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Abstract: This paper put forward a model for calculating the water requirements of plants, including
a transpiration model, stem water delivery model, and root water uptake model. The results showed
that the model had good accuracy. The relative error between simulated values and measured values
was 2.09–14.13%. The limiting effects of stem water delivery capacity and root water uptake capacity
on plant–water relations were analyzed. When the transpiration rate is large, even if there is enough
root water uptake capacity, the limited stem water delivery capacity may affect the plant–water
relationship. In order to understand the relationship between a plant and the thermal environment,
the effect of the thermal environment on a plant’s water requirements was analyzed, and the effect of
air temperature was obvious. Under the simulated condition, when the air temperature increased
from 0 ◦C to 40 ◦C, the water requirement of an apple tree increased from 0.0134 L/h to 33.8 L/h.

Keywords: plant water requirement; thermal environment; plant–water relation; stem water delivery

1. Introduction

Global warming has become an important issue affecting the sustainable development
of human society. Therefore, carbon neutralization has been contributing a lot to the
sustainable development of society. At present, plants’ carbon storage has become an
economic and effective method to reduce the content of carbon dioxide in the atmosphere.
Therefore, creating a suitable growth environment for plants, and making full use of land
resources have become very important problems to be solved in the development of plant
carbon storage technology [1,2].

Many factors can affect the growth environment of a plant, which include sunlight,
water, air temperature, humidity, and wind velocity [3]. When the canopy is affected by
environmental changes, transpiration pull will be generated in the plant, transmitting
water from the root system to the leaves through the stem. When a plant lacks water
directly or indirectly, it may lose vitality and wilt. Therefore, it is of great significance to
accurately model the plant’s water requirements to predict whether it will lose vitality [4].
The modelling of transpiration has been a popular research area for scholars. The current
studies on transpiration mainly focus on four levels: single leaf level, whole plant level,
stand level, and regional level. The modelling of single leaf transpiration and whole
plant transpiration are the basis for calculating the plants’ water requirement of stands or
regional vegetation [5]. Compared with the whole plant transpiration model, the single leaf
transpiration model can accurately predict the transpiration. Based on the aerodynamics
theory, Yuan [6] proposed a single leaf transpiration model that needed less environmental
data, and the model could also obtain precise results. However, due to the limitation
of the single leaf transpiration model, it may be difficult for it to be used to model the
transpiration of the whole plant. The plant adjusts the intensity of physiological activities
such as transpiration through stomatal movement [7], and the stomata could be affected by
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many factors. Research also showed that the stomata respond to both climate factors and
soil moisture changes [8], and the whole plant–water relationship could be affected by the
degree of stomatal movement. However, under severe thermal environmental conditions,
stomatal control would not be enough to effectively prevent the water loss of a plant [9].

As the channel for the water transport in a plant, the stem water delivery capacity
is affected by the anatomical features of the xylem and the physical properties of sap in
the plant [10,11]. At present, scholars have conducted much relevant research on sap
movement in plants [10,12], and many great results have been found. Because of the
invariable anatomical features of the xylem, there may exist a maximum value of the stem
water delivery rate. As one of the organs used by the plant to absorb water, the root can
be affected by transpiration, soil water potential, and root length density [13,14]. The root
water uptake model can be divided into a micro model and macro model [15], and the
micro model was proposed by Gardner first. However, due to the complex system of the
root, it has been difficult to describe its water uptake process.

Therefore, the plant water transport mechanism was studied in this paper; a plant
water requirement model was established, which included a transpiration model, stem
water delivery model, and root water uptake model. Our objective is to analyze the
limiting effect of the stem and the influence of the thermal environment on plants’ water
requirements. The results contribute to the ideas for the irrigation strategies of plants, the
rational distribution of water resources, and the efficient utilization of the limited land
resources. In some aspects, the model established in this paper could also promote the
development of plant carbon storage technology.

2. Methods

The physical model of plant’s water requirements is shown in Figure 1.
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Figure 1. The plant physical model.

The plant water requirement model is composed of transpiration model, stem water
delivery model, and root water uptake model. In this model, thermal environmental
factors are used as input parameters, including solar radiation, air temperature, air relative
humidity, and wind velocity.

2.1. Transpiration Model

The complex physiological functions of plants make it difficult to calculate transpi-
ration. In earlier studies, people chose to simplify the canopy description to solve this
problem. The single leaf transpiration model is simple in form, and the relation between
leaf activities and thermal environment can be described well. Therefore, it was possible
to obtain accurate results through the single leaf transpiration model and extend it to the
whole plant scale [16].



Forests 2022, 13, 583 3 of 17

The main transpiration organ is the stoma, from which water can be diffused to the
atmosphere by plant. The power of transpiration is the concentration difference between
the saturated vapor around the stomata and that in the ambient air. The resistances are
stomatal resistance and boundary layer resistance [6]. Therefore, the transpiration rate of
single leaf can be expressed as follows

q1 =
Clea f − Cair

rs + ra
(1)

where, Cleaf is leaf water vapor concentration, (kg/m3). Cair is air water vapor concentration,
(kg/m3). rs is stomatal resistance, (s/cm). ra is boundary layer resistance.

