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Abstract: Drought stress has adverse effects on crop growth and yield, and its identification and
monitoring play vital roles in precision crop water management. Accurately evaluating the effect
of drought stress on crop photosynthetic capacity can provide a basis for decisions related to crop
drought stress identification and monitoring as well as drought stress resistance and avoidance. In
this study, the effects of different degrees of persistent drought in different growth stages (3rd leaf
stage, 7th leaf stage and jointing stage) on the maximum carboxylation rate at a reference temperature
of 25 ◦C (Vcmax25) of the first fully expanded leaf and its relationship to the leaf water content (LWC)
were studied in a field experiment from 2013 to 2015. The results indicated that the LWC decreased
continuously as drought stress continued and that the LWC decreased faster in the treatment with
more irrigation. Vcmax25 showed a decreasing trend as the drought progressed but had no clear
relationship to the growth stage in which the persistent drought occurred. Vcmax25 showed a
significantly parabolic relationship (R2 = 0.701, p < 0.001) with the LWC, but the different degrees of
persistent drought stress occurring in different growth stages had no distinct effect on the LWC values
when Vcmax25 reached its maximum value or zero. The findings of this study also suggested that
the LWC was 82.5 ± 0.5% when Vcmax25 reached its maximum value (42.6 ± 3.6 µmol m−2 s−1) and
67.6± 1.2% (extreme drought) when Vcmax25 reached zero. These findings will help to improve crop
drought management and will be an important reference for crop drought identification, classification
and monitoring as well as for the development of drought monitoring and early warning systems for
other crops or maize varieties.
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1. Introduction

Owing to the rise in water demand and looming climate change, plant drought
stress has become a major research focus in recent years [1]. As one of the major abiotic
environmental factors limiting plant growth, drought is best characterized by a series of its
properties, such as its frequency, duration, and range of influence [2,3]. Droughts occur
in virtually all climatic zones, including humid regions [4,5]. In recent years, large-scale
intensive droughts have occurred on all continents, affecting most areas of the world [6,7].
China is a frequently drought-affected country [8]. In China, the monthly, annual and
inter-annual variations in precipitation and temperature are significant, which causes
frequent occurrences of drought [9]. The devastating impacts of droughts in China have
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attracted much attention, as the reported agricultural drought-inducible disaster area has
shown an increasing trend in China. Since the 1950s, the grain yield losses from drought
have increased from 2.5 × 1011 to 3 × 1011 kg, accounting for 60% of all crop losses due
to natural disasters [10]. Notably, the duration and intensity of drought are predicted to
increase over the next decades under climate change, which would seriously affect China’s
agricultural production [11,12].

Maize, wheat and rice are considered the three major staple crops grown for global
human consumption, livestock feed and raw materials for industrial purposes [13,14].
Currently, drought stress is a crucial limitation on maize production, resulting in yield
decreases of 25–30% and even leading to complete crop losses in extreme drought years [15].
Water stress limits maize growth and yield mainly due to reductions in its carbon-water
balance [16–18], which is largely dependent on photosynthesis [19,20]. Generally, reduc-
tions in plant photosynthesis caused by drought are caused by stomatal limitation (SL)
and nonstomatal limitation (NSL). Under mild and moderate drought stress, SL is the
main factor causing crop photosynthesis reduction. As drought continues, NSL processes
related to the inhibition of plant photosynthesis develop and limit the photosynthetic
capacity of the plant [21,22]. The maximum carboxylation rate at a reference temperature
of 25 ◦C (Vcmax25) is an important parameter used to characterize the crop photosynthetic
capacity [23,24]. Vcmax25 is known to vary substantially in response to environmental
controls, especially water stress, which has a large effect on Vcmax25 [25,26]. Thus far,
most relevant literature has focused on the effect of soil water content on Vcmax25 [27–30].
However, the relationships between photosynthetic capacity (Vcmax25) and leaf water
content (LWC) have received less attention [31]. Leaves are the most important organ for
plant photosynthesis, and their water content is the best indicator of plant water deficit
levels [32]. LWC is a comprehensive reflection of air dryness, soil water supply capacity,
and crop drought tolerance [33]. Compared with the soil water content, LWC can more
directly reflect the actual growth and development state of crops and is easy to observe,
thus playing an irreplaceable role in drought monitoring and early warning systems [34,35].

