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Abstract: In order to deeply understand the effect mechanism of rapid drought stress on the phys-
iological and biochemical properties of crop leaves and determine drought thresholds, the potted
spring wheat under two water treatments, adequate water supply and continuous drought stress,
was researched. In the early stage of drought, the parameters of leaves decreased in the order of
stomatal conductance (gs), intercellular CO2 concentration (Ci), maximum electron transfer rate (Jmax),
mesophyll conductance (gm), photosynthetic rate (Pn,) leaf water content (LWC), triose phosphate uti-
lization rate (TPU), transpiration rate (Tr), and maximum carboxylation rate (Vcmax). Photosynthesis
was dominated by stomatal limitation and also limited by carboxylation and mesophyll limitation.
The carboxylation limitation was mainly caused by the reduction of electron transport capacity. In the
late stage of drought, stomatal limitation first decreased, and then mesophyll limitation decreased.
During extreme drought, carboxylation limitation also decreased. With the decrease of relative soil
moisture (RSM), except for Ci, which first decreased and then increased, other physicochemical
parameters of leaves all showed an S-shaped, decreasing trend. Mild and severe drought thresholds
were determined to be 56.6% and 43.6% of the RSM, respectively, according to the curve’s inflection
point, corresponding to 16.6% and about 52.2% of the average initial decrease amplitude among all
parameters. This will provide a reference for monitoring as well as an early warning of rapid drought
in spring wheat.

Keywords: rapid drought; soil moisture; FvCB model; mesophyll conductance; aridity index

1. Introduction

Drought is a recurring, complex, and extreme climatic phenomenon characterized
by subnormal precipitation for months to years; it is one of the most serious constraints
that prevents plants from attaining their full potential, particularly in arid and semi-arid
regions, and it will have a negative impact on agricultural production [1–3]. At present,
due to climate change, droughts grow concurrently in space and time [4]. Flash droughts
which have garnered much attention in recent years, have the characteristics of sudden
occurrence and short-term, rapid development. They are likely to cause huge damage to
crops because it is difficult for crops to adapt to rapid changes in a short period of time
during the sensitive developmental stages [5,6]. They can even lead to the occurrence
of some compounded, extreme events with subsequent effects, such as an increased risk
of wildfires, the depletion of water resources, decreased air quality, and food security
issues [7]. However, due to insufficient relevant knowledge about them, most climate
models fail to predict the occurrence of flash droughts early [8]. According to our past
experience, a continuous drought formed in a potted, control experiment can make the
soil water decrease quickly in about 7 days and reduce the photosynthetic rate to 0 from a
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normal level, which are characteristics similar to those of a flash drought. Therefore, this
paper took the drought process as its research object, and defined it as rapid drought, so as
to obtain a further understanding of flash drought.

Generally, for agricultural drought, the final yield loss is used as the fundamental
basis to determine the onset of drought [9]. However, before yield is affected, a series
of physiological and biochemical aspects of crops will have been affected. Neglecting
them will lead to missing the opportunities to avoid the risks of damage to the plants
when drought occurs. Therefore, by studying the parameters of leaf photosynthesis and
water functional traits that respond to agricultural drought at its beginnings, the internal
damage mechanism of agricultural drought can be more deeply understood. This is of
great significance to crop production and management in arid habitats [10]. Therefore,
some studies have analyzed the response mechanism of plant photosynthetic physiology
and biochemistry to drought. It is believed that drought stress will cause a decrease in the
net photosynthetic rate of plants, and the main reasons for the change of this physiological
process include stomatal limitation and nonstomatal limitation [11] as there are two diffu-
sion paths for CO2 during photosynthesis; that is, CO2 first enter the substomatal cavities
inside the leaf from the atmosphere through the stomata, and then it diffuses from there to
the carboxylation site inside the chloroplast stroma through the leaf mesophyll. Therefore,
CO2 diffusion may be limited by the resistance of stomatal and mesophyll cell resistance
when the plant is under environmental stress during photosynthesis [12]. In addition,
some studies posit that the photosynthetic capacity of the chloroplast carboxylation site is
related to carboxylation factors, such as 1,5-diphosphate ribulose carboxylase/oxygenase
(Rubisco) activity and electron transport capacity, and the mechanisms of drought leading to
a decrease in photosynthetic capacity are the result of a reduction in these two carboxylation
factors [13,14]. Therefore, we can further divide the regulatory mechanism of photosynthe-
sis into stomatal limitation, mesophyll limitation, and carboxylation limitation. Stomatal
limitation and mesophyll limitation generally can be reflected by their reciprocals, stomatal
conductance (gs) and mesophyll conductance (gm). Flexas et al. posit that gs and gm play
an equally important role in limiting photosynthesis [15–17], and both of them are equally
responsive to the external environment [18]. However, the magnitude of the regulatory
effect of carboxylation limitation is currently unclear. In addition, little is known about
how these three regulatory mechanisms cooperate to limit photosynthesis under different
drought stages and what the response mechanism of leaf water physiology is to drought.

