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Abstract: Water stress can trigger acclimation responses and damage plants. The aim of this study
was to evaluate the integrative responses of cotton hydraulic conductance, leaf photosynthesis,
and carbon metabolism to short-term drought and subsequent rewatering. A water-controlled pot
experiment was conducted in 2020, with soil water drying continuing for one day (D1), two days
(D2), and three days (D3) after it reached 40% ± 5% of the soil water holding capacity at the blooming
stage of cotton, and the soil was then rewatered to the soil water holding capacity. We investigated
how the stem hydraulic conductance, gas exchange, and biochemical traits of cotton were affected by
imposed drought stress and subsequent rewatering. The hydraulic characteristics of cotton in the D2
and D3 treatments evolved with damage, complete closure of stomatal conductance, and complete
deterioration of photosynthesis, in addition to severe floating changes in the carbon metabolism
affected by drought. The leaves’ functional characteristics after rewatering cannot be completely
recovered to full-irrigation levels, and the recovery extent was strongly linked to the duration.
Consequently, it is considered desirable to maintain normal physiological activity during the cotton
reproductive period, and the drought episode can be sustained for 1 day in a long-term perspective
when the soil water content is depleted to 40% ± 5% of the soil water holding capacity. These results
can provide in-depth ideas for better understanding the hydraulic and physiological responses of
cotton to drought episodes and rewatering, and they can help drought-affected cotton to cope with
future climate change.

Keywords: drought episode; rewatering; hydraulic conductance; photosynthetic potential; carbon
metabolism; xylem vulnerability curves

1. Introduction

Climate change induces anomalous fluctuations in the total precipitation and fre-
quency of periodic droughts [1]. As previously reported, drought stress impacts 40% of the
world’s population, and it is not uncommon to see 50% yield reductions due to drought
stress [2,3]. As previous studies have shown, limited water supply adversely influences
plant physiology, metabolism, and, ultimately, yield, with the extent of damage depending
on the severity, duration, and occurrence stage of the stress [4]. Therefore, it is crucial
to clarify the relations between irrigation scheduling and crop water stress and recov-
ery, thereby developing accurate irrigation scheduling that promotes water conservation
without sacrificing crop yields.

Ensuring a high cotton yield, which is the main raw material of China’s textile industry,
is an important goal in the current cotton industry [5]. Regarding the individual effects of
drought stress on cotton physiology, biochemistry, and yield, a large amount of information
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exists [6]. Specifically, a range of responses of hydraulic characteristics and physiology
follow under the conditions of water stress [7].

Leaf water potential is a physiological index to evaluate the severity of water stress
in plants [7]. According to the theory of “transpiration pull”, the soil water potential
decreases when subjected to drought stress, while the resistance to water transport in the
soil rises; the water potential gap between the roots and the soil reduces, which causes a
considerable decrease in the plant water potential (leaf water potential and stem water po-
tential) [8]. Substantial decreases in photosynthesis under water stress have been observed
to be mainly associated with stomatal and non-stomatal limitations, depending on the
extent and the severity of the applied stress [8]. A decrease in photosynthetic rate occurs
first due to the stomatal closure and reduced cell expansion caused by ABA. Meanwhile, a
significant reduction in transpiration occurs, which increases intrinsic water use efficiency
and eliminates xylem water tension [8]. At this stage, CO2 diffusion limitation caused by
stomatal factors is the dominant factor constraining the photosynthetic rate [9]. When the
decrease in net photosynthetic rate induces a series of domestication changes in carbon
and nitrogen metabolism, photosynthetic pigment synthesis, chlorophyll fluorescence pa-
rameters, and biomass allocation and growth, non-stomatal factors become dominant as
the water stress increases [10]. Drought stress strengthens the link between chlorophyll
fluorescence parameters and photosynthetic traits [11]. Drought stress causes a decrease in
maximum photochemical quantum efficiency (Fv/Fm), PSII quantum efficiency (ΦPSII),
and photochemical burst coefficient (qP) and an increase in nonphotochemical burst coeffi-
cient (NPQ) [12]. Drought stress induces stomatal restriction and reduces intercellular CO2
concentration (Ci). The limitation of CO2 absorption results in an imbalance between PSII
activity and the Calvin cycle, which increases the excitation energy of PSII and causes the
photodamage of PSII oxygen evolving complexes and disruption of diverse D1 proteins.
Thus, the drought-stress-induced inactivation of PSII reaction centers and photoinhibition
adversely affect chlorophyll fluorescence and fast induction kinetics [13]. Cotton develops a
series of adaptive mechanisms when it is subjected to drought adversity stress itself, and if
the stress is within its adaptive range, rehydration produces a physiological compensatory
effect, i.e., there is a short period of rapid growth after the stress is lifted to make up for the
damage caused by the stress [14].