According to Goff formula, the partial pressure of saturated vapor is a single valued
function of temperature

ps = 1026 exp[52.67− 6790/(273 + T)− 5.03 ln(273 + T)] (2)

where, Ps is saturated vapor pressure, (hPa). T is temperature, (◦C).
Therefore, the numerator in Equation (1) can be written as

Clea f − Cair = 7.26× 10−6(ps,lea f − RH · ps,air) (3)

where, Ps,leaf is leaf vapor pressure, (hPa). RH is relative humidity, (%). Ps,air is air vapor
pressure, (hPa).

The temperature of leaf could be calculated from empirical formula [17]:

Tlea f = v0.04607LAI−0.03198w0.00768Tair − (1− RH) · v−0.55678LAI−0.39479Tair

+0.10827ϕu−1.01464LAI−0.33403w−0.09859Tair
−0.59998Rs

(4)

where, Tleaf is leaf temperature, (◦C). v is wind speed, (m/s). LAI is leaf area index. w is leaf
width, (m). Tair is air temperature, (◦C). ϕ is leaf coverage rate. Rs is solar radiation value,
(W/m2).

The resistance of boundary layer could be calculated by the following formula. When
the wind velocity is less than 0.1 m/s

ra = 840(
d∣∣∣Tlea f − Tair

∣∣∣ )
0.25

(5)

and when the wind velocity is larger than 0.1 m/s

ra = 220
d0.2

v0.8 (6)

It was found that the stomatal resistance model proposed by Jarvis [18] directly
described the effect of thermal environment on plant’s water requirements. In order to
reflect on the effect of thermal environment on plant, the Jarvis model was cited to calculate
the stomatal resistance in this paper. The stomatal conductance model proposed by Jarvis
is as follows

gs = gs,max · f1(PAR) f2(VPD) f3(T) (7)

where, gs is stomatal conductance value. gs,max is maximum stomatal conductance value.
VPD is water vapor pressure difference between leaf and air.

The response function of stomatal conductance to effective solar radiation is [19]

f1(PAR) = PAR/(a1 + PAR) (8)
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The response function of stomatal conductance to atmospheric vapor pressure deficits
is [20]

f2(VPD) = 1/(a2 + VPD) (9)

The method for calculating atmospheric vapor pressure deficits is as follows [21]

VPD = 0.611 exp(17.4 · Tair
239 + Tair

)− 0.611 exp(17.4 · Ts

239 + Ts
)− 0.067(Tair − Ts) (10)

The response of stomatal conductance to leaf temperature is as follows [22]

f3(T) = a3T3 (11)

Research showed [23] that the empirical parameters in the above equations played
important roles in modelling the plant water requirement. In addition, this is not an entirely
new finding; other studies [8,24] have provided additional validation that the stomata also
respond to factors other than those in the above equations.

The conversion relationship between stomatal resistance and stomatal conductance is
as follows

rs = 12.1875
P
T

gs (12)

where, P is atmospheric pressure, (hPa).
From Equations (1)–(12), leaf transpiration rate could be described by the following Equation

q1 =


7.26×10−6(ps,lea f−RH·ps,air)

840( d

|Tlea f −Tair|
)

0.25
+rs

v ≤ 1 m/s

7.26×10−6(ps,lea f−RH·ps,air)

220 d0.2
v0.8 +rs

v > 1 m/s
(13)

The relationship between leaf transpiration and whole plant transpiration could be
established by leaf area index [25]. Therefore, transpiration rate of the whole plant can be
written as follows

Q1 =
7.26× 10−6(ps,lea f − RH · ps,air)

rs + ra
· 3600 · LAI · S (14)

where, S is planting area, (m2).

2.2. Stem Water Delivery Model

As the channel connecting canopy and root, the stem plays an important role in the
process of plant water transport. The stem water delivery rate could be affected by conduit
density, diameter, filling degree, and internal characteristics [10]. According to Hagen
equation, under a steady condition of atmospheric pressure, the stem water delivery rate
could be directly proportional to the fourth power of the xylem catheter diameter [26].
Studies have shown that stem vessels could be integrated through stem diameter and
correction coefficient [9,26]. Therefore, the stem water delivery rate could be calculated by
the following formula [10]

Q2 =
πr4∆P

8ηL
(15)

where, r is duct radius, (m). η is dynamic viscosity of water, (Pa·s).
Equation ∆P/L represents the pressure gradient at both ends of xylem. The calculation

method is as follows
∆P
L

= Pair · S + ρliquid · L · S · g (16)

where, Pair is atmospheric pressure; S is xylem diameter; ρliquid is density of liquid in xylem;
L is xylem length; g is gravitational acceleration.
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Recent studies have shown that the stem water delivery capacity declines with the
increase in the transpiration rate [27]. Therefore, this phenomenon should be considered
when calculating the stem water delivery rate of plant.

