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Drought significantly threatens crop productivity and food security worldwide. However, the severity of drought is predicted to
increasingly intensify in the future. To provide an antidrought strategy for farmers and breeders, the response of stomatal
behavior of crops to water stress should be well studied. In this study, a lysimeter experiment was conducted to study the
relationship between gas exchange parameters and grain yields of winter wheat. Light, moderate, and severe drought levels were
imposed at seedling, jointing, heading, and filling stages. The results showed that crop evapotranspiration (ETc, mm) of winter
wheat during the entire growing season was limited by drought imposed at any growth stage, and ETc under severe drought
treatment was always the lowest. The stomatal limitation value had a significant linear correlation with the stomatal
conductance (Gs, μmolmolH2Om–2 s–1) and transpiration rate (Tr, mmolH2Om–2 s–1). Light and moderate drought levels at
the seedling stage did not generate irreversible physiological stress on wheat plants, while severe drought at any growth stage
caused significant reduction in gas exchange parameters and grain yields. Theoretical threshold values of leaf water use
efficiency (WUEl) for light, moderate, and severe drought levels were 2.62, 3.36, and 4.11 μmolmmol–1, respectively. The
threshold values are useful to provide theoretical reference for achieving smart irrigation in the North China Plain.

1. Introduction

Drought is one of the most common factors threatening food
security worldwide. It is predicted that the severity of drought
will continue in the future under the current climate change
scenarios [1]. Nevertheless, global demand for major grains
such as wheat and maize is projected to increase by 70% by
2050 due to the ever-increasing population [2]. This means
the agricultural sector will double the present consumption
of the water resources on the planet under the current water
use efficiency (WUE) level [3]. To mitigate the conflict
between water consumption for food production and water
supply for agriculture, modern irrigation technology should
be developed toward smart and precision irrigation with effi-
cient use of water [4]. However, the present efficiency of irri-
gation in the world is relatively low, especially in Southeast
Asia, North Africa, and South America [5–7]. Taking China,

for example, the mean utilization coefficient of irrigation
water was 0.45 in 2019 [8]. Precision irrigation according to
the crop water requirement is the key to achieving high leaf
water use efficiency (WUEl). However, the main difficulty
for precision irrigation lies in real-time and rapid monitoring
of gas exchange parameters of crop leaves, such as the stoma-
tal conductance (Gs, μmolmolH2Om-2 s-1) and transpira-
tion rate (Tr, mmolH2Om-2 s-1), and WUEl [9].

The North China Plain (NCP) is one of the most impor-
tant granaries in China, accounting for 30 and 60% of the
domestic maize (Zea mays L.) and wheat (Triticum aestivum
L.) production [10]. Over recent years, NCP has been
subjected to serious water shortages due to the rapid develop-
ment of irrigated agriculture. For example, groundwater for
irrigated agriculture in the NCP has accounted for nearly
70% of total water use in 2015 [11]. Consequently, every
year’s decline of the groundwater table reached 1.0m over
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the past decade, causing the deepest groundwater table of
105m in the groundwater depression cone [12]. During win-
ter wheat growing seasons, only 25–40% of the crop water
requirement can be met by seasonal precipitation, which is
around 100–180mm in the NCP [3]. Generally, the crop
needs 2–4 times of irrigation to meet the water requirement
and achieve high yield formation of wheat. Therefore, timely
irrigation according to the water requirement of crops is the
key to high productivity of winter wheat. However, the main
difficulty for timely irrigation remains in real-time and rapid
monitoring of crop water status. Some scholars developed a
probabilistic method for modeling the dynamics of soil water
content to guide irrigation, but the model is too complicated
to be of wide practical use [13–15]. Using a crop canopy tem-
perature monitoring system which measured real-time data
at a 1 h interval, Jiabing et al. [16] adopted the difference
between canopy temperature and air temperature to identify
the crop water deficit, which could be further used to trigger
irrigation. However, how to reasonably separate canopy
temperature from surface temperature when the vegetation
coverage is low caused overestimation of crop transpiration
[17]. Moreover, how to accurately determine dependable
threshold values for irrigation decision-making is also a
difficult point for automatic irrigation [18]. So far, few publi-
cations have been found using WUEl as the threshold value
of wheat to support data-driven automatic irrigation. In
practice, less is known about how to quantitatively analyze
the soil moisture status through monitoring crop water status
and other photosynthetic parameters, which is critical to
determine the irrigation timing and amount.