Hydraulic failure and carbon starvation are two major physiological mechanisms
of drought-related plant mortality. The first refers to irreversible damage to plant water
transport that results in tree desiccation and is typically quantified as the percentage loss
of xylem hydraulic conductivity [15]. The second is associated with a massive loss of
carbohydrates required to maintain minimal primary and secondary metabolic functions
and is usually quantified in terms of non-structural carbohydrate (NSC) content. NSCs
include starch (the major storage compound in woody plants) and soluble sugars, which are
derived directly from photosynthesis or starch consumption and are involved in a variety
of physiological functions such as respiration, expansion pressure maintenance, phloem
transport, hydrodynamic repair, signaling, and defense. Under drought stress, the xylem
embolism formation originates from a purely physical process in which gas enters the xylem
conduit due to increased xylem tension, while the NSC depletion mainly depends on the
imbalance between photosynthetic carbon absorption and carbon substrate demand [16].
Long-term drought-induced stomatal closure significantly reduces the number of non-
structural carbohydrates (NSCs) [17]. Because of the reduction in growth due to the carbon
sink limitation before the reduction in photosynthesis, NSCs concentrations may rise during
short-term drought [15]. The starch may decrease by conversion to sugar, may not change,
or may increase during the drought episode [18]. Indeed, according to the extent of the
drought, the plant carbon balance may become negative (i.e., the continued carbon demand
for maintenance and defense consumes most of the non-structural carbohydrates [NSC],
leading to plant starvation) [15]. And the extent of drought damage affects the recovery of
cotton stem hydraulic conductance and NSCs after rewatering, but it has received limited
attention in short-term drought conditions [19]. It is vital to comprehend the changes
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in key physiological functions in addition to the extent of damage caused by short-term
drought stress.

As mentioned above, the mechanisms of drought adaptation and response to crop
growth, photosynthesis, and other key ecophysiological processes have been extensively
characterized, and have mostly emphasized the process of hydrologic deficit periods [20].
However, given the evolving nature of drought episodes, it is critical to explore the ability
of plants to acclimatize and recuperate from drought stress. Therefore, this study aimed
to: (1) investigate the responses of the stem hydraulic conductance of cotton in response
to drought episode and rewatering as well as the recovery of xylem embolism after rewa-
tering; (2) determine the changes in photosynthetic capacity and chlorophyll fluorescence
parameters following drought episode and rewatering; (3) identify the responses of carbon
metabolism to drought episode and rewatering, which can facilitate an in-depth under-
standing of cotton’s hydro-physiology and, thus, provide a scientific basis for designing
irrigation scheduling.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiment was performed from May to October in 2020 at the Key Laboratory
of Agricultural Soil and Water Engineering in Arid and Semiarid Areas of Ministry of
Education, Northwest A&F University, Yangling, Shaanxi Province, China (N34◦, E108◦

and 524.7 m a.s.l.). The cotton (cultivar Xinluzao 26, a drought-resistant variety) was seeded
in ~15 L plastic pots (30 cm in height, 25 cm in bottom diameter, and 30 cm in top diameter)
to achieve the precise control of soil water (Figure 1). Each pot was filled with air-dried
heavy loam soil (soil bulk density 1.35 g cm−3 and soil water holding capacity 21% [g g−1]),
with 4 uniformly punched holes of about 5 mm diameter in the bottom and laid gauze to
function as an air-permeable and filtration layer. Local soils from the tilled layer (0~20 cm)
were selected to enhance the relevance to field conditions. The soil (pH 8.14) contained
12.02 g kg−1 organic matter, 11.2 mg kg−1 available N, 13.50 mg kg−1 available P, and
102.3 mg kg−1 available K. The surface of the soil was mixed with nutritive soil to reduce
the impact of irrigation and avoid soil compaction. The soil was air-dried, crushed, and
sieved before use to make it uniform and eliminate spatial differences. A wire netting
(2 mm mesh size) was used to remove the small stones and residual plant roots and leaves,
which should not have changed the composition and physical properties of the soil. The
same fertilization scheduling was applied in each pot, with N (300 kg ha−1), phosphorus
(120 kg ha−1), and potassium (60 kg ha−1) applied at 10% at the seedling stage, 40% at the
bud stage, and 50% at the boll stage. Three replicates were conducted with two plants in
each pot. The mobile rain shelter was opened on sunny days and closed on rainy days to
maintain the same surrounding environmental conditions.

There were three drought durations, including soil water drying continuing for one
day (D1), two days (D2), and three days (D3) after it reached 40% ± 5% of the soil water
holding capacity, and the soil was then rewatered to the soil water holding capacity. A
full irrigation treatment was also used as the CK. The soil water content was regulated
according to the weight. The pots were weighed on a daily basis and re-watered at 18:00. A
vertical plastic pipe was placed adjacent to the inner wall to supply water from the bottom
of the pot. The cotton was planted on 29 May and harvested on 2 November, and the
drought-rewatering experiment was performed from 6 September to 19 September at the
blooming stage of cotton. The soil was maintained to the soil water holding capacity at the
other growth stages of cotton.



