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Abstract: Studying the response of winter wheat to post-drought rehydration is conducive to under-
standing the efficient utilization of water-saving technology, such as regulating deficit irrigation and
increasing water use efficiency. The controlled condition experiment in the rain shelter was conducted
in 2020. The two water stress treatments, including post-drought rehydration at the jointing and
heading stages, were combined with high nitrogen (N) (250 kg/ hm?), low N (125 kg/ hm?), and no
N (0 kg/hm?, control). The effects of post-drought rehydration on the relative chlorophyll content
(SPAD), major fluorescence parameters, and photosynthetic indexes of winter wheat were determined.
The results showed that post-drought rehydration increased the SPAD value, the efficiency of light
energy conversion, maximum potential photo-electron transport, and the photosynthetic indices
and decreased the photochemical quenching coefficient. Among them, the compensatory effect of
rehydration at the heading stage on SPAD, fluorescence parameters, and photosynthetic indexes
was more significant (p < 0.05), and the winter wheat needed a recovery process after rehydration.
Increased application of N fertilizer can alleviate the effects of water stress on the fluorescence
parameters and photosynthetic properties of flag leaf and promote the degree of the response of
fluorescence parameters and photosynthetic properties to rehydration. The specific effects were as
follows: high N > low N > no N application. As a result, winter wheat had a certain compensatory
effect of rehydration after timely drought stress; the compensatory effect of rehydration could be
enhanced under the condition of increasing N application.

Keywords: winter wheat; water stress; SPAD; fluorescence parameters; photosynthetic index

1. Introduction

Wheat is one of the major food crops in China, accounting for more than 20% of
the country’s food crop cultivation area; the annual output is more than 130 million tons.
As the population grows and the economy develops, the amount of water available for
agriculture decreases each year. It has decreased by about 3.4% in the past five years.
Water-saving irrigation technology is an important way to stabilize wheat yield and is
essential to ensuring food security in China. When developing irrigation systems for crops,
a certain degree of drought stress is set to reduce evaporation and transpiration in the
field. Studies have shown that crops suffering from drought stress can quickly recover their
growth after rehydration, producing a compensatory effect or even a super-compensatory
effect, which can minimize the adverse effects caused by drought in the early stage to a
certain extent [1,2]. Therefore, research on the mechanism of post-drought rehydration is of
great significance in improving the theoretical water-saving irrigation system.

More than 90% of the dry matter accumulation and yield formation of plants come
from the photosynthesis of leaves, and the photosynthetic rate and relative chlorophyll
content of leaves are responsive to water and fertilizer [3-5]. Chlorophyll fluorescence
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parameters can better reflect the photosystem performance of plants. Because, in fluo-
rescent systems, part of the energy goes to the photosynthetic process in photosystem
II, part is lost in the form of heat and a part returns as fluorescence, which can be mea-
sured, and correlates with the level of stress felt by the plant. Therefore, this can be
used as an evaluation tool. When the external conditions change, the changes in chloro-
phyll fluorescence parameters in plants can reflect the response mechanism of plants to
the environment [6,7]. Drought stress reduces the photosynthetic rate in winter wheat.
Ashar et al. [8] suggested that drought stress could reduce chlorophyll content, photosystem
activity, and CO; transport level and then inhibit photosynthetic capacity. Drought stress
causes the disruption of photochemical reactions in PSII in wheat [9]. Some researchers
suggested that physiological indicators of plants are rehydrated after moderate drought
stress [10,11]. The response of crop growth indicators to drought stress at different growth
stages also differs. Tian et al. [12] found the greatest effect on winter wheat yield under
drought before the plucking and gestation stage. Irrigation at the flowering stage maxi-
mizes the number of grains on the maize ears and significantly increases the photosynthetic
rate of maize at the spatulation stage [13]. Meanwhile, photosynthetic parameters and
fluorescence characteristics of crops are closely related to plant nutrient levels. Appropriate
water and nitrogen synergy could enhance the photosynthetic characteristics of winter
wheat [14]. Follow-up nitrogen fertilization could improve fluorescence parameters, such
as potential PSII activity and maximum photochemical efficiency (Fy /Fp,), of winter wheat
flag leaf [15]. The above studies investigated the effects of water and nitrogen fertilizer on
photosynthetic and fluorescence characteristics of winter wheat, respectively. However,
the fluorescence parameters and photosynthetic indexes of winter wheat rehydrated after
drought at different growth stages under different nitrogen application levels were not
sufficiently studied.