In addition to the need to explore the response mechanism, another problem in current
drought research is the lack of indicator thresholds based on the internal damage process of
crops. Drought indicators are the basis for drought monitoring and prediction [19,20], and
a variety of indicators are currently used to monitor and warn of drought conditions [21].
Compared with other, existing agricultural drought indicators, the indicator of relative
soil moisture (RSM) is simple, intuitive, and effective [22], and it is easy to observe for
farmers, so it is used as a routine element for forecasting by the agricultural meteorological
forecasters in China. Therefore, this paper has selected RSM as the drought indicator
for analysis. When using drought indicators to determine drought intensity levels and
issue disaster warnings, indicator thresholds play a crucial role. However, the drought
onset threshold (i.e., the threshold of mild drought) of RSM in the traditional forecast
may be determined by comprehensive experience, such as the morphology of the plants
affected by drought and the degree of soil dryness. There is no clear statement of the
determination criteria in National Standard of the People’s Republic of China—Grade
of Agricultural Drought. Moreover, the thresholds of the drought intensity levels are
obtained by equidistant division within the range that is less than a certain mild drought
threshold, and they are not related to the degree of injury to the plants. Therefore, drought
conditions determined according to this standard may lead to a failure to discover crops
with internal physiological damaged in time, and the actual degree of internal injury is
greater than expected.
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As a kind of general drought, the rapid drought defined in this paper also presents
the above-mentioned research problems, such as an unclear disaster mechanism and an
unclear critical threshold. At the same time, most of the current, artificially controlled
drought experiments, when setting water treatment, focus on maintaining a certain stable
drought intensity during the study period, such as maintaining soil moisture at 60% (mild
drought) and 30% (severe drought) of the field capacity [23,24]. Research on rapid drought
as defined in this paper is rare. Rapid drought is characterized by the continuous decline of
soil moisture, which makes it possible to complete the observation of a complete drought
process. Therefore, this paper mainly studies the response of crops to the drought process
of continuous water decreases in detail. In addition, the current method for determining
the threshold value is usually to find the approximate position of the turning point where
the relationship between the independent and dependent variable changes in the response
scatter plot through visual observation [25]. This approach is obviously very subjective.
Therefore, it is necessary to develop a method for objectively determining threshold values.

Based on the above deficiencies in previous studies, this paper takes the control
experiment of spring wheat as an example, and focuses on the special drought process of
rapid drought in order to achieve the following goals: (1) the qualitative and quantitative
relationship between the physiological and biochemical parameters of spring wheat and
soil moisture under rapid drought, and the corresponding drought thresholds; (2) the
response mechanism of physiological and biochemical processes of spring wheat to rapid
drought. This study will help to improve the ability to recognize the onset and severity of
rapid drought and provide a reference for research on drought resistance and water saving
in spring wheat.

2. Materials and Methods
2.1. Experiment Materials and Site

The experimental materials were the spring wheat varieties “Dingxi Xin 24” (at Dingxi
Station) and “Yongliang 4” (at Wuwei Station). Pot experiments were carried out in these
two sites (Figure 1), and the pots were placed in the field environment. Leaf physiology
experiments in 2015 and leaf photosynthetic biochemical experiments in 2017 and 2021
were conducted at the Dingxi Arid Meteorology and Ecological Environment Field Science
Experiment Base of the China Meteorological Administration (35◦35′ N, 104◦37′ E, altitude
1896.7 m). The base belongs to a semi-arid climate zone on the Loess Plateau. The annual
average temperature is 6.7 ◦C. The annual rainfall is about 386 mm. The annual sunshine
hours are 2500 h. The frost-free period is 140 days. The soil texture is loessial. The PH
value is 7.8. The organic matter content is 110.7 g/kg. The average soil bulk density of
0–100 cm layers is 1.25 g/cm3, the field water holding capacity is 25.0%, and the withering
humidity is 5.2%. Leaf physiology experiments in 2017 were conducted at the Wuwei
Desert Ecology and Agricultural Meteorological Experiment Station of Gansu Province
(37◦53′ N, 102◦53′ E, altitude 1534.8 m). The experimental station has an average annual
temperature of 8.5 ◦C, annual precipitation of about 171 mm, annual sunshine hours of
2873 h, a frost-free period of 150 days, a soil texture of sandy loam, a pH value of 8.3,
an organic matter content of 7g/kg, an average soil bulk density of 0–100 cm layers of
1.74 g/cm3, a field water holding capacity of 21.1%, and a withering humidity of 5.6%. The
potting soil was taken from the 0-30 cm cultivated soil in the field, dried and sieved, mixed
with fertilizer, and put into a bucket-shaped planting pot with a diameter of 29 cm and
a depth of 45 cm. The weight of the dry soil and the bucket were respectively weighed
and recorded.
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Figure 1. Location of the study area.

2.2. Experimental Design

Sowing was carried out in mid-March or late March of the experiment year. A quantity
of 0.9 g seeds (about 30 grains) were evenly sown in each bucket, with a sowing depth
of about 5 cm. During the early stage of growth, uniform and adequate watering was
carried out until the critical period of water demand for spring wheat (joint to heading
stage) in which the buckets should be weighed daily for water treatment. The specific
two treatments were the control group (CK), in which the pots were irrigated every day
until the relative soil moisture reached the field water holding capacity, and the continuous
drought group (WS), in which the pots were kept un-watered after observation until the
plants wilted or died (Figure 2). An electric canopy or plastic sheet was used to cover
them from the rain automatically or manually. We set three repetitions for each treatment.
Observation ended when the photosynthetic rate of the WS group approached 0. During
the drought process, the change of RSM is shown in Figure 3.
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mean of CK.

2.3. Observation Content and Methods

The measurement of photosynthetic physiological parameters: The LI-6400 portable
photosynthesis analyzer (Li-cor, Lincoln, USA) with red and blue LED-light sources was
used. The photosynthetic parameters of the upper functional leaves were measured from
8:30 to 12:00 every morning. The leaves were induced for about 30 min before measurement.
The photosynthetically active radiation (PAR) was set to 1500 µmol·m−2·s−1, the tempera-
ture was set to 25 ◦C, and the environmental CO2 concentration was set to 400 µmol·mol−1.
The obtained parameters included the photosynthetic rate (Pn), the transpiration rate (Tr),
the stomatal conductance (gs), the intercellular CO2 concentration (Ci), etc.