Agronomy 2024, 14, 71 4 of 21Agronomy 2024, 14, x FOR PEER REVIEW 4 of 22 
 

 
Figure 1. The photos of cotton experiment. 

There were three drought durations, including soil water drying continuing for one 
day (D1), two days (D2), and three days (D3) after it reached 40% ± 5% of the soil water 
holding capacity, and the soil was then rewatered to the soil water holding capacity. A 
full irrigation treatment was also used as the CK. The soil water content was regulated 
according to the weight. The pots were weighed on a daily basis and re-watered at 18:00. 
A vertical plastic pipe was placed adjacent to the inner wall to supply water from the 
bottom of the pot. The cotton was planted on 29 May and harvested on 2 November, and 
the drought-rewatering experiment was performed from 6 September to 19 September at 
the blooming stage of cotton. The soil was maintained to the soil water holding capacity 
at the other growth stages of cotton. 

2.2. Measurements and Methods 
2.2.1. Soil Water Content 

Soil water content was measured by the 5TM sensors(Decagon Devices Company, 
Washington State, USA), which were corrected by the weighing method. Soil auger was 
used to retrieve soil samples (5, 10, 15, 20, 30 cm), and the samples were then placed in 
aluminum specimen boxes and weighed to obtain the wet weight. Subsequently, the 
samples were dried in an oven at 105 °C until the weight was constant, and then the dried 
soil samples were weighed. There were three replicates in each pot: one below the root, 
one on the right side of the root near the center of the pot, and one on the left side of the 
root. 

2.2.2. Stem and Leaf Water Potential 
The predawn (4:00 a.m.–5:00 a.m.) stem water potential (φpd-stem, MPa) was measured 

during the drought episode and rewatering, and three replicate plants per treatment 
were randomly selected in each measurement. To ensure that the stem section could be 
placed into the pressure chamber, the stem section with only one incision was cut from 
the top of the plant downward. As soon as the stem flow from the incision stopped 
pressing and entered the portable plant water pressure chamber, the incision was made 
upright, and the reading was recorded. 

The leaves were collected to measure pre-dawn leaf water potential (φpd-leaf) and 
midday water potential (φmd-leaf) before dawn (04:00–05:00) and at noon (12:00–13:00) us-

Figure 1. The photos of cotton experiment.

2.2. Measurements and Methods
2.2.1. Soil Water Content

Soil water content was measured by the 5TM sensors (Decagon Devices Company,
Pullman, WA, USA), which were corrected by the weighing method. Soil auger was used to
retrieve soil samples (5, 10, 15, 20, 30 cm), and the samples were then placed in aluminum
specimen boxes and weighed to obtain the wet weight. Subsequently, the samples were
dried in an oven at 105 ◦C until the weight was constant, and then the dried soil samples
were weighed. There were three replicates in each pot: one below the root, one on the right
side of the root near the center of the pot, and one on the left side of the root.

2.2.2. Stem and Leaf Water Potential

The predawn (4:00 a.m.–5:00 a.m.) stem water potential (φpd-stem, MPa) was measured
during the drought episode and rewatering, and three replicate plants per treatment were
randomly selected in each measurement. To ensure that the stem section could be placed
into the pressure chamber, the stem section with only one incision was cut from the top
of the plant downward. As soon as the stem flow from the incision stopped pressing and
entered the portable plant water pressure chamber, the incision was made upright, and the
reading was recorded.

The leaves were collected to measure pre-dawn leaf water potential (φpd-leaf) and
midday water potential (φmd-leaf) before dawn (04:00–05:00) and at noon (12:00–13:00) using
PMS 1515D pressure chamber (PMS Instrument Company, Albany, NY, USA). A sharp
blade was used to cut the petiole perpendicularly, and it was put in the pressure chamber
immediately, with the exposed cross-section of the petiole observed with a magnifying
glass. When blisters just emerged on the cross-section, the water potential was recorded as
the reading of the pressure chamber.

2.2.3. Stem Hydraulic Conductance

Following the φpd-stem measurements, the stem hydraulic conductance (Kinit) was
measured using a low-pressure hydrometer measurement system, obtaining one set of
φpd-stem and Kinit per plant. The segments used to measure Kinit were cut under water
from the base of a 10 cm long stem at predawn (4:00 a.m.–5:00 a.m.). Firstly, each cut
stem segment was connected to the inlet and outlet of the water flow passage, and then a
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3–5 kPa pressure to the passage was applied to drive a 10 mmol L−1 KCl solution (Vacuum
de-aeration and 0.22 µm filtered) to pass through the branch, and the weigh change of
the outflow water was recorded with a ten thousand-position balance at the outlet. By
recording the change in water weight in 15 s, the initial hydraulic conductance (Kinit,
mg mm−1 kPa−1 s−1) was calculated. After measuring Kinit, the cut segment was flushed
for 5~10 min at a 100 kPa pressure to eliminate any possible existing native embolisms, and
it was measured again using the method stated above to obtain the maximum hydraulic
conductance (Kmax, mg mm−1 kPa−1 s−1). The percentage loss of hydraulic conductance
(PLC, %) was calculated as follows:

PLC = 1 − Kinit/Kmax (1)

2.2.4. Photosynthetic Parameters

Three cotton plants were selected randomly, and the photosynthetic parameters of
the functional leaf (the fourth fully expanded main stem leaf from the top) were mea-
sured with an LI-6800 portable photosynthesis system (LI-COR, Lincoln, NE, USA) at
9:00 a.m.–11:00 a.m. during drought and rewatering. The measurement conditions were set
as follows according to Sakshaug [21]: relative humidity 65%, chamber CO2 concentration
380 µmol mol−1, flow rate 500 µmol m−2 s−1, leaf temperature ~27 ◦C, and photosynthetic
photon flux density 1500 µmol m−2 s−1 provided by an LED light source. The photo-
synthetic parameters included net photosynthetic rate (An), stomatal conductance (Gs),
transpiration rate (T), and intercellular CO2 concentration (Ci). The leaf water use efficiency
(WUE) was calculated as follows:

WUEi = An/T (2)

2.2.5. Chlorophyll Fluorescence Parameters

The chlorophyll fluorescence parameters were measured using an imaging fluorom-
eter, i.e., Handy FluorCam (Photo Systems Instrument, Drásov, Czech Republic). The
leaves were treated in the dark for 30 min before measurements, and then the imaging
fluorometer was used to measure the chlorophyll fluorescence parameters, including the
minimum fluorescence yield of the dark-adapted state (Fo) and maximum fluorescence
yield of the dark-adapted state (Fm); the value of Rfd-Lss was recorded. The maximum
variable fluorescence (Fv = Fm − Fo), maximal PSII quantum yield (Fv/Fm), and energy
transformation potential activities of QYmax were calculated as follows [22]:

QYmax = (Fm − Fo)
/

Fm
(3)

2.2.6. Non-Structural Carbohydrates Contents

After the measurement of photosynthetic parameters and chlorophyll fluorescence
parameters, the three measured cotton leaves were sampled and oven-dried at 50 ◦C for 72 h
for non-structure carbohydrates contents determination. The non-structural carbohydrates
content involved starch and soluble sugar (SS) contents. Ethanol (80%) was used to extract
the soluble sugar from the leaf samples powder, perchloric acid (35%) was used to hydrolyze
the starch, and the soluble sugar was colorimetrically quantified with a spectro-photometer
(Merck KGaA, Darmstadt, Germany) as a standard. Both components were quantified
using the Anthrone method [23].

2.2.7. Vulnerability Curve of Xylem Embolism

The dehydration method [24] was used to construct the vulnerability curve. Irrigation
was withheld from potted plants, which were dehydrated naturally under field conditions
and then transported to the laboratory. The stem water potential and the corresponding K
values were then measured in accordance with the procedures described earlier. The stem
was cut from the intact plant underwater, and the hydraulic conductance was measured; it
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was dehydrated to measure water potentials through natural drought. These hydraulic
conductivities can be plotted directly against stem water potential. The Weibull cumulative
distribution function was used for fitting:

Kinit
Kmax

= exp
(
−
(
−φstem

b

)c)
(4)

where φstem is the stem water potential, and b and c are the fitted parameters.
After the curve was fitted, the optimal values of b and c were obtained, and the P50,

P12, and P88 were calculated as follows [25]:

P50 = b(ln (2))
1
/

c (5)

P12 = b(ln(100)− ln(88))
1
/

c (6)

P88 = b(ln(100)− ln(12))
1
/

c (7)

2.3. Statistical Analysis

SPSS 19.0 soft (SPSS Inc., Chicago, IL, USA) was used for statistical analyses. A
one-way analysis of variance (ANOVA) was applied to test the differences in means of
treatments. The figures and the analyses of correlations between parameters were prepared
using Origin 2018.

3. Results
3.1. The Dynamics of Soil Water Content

Both the atmosphere and crop influenced soil water content (SWC). The variations of
SWC during the drought episode are displayed in Figure 2. After sufficient water supply, the
SWC reached 0.205, which was 98% of the soil water holding capacity. With the increasing
soil depth, the SWC decreased. After 1 day of drought, the SWC in the 0~30 cm soil layer
generally decreased by 24% compared to the full irrigation treatment. There was a significant
reduction in SWC in the 0~15 cm soil layer to 65–75% of the soil water holding capacity.
The SWC decreased to about 50% of soil water holding capacity after 2 days of drought,
which was 30% lower than that of the previous day. The SWC of D1, D2, and D3 gradually
decreased and remained in the range of 35–45% of the soil water holding capacity, which was
close to the wilting water content of the soil. The SWC of the top 10 cm soil layer remained
lower than the average water content, which was greatly influenced by the atmosphere.
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3.2. Stem and Leaf Water Potentials