Accurate identification and measurement of crop water
status is the basis for smart irrigation [19]. In order to make
crops grow normally without water stress, timely irrigation
should be conducted before excessive drought occurs. Stud-
ies have shown that, when subjected to drought stress, crop
leaves always make the first and rapid response to water
stress [20]. Besides, the leaf is a major carrier where photo-
synthesis and crop transpiration occur. Crops regulate the
transpiration rate through adjusting stomatal conductance
so that they can maintain the balance of plant water status
and intercellular CO2 concentration [21] and cool down
themselves when exposed to high temperature [22]. Also,
leaf water potential is one of the most important indicators
that is associated with stomatal conductance [23], and it will
change immediately after the change of stomatal conduc-
tance [24]. Leaf water use efficiency (WUEl) is defined as
the ratio of photosynthesis to transpiration, which reflects
the change of related quantity in the process of leaf gas
exchanges [25]. Moreover, intercellular CO2 concentration
(Ci) is an important decision basis to determine whether
the main reason for the change of the photosynthetic rate
is attributable to stomatal factors [26]. Under soil water
stress, there is a “threshold” response of photosynthesis of
wheat leaves to soil water content [27]. When the intercellu-
lar CO2 concentration of leaves changes from decreasing to
increasing, it indicates that the main reason for the decrease
of the photosynthetic rate is caused by water stress changes
from stomatal limitation to nonstomatal limitation [28,
29]. It is known that the moderate water deficit in a specific

growth period does not reduce crop yield but increases crop
productivity and WUE [30, 31].

We hypothesize that timely and appropriate irrigation
can be achieved based on the real-time crop water require-
ment by monitoring gas exchange parameters such as WUEl
as threshold values of crops. The objectives of this study are
as follows: (i) to compare the difference of gas exchange
parameters of winter wheat leaves under different water
stress conditions in a lysimeter experiment, (ii) to clarify
the response of leaf stomatal behavior to water stress, and
(iii) to figure out the threshold values of WUEl, providing
guidance for water-saving and smart irrigation of winter
wheat in the NCP.

2. Materials and Methods

2.1. Site Description. The experiment was carried out at the
Maozhuang Experimental Station of Henan Water-Saving
Irrigation Engineering Technology Research Center, Central
Station of Henan Irrigation Experiment, China (34°16′N,
112°42′E, a.s.l. 85m) (see Figure 1). The place has a continent
temperate monsoon climate. The mean annual temperature
is 14.0–14.3°C, mean annual precipitation is 640.9mm,
frost-free period is 220 d, and annual sunshine hours are
about 2400 h. The soil was a silty loam soil. The field water
holding capacity in 0–100 cm soil layers is 23% (by weight),
average bulk density in the same layers is 1.42 g cm–3, and
water table was detected more than 5m below the soil sur-
face. The content of organic matter, total phosphorus, total
potassium, total nitrogen, alkali hydrolyzable nitrogen, avail-
able phosphorus, and potassium in 0–30 cm soil layers was
5.62 g kg–1, 0.44g kg–1, 15.12 g kg–1, 0.37g kg–1, 24.91mgkg–1,
23.89mgkg–1, and 75mgkg–1, respectively.

2.2. Experimental Design. The field experiments were carried
out in a lysimeter facility equipped with an automatic rain-
proof shelter. The research facility consisted of 24 lysimeters
(3:3m long × 2:0mwide × 2:0mdeep) packed uniformly
with silty loam soil. These lysimeters were arranged in two
rows, and between the rows of each system, a 2.5m wide
concrete platform was constructed level with the top of the
lysimeters. The electrically operated double rain shelters were
installed for the lysimeters. The rainproof shelters were
moved over all lysimeters before precipitation happened.