The measurement of photosynthetic biochemical parameters: The LI-6400 portable
photosynthesis analyzer with red and blue LED-light sources was used. The photosynthetic
parameters of the upper functional leaves were measured from 8:30 to 12:00 every morning.
The leaves were induced for about 30 min before measurement. The photosynthetically
active radiation PAR was set to 1500 µmol·m−2·s−1, the temperature was set to 25 ◦C,
and the CO2 concentration gradient in the sample chamber was set to 400, 200, 100, 50,
400, 600, 800, 1000, and 1200 µmol·mol−1, to obtain the photosynthetic–intercellular CO2
concentration curve (A–Ci curve).

The calculation of photosynthetic biochemical parameters: The FvCB biochemical
photosynthetic model was chosen to fit the A–Ci curve [26]. This model holds that the rate
of carboxylation supported by ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco),
the rate of regeneration of ribulose-1,5-bisphosphate (RuBP) supported by electron transfer
and the triose phosphate utilization rate (TPU), the lowest of the three biochemical process
rates determines the leaf photosynthetic rate of C3 in the plant. By fitting the model using
Equations (1)–(4), photosynthetic biochemical parameters, such as maximum carboxylation
rate (Vcmax), maximum electron transfer rate (Jmax), and TPU can be obtained, as well
as the carboxylation site CO2 concentration (Cc) corresponding to the Ci measurement
points. The method of Gu et al. [27] was used for parameter estimation. This method
supports that an A–Ci curve may actually have fewer restriction stages than the three
submodels of FvCB. And it enumerates all of the possible restriction stage distributions
for each curve, including (1) only those restricted by Rubisco, (2) only those restricted
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by RuBP regeneration, (3) only those restricted by TPU, (4) those restricted by Rubisco
and RuBP successively, (5) those restricted by Rubisco and TPU successively, (6) those
restricted by RuBP and TPU successively, (7) and those successively restricted by Rubisco,
RuBP and TPU limits. Then, an overall fitting on the parameters of each distribution
is performed, and an iterative algorithm of the hybrid of the gradient and nongradient
approaches is used to minimize the objective function. The user can select the restricted
stage distribution and estimated parameters with the optimal fitting effect. Compared with
other estimation methods [28–31], this method is more objective and reasonable. Since the
method provides six possible limiting stage distributions for each A–Ci curve on the website
(https://www.leafweb.org/, on 27 September 2021), this study referred to the practice
of Vincent et al. [32] and selected the model with the smallest sum of square error (SSE)
between the predicted value and the measured value. When two SSEs were close, the one
with fewer estimated parameters was selected to avoid as much excessive parameterization
of the model as possible. The mesophyll conductance (gm) was obtained by Equation (5)
according to Fick’s first law [29].

A = min
{

Ac, Aj, Ap
}
− Rd (1)

Ac = Vcmax

[
Cc − Γ∗

Cc + Kc(1 + O/Ko)

]
(2)

Aj = J
Cc − Γ∗

4Cc + 8Γ∗
(3)

Ap = 3TPU (4)

Cc = Ci −
A
gm

(5)

where A is the net CO2 assimilation rate: Ac, Aj and Ap are the net CO2 assimilation limited
by Rubisco, RuBP, and TPU, respectively; Γ* is the CO2 compensation point in the absence
of mitochondrial respiration; Kc and Ko are the Michaelis–Menten coefficient of Rubisco
activity for CO2 and O2, respectively; Cc and O are the partial pressure of CO2 and O2
at Rubisco; J is the potential rate of electron transport that is dependent upon incident
light irradiance; Ci is the partial pressure of CO2 in the intercellular air space; and gm is
mesophyll conductance.

The calculation of relative soil moisture (RSM): The wet weight of the bucket was
measured daily by a balance with an accuracy of 0.01 g. By using it and the dry soil weight
measured at the beginning of the experiment and the soil physical and chemical property
parameters measured previously, the daily RSM can be calculated by Equations (6) and (7):

RSM =
θ

θ f
× 100% (6)

θ =
Ww −Wd

Wd
× 100% (7)

where θ is the weight of the water content of the soil; θf is the field water holding capacity;
Ww is the soil wet weight; and Wd is the soil dry weight.

The calculation of leaf water content (LWC): Three plant samples were taken from the
pots every day. The leaves were cut off and weighed to obtain the fresh weight first. Then,
they were put into an oven at 105 ◦C for 30 min and then dried at 80 ◦C to obtain the dry
weight. Last, the can be calculated by Equation (8):

LWC =
L f − Ld

L f
× 100% (8)

where Lf is leaf fresh weight and Ld is leaf dry weight.

https://www.leafweb.org/
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2.4. Data Analysis

SPSS 19.0 software was used for one-way analysis of variance (one-way ANOVA) and
multiple comparisons (LSD). Origin 9.0 was used for curve-fitting. MATLAB R2016 was
used to obtain the two inflection points of the logistic curve. The first was the extreme
point at the minimum curvature, which was obtained by using the diff() function to solve
the second derivative. The second was at the maximum curvature, which was obtained by
using the diff(), gradient(), and max() functions to obtain the curvature expression of the
logistic curve and its maximum value.