In this study, it is assumed that reduced irrigation and controlled irrigation methods
can ensure the growth of winter wheat. Based on the water-saving irrigation of winter
wheat in the North China Plain, we used a controlled experiment of rain avoidance and
evapotranspiration measurement pits to measure the fluorescence and photosynthetic
indices of winter wheat in different growth stages after post-drought rehydration under
different N application levels. The objective of this study was to explore a suitable control
irrigation method for winter wheat growth and the physiological response law of win-
ter wheat under different water and nitrogen treatments under water-saving irrigation
conditions. This is of great theoretical and practical significance to improve the theory
of physiological regulation of efficient water use in crops and to promote the sustainable
development of high-quality and efficiency in winter wheat production.

2. Materials and Methods
2.1. Overview of the Test Area

The experiment was conducted in the rain-sheltered evapotranspiration measurement
pit at the Agricultural Efficient Water Use Laboratory of North China University of Water
Resources and Electric Power (34°47' N, 113°47’ E) from October 2020 to May 2021. It has a
temperate monsoon climate with a multi-year average temperature of 14.3 °C, and the hottest
month is July, with an average monthly temperature of 27.3 °C. January is the coldest month
with an average monthly temperature of 0.1 °C, and with about 2400 h of sunshine and 200 d
of frost-free conditions. The multi-year average rainfall is 624.3 mm, and the annual average
water surface evaporation is 1112.6 mm, of which the rainfall from June to October accounts
for 70% to 80% of the total annual rainfall. The average annual water surface evaporation
is 1112.6 mm, of which the rainfall from June to October accounts for 70~80% of the total
rainfall. The size of the pitis 2m x 2m x 3 m (length x width x height). There is a moisture
monitoring device installed inside the pit, which can monitor the soil moisture content
at different depths in real time (the depth of the monitoring device is 1 m, and every
10 cm is a monitoring depth). The bottom of the pit is equipped with an anti-filtration
layer and a drainage pipe, and the ground is equipped with a mobile rain shelter and an



Water 2023, 15, 305

3of 14

underground corridor (Figure 1). The soil in the pit was cinnamon soil with a field water
holding capacity of 30.51% (mass water content), pH value of 8.15, organic matter mass
fraction of 16.46 g/kg, total N of 1.07 g/kg, total phosphorus of 0.63 g/kg, total potassium
of 0.91 g/kg, and other major physical properties, as shown in Table 1.
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Figure 1. Plan of the pit.

Table 1. Main physical properties of cinnamon soil in the test pit in the test area.

Soil Denth (cm) Field Water Holding Bulk Density Mass Fraction of Soil Particle Size (%)
oil Depth (cm : o cem—3
P Capacity (mass, %) (g-em™2) Sand Silt Clay Particle
0-30 30.51 1.37 28.78 38.35 32.87
30-60 29.31 141 29.12 39.15 31.73
60-100 28.09 1.46 30.17 38.21 31.62

2.2. Experimental Design

The three N application levels were 0 kg/hm?, 125.0 kg/hm?, and 250.0 kg/hm?. The
two water stress treatments were post-drought rehydration at the jointing and heading
stages. There were six treatments, as shown in Table 2, The moisture change curve is shown
in Figure 2.

The experimental wheat variety is “Zhongmai 1062” (a new variety, Yumai 34 as
female parent hybridized with Rotated 9873 as male parent), sown on 30 September 2020,
and harvested on 1 June 2021. The sowing rate was 15.0 g/m?, and the planting spacing
was 20 cm, with 8 rows planted in each pit. Both phosphorus and potassium fertilizer were
applied at 15.0 g/m? before sowing; 50% of N fertilizer was applied before sowing and 50%
at the beginning of jointing (20 March). The growth of winter wheat is divided into five
stages, namely the seedling stage, overwintering stage, regreening stage, jointing, heading,
flowering stage, filling, and maturity states. There was no water control treatment during
the seedling and overwintering stage. The overwatering irrigation quota was 75 mm. The
lower limit of irrigation was 60% of the field water holding capacity at the jointing, heading,
and flowering stage, and 75% of the field water holding rate during greening, filling, and
maturity. The planned wetting layer was 60 cm at the greening and jointing stages, and
100 cm at the heading and maturing stages. When the average soil moisture content of the
planned wetting layer was close to or slightly lower than the lower limit of the designed
irrigation, the irrigation quota was 75 mm. All agronomic measures were the same except
for water and fertilizer control.
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Table 2. Table of soil moisture content in different stages.