Popularly used wheat seeds (c.v. Zhoumai 22) were
selected as the experimental materials. Nine rows were sown
in each lysimeter with a row spacing of 20 cm and a sowing
rate of 150 kg hm–2. The experiment was conducted in two
wheat growing seasons (2012–2013 and 2013–2014). Wheat
was sown on October 17, 2012, and October 12, 2013, and
harvested on May 30, 2013, and 2014. The whole growth
period was 225 d and 230d, respectively. Before sowing, the
soil was deeply ploughed. While ploughed, compound fertil-
izer (15-15-15 of N-P2O5-K2O, Shandong Kingenta Ecologi-
cal Engineering Group Company, LY, China) was applied at
the rate of 750 kg ha–1. In the meantime, 10 t ha–1 of dry
chicken manure was applied as amendment fertilizer. After
sowing, full irrigation of 65mm was applied to guarantee
seed germination. Each plot was irrigated independently,
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and the type of irrigation was surface irrigation. To measure
and control irrigation amount, a precision flow meter
(Shanghai Water Meter Manufacturing Ltd., Co., Shanghai,
China) was adopted. Weed and pest control was applied
according to local governmental recommendations. The field
crop management was kept the same during the two growing
seasons of winter wheat.

In this experiment, 3 drought levels expressed in percent-
age of field holding capacity (%FC) were arranged, including
the light drought level (55%FC), moderate drought level
(45%FC), and severe drought level (35%FC), respectively.
Irrigation was ceased once relative soil moisture content
(%FC) reached the 3 corresponding drought levels for each
treatment. Furthermore, the 3 drought levels were separately
imposed at the seedling stage, jointing stage, heading stage,
and filling stage, respectively. Furthermore, to investigate
the effects of continuous drought on crop growth, the moder-
ate drought level (45%FC) was continuously imposed in the
early growth period (i.e., seedling+jointing stages), middle
growth period (jointing+heading stages), and late growth
period (heading+filling stages), respectively, whereas the
suitable soil moisture level, whose relative soil water content
was kept ≥65%FC in the whole growth period, was taken as
control (CK). Consequently, a total of 18 irrigation treat-
ments were set up (see Figure 2).

2.3. Data Collection and Measurements

2.3.1. Soil Water Content. Soil water content (%) was mea-
sured at 20 cm increments to a depth of 100 cm using the soil
core method. Soil samples were taken every 7 d and were
oven-dried at 105°C for 24 h for analysis of the gravimetric
soil water content. Additional measurement was conducted
before and after irrigation.

2.3.2. Grain Yield. At maturity, 9 middle rows in 3.3m long
were selected from each plot to determine grain yield. All
the plants in each plot were hand-harvested and air-dried
for 2 weeks until constant mass, and then the grain was
separated, cleaned, and weighed. Grain yield was calculated
on a dry matter basis (13%). Besides, ten representative
winter wheat plants were randomly selected for the investiga-
tion of yield components.

2.3.3. Leaf Gas Exchange Parameters. Relevant leaf gas
exchange parameters, including the photosynthetic rate
(Pn, μmolCO2m

–2 s–1), transpiration rate (Tr, mmol -
H2Om–2 s–1), stomatal conductance (Gs, molH2Om–2 s–1),

and intercellular CO2 concentration (Ci, μmol CO2 mol–1

air), were measured from 9:30 to 12:30 a.m. at each major
growth stage on the top full leaves before flag leaves appeared
and on the flag leaves after their appearance. Three uniform
plants from three selected sampling areas in each plot were
measured using a Li-6400XT Portable Photosynthesis System
(Li-Cor Inc., Lincoln, NE, USA). The chamber was adjusted
to 25°C (temperature), ambient CO2 concentration (Ca)
was 360μMmol–1, and photosynthetic photon flux density
is 800μMm–2 s–1. Leaf water use efficiency (WUEl = Pn/Tr,
μmolmmol–1) and stomatal limitation (Ls = 1 – Ci/Ca) were
calculated accordingly.