2.3. Root Water Uptake Model

In the existing research, a complete set theory, which can calculate the root water
uptake rate by layer, has been established. However, the traditional root water uptake
models may focus on the changes in water uptake at different horizontal sections. When
the stem water delivery capacity meets the plant water requirement, it can be assumed
that the root water uptake rate is equal to the transpiration rate. Therefore, the root water
uptake rate can be expressed by formula (14)

Q3 =
7.26× 10−6(ps,lea f − RH · ps,air)

rs + ra
· 3600 · LAI · S (17)

Furthermore, in some growth periods of plant, transpiration rate and root water
uptake rate may not be equal. In order to illustrate the effect of thermal environment on
plant–water relation. The taproot sap movement model could be used to model the water
uptake rate of the root [28]

qr = a4Tair
α(b1RH2 + b2RH + b3)(c1v + c2) (18)

where, a4, b1, b2, b3, c1, c2 are empirical coefficients.
The plant water uptake capacity of the whole root system can be about 6 times that of

the main root [28], therefore the method of calculating the water uptake rate of the whole
root system can be expressed as follows

Q3 = K2 · a4Tair
α(b1RH2 + b2RH + b3)(c1v + c2) (19)

where, K2 is empirical coefficient.
In order to reflect the relationship between plant water requirement and thermal

environment, the root water uptake model was established based on thermal environmental
factors. However, factors affecting root water uptake are very complex, so it is essential to
modify the model with empirical parameters.

2.4. Plant Water Requirement Model

According to the analysis in Sections 2.1–2.3, when the root water status is sufficient
and the stem water delivery capacity can meet the water requirements of transpiration, the
plant water requirement can be expressed as follows

Q =
7.26× 10−6(ps,lea f − RH · ps,air)

rs + ra
· 3600 · k1 · LAI · S (20)

When the stem water delivery capacity meets the transpiration water requirement but
the root water status is insufficient, the plant may lose vitality and wither. At this time, the
plant water requirement can be expressed as follows

Q = k2 · a4Tair
α(b1RH2 + b2RH + b3)(c1v + c2) (21)

Furthermore, when the stem water delivery rate is far less than the water requirement
of transpiration, the plant may wither because of water shortage. At this time, the plant
water requirement could be much larger than its stem water delivery rate

Q =
πr4∆P

8ηL
(22)
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From the analysis made above, the closing degree of stomata have a direct impact
on plant water requirement. According to the stomatal conductance model shown in
Equation (7), air temperature could affect the stomatal conductance powerfully, and so-
lar radiation intensity is an important factor affecting air temperature. Therefore, it
could be effective to regulate the thermal environment to maintain the growth of plant.
The maximum solar radiation that the plant is able to withstand can be obtained from
Equations (7) and (20)

PAR
PAR + a1

=
k1 −Q2

k2
(23)

Among them,{
k1 = 7.26× 10−6(ps,lea f − RH · ps,air) · 3600 · LAI · S
k2 = gs,max · f2(VPD) f3(T)

(24)

3. Results and Discussion
3.1. Model Validation
3.1.1. Materials and Methods

In recent years, the thermal pulse generator has become a popular instrument to
measure the liquid velocity in the vessel of the xylem. Taking an apple tree as the calculation
object, the plant water requirement model was validated by comparing the simulated results
with the measured stem sap flow rate. Gong [28] made great measurements of the hourly
transpiration rate of apple tree. The results were measured from 31 July to 4 August in
2005 using a thermal pulse generator. Two thermal pulse probes were installed at different
heights on the east and west sides of the middle of the trunk, and the transpiration rate
was measured with a SF100 stem sap flow meter. The diameter of the experimental object
was 113 mm, the crown height was 2.35 m, and the width was 2.78 m. The environmental
data were measured by the automatic weather station of the experimental station. The
experiment was conducted in Northwest University of agriculture and forestry science
and technology.

The main environmental factor values are shown in Figures 2–5.
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The hourly variations in solar radiation intensity, air temperature, air relative humidity,
and wind velocity are described in Figures 2–5. From Figures 2–5, the variation range of
daytime solar radiation intensity was 57–925 W/m2, the variation range of air temperature
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was 17.9–36.8 ◦C, the variation range of air relative humidity was 51–79%, and the variation
range of wind velocity was 0.2–3.6 m/s.

3.1.2. Validation

The empirical parameters in the stomatal resistance model and taproot sap flow model
were fitted with measured environmental parameters. The fitting values are shown in
Table 1.

Table 1. Empirical parameters in stomatal resistance model and taproot sap flow model.

a1 a2 a3 a4 b1 b2 b3 c1 c2

88.55 8.98 0.0025 2.36475 0.025357 −2.89317 133.9857 0.00658 0.003744

The correlation coefficient of stomatal resistance model was R = 0.83, and the correlation coefficient of taproot sap
flow model was R = 0.88.