Lower Limit of Irrigation

. 1 Nitrogen Application
Experimental Treatment Rate (kg/hm?) Regreening  Jointing Heading Flowering Maturing
Stage Stage Stage Stage Stage

No nitrogen Ty 0 75 60 75 75 75

application Ty 75 75 60 75 75

. T; 75 60 75 75 75

Low nitrogen T, 1250 75 75 60 75 75

High Ts 250.0 75 60 75 75 75

nitrogen Te ) 75 75 60 75 75

Notes: The data in the table is the ratio (%) of the average soil moisture content of the planned wet layer of the test
pit to the field water holding capacity; 60% soil moisture is drought, 75% soil moisture is normal, and 70-80% soil
moisture is suitable for winter wheat growth.

Soil depth

Time frame

Figure 2. Water retention curve for wheat in this soil. Notes: The figure shows the change curve of
soil moisture after irrigation at jointing stage.

2.3. Measurement Index and Method

To avoid edge effects, three wheat plants were randomly selected for tagging around
the center of the test pits in each treatment. Fluorescence parameters and photosynthetic
indexes of wheat were measured after rehydration at the current growth period in sunny
weather after the 2nd d, 5th d, and 9th d of rehydration. The measuring time was from
9:00 a.m. to 12:00 a.m.

(1) Determination of SPAD: The SPAD was measured using a SPAD-502 chlorophyll
meter. The section of wheat was measured at 1/2 of the flag leaf and at 3 cm above and
below it. (2) Fluorescence parameter measurement: The light energy conversion efficiency
(Fy/Fm), photochemical quenching coefficient (qp), non-photochemical quenching coef-
ficient (NPQ), and fast fluorescence response curve (ETR) of wheat were measured by
MINI-PAN-II ultraportable pulse-amplitude-modulation, which was first clamped at the
middle of the flag leaf with a leaf clip before being measured. Then, the leaf was dark
adapted for 15 min, and finally, the fiber optic. The fiber optic sensor was inserted into the
leaf clip, and the shading sheet on the leaf was removed to start the chlorophyll fluorescence
induction curve and rapid fluorescence response curve functions.

After rehydration at the heading stage, the soil water content of all experimental
treatments subsided to normal levels. The rapid light response curve of winter wheat
flag leaf under light acclimation conditions was measured. The light response curve was
determined by accumulating photosynthetically active radiation flux density (PAR) using
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the instrument’s own photometric probe and thermocouple and settings of 0, 50, 100, 150,
200, 300, 450, 650, 1000, and 1500 p. The flag leaf electron transfer rate (ETR) was measured
with 10 gradients of 0, 50, 100, 150, 200, 300, 450, 650, 1000, and 1500 pumol-m~2-s~1. The
measurement time was 10 s for each light intensity. The equations were fitted using the
least squares method as follows.

rETRpm, (1 _ o~ xxPAR/ rETRm>

ETR = oB*PAR/1ETR,, <y

where rETRy, is the maximum potential relative electron transfer rate in the absence of
photoinhibition; « is the initial slope of the rETR-PAR curve, reflecting the plant’s ability
to use light; half-saturation light intensity Ey = rETRy,/«; and 3 is the photosynthetic
inhibition parameter [16,17].

(3) Photosynthetic parameters were measured using a GFS-3000 portable photosyn-
thesizer to measure the net photosynthetic rate (P,), transpiration rate (T;), stomatal
conductance (Gs), and intercellular CO; concentration (C;) of winter wheat flag leaves
under natural light conditions with a leaf chamber temperature of 25 °C, leaf chamber
area of 4 cm?, CO, concentration of 400 umol.mol !, flow rate of 750 umol mol~!, and air
humidity of 50%.