2.4. Statistical Analysis. All data were subjected to analysis of
variance (ANOVA) using SPSS version 24.0 (IBM Corp.,
Armonk, NY), and differences between the means were
tested by the least significant difference (Duncan’s multiple
comparison method). Significance was declared at the
probability level of 0.05 unless otherwise stated. All figures
were illustrated using Origin 9.0 software (OriginLab,
Northampton, USA). Relationships between WUEl, Ls, and
gas exchange parameters were estimated by means of regres-
sion using the Levenberg–Marquardt algorithm.

3. Results and Discussion

3.1. Effects of Water Stress at the Seedling Stage on Leaf Gas
Exchange of Winter Wheat. In this experiment, leaf gas
exchange parameters, including Pn, Tr, Ci, and Gs, were
measured at the seedling stage during the two growing sea-
sons (see Figure 3). Pn, Tr, Ci, and Gs of winter wheat leaves
during the drought period (March 22–27) decreased contin-
uously with the intensification of drought levels. T4 treat-
ment showed the greatest effects on suppressing gas
exchange parameters. In detail, T4 decreased Pn by 35.4%,
Tr by 55.0%, Ci by 16.5%, and Gs by 43.6%, respectively,
compared with CK (T1). The difference was also significant
between T2 and T4. After rewatering at the jointing stage,
gas exchange parameters of each drought treatment
increased. Crop growth performance of T2 and T3 treat-
ments was generally better than that of CK. What is more,
the growth performance of T4 treatment was only slightly
weaker than that of CK. Therefore, although drought at the
seedling stage weakened the gas exchange process of winter
wheat leaves to a certain extent, it had nonsignificant adverse
effects on photosynthetic rates after rewatering at the jointing
stage. Previous studies have shown that moderate water

Figure 1: Photos of the field experiments.
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Figure 3: Variations in leaf gas exchange parameters of winter wheat under well-watered control treatment (T1), light drought (T2),
moderate drought (T3), and severe drought (T4) stress at the seedling stage. Data are the means ± standard errors ðSEÞ of three replicates,
where n = 3 for the photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci), and stomatal conductance (Gs).
Different letters above the bars indicate statistical significance (p ≤ 0:05).
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Figure 2: Diagram of the nonstress (T1, CK), the three drought stress levels (light, moderate, and severe) separately imposed at seedling (T2,
T3, and T4), jointing (T5, T6, and T7), heading (T8, T9, and T10), and filling (T11, T12, and T13) stages, and the moderate drought stress
continuously imposed at seedling and jointing stages (T14), jointing and heading stages (T15), and heading and filling stages (T16),
respectively. FC: field holding capacity (cm3 cm–3). %FC in the table represents the lower limit for triggering irrigation.
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stress in the early stage could ensure a higher photosynthetic
rate of wheat leaves and helped to improve WUE, while the
severe water deficit had a significant negative effect on the
stomatal opening [32, 33]. Also, grain yield of light and
moderate drought treatments at the seedling stage was not
significantly affected, which was consistent with the results
of previous studies [34, 35]. Consequently, properly intensi-
fying soil water stress at the seedling stage of winter wheat
not only is conducive to water saving but also can achieve
the purpose of “promoting root penetration” in the early
growth stage.

3.2. Effects of Water Stress at the Jointing Stage on Leaf Gas
Exchange of Winter Wheat. Pn, Tr, and Ci of winter wheat
leaves decreased at first and then increased from jointing to
flowering (see Figure 4). At the jointing stage of the 2012–
2013 growing season, Pn of drought treatments was generally
lower than that of CK. The maximum reduction in Pn was
7.1% (light drought), 15.5% (moderate drought), and 15.6%
(severe drought), respectively, compared with CK. The differ-
ence in Pn between drought treatments and CK in the 2013–
2014 growing season was relatively small. Compared with

CK, Ci, Tr, and Gs decreased by 10.4%, 20.2%, and 43.6%,
respectively, for light, moderate, and severe treatments,
before irrigation (April 1, 2014). After irrigation, the above
indexes returned to normal levels rapidly (April 9, 2014),
and Tr values increased by 16.5% (T5), 31.9% (T6), and
46.7% (T7), respectively, showing a rapid stomatal response
to soil moisture restoration. Therefore, we pointed out that
appropriate drought stress at the jointing stage helped pro-
mote crop root growth and improve water uptake. Our study
demonstrated that physiological indexes (e.g., Pn, Tr, and Ci)
of winter wheat (c.v. Zhoumai 24) were rapidly compensated
after light water stress rewatering, and the supercompensa-
tion effect was observed after moderate water stress rewater-
ing at the jointing stage. Similar results were also observed in
another lysimeter experiment using another winter wheat
variety (c.v. Shijiazhuang 8) as experimental material [36].