Based on the above measured data, the transpiration rate of the apple tree could be
calculated by Equations (19)–(21). The comparison between the simulated values and the
measured values is shown in Figure 6.
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Figure 6. Verification of transpiration rate model.

As shown in Figure 6, the water requirement of the apple tree on 2 August is at a
relatively low value, which may be due to the low temperature and low solar radiation
during this period, resulting in the increase in stomatal resistance and slowing down
of transpiration.

In order to validate the accuracy of the model, the absolute error and relative error of
the model were calculated. The absolute error range was 0.08–0.22 L/h, and the relative
error range was 2.09–14.13%. Furthermore, the correlation coefficient of the plant water
requirement model was R = 0.87. The results indicated that the simulated values of the
transpiration rate model were in good agreement with the measured values.

3.2. Discussion

From the analysis of the Section 2, it can be concluded that the thermal environmental
factors affecting plants’ water requirements are solar radiation, air temperature, air humid-
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ity, and wind velocity. In this section, the effect of these factors on plant–water relations,
leaf water status, sap movement of the plant, and stomatal activities are further discussed.

3.2.1. Effect of Solar Radiation

Assuming that the leaf diameter of an apple tree is 0.05 m, the stem diameter is 0.15 m,
and the height is 2 m. The stem water delivery rate can be calculated as 16.21 L/h from
Equation (15).

Assuming that the air relative humidity is 50%, the wind velocity is 1 m/s, and the air
temperatures are 10 ◦C, 20 ◦C, 30 ◦C, and 40 ◦C, when the solar radiation intensity changes
in the range of 100–1000 W/m2, the plant’s water requirements can be obtained as shown
in Figure 7.
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As shown in Figure 7, the plant’s water requirements increased with the increase in
solar radiation. When the solar radiation increased from 100 W/m2 to 1000 W/m2, and
the variation range of air temperature was 10 ◦C–40 ◦C, the plant’s water requirements
increased from 0.35 L/h to 14.08 L/h. Furthermore, when the air temperature was 40 ◦C,
the stem water delivery capacity could not meet the water requirement. At this point,
stomatal regulation may not improve the plant’s vitality effectively.

According to Wang’s theory, the stem water delivery capacity is affected by the
physiological characteristics of xylem and the hydrodynamic viscosity of irrigation water.
Xylem’s physiological characteristics such as vessel diameter, vessel number, and vessel
size can affect the plant’s sap movement, and the sap movement can affect plant–water
relations [12]. Therefore, when temperature is high enough, even if the water status of the
root is sufficient, the plant’s water requirements may not be met due to the limiting effect
of the stem.

3.2.2. Effect of Air Temperature

Assuming that the relative humidity of air is 50%, the wind velocity is 1 m/s, and
the solar radiations are 100 W/m2, 300 W/m2, 500 W/m2, and 1000 W/m2, when the air
temperature changes in the range of 2–40 ◦C, the plant’s water requirement can be obtained
as shown in Figure 8.
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As shown in Figure 8, the plant’s water requirement exponentially increased with the
increase in air temperature. Therefore, when the environment conditions are serious, the
ability of stomata to regulate leaf water status may be insufficient. The reason could be that
under high temperature stress, the regulation ability of stomata could reach the limit. A
study showed that heat or drought affects the water conserving capacity of leaves [7]. It can
also be seen from Figures 7 and 8 that heat or drought affects the plant’s water requirement.

It can also be seen from Figure 8 that when the temperature rose to a certain value,
the stem water delivery capacity could not meet the water requirements of the plant.
Furthermore, the corresponding temperature value of this point decreased with the increase
in solar radiation.

3.2.3. Effect of Relative Humidity

Assuming that the air temperature is 25 ◦C, the wind velocity is 1 m/s, and the solar
radiations are 100 W/m2, 300 W/m2, 500 W/m2, and 1000 W/m2. When the air relative
humidity changes in the range of 30–70%, the plant’s water requirements can be obtained
as shown in Figure 9.
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As shown in Figure 9, the plant’s water requirements decreased with the increase
in relative humidity. The reason could be that with the increase in air relative humidity,
the vapor in the air around the plant decreased, resulting in the increase in the boundary
resistance. In addition, with the increase in relative humidity, the water requirements of
the plant decreased. It can also be seen from the figure that when the air relative humidity
increased from 30% to 70%, the variation range of the plant’s water requirements under
different solar radiation intensities were quite different. Furthermore, with the increase in
radiation value, the variation range of the plant’s water requirements increased.