3. Results
3.1. Response of Winter Wheat Flag Leaf SPAD to Water and Nitrogen

The results of the 2nd d, 5th d, and 9th d after rehydration at different levels of N
application are shown in Figure 3. T5 significantly increased the SPAD value by 12.0%,
17.9%, and 17.2% (p < 0.05) compared to Ty; T3 increased significantly by 4.1%, 10.6%, and
11.4% (p < 0.05) compared to Ty; Ty increased significantly by 25.6%, 33.0%, and 16.7%
(p < 0.05) compared to Ty; T, increased significantly by 4.2%, 13.5%, and 15.5% (p < 0.05)
compared to T, respectively. The response of SPAD to rehydration was greater at the
heading stage at different rehydration periods than at the jointing stage. Both of them
reached the maximum at the 5th d after rehydration. At this time, the SPAD at three N
application levels at the heading stage were 3.2%, 5.9%, and 4.1% higher than those at the
jointing stage, respectively (Figure 3).

60

[T, T, T
), T, T
50
be
a
g BN
40
30

5d
Time after rehydration

Figure 3. Changes in leaf SPAD under different rehydration times and different N leaves. Notes:
Different lowercase letters indicate significant differences at 0.05 level between different treatments
(the same below); T1, T3, and Ts rehydration at the jointing stage, and T», T4, and T¢ rehydration at
the heading stage; the significance analysis at the same time.
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From the above results, SPAD showed a trend of first increasing and then decreasing.
The recovery rate and maximum value of SPAD after rehydration were greater at the tassel
stage than at the jointing stage. The magnitude effect of the N application level on SPAD
was high N >low N >no N.

3.2. Response of Chlorophyll Fluorescence Kinetic Parameters of Winter Wheat Flag Leaves to
Water and Nitrogen

3.2.1. Response of Winter Wheat Flag Leaf F, /Fy, to Water and Nitrogen

The three measurements after rehydration were combined with different N levels.
Compared with Ty, T3 significantly increased Fy /Fn by 3.6%, 1.6%, and 5.1% (p < 0.05), and
Ts5 had a greater increase than T3, whereas compared with T, T, significantly increased
Fy/Fm by 2.9%, 2.9%, and 4.8% (p < 0.05). Moreover, T¢ had a greater increase. At different
rehydration periods, both of them reached the maximum at the 5th d after rehydration
(Figure 4). From the above results, the value of F, /Fy, showed a trend of increasing and
then decreasing after rehydration, and the increase was positively correlated with the level
of N application. The F, /F, value reached the maximum at the 5th d after rehydration and
gradually decreased after the 5th d. At the same time, its decrease was positively correlated
with the level of N application. The increase in Fy /Fy, after rehydration at the heading
stage was greater than at the jointing stage, and F, /Fp, at the heading stage was greater
than that at the jointing stage after the same rehydration time.

0.90 -

C I, 7, s
Cr, T, T,
0.85 -
b
cd ab od
. b
S %%
= T
C
0.75 -
0.70

2d 5d 9d
Time after rehydration

Figure 4. Changes in leaf Fy /Fy, under different rehydration times and different N leaves. Notes:
Different lowercase letters indicate significant differences at 0.05 level between different treatments;
Ty, T3, and Ts rehydration at jointing stage, and Ty, T4, and T4 rehydration at heading stage; the
significance analysis at the same time.

3.2.2. Response of Flag Leaf gp and NPQ of Winter Wheat to Water and Nitrogen

The qgp increased and then decreased after rehydration, while the opposite was true for
NPQ (Figure 5). At different levels of N application, the qp of T5s was significantly higher
than Ty, by 37.4%, 38.1%, and 41.4% (p < 0.05), and the qp of T3 was significantly higher
than Tq, by 19.1%, 20.5%, and 21.8% (p < 0.05), respectively. The qp significantly increased
after rehydration at the heading stage. The trend of NPQ after rehydration is opposite to
qp, but the magnitude of its change is basically similar to qp (Figure 5).

From the above results, it is clear that both qp and NPQ need a recovery period for
their physiological activities after rehydration after drought stress, and they can generally
recover to normal levels by about the 5th d. Increasing the N application level not only
increased the recovery rate but also improved qp and reduced NPQ. The recovery rate
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of the fluorescence coefficient after rehydration is faster at the tasseling stage than at the
pulling stage and also improves qp and reduces NPQ.
0.9 -

08 r jTI-T3-T5
Cr, [, s Cr, T, T,
o, e, T,
a

0.7+

0.6

NPQ

0.5 |

04 |

0.3

5d
Time after rehydration 2d 5d 9d
Time after rehydration

(a) (b)

Figure 5. Characteristic curves of rapid fluorescence response under different rehydration times
and different N leaves. Notes: Different lowercase letters indicate significant differences at 0.05
level between different treatments; Ty, T3, and Ts5 rehydration at jointing stage, and Ty, T4, and Tg
rehydration at heading stage; the significance analysis at the same time.

