossRef]

59. Jin, X.-B.; Zheng, W.-Z.; Kong, J.-L.; Wang, X.-Y.; Bai, Y.-T.; Su, T.-L.; Lin, S. Deep-Learning Forecasting Method for Electric Power
Load via Attention-Based Encoder-Decoder with Bayesian Optimization. Energies 2021, 14, 1596. [CrossRef]

60. Jin, X.-B.; Zheng, W.-Z.; Kong, J.-L.; Wang, X.-Y.; Zuo, M.; Zhang, Q.-C.; Lin, S. Deep-Learning Temporal Predictor via Bidirectional
Self-Attentive Encoder–Decoder Framework for IOT-Based Environmental Sensing in Intelligent Greenhouse. Agriculture 2021,
11, 802. [CrossRef]

61. Jin, X.-B.; Gong, W.-T.; Kong, J.-L.; Bai, Y.-T.; Su, T.-L. PFVAE: A Planar Flow-Based Variational Auto-Encoder Prediction Model
for Time Series Data. Mathematics 2022, 10, 610. [CrossRef]

62. Jin, X.-B.; Gong, W.-T.; Kong, J.-L.; Bai, Y.-T.; Su, T.-L. A Variational Bayesian Deep Network with Data Self-Screening Layer for
Massive Time-Series Data Forecasting. Entropy 2022, 24, 335. [CrossRef]

63. Jin, X.; Zhang, J.; Kong, J.; Su, T.; Bai, Y. A Reversible Automatic Selection Normalization (RASN) Deep Network for Predicting in
the Smart Agriculture System. Agronomy 2022, 12, 591. [CrossRef]

64. Kong, J.; Yang, C.; Xiao, Y.; Lin, S.; Ma, K.; Zhu, Q. A Graph-Related High-Order Neural Network Architecture via Feature
Aggregation Enhancement for Identification Application of Diseases and Pests. Comput. Intell. Neurosci. 2022, 2022, 4391491.
[CrossRef] [PubMed]

65. Kong, J.; Wang, H.; Yang, C.; Jin, X.; Zuo, M.; Zhang, X. A Spatial Feature-Enhanced Attention Neural Network with High-Order
Pooling Representation for Application in Pest and Disease Recognition. Agriculture 2022, 12, 500. [CrossRef]

66. Kong, J.; Wang, H.; Wang, X.; Jin, X.; Fang, X.; Lin, S. Multi-Stream Hybrid Architecture Based on Cross-Level Fusion Strategy for
Fine-Grained Crop Species Recognition in Precision Agriculture. Comput. Electron. Agric. 2021, 185, 106134. [CrossRef]

http://doi.org/10.3390/s19051058
http://doi.org/10.3390/en14061596
http://doi.org/10.3390/agriculture11080802
http://doi.org/10.3390/math10040610
http://doi.org/10.3390/e24030335
http://doi.org/10.3390/agronomy12030591
http://doi.org/10.1155/2022/4391491
http://www.ncbi.nlm.nih.gov/pubmed/35665281
http://doi.org/10.3390/agriculture12040500
http://doi.org/10.1016/j.compag.2021.106134

	Introduction 
	Materials and Methods 
	Measuring StWC Using EWIFI Sensor 
	Artificial Cultivation of Lagerstroemia indica L. 
	Pinus sylvestris var. mongholica Litv Growing in Natural Conditions 
	Malus micromalus Makino in Pots Undergoing Drought Stress 
	Pinus tabuliformis Carriere Undergoing Freeze–Thaw Stress 
	Measurement of Physiological Parameters and Stem Water Content 
	Calibration of EWIFI Sensor and Comparison of Plant Physiological Parameters 
	Response of Stem Water Content to Changes in Plant Vitality 

	Results 
	Calibration of the EWIFI Sensor 
	Relation between Physiological Parameters and Stem Water Content of Lagerstroemia indica L. 
	Comparison of Stem Water Content Parameters among Artificially Cultivated Lagerstroemia indica L. 
	Comparison of Stem Water Content of Naturally Grown Pinus sylvestris var. mongholica Litv. 
	Comparison of StWC Changes in Malus micromalus Makino under Drought Stress 
	StWC Changes in Pinus tabuliformis Carriere during the Overwintering Period When Experiencing Freeze-Thaw Stress 

	Discussion 
	Significance of Measuring Stem Water Content 
	Correlation between Stem Water Content and Plant Physiological Parameters 
	Distribution and Transportation of Water in the Stem 
	Stem Water Imbalance under Decreased Plant Vitality Conditions 
	Self-Adjustment of Plants to Adapt to Stressful Environments When Vitality Decreases 
	Advantanges of Stem Water Content Based on EWIFI Sensor 

	Conclusions 
	References