3.3. Effects of Water Stress at the Heading Stage on Leaf Gas
Exchange of Winter Wheat. There were significant differ-
ences between treatments T8 and T10 (see Figure 5). During
the 2013–2014 growing season, Pn of T10 treatment
decreased by 14.3% compared with CK. Under treatments
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Figure 4: Variations in leaf gas exchange parameters of winter wheat under well-watered control treatment (T1), light drought (T5),
moderate drought (T6), and severe drought (T7) stress at the jointing stage. Data are the means ± standard errors ðSEÞ of three replicates,
where n = 3 for the photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci), and stomatal conductance (Gs).
Different letters above the bars indicate statistical significance (p ≤ 0:05).
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T8 and T9, gas exchange parameters did not significantly
decrease, while Tr was increased by 15.3% and 18.5%, respec-
tively, compared with CK. Under continuous water stress,
Pn, Tr, and Gs of all treatments decreased, while Ci increased
(except for that of severe drought treatment). The results
showed that Pn and Tr of T10 treatment were significantly
lower than those of other drought treatments. Furthermore,
compared with CK, Ci and Gs of T10 treatment were signif-
icantly decreased by 11.9% and 31.2%, respectively. Severe
drought at the heading stage had significant negative effects
on gas exchange parameters of winter wheat leaves, and the
variability of the above parameters was large.

3.4. Effects of Water Stress at the Filling Stage on Leaf Gas
Exchange of Winter Wheat.With the intensification of water
stress, Pn, Tr, and Gs of drought treatments decreased signif-
icantly at the filling stage (see Figure 6). Pn, Tr, Ci, and Gs of
T13 treatment decreased by 74.9%, 73.2%, 7.64%, and 87.1%,
respectively, compared with CK at the filling stage. However,
Pn, Tr, Ci, and Gs of T11 and T12 treatments did not signif-
icantly decrease. Under continuous water stress, Pn, Tr, Ci,
and Gs of each drought treatment decreased significantly by
40.6% (Pn), 47.7% (Tr), 11.1% (Ci), and 69.6% (Gs), respec-
tively. Severe drought had the greatest decreasing effect on
Pn, Tr, and Gs at the filling stage.

3.5. Effects of Continuous Water Stress on Leaf Gas Exchange
of Winter Wheat. During the drought period of the 2012–

2013 growing season, Tr, Ci, and Gs of continuous drought
treatments in the early growth stage decreased by 19.6%,
17.3%, and 50.4%, respectively (see Figure 7). Similarly, those
of continuous drought treatments in the late growth stage
decreased by 45.2% (Tr), 15.7% (Ci), and 78.9% (Gs), respec-
tively. After rewatering, differences of Tr, Ci, and Gs between
the drought treatments and CK were significantly reduced. Ci
and Gs returned to the level of CK treatment, whereas Tr
“rebounded” to 1.92 times (2012–2013) and 1.28 times
(2013–2014) the CK treatment. The differences between con-
tinuous drought treatments and CK began to be significant at
the filling stage, and they gradually increased with time and
reached the maximum in the late filling stage.