3.2.4. Effect of Wind Velocity

Assuming that the effective solar radiation is 500 W/m2, the relative humidity is 50%,
and the air temperatures are 10 ◦C, 20 ◦C, 30 ◦C, and 40 ◦C, when the wind velocity changes
in the range of 0.2–3 m/s, the plant’s water requirements can be obtained as shown in
Figure 10.
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As shown in Figure 10, when the wind velocity changed in the range of 0.2–3 m/s,
the plant water requirement increased with the increase in wind velocity, and the trend
was not obvious. The reason could be that the increase in wind velocity led to the decrease
in boundary layer resistance, and the plant’s water requirements increased. It can also be
seen from the figure that when the air temperature was 10 ◦C and 20 ◦C, the change in the
plant’s water requirements relative to wind velocity first increased and then decreased.

3.2.5. Effect of Multiple Parameters

According to the analysis of Figures 7–10, the changes in solar radiation and air
temperature had significant effects on the plant’s water requirements. Assuming that the
absolute moisture content is constant, and the wind velocity is 1 m/s, in order to further
illustrate the effect of the thermal environment on plants’ water requirements, the variation
trend of the water requirement with temperature and solar radiation under the conditions
of a cold season (5–20 ◦C) and hot season (20–40 ◦C) were simulated as shown in Figure 11.
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As shown in Figure 11, the plant’s water requirements increased with the increase in
solar radiation and air temperature, and the change in air temperature had a more significant
effect on the water requirement. Furthermore, it can be obtained from Equations (15) and (16)
that, under a simulated condition, the stem’s water delivery rate of the apple tree was
16.21 L/h, which cannot meet the apple tree’s water requirements under all meteorological
conditions as shown in Figure 11. This phenomenon showed that under severe thermal
conditions, stomatal activities could not fully regulate the water transport process of a plant,
and the thermal environmental factors have significant effects on plant–water relations.
Therefore, regulation of the thermal environment may play a positive role in maintaining
the vitality of plants.

These findings could provide a theoretical basis for the regulation strategy of the
agricultural environment. When stomatal regulation cannot regulate the plant–water
relationship effectively, or the stem water delivery capacity is insufficient, the effect of
appropriate regulation of the air temperature may be positive. In previous studies, scholars
have deeply analyzed the response mechanism of plants to environmental factors [29,30].
Based on these great findings, the plant water requirement model was established in this
paper, the stem water delivery model was optimized, and the root water uptake model
was summarized based on the thermal environment. In order to reflect the relationship
between the thermal environment and plants’ water requirements, the stomatal model
and root water uptake model were established based on thermal environment factors.
However, the factors affecting stomatal movement and root water uptake are very complex;
the empirical parameters are essential to modify these models. Furthermore, it can be
found from the discussion above that severe thermal environments may lead to the loss
of plant vitality, and the limiting effect of the stem may be an important reason for this
phenomenon. Therefore, compared with previous studies, the model established in this
paper can describe the plant’s water transport process macroscopically, and may reflect the
effect of the thermal environment on plants’ water requirements in some other aspects.

4. Application and Analysis

In this section, the summer meteorological data of Lintong and Turpan were used as
environmental parameters to describe the variation in the apple tree’s water requirements,
and the irrigation strategies and cooling effects of plants were analyzed.
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4.1. The Characteristics of the Study Plots

Lintong is located in the east of Guanzhong Plain, China. The annual average air
temperature in Lintong was 13.5 ◦C. During the year, the highest air temperature was
36.8 ◦C, and the lowest air temperature was −0.9 ◦C. In summer, the air temperature is
high and the solar radiation resources are abundant. In winter, the air temperature is low,
the solar radiation resources are relatively scarce, and frozen soil sometimes occurs.

Turpan is located in the central part of Xinjiang Uygur Autonomous Region, China.
The climate of Turpan is a continental warm temperate desert climate, with sufficient
sunshine and abundant solar energy resources. The annual sunshine hours reached 3200 h,
and the annual average air temperature was 13.9 ◦C, of which the air temperature was
higher than 35 ◦C for more than 100 days. During the year, the highest air temperature
reached 49.6 ◦C, and the lowest air temperature was −28.7 ◦C.

4.2. Analysis on Irrigation Strategy and Thermal Environment Regulation Ability of Plant

The environmental data were obtained from the website of China Meteorological
Administration. The data of solar radiation intensity and air temperature in Lintong and
Turpan are shown in Figure 12:
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Figure 12. Air temperature and solar radiation intensity of the Lintong and Turpan.

As shown in Figure 12, in Lintong, the air temperature varied from 14.73 ◦C to 35.20 ◦C,
and the solar radiation varied from 113 W/m2 to 1274 W/m2. The air temperature of
Turpan varied from 17.45 ◦C to 39.05 ◦C, and the solar radiation varied from 172 W/m2 to
1018 W/m2. According to the environment data, the daily water requirement of an apple
tree can be obtained as shown in Figure 13.
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Figure 13. Variation in water requirement of apple tree in Lintong and Turpan.