3.2.3. Response Analysis of Fast Fluorescence Response Curve to Water and Nitrogen

A nonlinear fit of the fast fluorescence response curve was performed by applying the
least-squares method (Figure 6), and the results of the fitting of the characteristic parameters
are shown in Table 3; none of the correlation coefficients R were less than 0.99, within the
95% confidence interval. Water replication and nitrogen application increased the light
energy utilization capacity of maximum leaves, and rETR,, was ranked from largest to
smallest as T, T4, T, T5, T3, and T;. At the same level of nitrogen application, T4, T4, and
T increased by 25.4%, 23.8%, and 26.6% compared to Ts, T3, and Ty, respectively. The
rETR, was more influenced by the rehydration of the heading stage after the soil water
content of all treatments subsided to normal levels. The rETR, increased with the increase
in the level of N application. The initial slope and the response of half-saturation light
intensity to water and nitrogen showed a similar pattern to that of rETRy,.

= TI T3 ¢ TS
80 e T, v T, T,

(=)
(=]
T

tETR/(umol.m2s™")
B
(=)
T

20

0 & 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600
PAR/(umol.m2s™")

Figure 6. Characteristic curves of rapid fluorescence response under different rehydration times and
different N leaves. Notes: Ty, T3, and T5 rehydration at jointing stage, and Ty, T4, and T4 rehydration
at heading stage.
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Table 3. Parameters of fast fluorescence response characteristic curve under different rehydration
times and different N leaves.

rETR, Initial Slope Ejx
Test Treatment (umol-m—2.s~1) Initial Slope RI;te () (umol-m—2.s~1) R?
T 69.3 0.211 328.69 0.993
T, 87.7 0.249 348.19 0.994
T3 77.3 0.224 345.28 0.992
Ty 95.7 0.269 355.76 0.995
Ts 83.4 0.246 338.78 0.995
Te 104.6 0.298 358.22 0.996

3.3. Response of Photosynthetic Parameters of Winter Wheat to Water and Nitrogen
3.3.1. Response of Net Photosynthetic Rate of Flag Leaf of Winter Wheat to Water and
Nitrogen

At different levels of N application, the results of the 2nd d, 5th d, and 9th d after
rehydration showed that T5 increased significantly by 28.9%, 35.8%, and 30.2% (p < 0.05)
compared to Ty; T3 increased significantly by 12.4%, 25.6%, and 21.2% (p < 0.05) compared
to Tq; Ty increased significantly by 25.6%, 33.0%, and 16.7% (p < 0.05) compared to T»;
T4 increased significantly by 10.8%, 16.5%, and 10.0% (p < 0.05) compared to T, respectively.
At the same level of N application in different rehydration periods, P, showed a significant
increase at the tassel stage compared to the pulling stage at the 2nd, 5th, and 9th d after
rehydration (Figure 7).

After rehydration under different treatments, Pn required a period of recovery and
generally recovered completely on 5th d. After the 5th d, P,, gradually decreased with the
decrease in soil water content. The recovery rate of P, after rehydration at the tasseling
stage was greater than that at the nodulation stage. The maximum rate of P, at the
nodulation stage was higher than that at the nodulation stage after drought stress at the
same N application level. With increased N application, not only can the recovery rate of
P, after rehydration be accelerated, but also the maximum P, can be increased.