3.6. Correlations of Leaf Water Use Efficiency and Stomatal
Limitation Values Related to Leaf Gas Exchange Parameters.
Stomatal limitation (Ls) was defined as 1 – Ci/Ca. Ls had a
quadratic relationship with Pn and a linear relationship with
Gs and Tr (see Figure 8). Ls mainly concentrated at the level
below 0.3. Leaf water use efficiency (WUEl) had a quadratic
relationship with Pn and Tr and a nonlinear ellipse relation-
ship with Gs. Furthermore, Tr decreased under drought
stress, and the decreasing rates of Tr became larger with the
intensification of water stress. Our study showed that moder-
ate water stress led to the increase of WUEl, and WUEl con-
tinued to increase even if wheat crops suffered severe drought
stress. Under soil water stress, the plant stomatal regulation
mechanism is considered to be feedback to make plants
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Different letters above the bars indicate statistical significance (p ≤ 0:05).
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adaptable to drought stress [37, 38]. When soil water is suffi-
cient, stomatal conductance increases with the increase of
photosynthetic active radiation intensity. Under severe
drought, plants will suffer excessive water loss through tran-
spiration, resulting in changes in leaf water potential and the
decrease of the stomatal opening. However, under moderate
water stress, the photosynthetic rate did not decrease or even
became higher than that of nonstress treatment.

In this study, WUEl decreased until nonstomatal restric-
tion became a main limiting factor for leaf gas exchange,
which was consistent with the previous studies [39, 40]. With
the increase ofWUEl, Pn and Tr both increased first and then
decreased. When WUEl was about 2.62μmolmmol–1, Tr
reached the maximum value. When WUEl reached
3.36μmolmmol–1, the drought level increased from light to
moderate water stress. Similarly, when WUEl exceeded
3.81μmolmmol–1, Pn reached the maximum value. It was
when WUEl reached 4.11μmolmmol–1 that it began to
decrease quickly, indicating that crops had suffered from
severe water stress. At the same time, the nonstomatal factor
had become a main limiting factor of leaf photosynthesis
[41]. The recommendation of WUEl threshold values
(i.e.,WUEl of 2.62, 3.36, and 4.11μmolmmol–1 represents
light, moderate, and severe drought levels, respectively) that
define different levels of drought stress will be of more prac-
tical significance for realizing the unification of water-saving
and high yield of wheat.

3.7. Crop Evapotranspiration, Grain Yield, and Water Use
Efficiency. Crop evapotranspiration (ETc) was limited by
drought at any growth stage (Table 1). Generally, ETc
decreased with the intensification of drought. Compared
with light and moderate drought treatments, ETc of severe
drought treatment at any growth stage was always the
lowest. On average, grain yield and ETc of winter wheat
in the 2012–2013 growing season were decreased by
7.38% and 6.63% (light drought), 10.3% and 7.94% (mod-
erate drought), and 15.3% and 31.8% (severe drought),
respectively, compared with CK. Similar results were also
observed in 2013–2014. Grain yield of light and moderate
drought treatments at the seedling stage generally
decreased within 5%, while water use efficiency (WUE)
was generally higher, which indicated that moderate
drought at the seedling stage was beneficial to improve
WUE of winter wheat, and did not lead to significant yield
reduction. Compared with CK, WUE of drought treat-
ments at heading and filling stages was decreased by up
to 21.7% (2012–2013) and 27.5% (2013–2014), respec-
tively. WUE was lowest under continuous drought condi-
tions at middle growth stages. Under moderate water
stress, the stomatal opening decreased significantly, and
the transpiration rate decreased faster than the photosyn-
thetic rate, giving rise to the highest WUE. Under severe
water stress, the photosynthetic activity of mesophyll cells
decreased, leading to stomatal limitation.
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Figure 8: Relationships between leaf water use efficiency, stomatal limitation values, and gas exchange parameters of winter wheat.

8 Journal of Sensors



4. Conclusion

Grain yield of light and moderate drought treatments at the
seedling stage was similar to CK, indicating that light and
moderate water stress levels at the seedling stage did not
generate an irreversible effect on wheat plants. However,
severe drought in any growth stage caused significant negative
effects on gas exchange parameters, WUEl, and grain yields of
winter wheat. Based on the correlation betweenWUEl and Pn,
Tr, and Gs, the theoretical threshold values of WUEl for light,
moderate, and severe drought levels were 2.62, 3.36, and
4.11μmolmmol–1, respectively. Photosynthetic rates of wheat
leaves reached their maximum values when WUEl was
3.81μmolmmol–1. The WUEl threshold values are useful to
identify different levels of drought stress the crops suffered
from and provide a theoretical reference threshold to achieve
smart irrigation for winter wheat in the North China Plain.
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