Plant physiological processes are highly sensitive to water stress, especially that
related to the plant organ water state [36]. Generally, crop photosynthetic characteristics
have been taken as critical indicators of plant growth since they are directly related to net
productivity [37]. Vcmax25 represents the crop’s photosynthetic capacity in terms of the
photosynthetic process, and LWC is an optimal ecological indicator to reflect the crop’s
water status. It can provide the basis for the determination of crop drought degrees and the
formulation of irrigation measurements [32,38]. Thus, the relationship between Vcmax25
and LWC is an essential component in improving crop drought identification in order to
cope with climate change.

Leaves at different positions respond differently to water stress due to the differences
in their age, growth and developmental status, and functional traits [39]. In our previous
study, we determined the LWC when maize photosynthesis in leaves at different positions
changed from being determined by SL to being determined by NSL, and the LWC of
the first fully expanded leaf was determined to be the optimal indicator of water stress
in maize [40]. As drought progresses, the photosynthetic capacity of maize can become
limited. Thus, in the current study, the effect of different drought stresses in different
growth stages on Vcmax25 and its relationship to the LWC of the first fully expanded leaf
were studied based on data from a field experiment performed from 2013 to 2015. Our aims
were to (1) explore the responses of maize Vcmax25 to different degrees of water stress in
different growth stages, (2) examine the relationship between the maize Vcmax25 and the
LWC, and (3) determine the LWC when the maize Vcmax25 reached its maximum value
and zero. Our hypotheses are as follows: (1) Vcmax25 responds differently to drought
stress in different growth stages, and there exists a threshold response of Vcmax25 to
LWC and (2) persistent drought occurring at different growth stages has little effect on
the LWC value when the Vcmax25 reaches a maximum value and zero. We believe that
the findings of this study will provide a basis for the classification of drought disasters as
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well as for the development of early warning systems and drought monitoring systems for
maize cultivation.

2. Materials and Methods
2.1. Climate and Soil Characteristics

The experiment was conducted at the Gucheng Experimental Station of Ecological and
Agricultural Meteorology (39◦08′ N, 115◦40′ E, altitude: 15.2 m) of the China Meteorological
Administration from 2013 to 2015. The experimental station is located in Baoding, Hebei
province, with a warm temperate continental monsoon climate. The annual average air
temperature is 12.2 ◦C and the annual average precipitation is 528 mm, of which 70% occurs
from June to September. The annual average sunshine time is 3364 h, and the average
frost-free period is 185 d. The experimental terrain was flat, with a sandy loam soil. The
average bulk density of 0–30 cm soil was 1.37 g cm−3, the field capacity (i.e., the maximum
water content that the soil can maintain) was 22.7%, and the permanent wilting point was
6.7%. The fertility status of the experimental soil is shown in Table 1. The main local food
crops are winter wheat and summer maize. Summer maize is sown in June and harvested
in October.

Table 1. Physical and chemical properties of soil profiles in the experimental plots.