26
6.T1‘T3 Ts

T, v T, T,

22 -

-2 -1
[\
(=]
T
Py
>t

Pn/(umol'm ~s
4

—_
(o]
T

| | |
2d 5d 9d
Time after rehydration

Figure 7. Variation of flag leaf P, of winter wheat under different rehydration times and different
N leaves.
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3.3.2. Response of Flag Leaf Transpiration Rate, Stomatal Conductance, and Intercellular
CO;, Concentration of Winter Wheat to Water and Nitrogen

The changes in photosynthetic indexes under different treatments are shown in Table 4.
Results of the 2nd d, 5th d, and 9th d after rehydration at different levels of N applica-
tion were that the T, of Ts increased significantly by 38.2%, 24.5%, and 18.8% (p < 0.05).
Compared to Ty, the T; in T3 increased significantly by 21.7%, 13.0%, and 8.1% (p < 0.05),
respectively. There was a more significant increase after rehydration at the heading stage.
The change patterns of Tr and G under different treatments were basically the same. Ci
was significantly accelerated in the first 5th d after rehydration under the N application
treatment and began to decrease gradually after 5th d. However, C; showed an increase
in the measurement at the 9th d after rehydration at the jointing stage under the no N
treatment, with an increase of 3.2% compared to the 5th d. Additionally, under the low N
condition, only a small decrease was observed on the 3rd d measurement after rehydration.
Ts and T5 showed a significant decrease of 10.3% and 11.6% (p < 0.05) at the 9th d compared
to the 5th d, respectively (Table 4).

From the above results, all photosynthetic indexes gradually increased after rehydra-
tion, and the changes in Tr and G were basically the same. After the 5th d of rehydration,
T; and G; started to decrease due to the receding soil moisture, but C; showed an increase
and a small decrease under the low N treatment without N application. Significant differ-
ences in photosynthetic indexes were observed under different N application treatments
(p < 0.05). The photosynthetic indexes of the same N application treatment were also greater
after rehydration at the tasseling stage than at the nodulation stage.

Table 4. Changes of Ty, C;, and Gg in flag leaves of winter wheat under different rehydration times
and different N leaves.

Test Treatment

T; Gs G;
(mmol-m—2.s~1) (mmol-m—2.s~1) (umol-m—2.s—1)

Time after Rehydration

2d 5d 9d 2d 5d 9d 2d 5d 9d

Rehydration at Tq 272¢g 384c 298 f 0.19c 0.25b 0.20c 18548 e  214.49c 221.27bc
the jointing stage T3 331e 434Db 322e 0.24b 0.30 a 0.23b 202.84d  226.11b  216.39c¢
Ts 3.76 ¢ 478a 3.54d 0.26 b 0.33a 0.25b 217.72¢  248.61a 219.87 bc

Rehydration at Ty 312¢ 4.04c 311g 022e 0.28 c 022e 221.82f 247.69bc 239.23d
heading stage Ty 3.62e 4.62b 3.37f 0.25d 0.32b 024de 22953e 253.33b  228.09e
Te 3.97 cd 527a 3.79 de 029 ¢ 0.36a 0.28 ¢ 23243 cd  265.74a  23847d

Notes: Different lowercase letters indicate significant differences at 0.05 level between different treatments; T1, T3,
and T5 rehydration at jointing stage, and T2, T4, and T6 rehy-dration at heading stage; the significance analysis at
the same time.

4. Discussion

N is essential for plant photosynthesis, and water is the basis for plant physiological
activities. Many scholars have studied the effect of water and N regulation and chlorophyll
fluorescence properties in plants [18-21]. Research shows that water and N promote each
other and limit each other, water can accelerate the rate of N transport by crop roots, and
N can promote the water uptake capacity of crop roots [22]. Insufficient water will affect
the transport of crop nutrients, while insufficient growth will affect the uptake of water
by crops. Optimum water and N can improve the physiological performance of crops and
promote photosynthesis [23].