The stem and leaf water potentials including φmd-stem, φpd-leaf, and φmd-leaf showed
decreasing trends compared with those of full irrigation, and they all reached the maximum
decreasing rate when the SWC reached 40% ± 5% of the soil water holding capacity (Figure 3).
The drought duration after the SWC reached 40% ± 5% of the soil water holding capacity
significantly affected φmd-stem and φmd-leaf, while it had no significant effect on φpd-leaf. The
φmd-stem of D2 and D3 decreased by 23.3% and 20.2% compared with that of D1, respectively.
Compared with D1, D3 and D2 decreased φmd-leaf by 15.5% and 15.4%, respectively. The de-
creasing rates of φmd-stem and φmd-leaf significantly slowed down with the increasing drought
duration, but the declining rate of φpd-leaf basically remained stable. The water potential of
cotton measured over a day demonstrated the following order: φmd-stem > φpd-leaf > φmd-leaf.
Stem water potential was more vulnerable to drought stress and, thus, could reflect the soil
water availability more effectively than leaf water potential. φmd-stem, φpd-leaf, and φmd-leaf
reached the minimum values in D3, which were −3.19, −3.63, and −4.00 Mpa, respectively.
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time; Figure (b) shows the changes in stem water potentials of cotton among different treatments
in the predawn after rewater time; Figure (c) shows the changes in leaf water potentials among
different treatments of cotton in the predawn after rewater time. Notes: D1: the treatment one
day after it reached 40% ± 5% of soil water holding capacity; D2: the treatment two days after
it reached 40% ± 5% of soil water holding capacity; D3: the treatment three days after it reached
40% ± 5% of soil water holding capacity. φmd stem: stem water potential at midnoon; φpd leaf:
leaf water potential at pre-dawn; φmd leaf: leaf water potential at midnoon; φpd stem: stem water
potential at pre-dawn. ns: not significant, (p > 0.05); *, Significant at p < 0.05; **, Significant at p < 0.01;
***, Significant at p < 0.001.

After experiencing different drought durations, cotton suffered from different degrees
of water stress. Thereafter, the rewatering process behaved differently among different
treatments. The longer the drought duration, the slower the recovery of plant water
potential after rewatering. The φpd-stem after rewatering demonstrated the following order:
D1 > D2 > D3. After 2 h of rewatering, the φmd-stem of D1, D2, and D3 recovered to
4.0%, 18.9%, and 19.2% of the full irrigation level, respectively; after 1 d of rewatering, the
φmd-stem of D1, D2, and D3 recovered to 93.8%, 72.0%, and 61.4% of the full irrigation level,
respectively. D1, D2, and D3 required 1 d, 3 d, and 5 d to ensure that φmd-stem recovered to
95% ± 5% of the full irrigation level. The recovery rate of stem water potential was always
greater or equal to that of the leaf water potential.

3.3. Recovery of Stem Hydraulic Conductance

Figure 4a reveals a linear relationship between the mean soil water content and
the percentage loss of hydraulic conductance (PLC) in cotton stem xylem. A significant
difference (p < 0.05) in PLC between D1 and CK was found, and the PLC of D2 and D3 was
significantly different (p < 0.01) from that of CK. It can be seen that PLC was dramatically
increased by 46.9% and 87.5% in D2 and D3 in comparison to D1, respectively. The drought
duration had a highly significant effect on PLC, and the effect varied depending on drought
duration. In contrast to the trends of SWC and PLC, there existed a lagging effect of the
PLC of cotton in response to the decrease in SWC. The SWC decreased by 24%, 46.7%, and
53.8% after 1 d, 2 d, and 3 d of drought stress, while the PLC was only 9.5%, 10%, and
16.5%, respectively. When the SWC decreased steadily to the wilting water content of the
soil, the PLC showed a linear increase. There was merely a 3.5% change in SWC from D1 to
D3, with corresponding 1.47 times (D2) and 1.88 times (D3) increases in embolism intensity.
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treatment one day after it reached 40% ± 5% of soil water holding capacity; D2: the treatment
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Hydraulic conductance completely recovered to its pre-dehydration levels after rewa-
tering; however, the required recovery duration varied among treatments (Figure 4b). The
drought duration had a highly significant effect (p < 0.05) on the extent of cotton embolism
recovery. PLC, which quantifies the severity of xylem embolism in stem xylem, was 0 at
1 day after rewatering in D1, indicating that the hydraulic conductance was fully recovered.
The complete recovery of hydraulic conductance took 3 d in D2, and the hydraulic conduc-
tance of D3 was not fully recovered to the full irrigation level after 5 d of rewatering. After
9 h of rewatering, the recovery rate of D3 and D2 was 1.63 times and 1.43 times that of D1,
respectively, and the recovery rate decreased during the subsequent rewatering.