3. Results
3.1. Response Characteristics of Spring Wheat Leaves to Rapid-Drought Stress
3.1.1. Response Characteristics of Photosynthetic Physiological Parameters of Spring
Wheat Leaves to Drought Stress

The photosynthetic physiological parameters of spring wheat leaves are relatively
stable when soil moisture is sufficient and fluctuates roughly around the average value
(Figure 4). Under rapid-drought stress, Pn, Tr, and gs were relatively stable when the
RSM was greater than 50%. Then, they all showed a “first fast and then slow” decreasing
trend as RSM decreased. Their scatter plots in the whole interval from 100% to 0 RSM
showed S-distributions. Ci was also relatively stable when RSM was greater than 50%,
and then as RSM decreased, it showed a trend of “first decrease and then increase”. Its
scatter plot roughly conformed to the cubic polynomial distribution in the interval from
100% to 0 RSM. The analysis of variance between CK and WS showed that the two sets of
data for each parameter were significantly or extremely significantly different, indicating
that rapid-drought stress has a significant impact on the leaf photosynthetic physiological
parameters of spring wheat (Table 1). In addition, the phase difference of change in each
parameter during the whole process of rapid drought development indicated that there are
phased responses to rapid drought stress for the photosynthetic physiological parameters
of spring wheat leaves, and there must be turning points between different response phases.
The turning points would be used as the basis for determining the drought threshold of
spring wheat.

Table 1. One-way ANOVA of photosynthetic physiological parameters of spring wheat leaves under
different soil water treatments.

Parameter Treatments N Mean Standard Deviation F Sig.

Pn (µmol·m−2·s−1)
CK 15 22.6 3.2 14.5 0.000 **
WS 35 14.6 7.8

Tr (mmol·m−2·s−1)
CK 15 5.5 1.0 10.1 0.002 **
WS 35 3.7 2.1

gs (mol·m−2·s−1)
CK 15 0.4 0.1 17.1 0.000 **
WS 35 0.2 0.2

Ci (µmol·mol−1)
CK 15 270.9 12.9 6.8 0.012 *
WS 35 236.7 49.8

Note: CK refers to the control group. WS refers to the continuous drought group. Symbols * and ** indicate levels
of significance at p < 0.05 and p < 0.01, respectively.

According to the characteristic of scatter plot for each parameter (S-type or cubic
polynomial type), logistic and cubic polynomial models were selected to fit the data of
WS. The effects of the fitted curves are shown in the black solid lines in Figure 4, and the
statistical results are shown in Table 2. It can be seen from adjusting the R2 and the F test
that the fitting effects of Pn, Tr, and gs were good, and Ci was slightly inferior due to its
discrete data (Figure 4d). However, the simulation curve trend of the second half of Ci was
basically consistent with the response characteristics after entering the drought process.
Therefore, the curve was still valid for determining the threshold.
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Figure 4. Dynamics in photosynthetic physiological parameters of spring wheat leaves under different
relative soil moisture: (a) Pn parameter, (b) Tr parameter, (c) gs parameter, and (d) Ci parameter. CK
refers to the control group. WS refers to the continuous drought group. The grey dashed line is the
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Table 2. Curve fitting of photosynthetic physiological parameters of spring wheat leaves under
rapid-drought stress.

Parameter Fitted Equation Adj. R2 F Sig.

Pn y = 21.827
1+e−0.121(x−35.706) 0.7 144.3 0.000 **

Tr y = 5.180
1+e−0.157(x−34.149) 0.5 88.8 0.000 **

gs y = 0.384
1+e−0.101(x−43.565) 0.6 69.0 0.000 **

Ci y = −0.00167x3 + 0.28746x2 − 14.3809x + 441.7484 0.1 217.8 0.000 **

Note: Symbol ** indicates level of significance at p < 0.01.

3.1.2. Response Characteristics of Water Physiological Parameters of Spring Wheat Leaves
to Drought Stress

When the soil moisture was sufficient, LWC of spring wheat basically fluctuated
around the average value. When RSM was less than 50%, rapid-drought stress made LWC
show a rapid decrease trend. The scatter plot in the whole interval from 100% to 0 RSM
basically matches the first half of the S-curve (Figure 5). The analysis of variance between
CK and WS showed that their difference was not significant (Table 3). By analyzing Figure 5,
the reason may be that there are relatively less data points when RSM is less than 50% than
that is greater than 50% in WS. Therefore, the data of CK and WS were merged, and then
divided into two groups according to the rough boundary of the scatter plot, RSM greater
than 50% group and RSM less than 50% group. The difference between the new two groups
was extremely significant (Table 3), indicating that rapid-drought stress significantly affects
LWC of spring wheat. The logistic model was also used to fit LWC, and the fitting effect
was good, as shown in Table 4.
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Figure 5. Dynamics of leaf water content of spring wheat under different relative soil moistures. CK
refers to the control group. WS refers to the continuous drought group. The grey dashed line is the
reference line of 50% relative soil moisture.

Table 3. One-way ANOVA of leaf water content of spring wheat under different soil water treatments.

Parameter Treatments N Mean Standard Deviation F Sig.

LWC (%)

CK 13 70.4 6.8 2.6 0.122
WS 17 64.5 11.9

M50% 22 70.6 6.5 14.8 0.001 **
L50% 8 57.1 12.8

Note: CK refers to the control group. WS refers to the continuous drought group. M50% refers to the RSM greater
than 50% group. L50% refers to the RSM less than 50% group. Symbol ** indicates level of significance at p < 0.01.

Table 4. Curve-fitting of leaf water content of spring wheat under rapid-drought stress.

Parameter Fitted Equation Adj. R2 F Sig.