4.1. Response of Winter Wheat Flag Leaf SPAD to Water and Nitrogen

Chlorophyll is an indispensable substance for photosynthesis in plants; when chloro-
phyll content is high, the leaves can use more light energy and absorb and convert more
CO? for photosynthesis [24,25]. There is a significant positive correlation between the
relative chlorophyll content (SPAD) and chlorophyll content of plant leaves, that is, the
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SPAD can be measured instead of the traditional measurement of chlorophyll values [26,27].
The higher the N level, the greater the SPAD value at the same water level. N promoted
chlorophyll synthesis and slowed chlorophyll decomposition in winter wheat, increasing
SPAD in winter wheat [28]. SPAD does not return to normal levels immediately after
rehydration, and its return to normal water generally takes about 5 d, the reasons for
this are that the chlorophyllase activity in flag leaves did not fully recover at the early
stage after rehydration due to the effects of the previous drought [29]. There was a sig-
nificant (p < 0.05) difference between SPAD under the value of N application treatment
and the treatment without N application after rehydration (Figure 3). It is possible that
N promotes the physiological activity of winter wheat and enhances water uptake by the
root system. However, the compensatory effect of N on SPAD decreased as the level of
N application increased. Our results agree with Shi et al. [30] who found that SPAD in
winter wheat first increased and then decreased with increasing N application level, so the
above phenomenon may be due to exceeding the N demand for SPAD at high N levels,
resulting in a lower compensation benefit per unit of N. At the same level of N application,
winter wheat undergoing pre-drought stress will have a compensatory effect on SPAD
after rehydration, and the SPAD of winter wheat undergoing pre-drought stress is greater
than that of winter wheat not undergoing drought stress. It is possible that drought stress
increased the physiological activity of winter wheat and increased the compensatory effect
of SPAD produced after rehydration at the heading stage. The physiological activity of the
crop differs at different growth stages, and the response of winter wheat flag leaf SPAD
to rehydration also differs [31]. Therefore, physiological activity needs a recovery process
when winter wheat is rehydrated under drought, which is usually fully recovered by about
the 5th d. Rehydration treatment at the heading stage is better for improving N utilization
and chlorophyll formation and promoting photosynthesis in winter wheat under drought
and moderate N at the nodulation stage.

4.2. Response of Flag Leaf Fluorescence Parameters of Winter Wheat to Water and Nitrogen

Chlorophyll fluorescence kinetic parameters can fully reflect the efficiency of light
energy capture, translocation, distribution, and energy consumption by leaves [32]. Over-
all, the Fy /Fy, and photochemical quenching coefficients decreased while non-chemical
quenching coefficients increased when winter wheat chlorophyll fluorescence parameters
were subjected to drought stress. The drought stress caused permanent damage to the pho-
tosynthetic reaction center PSII under long-term stress, resulting in blocked photosynthetic
primary reactions and, thus, reduced photosynthetic rates [32-34]. There were differences
in the degree of response of different photosynthetic parameters to rehydration and N.
There was a significant (p < 0.05) compensatory effect of Fy /Fyy, at different N levels after
rehydration (Figure 3), and the compensatory effect of rehydration at the tassel stage was
greater. Photochemical quenching coefficient and non-chemical quenching coefficient are
two parameters with opposite trends because different photosynthetic parameters have
different patterns of change in response to environmental stress (Figure 4) [35]. None of the
fluorescence parameters recovered rapidly after rehydration without N application, and
under N application, fluorescence parameters responded rapidly to rehydration, which
is consistent with Sao’s [36] study. This was because of the inhibition of the fluorescence
response of the flag leaf in winter wheat due to the N deficiency [37]. It is possible that
the increasing N application increased the root activity of winter wheat and enhanced
the water and nutrient uptake capacity of winter wheat roots. After moderate drought
stress at the pulling stage, winter wheat improved the water and N utilization capacity
and their tolerance of winter wheat flag leaves during drought. The recovery rate of the
fluorescence coefficient was accelerated after rehydration at the tasseling stage. Therefore,
the energy consumption during the photosynthesis of winter wheat flag leaf could be ap-
propriately reduced under the treatment of rehydration and moderate N application after
moderate drought, increasing the openness of the light response system and improving the
photosynthetic rate.
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4.3. Response of Fast Fluorescence Response Curve and Characteristic Parameters to Water and
Nitrogen

The N application level and rehydration period could have significant effects on
the fluorescence response characteristics of winter wheat flag leaves under normal water
conditions. Before the light intensity reached the saturation point, the fast fluorescence
response curve tended to be smooth as the electron transfer rate gradually increased
with the increase in light intensity, and the fast fluorescence response curve of leaves
slightly decreased when the light intensity saturated [38]. It may be that when the light
intensity is too high, the plant cannot adapt and photoinhibition occurs (Figure 6). The
flag leaf electron transfer rate (ETR) refers to the absolute electron transfer rate of PS1I,
i.e., the absolute linear electron flow rate through PS II. The larger the slope, the faster
the electron transfer rate [39,40]. The maximum potential relative electron transfer rate,
initial slope of fluorescence response curve «, half saturation, and light intensity under
normal water conditions were most affected by the high N treatment at the tassel stage
(Table 3). It is possible that the drought stress in the pre-stage period of winter wheat
enhanced the resistance of winter wheat to stress and strengthened the uptake of water
and nitrogen under drought conditions. The maximum potential relative electron transfer
rate is significantly (p < 0.05) reduced under prolonged drought stress, probably because
the enzymes associated with photochemical reactions in PSII are reduced, decreasing the
maximum potential relative electron transfer rate [41].