As shown in Figure 13, the daily variation in the apple tree’s water requirements was
similar to that of the air temperature and solar radiation. In Lintong, the maximum value
of water requirement was 21.9 L/h, and its overall trend was relatively gentle. In Turpan,
the value was 62.38 L/h, and the plant water requirement changed greatly. It can also be
seen from Figure 10 that in Lintong, the plant’s water requirements on 17 July and 7 August
were greater than the stem water delivery rate. In Turpan, the stem water delivery capacity
could not meet the water requirements under most conditions.

The average value of the plant’s water requirements can be calculated in a month.
The calculation day with the water requirement closest to the average value was defined
as the typical day. After accumulating the hourly water requirement, the total plant
water requirement could be multiplied by the calculation days of each month. In Lintong,
according to Figure 13, the average daily water requirement in summer was 10.12 L/h,
7.19 L/h, and 2.56 L/h, respectively, and the typical days were 15 July, 17 August, and
16 September. In Turpan, the average daily water requirement was 34.34 L/h, 27.92 L/h,
and 13.41 L/h, respectively, and the typical days were 7 July, 21 August, and 15 September.
The hourly water requirements of an apple tree in Lintong and Turpan on a typical day are
shown in Figure 14:
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Figure 14. Variation in hourly water requirements of apple tree in Lintong and Turpan.

As shown in Figure 14, in Lintong, the apple tree’s water requirements on a typical day
showed a single peak change law of first rising and then falling, in which the peak value of
10.72 L/h was on 17 August. Furthermore, the daily plant water requirement on 17 August
was higher than those on the other days. The reason could be that the temperature and
radiation on 17 August were higher than those on the other days. In Turpan, the water
requirement of an apple tree showed a similar trend with Lintong, and the difference was
that the diurnal variation range of water requirement in Turpan was larger than that in
Lintong. The reason may be that the diurnal temperature difference and solar radiation
changed greatly.

It can be assumed that the plant’s water requirement was constant at night since the
change in thermal environment was not obvious. Through calculation, the nighttime water
requirements of the plant in Lintong were 0.024 L/h, 0.015 L/h, and 0.022 L/h, respectively,
and in Turpan they were 0.019 L/h, 0.028 L/h, and 0.032 L/h. Therefore, the monthly plant
water requirements of the plant for the two places can be calculated as shown in Figure 15.
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According to historical data, the monthly rainfall in Lintong was about 20 L in sum-
mer, and that in Turpan was about 7 L, which is far from meeting the simulated water
requirement of the apple tree. Therefore, the theoretical irrigation amounts required in
Lintong were about 820 L, 1960 L, and 250 L per month, and those in Turpan were about
8860 L, 7800 L, and 3960 L per month, respectively.

There have been studies that showed that plants can regulate the surrounding thermal
environment because of transpiration. The cooling effect of plants can be calculated by the
following equation

Q = mH2O × l × 4.18 (25)

where mH2O is the mass of water consumed by plant transpiration, (kg); l is the evaporation
heat consumption coefficient of water, and the calculation formula of the evaporation heat
consumption coefficient of water is as follows

l = 597− 0.57 · Tair (26)

The theoretical cooling capacity of plant transpiration on its surrounding environment is

∆T = Q/ρC (27)

among them, ρC is the volume specific heat capacity of air.
After calculation, the monthly average values of the plant cooling effect in Lintong

were 1.75 ◦C, 2.55 ◦C, and 1.27 ◦C, respectively, and the values in Turpan were 9.62 ◦C,
7.79 ◦C, and 4.38 ◦C. It can be seen that plants have a good cooling effect on the environment.
Moreover, when a plant is under severe thermal conditions, the cooling effect could be
more powerful.

5. Conclusions

Formulating a scientific irrigation strategy is an important step to realizing the ra-
tional distribution of water resources, especially in the era of an increasing scarcity of
water resources. The effect of the thermal environment on plants’ water mechanisms and
requirements was studied. Results showed that the anatomical features of xylem and
the physical properties of sap may affect the plant–water relationship, and plants can
lose vitality because of severe thermal environments. Therefore, the stem water delivery
capacity and the impact of the thermal environment on plants should be considered when
formulating an irrigation strategy. These findings contribute to the formulation of a plant
irrigation strategy, especially in hot or arid areas.

Author Contributions: Conceptualization, H.L. and H.S.; methodology, H.S.; software, H.L.; valida-
tion, J.L.; data curation, H.L. and H.S.; writing—original draft preparation, H.L. and H.S.; writing—
review and editing, H.L. and H.S.; supervision, H.S.; project administration, H.S.; funding acquisition,
H.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (52108099) and
research funding of Hunan Provincial Department of Education and Xiangtan University (KZ08051).

Institutional Review Board Statement: The study did not require ethical approval.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Not applicable.

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

References
1. Hetherington, A.M.; Woodward, F.I. The role of stomata in sensing and driving environmental change. Nature 2003, 424, 901–908.