LWC y = 71.235
1+e−0.175(x−29.008) 0.8 709.2 0.000 **

Note: Symbols ** indicates level of significance at p < 0.01.

3.1.3. Response Characteristics of Photosynthetic Biochemical Parameters of Spring Wheat
Leaves to Drought Stress

Under rapid-drought stress, RSM also had a threshold effect on the photosynthetic
biochemical parameters of spring wheat leaves. Before the RSM was about 50%, the
parameter values fluctuated around the mean values Then, they decreased sharply after
50%. Finally, their decrease rates slowed down after a certain threshold. Their curves
appeared overall as S-shapes (Figure 6). The difference of each parameter between CK and
WS was extremely significant, indicating that rapid-drought stress also significantly affects
the leaf photosynthetic biochemical parameters of spring wheat (Table 5). The logistic
model was used to perform curve-fitting on each parameter, and the fitting effects were all
good (Table 6).



Atmosphere 2022, 13, 596 10 of 17

Atmosphere 2022, 13, x FOR PEER REVIEW 11 of 19 
 

 

 

0

20

40

60

80

100

100 80 60 40 20 0

0

50

100

150

200

250
100 80 60 40 20 0

-5

0

5

10

15

20
100 80 60 40 20 0

-1

0

1

2

3

4

5
100 80 60 40 20 0

Relative Soil Moisture (%)
 

 CK
 WS

V cm
ax

 (μ
m

ol
·m

–2
·s

–1
)

(a)

Relative Soil Moisture (%)
 

 CK
 WS

J m
ax

 (μ
m

ol
·m

–2
·s

–1
)

(b)

Relative Soil Moisture (%)
 

 CK
 WS

TP
U

 (μ
m

ol
·m

–2
·s

–1
)

(c)

Relative Soil Moisture (%)
 

 CK
 WS

g m
 (μ

m
ol

·m
–2

·s
–1

·P
a–1

)

(d)

  
Figure 6. Dynamics in photosynthetic biochemical parameters of spring wheat leaves under dif-
ferent relative soil moisture: (a) Vcmax parameter, (b) Jmax parameter, (c) TPU parameter, and (d) gm 
parameter. CK refers to the control group. WS refers to the continuous drought group. The grey 
dashed line is the reference line of 50% relative soil moisture. 

Table 5. One-way ANOVA of photosynthetic biochemical parameters of spring wheat leaves un-
der different soil water treatments. CK: the control group; WS: the continuous drought group. 

Parameter Treatments N Mean Standard Deviation F Sig. 

Vcmax 
(μmol·m−2·s−1) 

CK 15 75.0 14.1 4.2 0.048 * 
WS 21 60.9 23.9   

Jmax (μmol·m−2·s−1) CK 18 191.8 18.1 9.8 0.003 ** 
WS 30 146.4 59.7   

TPU 
(μmol·m−2·s−1) 

CK 19 13.9 2.3 11.0 0.002 ** 
WS 44 9.2 6.0   

gm 
(μmol·m-2·s−1·Pa−1

) 

CK 10 2.1 0.9 9.8 0.004 ** 

WS 27 1.0 0.9   

Note: CK refers to the control group. WS refers to the continuous drought group. Symbols * and ** 
indicate levels of significance at p < 0.05 and p < 0.01, respectively. 

  

Figure 6. Dynamics in photosynthetic biochemical parameters of spring wheat leaves under different
relative soil moisture: (a) Vcmax parameter, (b) Jmax parameter, (c) TPU parameter, and (d) gm parame-
ter. CK refers to the control group. WS refers to the continuous drought group. The grey dashed line
is the reference line of 50% relative soil moisture.

Table 5. One-way ANOVA of photosynthetic biochemical parameters of spring wheat leaves under
different soil water treatments. CK: the control group; WS: the continuous drought group.

Parameter Treatments N Mean Standard Deviation F Sig.

Vcmax (µmol·m−2·s−1)
CK 15 75.0 14.1 4.2 0.048 *
WS 21 60.9 23.9

Jmax (µmol·m−2·s−1)
CK 18 191.8 18.1 9.8 0.003 **
WS 30 146.4 59.7

TPU (µmol·m−2·s−1)
CK 19 13.9 2.3 11.0 0.002 **
WS 44 9.2 6.0

gm (µmol·m-2·s−1·Pa−1)
CK 10 2.1 0.9 9.8 0.004 **
WS 27 1.0 0.9

Note: CK refers to the control group. WS refers to the continuous drought group. Symbols * and ** indicate levels
of significance at p < 0.05 and p < 0.01, respectively.

Table 6. Curve-fitting of photosynthetic biochemical parameters of spring wheat leaves under
rapid-drought stress.

Parameter Fitted Equation Adj. R2 F Sig.

Vcmax y = 68.434
1+e−0.250(x−28.614) 0.4 79.1 0.000 **

Jmax y = 176.224
1+e−0.141(x−28.173) 0.4 117.1 0.000 **

TPU y = 13.611
1+e−0.159(x−34.147) 0.7 142.7 0.000 **

gm y = 1.822
1+e−0.104(x−38.265) 0.5 29.8 0.000 **

Note: Symbol ** indicates level of significance at p < 0.01.
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3.2. Drought Threshold of Spring Wheat under Rapid-Drought Stress