Depth
cm

Total N
g kg−1

Total P
g kg−1

Total K
g kg−1

Organic
Matter
g kg−1

Available
P

mg kg−1

Available
K

mg kg−1
pH

Bulk
Density
g cm−3

Field
Capacity

%

0–30 0.9753 1.0196 17.2624 13.67 25.76 118.55 8.2 1.37 22.7

2.2. Experimental Design

The maize cultivar used in this experiment was Zheng Dan 958 with a height of 246 cm
and a potential yield of 8805 kg ha−1, which is commonly planted across northern China.
There were six treatments in 2013 and 2014, and two treatments in 2015. The experimental
plots were randomly arranged with three replicates per treatment. Water control began
in 2013 from the 7th leaf stage (24 July), with one-time irrigation on 24 July, with D1–D6
treatments of irrigation at 100, 80, 60, 40, 25, and 15 mm, respectively. Water control began
in 2014 from the 3rd leaf stage (2 July) and a single irrigation was carried out on 2 July,
with the D1–D6 treatments receiving 150, 120, 90, 60, 30, and 10 mm, respectively. Water
was controlled from the jointing stage in 2015 (10 August). A single irrigation was carried
out on 10 August, with the D1 and D2 treatment receiving irrigation of 16 and 0 mm,
respectively. Before water control, each treatment maintained normal irrigation to ensure
seedling emergence and normal growth. In 2015, there were only two treatments and these
were used to analyze the relationship between photosynthetic capacity and LWC.

2.3. Field Management

The experimental plots covered an area of 8 m2 (4 m × 2 m). The plots were separated
by a 3 m deep concrete wall to prevent the horizontal exchange of soil moisture. A
large electric rain-proof shed above the experimental plot was used to shield the natural
precipitation to carry out water control. The maize was sowed after wheat harvesting,
the sowing dates for 2013, 2014 and 2015 were 27 June, 24 June and 25 June, respectively.
Fertilizer application was carried out at the time of sowing, and there was no topdressing
during the experiment. The fertilization amount (diammonium phosphate, a compound
fertilizer, 300 kg ha−1) and the planting density (7 plants m−2) were consistent with
local fields.
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2.4. Sampling and Measurements
2.4.1. Leaf Gas Exchange

The observation of leaf gas exchange parameters was carried out at 9:30–11:30 on a
clear cloudless day. The first leaf was completely expanded at the top, and three healthy
maize plants with the same growth vigor were selected for the determination of leaf
photosynthesis in each treatment. The determination site was the middle upper part of
the leaf, avoiding the central leaf vein. Three replicates were taken for each treatment at
intervals of 7–10 days and measurements were added at the critical maize growth stages.
The LI-6400 portable photosynthesis system (Li-6400; LI-COR Inc., Lincoln, NE, USA) was
used to determine the maize leaf photosynthetic rate (An, µmol m−2 s−1), leaf temperature
(Tl, ◦C) and environmental factors. The photosynthetically active radiation (PAR) in the
leaf chamber was set to 1500 µmol m−2 s−1, which was the saturated light intensity of
maize. During the measurement periods, the temperature, relative humidity and CO2
concentration inside the leaf chamber were consistent with ambient air values, and the
flow rate was set to 500 µmol s−1.

2.4.2. Leaf Water Content

Leaves were sampled after the observation of photosynthetic physiological parameters
at 9:00 a.m.–11:00 a.m., and the leaf samples were consistent with those observed by
photosynthesis. Three replicates were taken for each treatment at intervals of 7–10 days
and measurements were added at the critical maize growth stages. The leaves were
separated from the plants by scissors. The fresh weight was measured and then the leaves
were put into a paper bag, then put into the oven for 105 ◦C deactivation for 1 h, then dried
to constant weight at 80 ◦C to determine the dry weight. The LWC was calculated by the
following equation:

Leaf water content (LWC) =
leaf fresh weight− leaf dry weight

leaf fresh weight
× 100 (1)

2.4.3. Maximum Carboxylation Rate at 25 ◦C (Vcmax25)

Farquhar et al. [41] proposed a C3 plant photosynthetic biochemical mechanism model,
and Von Caemmerer [42] applied the model to C4 plants. It was considered that the leaf
photosynthetic rate (An, µmol m−2 s−1) was mainly limited by Rubisco enzyme activity,
expressed as:

An =
Vcmax C

C + kc(1 + O/k0)

(
1− γ∗O

C

)
− Rd (2)