3.4. Photosynthetic Responses to Drought Episode and Rewatering

To eliminate the effect of meteorological factors on the leaf photosynthetic parameters,
the CK treatment was set to maintain the soil water as soil water holding capacity. The
variations in photosynthetic parameters differed significantly among CK, D1, D2, and D3
treatments (Figure 5).
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Figure 5. Variation of gas exchange parameters of leaves in (a) D1, (b) D2, and (c) D3 during drought-
rewatering process. Notes: D1: the treatment one day after it reached 40% ± 5% of soil water holding
capacity; D2: the treatment two days after it reached 40% ± 5% of soil water holding capacity; D3: the
treatment three days after it reached 40% ± 5% of soil water holding capacity. E: Transpiration rate,
A: net photosynthetic rate, Ci: intercellular CO2 concentration; Gs: stomatal conductance. Bars are
the means ± standard deviation (n = 3).

The difference in transpiration rate (T) among the drought-rewatering and CK treat-
ments as well as the reduction of transpiration rate gradually increased with the increasing
drought duration. Compared to CK, D1, D2, D3 reduced T by 91%, 98%, and 95%, re-
spectively, indicating that there was no transpiration occurring. After 2 h of rewatering,
the T of D1 recovered to 41% of the full irrigation level (p = 0.006 < 0.01), which was
still significantly different from that of CK (p = 0.01 < 0.05), and there was no significant
difference in recovery rates between D2 and D3. After 1 day of rewatering, the T of D1
was recovered to 114% of full irrigation level (p = 0.227) and that of D2 was recovered to
92% of full irrigation level (p = 0.772 > 0.05). The T of D1 and D2 could be considered to
have basically recovered. After 7 days of rewatering, the T of D3 was greater than the full
irrigation level, and it could be considered that the recovery duration of T was 6 days in D3.

A similar trend was observed for net photosynthetic rate (An) and transpiration rate
(T). The reduction of An increased with the increasing drought duration. An decreased
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continuously and eventually stabilized during the drought stress. The decrease in An was
88% in D1 and 97% in D2 compared with CK, respectively, and no significant difference
was observed between D2 and D3. After 2 h of rewatering, the An of D1 rapidly recovered
to 35% of the full irrigation level, but there was still significant difference from that of the
full irrigation treatment (p = 0.017 < 0.05). The An of D2 and D3 recovered to 33% and
29% of the full irrigation level, respectively, which were significantly (p = 0.001 < 0.01)
lower than that of D1. After 1 day of rewatering, the An of D1 recovered to the level of CK
(p = 0.554) and that of D2 was recovered to 87% of the full irrigation level (p = 0.086 > 0.05).
The full recovery of An occurred between 1 and 4 days after rewatering in D2, whereas the
full recovery of D1 occurred within 1 day of rewatering. After 3 days of rewatering, the An
of D3 was not statistically different from that of the full irrigation treatment (p = 0.666), and
the recovery was greater than 90% of the full irrigation level, which could be considered
complete recovery.

The change in stomatal conductance (Gs) fluctuated greatly with the changes in
meteorological factors since it was very sensitive to them. Overall, the Gs decreased with
increasing drought duration and gradually recovered following rewatering. The reduction
of Gs was 95% in D1 and 97% in D2, and the D3 treatment was consistent with the D2
treatment, which indicated that the closure of Gs occurred primarily in the early stage of
the drought episode. After 2 h of rewatering, the Gs of D1 recovered to 20% of the full
irrigation level, which was still significantly less than that of the full irrigation treatment.
The Gs recovered to 21.6% and 20% of the full irrigation level in D2 and D3, respectively,
with no significant difference among D1, D2, and D3 in terms of the extent of recovery.
After 1 day of rewatering, the Gs of D1 was not significantly different from that of full
irrigation treatment (p = 0.601), and the extent of recovery was greater than 90%, which
was considered fully recovered. The Gs of D2 recovered up to 80% of the full irrigation
level, which was slightly slower compared with that of D1, and the full recovery duration
was longer than 1 day. After 3 days of rewatering, the Gs of D3 was recovered up to 80% of
the full irrigation level and did not differ significantly from that of full irrigation treatment
(p = 0.220), assuming that the main recovery duration was 3 days after rewatering.

The intercellular CO2 concentration (Ci) trends were relatively complex during the
drought and rewatering processes, but the full irrigation treatment remained relatively
stable throughout the process. In contrast to the variations of T and An, the variation of
Ci exhibited a latency during the drought process. The D1 treatment sharply increased
Ci by 55% compared to CK. Because of the fluctuation in meteorological conditions, CK
significantly decreased Ci (p = 0.002), whereas the Ci of D2 and D3 remained at a high level,
which was not significantly different from that of D1. After 2 h of rewatering, the Ci of
D1 recovered to a level insignificantly different from that of CK, indicating that the main
recovery duration was 2 h after rewatering in D1. The Ci of D2 was basically recovered
after 1–4 days of rewatering, which indicated that the recovery duration of D2 was longer
than 1 day. After 3 days of rewatering, the Ci of D3 recovered to more than 80% of the full
irrigation treatment, implying that its recovery duration was primarily 3 days.