[CrossRef] [PubMed]
2. Yang, K.; Wang, S.; Cao, Y.; Li, S.; Zhou, W.; Liu, S.; Bai, Z. Ecological Restoration of a Loess Open-Cast Mining Area in China:

Perspective from an Ecological Security Pattern. Forests 2022, 13, 269. [CrossRef]

http://doi.org/10.1038/nature01843
http://www.ncbi.nlm.nih.gov/pubmed/12931178
http://doi.org/10.3390/f13020269


Forests 2022, 13, 583 17 of 17

3. Wullschleger, S.D.; Wilson, K.B.; Hanson, P.J. Environmental control of whole-plant transpiration, canopy conductance and
estimates of the decoupling coefficient for large red maple trees. Agric. For. Meteorol. 2000, 104, 157–168. [CrossRef]

4. Stock, S.C.; Koester, M.; Boy, J.; Godoy, R.; Dippold, M.A. Plant carbon investment in fine roots and arbuscular mycorrhizal fungi:
A cross-biome study on nutrient acquisition strategies. Sci. Total Environ. 2021, 781, 146748. [CrossRef]

5. Schlaepfer, D.R.; Ewers, B.E.; Shuman, B.N.; Williams, D.G.; Frank, J.M.; Massman, W.J.; Lauenroth, W.K. Terrestrial water fluxes
dominated by transpiration: Comment. Ecosphere 2016, 5, 61. [CrossRef]

6. Zhi, Y. The Simulation of the Transpiration of the Plant Leaf ; University of Science and Technology of China: HeFei, China, 2013.
7. Bhusal, N.; Lee, M.; Lee, H.; Adhikari, A.; Han, A.R.; Han, A.; Kim, H.S. Evaluation of morphological, physiological, and

biochemical traits for assessing drought resistance in eleven tree species. Sci. Total Environ. 2021, 779, 146466. [CrossRef]
8. Sperry, J.S.; Venturas, M.D.; Anderegg, W.R.; Mencuccini, M.; Mackay, D.S.; Wang, Y.; Love, D.M. Predicting stomatal responses to

the environment from the optimization of photosynthetic gain and hydraulic cost. Plant Cell Environ. 2016, 40, 816–830. [CrossRef]
9. Brito, C.; Dinis, L.T.; Moutinho-Pereira, J.; Correia, C.M. Drought Stress Effects and Olive Tree Acclimation under a Changing

Climate. Plants 2019, 8, 232. [CrossRef]
10. Wang, H. Regulation mechanism of woody plant transport tissue on water transport. In Proceedings of the Symposium on Plant

Water Demand and Regulation Technology, Xiamen, China, 1 May 2010; pp. 125–131.
11. Wu, J.; Wang, J.; Hui, W.; Zhao, F.; Wang, P.; Su, C.; Gong, W. Physiology of Plant Responses to Water Stress and Related Genes:

A Review. Forests 2022, 13, 324. [CrossRef]
12. Bhusal, N.; Han, S.G.; Yoon T, M. Impact of drought stress on photosynthetic response, leaf water potential, and stem sap flow in

two cultivars of bi-leader apple trees (Malus × domestica Borkh.). Sci. Hortic. 2019, 246, 535–543. [CrossRef]
13. Momii, K.; Hiyama, H.; Takeuchi, S. Field sugarcane transpiration based on sap flow measurements and root water uptake

simulations: Case study on Tanegashima Island, Japan. Agric. Water Manag. 2021, 250, 106836. [CrossRef]
14. Smethurst, P.J.; McVicar, T.R.; Huth, N.I.; Bradshaw, B.P.; Stewart, S.B.; Baker, T.G.; Benyon, R.G.; McGrath, J.F.; Van Niel, T.G.

Nitrate Uptake from an Aquifer by Two Plantation Forests: Plausibility Strengthened by Process-Based Modelling. Forests 2022,
13, 184. [CrossRef]

15. Chi, D.C.; Wang, X.; Xia, G.M. A Study on Water-uptake Model of Paddy Root. J. Irrig. Drain. 2004, 23, 56–58.
16. Baena-Moreno, F.M.; Rodriguez-Galan, M.; Vega, F.; Reina, T.R.; Vilches, L.F.; Navarrete, B. Synergizing carbon capture storage

and utilization in a biogas upgrading lab-scale plant based on calcium chloride: Influence of precipitation parameters. Sci. Total
Environ. 2019, 670, 59–66. [CrossRef] [PubMed]

17. Yan, J.; Haiming, F.; Yufang, D. Prediction and analysis of vegetation leaf temperature and canopy temperature. Mod. Hortic. 2021,
44, 5–8.

18. Jarvis, P.G. The Interpretation of the Variations in Leaf Water Potential and Stomatal Conductance Found in Canopies in the Field.
Philos. Trans. R. Soc. Lond. 1976, 273, 593–610.