Figures 4–6 show that there are two “inflection points” in the changes of every leaf
photosynthetic physiology, water physiology and photosynthetic biochemical parameter
of spring wheat under rapid-drought stress. With the exception of Ci, the parameters
experienced a “slow–fast–slow” reduction process from soil water sufficient to the end
of the drought stress. According to the curve characteristics of the logistic model, the
maximum curvature is the inflection point where the increase (or decrease) in speed
changes from slow to faster, and the minimum curvature is the inflection point where the
increase (or decrease) in speed changes from fast to slow. Therefore, these two points can
be determined as the critical thresholds for mild and severe drought stress, respectively. By
judging the approximate positions of the two inflection points of the curve, the calculation
interval of x (i.e., RSM) was set. In addition, using MATLAB programming to obtain the
x and y values at the maximum and minimum curvature of the logistic fitting curve, the
corresponding drought hazard thresholds and disaster degrees could be obtained. The
change of Ci in the range of 100%-0 RSM was a “slow–fast” decrease first and then an
increase. Because the third-order polynomial did not adequately describe the change in
the figure when soil moisture was sufficient (Figure 4), the minimum point of the third-
order polynomial curve was found first and determined as the critical threshold of severe
drought stress. Then, the first half of the drought group data with the sample points after
the threshold removed were re-fit using the logistic model. In addition, the maximum
curvature of the new fitting equation was calculated within the interval. The mild drought
hazard threshold and the disaster degree of Ci could be obtained. The final drought
thresholds of spring wheat under rapid-drought stress are shown in Table 7.

Table 7. Drought thresholds of spring wheat under rapid-drought stress.

Parameter

Mild Drought Severe Drought

Drought Thresholds Disaster Degree Drought Thresholds Disaster Degree

(%) RR (%) (%) RR (%)

Pn (µmol·m−2·s−1) 48.9 18.2 19.6 35.7 10.9 51.6
Tr (mmol·m−2·s−1) 42.7 4.1 25.4 34.2 2.6 53.0
gs (mol·m−2·s−1) 56.6 0.3 18.7 43.6 0.2 48.0
Ci (µmol·mol−1) 58.2 249.2 8.0 36.8 218.6 19.3

LWC (%) 45.3 67.4 4.2 29.0 35.6 49.4
Vcmax (µmol·m−2·s−1) 42.3 65.7 12.4 28.6 34.2 54.4
Jmax (µmol·m−2·s−1) 53.3 171.3 10.7 28.2 88.1 54.1
TPU (µmol·m−2·s−1) 43.7 11.2 19.7 34.2 6.8 51.0

gm (µmol·m−2·s−1·Pa−1) 50.9 1.4 30.4 38.3 0.9 56.0

Note: RR refers to the reduction ratio.

It can be seen from Table 7 that the maximum drought threshold of mild drought was
determined by Ci, indicating that Ci is the most sensitive to drought, which is inconsistent
with the opinion of ordinary scholars that gs is first affected by water stress [33]. It is
speculated that the observation error is a little too large and may cause the poor fitting
effect (adjusted R2 = 0.1). According to the other data in the “Mild Drought Thresholds”
column in the table, it could be concluded that, when RSW dropped to 56.58%, the gs first
began to decline rapidly, and rapid-drought stress occurred at this time. As the drought
continued to develop, when RSM dropped to 53.3%, Jmax began to decline rapidly, and
Ci also began to decline rapidly at a certain moment during this period. Then, as the
soil moisture continued to decrease, gm, Pn, LWC, TPU, Tr, and Vcmax began to decline
rapidly in turn. The drought threshold of mild drought ranged from 42.3% to 56.6% RSM.
Accompanying this, the disaster degree of each parameter was the decreasing amplitude
from 4.2% to 30.4%, with an average initial decreasing amplitude of 16.6%. The biggest drop
occurred on gm, followed by Tr, and with that of LWC being the smallest. From the data
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column, “Severe Drought Thresholds”, it can be seen that, when RSM dropped to 43.6%,
the rate of decrease of gs first began to slow. This indicated that the drought process entered
the severe drought stage. The decline of gm also began to slow down when RSM dropped
to 38.3%. After that, Ci, Pn, Tr, TPU, LWC, Vcmax, and Jmax started to slow down in turn. The
drought threshold of severe drought ranged from 28.2 to 43.6% RSM. Accompanying this,
the disaster degree of each parameter was the decreasing amplitude from 19.3% to 56.0%.
The biggest drop still occurred on gm, followed by Vcmax, with Ci being the smallest. The
average initial decreasing amplitude was 52.2% except for Ci.

4. Discussion
4.1. Response Characteristics and the Corresponding Thresholds of Spring Wheat under
Rapid-Drought Stress

This paper found that the response characteristics of photosynthesis and water physio-
logical and biochemical parameters of spring wheat leaves to rapid drought were basically
the same. Except for Ci, which first decreased and then increased with the decrease of RSM,
the other parameters showed an S-shaped, decreasing trend (Figures 4–6). According to
these response characteristics, a certain method can usually be used to determine the inflec-
tion points of the response characteristic fitting curve, and the values at these inflection
points are the corresponding drought thresholds. The idea used in this paper to determine
the inflection point was to take the extreme point, or the point at which the curvature
changes, as the inflection point. The advantage of the threshold determined by this method
is that it conforms to the actual response characteristic law and is more objective.