Massad et al. [43] applied the C4 plant photosynthesis model to maize and pointed out
that, the photosynthesis of the Rubisco enzyme activity limit in C4 plants was more sensitive
to the temperature than in C3 plants under the saturated light intensity conditions. In the C4
plants, Vcmax was more sensitive to temperature but less sensitive to Kc and Ko. Therefore,
the reduction of enzyme activity at high temperature was taken into consideration on the
basis of the Arrhenius equation, and the temperature correction function of Vcmax was
given as follows:

f (Tk) = exp
[

Ea (Tk − 298)
(298RTk)

]1 + exp
(

298∆S−Hd
298R

)
1 + exp

(
Tk∆S−Hd

Tk R

) (3)

which can obtain:

Vcmax25 =
An[

C
C+kc

(
1+ O

k0

) (1− γ∗O
C

)
− 0.01

]
exp

[
Ea(Tk−298)
(298RTk)

] 1+exp
(

298∆S−Hd
298R

)
1+exp

( Tk∆S−Hd
Tk R

)
(4)
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The explanations for values and meaning of the parameters in Equations (2)–(4) are
shown in Table 2. The Li-6400 fluorescent leaf chamber was used to observe the photosyn-
thetic physiological parameters of leaves. The light intensity was set at 1500 µmol m−2 s−1,
and the temperature, humidity, and CO2 concentration were all consistent with outside
environmental conditions. Maize is a C4 plant. Under saturated light intensity, temperature
is an important environmental factor affecting leaf physiological parameters. According to
Equation (4), the temperature is modified to obtain the Vcmax at 25 ◦C (Vcmax25).

Table 2. Summary of C4 photosynthesis model parameters at 25°C.

Parameter Description Value

An(µmolm−2s−1) Net photosynthetic rate Actually measure
Rd(µmolm−2s−1) Leaf mitochondrial respiration 0.01Vcmax

C(µbar) CO2 concentration in the bundle sheath CO2 concentation in reference room
O(mbar) Partial pressure of O2 210

γ∗(bar/bar) Half the reciprocal of Rubisco specificity 0.000193
Vcmax(µmolm−2s−1) Maximum carboxylation rate /

Kc(µbar) Michaelis–Menten constant of Rubisco for CO2 650
Ko(mbar) Michaelis–Menten constant of Rubisco for O2 450

f (Tk) Temperature correction function /
Tk(K) Leaf temperature Actually measure

Ea(kJmol−1) Activation energy 58.52
R(JK−1mol−1) Gas constant 8.31

∆S(JK−1mol−1) Entropy term 710
Hd(KJmol−1) Deactivation energy 220

2.5. Statistical Analyses

SPSS v.21.0 (SPSS Inc., Chicago, IL, USA) was used for variance analysis, and the Dun-
can method was used for multiple comparisons of variance analysis (p < 0.05). Data fitting
and graphical presentation were carried out in Origin Pro 2016 (Origin Lab, Northampton,
MA, USA). Polynomial fitting was used for the regression analyses.

3. Results
3.1. Leaf Water Content Changes with Drought Development

Figure 1 shows the changes in the LWC of the first fully expanded leaf of maize in
different growth periods and under different drought intensities. The LWC decreased
greatly at the beginning of the drought period and then decreased gradually with drought
development. The LWC decreased slowly as the growth period continued. In 2013 and 2014,
the extent of the decrease in the LWC of maize at 33 and 64 days after water control began
to slow. In 2013, during the rapid decrease period, the LWC of maize under the D1–D6 treat-
ments decreased at rates of 0.43%, 0.46%, 0.37%, 0.30%, 0.23%, and 0.26% d−1, respectively.
In 2014, during the rapid decrease period, the LWC of maize in the D1–D6 treatments
decreased at rates of 0.34%, 0.29%, 0.32%, 0.30%, 0.26%, and 0.30% d−1, respectively. The
LWC for the treatment with more irrigation decreased at higher rates.



Water 2021, 13, 1971 6 of 12

Figure 1. Leaf water content (LWC) changes with the development process of drought during 2013 and 2014. Note: *,
significant differences at the 5% level were found in various treatments; NS, significant differences at the 5% level were not
found in various treatments.