There were no significant (p = 0.147) differences in leaf intrinsic water use efficiency
(WUEi) between D1 and CK. The WUEi of both D2 and D3 was significantly greater than
that of D1. After 2h of rewatering, the WUEi of D1 first increased sharply and then gradually
decreased with increasing rewatering duration. After 1 day of rewatering, there was no
statistical difference (p = 0.064) in WUEi between D1 and CK, which indicated that the main
recovery duration of D1 was within 1 day. The same trend was observed in D1 and D2.
After 5 days of rewatering, there was no significant difference in WUEi between D3 and
CK, which indicated that the main recovery duration of D3 was greater than 5 days.

3.5. Chlorophyll Fluorescence Parameters

The light energy conversion efficiency and steady-state fluorescence decay rate of
cotton leaves varied during the drought and rewatering process. The QYmax decreased
significantly as drought duration increased (Figure 6a), and D1, D2, and D3 significantly
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decreased QYmax by 10%, 13.2%, and 14.2% compared to CK, respectively. After 1 day of
rewatering, the QYmax of D1 recovered completely, and there was no significant difference
compared to CK. The QYmax of D2 and D3 recovered to 93% and 88%, both of which
were significantly different from that of CK. After 3 days of rewatering, there existed no
significance among D2, D3, and CK, which indicated that D2 and D3 had completely
recovered after 3 days of rewatering.
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Figure 6. Changes in (a) light energy conversion efficiency and (b) steady-state fluorescence decay
rate during drought and rewatering in the process of depletion and recovery. Notes: D1: the treatment
one day after it reached 40% ± 5% of soil water holding capacity; D2: the treatment two days after
it reached 40% ± 5% of soil water holding capacity; D3: the treatment three days after it reached
40% ± 5% of soil water holding capacity. Bars are the means ± standard deviation (n = 3).

As the drought duration increased, QYmax significantly decreased by 10%, 13.2%, and
14.2% in D1, D2, and D3 compared to CK, respectively. After 1 day of rewatering, the QYmax
of D1 completely recovered, and there was no significant difference compared to CK. The
QYmax of D2 and D3 recovered to 93% and 88% of the full irrigation level compared to CK,
both of which were considered to have recovered completely after 3 days of rewatering.

As shown in Figure 6b, the steady-state fluorescence decay rate (Rfd-Lss) trend was
similar to the actual light energy conversion efficiency of photosystem II during drought and
rewatering, but the changes were more pronounced. The loss values gradually increased
with the increasing drought duration. As observed, D1, D2, and D3 had significant loss
values of 31.1%, 54%, and 78%, respectively. After 1 day of rewatering, the Rfd-Lss of
D1, D2, and D3 recovered to 85%, 66%, and 33% of the full irrigation level, respectively.
After 2 days of rewatering, they all fully recovered with insignificant differences compared
to CK.
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3.6. Non-Structural Carbohydrates

The soluble sugar content (SS) of D1 decreased by 21.8% when compared to that
of CK (Figure 7a), but D2 and D3 significantly increased SS with the increasing drought
duration. All treatments showed an increasing and then decreasing trend during the
rewatering process. After 2 h of rewatering, the SS of D1, D2, and D3 increased by 18.0%,
23.3%, and 73.6% compared to that of CK, respectively, when the D3 treatment peaked in
Rfd-Lss. After 1 day of rewatering, the SS of D1 and D2 reached its peak. After 5 days
of rewatering, the reducing soluble sugar content in each treatment was in the order of
D1 > D2 > CK > D3. The recovery rate of D3 became significantly slower by 4.5% than that
of D2, which indicated that with the increase in drought duration, the increasing rate of
soluble sugar content gradually reduced, and it ultimately realized zero growth or even
negative growth.
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Figure 7. Response of (a) starch content and (b) soluble sugar content in leaves to drought and
rewatering. Notes: D1: the treatment one day after it reached 40% ± 5% of soil water holding
capacity; D2: the treatment two days after it reached 40% ± 5% of soil water holding capacity;
D3: the treatment three days after it reached 40% ± 5% of soil water holding capacity. Bars are the
means ± standard deviation (n = 3).