Under rapid-drought stress, the corresponding drought thresholds for each leaf physi-
ological and biochemical parameter of spring wheat were different. The drought threshold
referred to in this paper includes two parts. One is the drought threshold, which refers to
the critical value of soil moisture under drought stress and is also called the soil drought
threshold [9,34]. Before this threshold, crops can adapt to drought through self-regulation.
The physiological processes will not be significantly affected, and the yield will not be
reduced after rehydration. Once this threshold is exceeded, crops will be permanently dam-
aged. The physiological indicators are difficult to recover even after normal rehydration,
and the yield is significantly reduced. This is the basis of the adjusted deficit irrigation. This
research considered that, when RSM was greater than 56.6%, the soil moisture content was
suitable. When it dropped to 56.6%, the first physiological and biochemical parameter—gs
—began to decrease rapidly. This is the onset signal of drought. Therefore, 56.6% was
defined as the mild drought threshold of the whole drought process (Table 7). In addition,
other leaf physicochemical parameters also began to decline rapidly one after another
afterwards. The crop would show the signs of drought. With the development of drought,
when RSM dropped to 43.6%, the decline rate of the first physiological and biochemical
parameter—gs—slowed down first and it was then followed by other leaf physicochemical
parameters in turn. At that time, it indicated that the internal physiology of the crop had
entered the stage of severe drought, so the soil moisture threshold at this time was defined
as the severe drought threshold of the whole drought process. Another part of the drought
threshold is the disaster degree threshold, which refers to the degree of impact on crops
when soil moisture is insufficient. A temperate soil moisture deficit did not necessarily
reduce yield, but it could cause a decrease in leaf physicochemical indicators. Mild drought
could cause an average initial decreasing amplitude of 16.6% among all parameters cov-
ered in this paper. Under severe drought, the water deficit caused an initial decreasing
amplitude of about 52.2% on average among all parameters.

The drought indicators proposed in this paper can provide a certain basis for drought
monitoring. However, there are uncertainties in using changes in physicochemical indica-
tors to determine drought conditions. There are significant differences between different
genotypes and the external environment, such as soil types [34–36], which make it difficult
to determine a single “best” drought threshold. In addition, the impact of drought should
occur within a threshold range [21]. Therefore, the drought thresholds given in this paper
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were based on different soil types in two regions and may have a certain degree of vari-
ability. Therefore, follow-up experiments can be used as supplements for verification. In
addition, this study posited that LWC would not decrease when the drought occurred and
would decrease rapidly only when RSM was lower than 45.3%, with the decrease rate at
only 4.2%, which indicates that LWC is not a sensitive water physiological index for spring
wheat to respond to drought. There is a study showing that plant leaf water potential
responded better to water stress [37], and there is always a good correlation between leaf
water potential and stomatal conductance, even under drought stress [38]. However, there
is another study that points out that when soil evapotranspiration water is reduced to
40–50%, the leaf water potential of cotton just begins to change [34]. Due to the lack of
leaf water potential data in this study, it could not be discussed here, and a relative study
should be performed subsequently.

4.2. Physiological and Biochemical Response Mechanism of Spring Wheat to Rapid Drought

The mechanism in physiology refers to the process and mechanism of various physi-
ological activities, which means that it includes two aspects: (1) the changes in the state
of physiological functions; (2) the reasons for these changes. When rapid-drought stress
occurs, the physiological and biochemical traits of spring wheat leaves have different re-
sponse mechanisms in the two stages of mild drought and severe drought. In mild drought,
gs was the most sensitive to rapid drought (Table 7). As soon as the water deficit occurred,
stomatal resistance increased rapidly [39], which could have resulted in a decrease in
Ci [33]. In addition, other leaf physicochemical traits also decreased successively. The
leaf photosynthetic capacity parameter Jmax first decreased rapidly, and then gm decreased.
Under drought stress, the gm of the plants decreased [40], possibly due to altered carbonic
anhydrase (CA) activity, decreased chloroplast area facing the intercellular space (Sc) due to
chloroplast shrinkage, decreased aquaporin activity, or thickening cell walls [41–45], which
cause intracellular CO2 diffusion resistance to increase and CO2 reaching the carboxylation
site of the chloroplast to decrease. Under the combined effect of the above reasons, Pn
began to decrease rapidly. Studies have pointed out that drought generally reduces the
biochemical capacity of carbon assimilation and utilization, and changes in cellular carbon
metabolism may occur early in the process of drought dehydration [38], which is consistent
with the results of this study. The above conclusions indicate that mesophyll limitation and
carboxylation limitation have different response times to the drought process. Thus, strictly
speaking, they should not be classified as nonstomatal limitations for analysis according to
the traditional method [46]. Ultimately, it can be concluded that photosynthesis is jointly
regulated by three limiting effects during the mild drought stage of rapid drought. Initially,
the stomatal limitation was dominant, and then the carboxylation limitation and mesophyll
limitation appeared in turn. Under their combined action, Pn decreased. The carboxylation
limitation of Pn was caused by the decrease in electron transport capacity, which may be
related to the change in the content of electron transport components [28]. After that, LWC
also began to decrease, and the water loss rate of the leaves accelerated, which was mainly
caused by the decrease in the root water uptake. Then, the second photosynthetic capacity
parameter TPU decreased, and the mild drought stage ended.