19. Kim, J.; Verma, S.B. Modeling canopy stomatal conductance in a temperate grassland ecosystem. Agric. For. Meteorol. 1991,
55, 149–166. [CrossRef]

20. Gollan, T.; Schulze, T.D. The responses of stomata and leaf gas exchange to vapour pressure deficits and soil water content.
Oecologia 1985, 65, 356–362. [CrossRef]

21. Gang, L. Modelling Stomatal Conductance, Transpiration and Photosynthesis of Cut Lilium Grown in Greenhouses; Nanjing Agricultural
University: Nanjing, China, 2012.

22. Hofstra, G.; Hesketh, J.D. The effect of temperature on stomatal aperture in different species. Can. J. Bot. 1969, 47, 1307–1310.
[CrossRef]

23. Feddes, R.A.; Hoff, H.; Bruen, M.; Da Wson, T.E.; Pitman, A.J. Modeling Root Water Uptake in Hydrological and Climate Models.
Bull. Am. Meteorol. Soc. 2001, 82, 2797–2810. [CrossRef]

24. Ball, J.T.; Woodrow, I.E.; Berry, J.A. A Model Predicting Stomatal Conductance and its Contribution to the Control of Photosynthe-
sis under Different Environmental Conditions. In Progress in Photosynthesis Research; Springer: Dordrecht, The Netherlands, 1987;
pp. 221–224. [CrossRef]

25. Hales, K.; Neelin, J.D.; Zeng, N. Sensitivity of Tropical Land Climate to Leaf Area Index: Role of Surface Conductance versus
Albedo. J. Clim. 2004, 17, 1459–1473. [CrossRef]

26. Lu, P. Estimation of whole-plant transpiration of bananas using sap flow measurements. J. Exp. Bot. 2002, 53, 1771–1779.
[CrossRef] [PubMed]

27. Sperry, J.S.; Love, D.M. What plant hydraulics can tell us about responses to climate-change droughts. New Phytol. 2015, 207, 14.
[CrossRef] [PubMed]

28. Gong, D. Dynamic Mechanism of Water Transport in Soil-Plant-Atmosphere Continnum (SPAC) of Apple Orchard and Its Simulation;
Northwest A & F University: Lintong, China, 2005.

29. Venturas, M.D.; Sperry, J.S.; Love, D.M.; Frehner, E.H.; Allred, M.G.; Wang, Y.; Anderegg, W.R. A stomatal control model based on
optimization of carbon gain versus hydraulic risk predicts aspen sapling responses to drought. New Phytol. 2018, 220, 836–850.
[CrossRef] [PubMed]

30. Tuzet, A.; Perrier, A.; Leuning, R. A coupled model of stomatal conductance, photosynthesis and transpiration. Plant Cell Environ.
2003, 26, 1097–1116. [CrossRef]

http://doi.org/10.1016/S0168-1923(00)00152-0
http://doi.org/10.1016/j.scitotenv.2021.146748
http://doi.org/10.1890/ES13-00391.1
http://doi.org/10.1016/j.scitotenv.2021.146466
http://doi.org/10.1111/pce.12852
http://doi.org/10.3390/plants8070232
http://doi.org/10.3390/f13020324
http://doi.org/10.1016/j.scienta.2018.11.021
http://doi.org/10.1016/j.agwat.2021.106836
http://doi.org/10.3390/f13020184
http://doi.org/10.1016/j.scitotenv.2019.03.204
http://www.ncbi.nlm.nih.gov/pubmed/30903903
http://doi.org/10.1016/0168-1923(91)90028-O
http://doi.org/10.1007/BF00378909
http://doi.org/10.1139/b69-184
http://doi.org/10.1175/1520-0477(2001)082&lt;2797:MRWUIH&gt;2.3.CO;2
http://doi.org/10.1007/978-94-017-0519-6_48
http://doi.org/10.1175/1520-0442(2004)017&lt;1459:SOTLCT&gt;2.0.CO;2
http://doi.org/10.1093/jxb/erf019
http://www.ncbi.nlm.nih.gov/pubmed/12147727
http://doi.org/10.1111/nph.13354
http://www.ncbi.nlm.nih.gov/pubmed/25773898
http://doi.org/10.1111/nph.15333
http://www.ncbi.nlm.nih.gov/pubmed/29998567
http://doi.org/10.1046/j.1365-3040.2003.01035.x

	Introduction 
	Methods 
	Transpiration Model 
	Stem Water Delivery Model 
	Root Water Uptake Model 
	Plant Water Requirement Model 

	Results and Discussion 
	Model Validation 
	Materials and Methods 
	Validation 

	Discussion 
	Effect of Solar Radiation 
	Effect of Air Temperature 
	Effect of Relative Humidity 
	Effect of Wind Velocity 
	Effect of Multiple Parameters 


	Application and Analysis 
	The Characteristics of the Study Plots 
	Analysis on Irrigation Strategy and Thermal Environment Regulation Ability of Plant 

	Conclusions 
	References