There were significant differences in LWC values among the different treatments after
water control began. The differences in LWC among the different treatments decreased
gradually as the growth period continued. There were significant differences in LWC
among the different treatments the 7 days after water control in 2013. The LWCs of the
higher irrigation treatments (D1–D4) were significantly higher than those of the lower
irrigation treatments (D5 and D6), but there were no significant differences among the
different treatments 33 days after the water control began (p < 0.05). There were significant
differences in LWC among the different treatments at 9 days after water control began in
2014. The LWC of the D1 treatment was significantly higher than that of the D2 treatment,
and the LWC of the D2–D4 treatments was significantly higher than that of the D5 and D6
treatments. The difference in LWC among the different treatments decreased gradually
49 days after water control began; the differences in LWC among the D1–D5 treatments
were not significant, but the LWCs in the D1–D5 treatments were significantly higher than
that in the D6 treatment (p < 0.05), which had the least irrigation. There were no significant
differences in LWC among the different treatments 88 days after water control began. As
the drought progressed, the soil water content decreased gradually, and the leaves could
not absorb enough water from the soil for photosynthesis or organic matter accumulation.
Moreover, the leaves needed to maintain a certain amount of water to maintain their
own growth. At the later stages of water control, the maize LWC reached the minimum
value that could maintain leaf growth, leading to the absence of significant differences
among treatments.

3.2. Vcmax25 Changes with Drought Development

The maximum carboxylation rate at a reference temperature of 25 ◦C (Vcmax25) of
the first fully expanded leaf of maize under the different drought intensity stresses in
different growth periods changed with the growth period, as shown in Figure 2. As the
drought progressed, the photosynthetic capacity of maize decreased overall. The Vcmax25
of the D1 and D2 treatments increased slightly 17 days after water control in 2013, then
decreased rapidly and gradually decreased more slowly at 33 days after water control. In
2014, Vcmax25 reached a maximum value the 9 days after water control and then started
to decrease. Vcmax25 decreased rapidly 7–36 days after water control. The Vcmax25
decrease gradually slowed at 36 days after water control. In 2013, the Vcmax25 of the
D1–D6 treatments reached the maximum value 17 days after water control, at values of
56.9, 50.3, 47.3, 46.4, 46.9, and 45.5 µmol m−2 s−1, respectively. The Vcmax25 values of the
D1 and D2 treatments (higher irrigation) were distinctly higher than those of the D3–D6
treatments (lower irrigation). In 2014, the Vcmax25 of the D1–D6 treatments reached the
maximum value 9 days after water control, at values of 40.6, 47.4, 48.5, 42.7, 41.0, and
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37.4 µmol m−2 s−1, respectively, and there were distinct differences among the treatments
with regard to when the Vcmax25 reached the maximum value.

Figure 2. Vcmax25 changes with the development process of drought during 2013 and 2014.

3.3. Relationship between Vcmax25 and LWC in Maize

Photosynthesis is the basis of crop growth and development. Vcmax25 can strongly re-
flect the photosynthetic capacity of plants. In this study, the relationship between Vcmax25
and LWC was analyzed, and we found that there was a significant quadratic relation-
ship between Vcmax25 and LWC (Figures S1–S3, Table S1). A detailed analysis of the
LWC thresholds for the various treatments in 2013, 2014 and 2015 can be found in the
Supplementary data.

The differences in LWC when Vcmax25 reached threshold (maximum and minimum)
values among the different treatments were not obvious, and the effect of different de-
grees of persistent drought on Vcmax25 was not obvious (Supplementary data); thus, all
treatments in each year were analyzed (Figure 3; Table 3). The results showed that in
2013, 2014 and 2015, at LWC levels of 82.8%, 82.8% and 81.9%, respectively, Vcmax25
reached maximum values of 46.1, 42.7 and 39.0 µmol m−2 s−1, respectively. Under drought
conditions, at LWC values of 66.9%, 66.9% and 68.9% for 2013, 2014 and 2015, respectively,
Vcmax25 decreased to zero.