When rapid drought developed to the stage of severe drought, gs was still the first
to respond. The limitation of stomata began to decrease, and photosynthesis was mainly
limited by carboxylation and mesophyll. After that, Tr and Vcmax entered the rapid decline
stage; that is, severe drought will cause excessive transpirational water loss and a decrease
in Vcmax. Studies have shown that when available water is limited, the ability to avoid
dehydration is a drought-resistance mechanism [47], stomata close to prevent water loss
via transpiration [48], and at the same time, carboxylation capacity is decreased due to
reduced Rubisco enzyme activity [49]. These may be all associated with the self-protection
mechanism of crops under drought stress. The above also corroborates the statement in
related studies that “mild drought leads to restricted RuBP regeneration, whereas impaired
Rubisco activity is the result of severe long-term drought” [50]. Afterwards, the mesophyll
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limitation decreased resulting in the CO2 diffusion capacity increasing, and the photosyn-
thesis was dominated by carboxylation limitation. Due to the reduced activity of Rubisco
enzyme and the limited carboxylation ability, Ci began to slowly enrich and increase. Then,
the decrease rate of Pn decelerated due to the reduction of stomatal limitation and meso-
phyll limitation, and the deceleration of Tr also slowed down due to the deceleration of gs
and the reduction of water available in the plant. The decreased rate of TPU then slowed
down, meaning that the carboxylation limit also began to decrease. After this, because
the water content in the plant was already quite small, the rate of LWC decline began to
slow down. Finally, the photosynthetic organs were severely damaged and lost control of
carbon assimilation, leading to the decrease rate of Vcmax and Jmax also slowing down and
the carboxylation limitation of photosynthesis further reducing. In general, under mild
to moderate water stress, the decrease of photosynthesis is due to stomatal closure and
decreased Ci (i.e., stomatal limitation) or reduced gm (i.e., mesophyll limitation) reducing
CO2 concentration in chloroplasts, but under more severe stress, metabolic (ATP generation,
Rubisco enzyme activity, etc.) impairment (i.e., carboxylation limitation) predominates [51].

4.3. Uncertainties in Research

An A-Ci curve and a photosynthesis model are important for developing prediction
models of plant CO2 assimilation, which can assess the impact of stresses and climate
change on photosynthesis. Photosynthetic biochemical parameters are used in ecosystem
and surface models and are critical to simulating the responses of terrestrial carbon and
water cycles to environmental changes at different spatial and temporal scales [12,52,53].
The FvCB photosynthetic model of C3 plants proposed by Farquhar et al. [26] can simu-
late the A-Ci curve under different environmental conditions and obtain photosynthetic
biochemical parameters that reflect the photosynthetic capacity of leaves. Therefore, it can
predict the internal changes of the photosynthetic system of plant leaves [54,55], and is
an extremely important tool in the study of photosynthetic physiology and ecology. This
model does not simply describe the quantitative relationship between photosynthetic rate
and environmental factors, but it also quantifies the internal photosynthetic physiological
and biochemical characteristics of plant leaves. Therefore, we can more clearly under-
stand the changing mechanism of plant net photosynthetic characteristics under drought
stress by it [52]. However, for a given A-Ci curve, the FvCB model is structurally over-
parameterized [27], which means that no matter how dense and precise the data points of
an A-Ci curve are, there is no way to effectively estimate all parameters through model
fitting. Therefore, some of the unknown parameters need to be preset empirically [55,56].
This leads to multiple solutions in using the curve-fitting method to estimate photosynthetic
biochemical parameters, and it brings certain uncertainty to the research results.

gm is considered to be a key link in crop improvement [57] and an important parameter
for evaluating crop water use traits [58]. However, it still cannot be directly measured at
present, and it can only be indirectly determined relying on photosynthesis models by
three methods. The first is the curve-fitting method used in this paper. On the one hand, it
has the disadvantage of multiple solutions. On the other hand, the gm scatter plot obtained
in this study (Figure 6) showed that the degree of dispersion was a little big when the
soil moisture was sufficient, indicating that the estimation results obtained by the method
may be not reliable enough. Therefore, the parameter estimation method still needs to be
improved. The second method is the instantaneous carbon isotope (13CO2) discrimination
method [59]. The accuracy of the results of this method has been improved. However, it has
3 disadvantages, high requirements on experimental equipment, complex determination
process, and poor sensitivity to experimental errors. The third method is the combination
method of gas exchange and chlorophyll fluorescence [60]. This method is more feasible
and reliable and is more conducive to the observation and analysis of large samples with
multiple processing and repetitions. However, it also has some limitations. One of them is
the way to choose a reasonable gas flowrate between improving the accuracy of chlorophyll
fluorescence parameters and reducing the risk of gas leakage. Because of the uncertainty of
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the gm estimation method, the optimization and improvement of the measurement method
will be the focus of future research.

5. Conclusions

Under rapid-drought stress, with the decrease of RSM, the Ci response characteristics
of spring wheat leaves was to decrease first and then to increase, and the other leaf physic-
ochemical parameters showed S-shaped, decreasing trends. There was no drought when
RSM > 56.6%, mild drought when 56.6% > RSM > 43.6%, and severe drought when RSM
< 43.6%. Mild drought caused an average initial decrease amplitude of 16.6% among all
parameters, and severe drought caused about 52.2%. The response mechanism of spring
wheat to rapid drought can be summarized as follows: In the early stage of drought, the
physiological and biochemical parameters of leaves decreased in the order of gs, Ci, Jmax, gm,
Pn, LWC, TPU, Tr, and Vcmax. Stomatal limitation, mesophyll limitation, and carboxylation
limitation coordinately regulate the photosynthetic process. Photosynthesis was dominated
by the stomatal limitation at the early stage of drought and also limited by carboxylation
limitation and mesophyll limitation later. The carboxylation limitation was mainly caused
by the reduction of electron transport capacity. At the later stage of drought, the stomatal
limitation of photosynthesis decreased first, then the mesophyll limitation decreased, and Ci
increased slowly. At this time, Pn was mainly limited by carboxylation only, so its decrease
rate slowed down. With the reduction of available water in the plant, the decrease rate of
Tr and LWC also slowed down. In addition, the decrease rates of TPU, Vcmax, and Jmax also
slowed down in the end, which means that the carboxylation limitation of photosynthesis
was eventually reduced by the severely damaged photosynthetic organ.
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