4.4. Response of Flag Leaf Photosynthetic Index of Winter Wheat to Water and Nitrogen

Photosynthesis is the process by which green plants absorb solar energy, assimilate
carbon dioxide and water, produce organic matter, and release oxygen. Appropriate
irrigation and N application will accelerate the photosynthetic rate of winter wheat flag
leaves and improve crop yield [42,43]. Net photosynthetic rate (Py) reflects the final oxygen
production and organic matter accumulation in leaves. As the most critical physiological
leaf of wheat in the late reproductive stage, the photosynthetic capacity rate of flag leaf
is closely related to the growth and development of the plant, and ultimately affects the
accumulation of dry matter in the crop [44]. Transpiration rate, stomatal conductance,
and intercellular CO; concentration laterally reflect the response of leaves to the factors
influencing photosynthesis during photosynthesis [45]. The changes in net photosynthetic
rate, transpiration rate, and stomatal conductance remained basically the same (Figure 7,
Table 4). This is mainly because a decrease in stomatal conductance means that stomata
are closed, and leaves cannot exchange gases with the outside world through stomata,
which in turn affects the net photosynthetic rate and transpiration rate of leaves. The
photosynthetic indexes were affected by the level of N application at the same water level:
high N >low N > no N application, probably because N enhanced the water uptake capacity
of winter wheat roots, resulting in more water in the leaves and increased openness of
stomatal conductance, which accelerated the transpiration rate and photosynthetic rate
of the leaves [46], and the rate of net photosynthetic rate was relatively low under no
and low N conditions. Comparing the photosynthetic indexes at different growth stages
with the same level of N application, stomatal conductance, net photosynthetic rate and
transpiration rate were more responsive to rehydration at the heading stage than at the
jointing stage. This is probably because short-term drought stress increased the tolerance of
winter wheat to drought, and the rehydration increased the water and N uptake capacity
of winter wheat, which in turn elevated the water content of the flag leaf, accelerating Tr,
and G increased the stronger photosynthetic characteristics of winter wheat during the
heading stage [47]. Tr decreased most significantly under drought conditions (p < 0.05),
and water deficit had the most direct effect on the transpiration rate.

The trend of intercellular CO; concentration was different from the other three photo-
synthetic indicators (Table 4). The rehydration after drought could increase intercellular
CO; concentration substantially, and the increase was correlated with the level of N applica-
tion. When soil moisture decreased, intercellular CO, concentration decreased significantly
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(p < 0.05) at high N levels, and only a small change in intercellular CO; concentration
occurred at low and no N application. The above phenomenon is due to the simultaneous
lack of water and N, resulting in decreased photosynthetic activity of winter wheat flag
leaves. Most intercellular CO, concentration is not fixed through plant photosynthesis,
resulting in an intercellular elevation [48]. After rehydration, the water increases in plants
accelerated the photosynthetic rate, increased stomatal opening and the rate of gas ex-
change between flag leaves and the outside world, and N promoted the water uptake
capacity of the root system [49]. High N leaves can increase the compensatory benefits of
photosynthetic indicators after rehydration, while reducing the magnitude of Ci increase
due to non-stomatal factors. The decrease in field water holding capacity reduced the water
content of winter wheat flag leaves and reduced stomatal opening, while the photosynthetic
rate decreased.

5. Conclusions

The results of water regulation studies on winter wheat at different levels of N appli-
cation showed that a brief drought stress reduced SPAD, F, /Fn, qp, TETRp, and photosyn-
thetic indices of winter wheat flag leaves and increased NPQ. The degree of response of
different photosynthetic parameters to drought stress differed. After rehydration, fluores-
cence and photosynthetic can be recovered in a few days. The increase in N application
can alleviate the degree of drought stress of fluorescence and photosynthetic parameters
and increase the compensation effect produced by rehydration. Since the formation of
winter wheat yield mainly occurs after the heading stage, moderate drought exercise and
increased N application under controlled irrigation in the early growth period of winter
wheat are beneficial to improving winter wheat yield.
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