Figure 3. Relationship between LWC and Vcmax25 in 2013, 2014 and 2015.
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Table 3. Regression equation between leaf water content and Vcmax25 in 2013, 2014 and 2015.

Treatments Regression Equation R2

2013 y = −0.18058x2 + 29.91681x − 1192.92662 0.786 ***
2014 y = −0.17019x2 + 28.16861x −1 122.81727 0.761 ***
2015 y = −0.23199x2 + 37.98876x − 1516.08477 0.879 ***
all y = −0.2189x2 + 35.81634x − 1418.92996 0.701 ***

*** means the leaf water content and Vcmax25 were significantly related at a 0.001 significant level.

Significant differences in the LWC when Vcmax25 reached a maximum were not
found among 2013, 2014 and 2015 (Table 4; p < 0.05), which indicated that the LWC when
Vcmax25 reached a maximum value was not greatly affected by the occurrence of persistent
drought stress in different growth periods. The results of this 3-year experiment (Figure 4,
Table 3) indicated that when the LWC was 67.3%, Vcmax25 decreased to zero, and when
the LWC was 81.8%, Vcmax25 reached a maximum value of 46.1 µmol m−2 s−1.

Table 4. The difference in LWC (%) when Vcmax25 reached threshold between experiment years.

LWC of Vcmax25 Was Maximum LWC of Vcmax25 Was Zero

2013 82.5 a 66.9 b
2014 81.6 a 67.6 ab
2015 84.0 a 69.1 a

Means within a column followed by the same letters are not significantly different at a 0.05 significant level
(Duncan’s one-way ANOVA).

Figure 4. Relationship between LWC and Vcmax25 during 2013–2015.

4. Discussion

It is generally assumed that drought-induced decreases in photosynthesis are due
primarily to stomatal closure, which decreases CO2 availability in the mesophyll, rather
than to a direct effect on the capacity of the photosynthetic apparatus [21,44,45]. As drought
progresses, the photosynthetic capacity of plants will be limited by drought. Vcmax25
is an important parameter for measuring crop photosynthetic capacity, which is of great
importance to plant photosynthesis and gas exchange [26,46]. Water deficit is considered
to be the main environmental factor limiting Vcmax25 [47]. In dry seasons, Vcmax25
decreases with decreasing soil moisture, and soil moisture can explain 61%–64% of the
variation in Vcmax25 [27]. Our results showed that the maize Vcmax25 decreased gradually
under persistent drought occurring in different growth stages and that water stress had
a distinct effect on Vcmax25. Sufficient water can facilitate the supply of soil elements,
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increase the stomatal conductance of leaves and increase intercellular CO2 concentrations,
thereby improving the photosynthetic capacity of crops [48–50]. In contrast, water deficit
will close the stomata and limit the entry of CO2 into the cells [19], thus reducing Vcmax25;
a lack of water also affects the expression of genes related to carboxylation and slows
carboxylase synthesis, thereby reducing the carboxylation rate [51,52]. Cai et al. [53] found
that the Vcmax25 of maize decreased significantly with increasing drought stress. The
Vcmax25 of Leymus chinensis showed a parabolic relationship with the increase in soil water
content [54]. In this study, the relationship between LWC and Vcmax25 was studied, and
similar results were obtained, i.e., maize Vcmax25 changed in a parabolic pattern with
increasing LWC.

Vcmax25 exhibits a significant threshold response to water stress [28], and the accurate
identification of this threshold is significant for crop drought identification, assessment,
and classification. Leaves, as the most important photosynthetic organ in plants, are
intimately associated with plant functions and adaptation to environmental changes. The
LWC is an important index of leaf water conservation, as well as the most sensitive
index to drought stress. The maize LWC decreases gradually during persistent reductions
in the field water capacity from 75% to 25% [45]. Our results showed that with the
development of drought, LWC gradually decreased. Dynamic changes in LWC can directly
reflect the degree of drought stress in maize, which is attributed to the fact that plant
organ water content variations in response to drought can be used to determine the
relationship between plant water content and soil moisture and play vital roles in evaluating
drought impact [55]. Optimal water conditions are good for maize growth and lead to
high LWC consumption; this led to the LWC decreasing faster in the treatments with more
irrigation in this study. The LWC has a significant relationship with photosynthesis, and
soil drought first leads to decreases in the LWC, which reduces the photosynthesis rate and
influences dry matter partitioning among organs [56]. The LWC can be used to indicate
whether the crop’s photosynthetic capacity is limited by drought stress. Available soil water
content of 39.3–44.1% is the photosynthesis rate threshold for maize [57], and a decrease
in wheat LWC from 75% to 70% is an important turning point for leaf photosynthetic
physiological activity [58]. In this study, when the LWC was 67.6 ± 1.2%, Vcmax25
decreased to zero, and when the LWC was 82.5 ± 0.5%, Vcmax25 reached the maximum
value (42.6 ± 3.6 µmol m−2 s−1), these results confirmed our hypothesis that there exists a
threshold response of Vcmax25 to LWC. When the LWC is less than 70%, the structure and
function of the photosynthetic organs of maize are destroyed, and carboxylase synthesis
is blocked, causing Vcmax25 to finally decrease to zero [58]. The results of this study
also showed that persistent drought in the different growth stages had little effect on the
value of the LWC when Vcmax25 was at a maximum. Vcmax25 is the representation of
plant photosynthetic capacity and is mainly affected by water stress. The time of drought
occurrence had no obvious effects on the value of the LWC when Vcmax25 was at a
maximum, which is consistent with our hypotheses.

In our previous study, the LWC when maize photosynthesis changed from being deter-
mined by SL to NSL was 75.5± 1.5%–75.7± 1.3% [40]. In the current study, the relationship
between the first fully expanded leaf Vcmax25 and the LWC of maize was quantitatively
studied, and the LWC was 67.6 ± 1.2% when Vcmax25 decreased to zero. This result
indicated that the reduction in maize photosynthesis was caused by NSL factors, which
led to a reduction in maize photosynthetic capacity. Taken together, these results provide
a critical reference for crop drought disaster identification, classification and monitoring
through remote sensing. Quantifying the correlation between LWC and plant physiological
response processes, especially the relationship between leaf photosynthetic processes and
the plant water status, will be useful in determining plant ecological adaptability and
appropriate crop water management strategies [59,60]. The current study addressed the
lack of knowledge of this relationship by quantitatively studying the relationship between
Vcmax25 and LWC. The relationship between Vcmax25 and LWC in different vegetation
types should be studied in future research to provide information for vegetation drought
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monitoring and early warning systems worldwide. In addition, a relationship model
between LWC and canopy water content should be developed to improve the accuracy
of global drought monitoring. Our findings may provide new insight into crop drought
classification and monitoring. These insights could be extended to other staple crops,
such as wheat and rice, in order to more deeply understand the relationship between the
physiological processes involved in plant photosynthesis and relevant ecological indicators
and to lay a foundation for the establishment of optimal evaluation indicators for crop
drought identification and early warning systems.

5. Conclusions

The present study indicated that as the drought continued, the LWC and Vcmax25
decreased continuously; LWC decreased with the increase in water stress and decreased
faster in the treatment with more irrigation. There was a parabolic relationship between
maize photosynthetic capacity and LWC; as LWC increased, the photosynthetic capacity
initially increased and then decreased. The occurrence of persistent drought in different
growth periods had little effect on the LWC threshold value when Vcmax25 was zero or at
its maximum. The LWC was 67.6 ± 1.2% when Vcmax25 was zero and 82.5 ± 0.5% when
Vcmax25 was its maximum value of 42.6 ± 3.6 µmol m−2 s−1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13141971/s1, Figure S1: Relationship between LWC and Vcmax25 for various treatments in
2013, Figure S2: Relationship between LWC and Vcmax25 for various treatments in 2014, Figure S3:
Relationship between LWC and Vcmax25 for various treatments in 2015, Table S1: Regression
equation between leaf water content and Vcmax25 during 2013–2015.
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