The variation of starch content (SC) in cotton leaves presented a more complex trend
than soluble sugars (SS) during drought stress. As shown in Figure 7b, D1 significantly
decreased SC by 21.8% compared with CK, and D2 and D3 increased SC by 37.0% and
46.2%, respectively, which demonstrated a trend of first decreasing and then increasing with
the increasing drought duration. The starch content of cotton leaves continued to increase
at the beginning of rewatering, subsequently decreasing over time. Notably, the peak of
starch content occurred at a different time in each treatment. After 1 day of rewatering,
the starch content of D1 and D2 increased to the peak, which was 129% and 124% higher
than that of CK, and then gradually decreased with the increasing rewatering duration of
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hydration. After 5 days of rewatering, the SC of D1 and D2 was still 24.4% and 19.5% higher
than that of CK, but the recovery rate of D2 was higher than that of D1. The starch content
of D3 reached the peak after 2h of rewatering, increasing by 120% compared with the CK
treatment, where the peak time was earlier than that of D1 and D2. The leaf starch content
decreased significantly compared with the peak (p = 0.001) after 1 day of rewatering and
basically recovered to the initial level after 5 days of rewatering, which was not statistically
different from that of CK (p = 0.512). The recovery rate of the starch content of different
treatments was in the order of D3 > D2 > D1.

3.7. Stem Xylem Vulnerability Curves

The embolism vulnerability curve (Figure 8) of cotton was established by measuring
the φpd-stem and the corresponding PLC during the drought process, and it was fitted
with the Weibull cumulative distribution function. The results of the Weibull function are
shown in Figure 8. Cotton’s P12, P50, and P88 were all significantly different, indicating
that the hydraulic conductance gradually decreased as water stress aggravated, and the
embolism extent showed a continuous and steady increase. The percentage loss of hydraulic
conductance in D1 dropped to 32% and to 47% in D2, which was similar to P50 and could
be considered as the critical value of hydraulic conductance loss at this time.
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3.8. Analysis of Multiple Functional Traits under Drought–Rewatering Conditions

The correlations between soil parameters, hydraulic characteristics, photosynthetic
parameters, and fluorescence parameters during the drought process are shown in Figure 9.
As shown in the figure, there were significant positive correlations between GS, E, An, SWC,
φpd-stem, φpd-leaf, and two chlorophyll fluorescence parameters. There were significant
negative correlations between Ci and Gs, A, E, SWC, and with PLC, SS, WUEi, SC. There
were significant negative correlations between PLC and φpd-stem, φpd-leaf.
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Figure 9. Correlation coefficient matrix of relationship among various physiological characteristics
(Rfd-Lss: steady state fluorescence decay rate, φpd-leaf: leaf water potential at pre-dawn, SWC:
soil water content, An: net photosynthetic rate, E: transpiration rate, Gs: stomatal conductance,
φpd-stem: stem water potential at predawn, QY-max: maximum quantum yield of Photosystem
II photochemistry, Ci: intercellular CO2 concentration, PLC: the loss of hydraulic conductivity,
SS: soluble sugar content; WUEi: intrinsic water-use efficiency, SC: starch content).

4. Discussion
4.1. Effect of Drought–Rewatering on Stem Hydraulic Conductance of Cotton

When the soil water deficit reached the lower irrigation limit and then continued
for different days, it produced subversive changes in the hydraulic characteristics and
physiological responses of cotton. Water depletion in the soil caused by leaf transpiration
lowered the soil and plant water potentials, inducing a progressive regulation of tree water
loss by stomatal closure or by leaf shedding [26]. Cavitation occurred in the stems only after
a prolonged water stress, confirming that this process occurred only under severe drought
conditions [27]. The findings on the percentage loss of hydraulic conductance (PLC) in the
xylem of cotton stems revealed a maintained loss of hydraulic conductance embedded in the
xylem of cotton with adequate water supplement. The PLC presented a continuous linear
increase with the decline in SWC during the drought stress to the lower irrigation limit;
embolism underwent a multiplicative pattern after drought stress remained continuous for
varying days. It was only two days after drought stress that the PLC of D1, D2, and D3
had a significant difference from that of the CK treatment. In terms of embolism initiation,
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i.e., a PLC of 12%, such a delayed response of the PLC was indicative of the preservation
of a normal xylem sap flow in cotton in the early stages of drought due to the internal
storage of water in the surrounding bast tissue. A study [28] found that a complete stomatal
closure always preceded the occurrence of embolism. Figure 3 reveals the same pattern
on cotton, possibly because of stomatal regulation moderating the leaf-to-xylem water
potential gradient and preventing cavitation preliminarily [29]. There was an appreciable
increase in the level of xylem embolism in cotton after the complete closure of stomata
after 2 days of drought stress (Figure 3), which confirmed that stomatal closure delayed the
formation of embolism [30]. The results illustrated that embolism occurred during drought
stress with a 60% loss of hydraulic conductance, which was still fully recovered after
rewatering, in contrast to [31] Holbrook’s research, which concluded that embolism only
occurred under extreme drought conditions and was irreversible once produced. This study
was in contrast to [32], who argued that embolism was a physiological phenomenon that
occurred frequently in plants and that the formation and repair of hydraulic conductance
of embolism occurred in plants at all times. Trees died only when 90% embolism had
occurred in the stem xylem tissue [33]. Yet, some findings showed that mortality occurred
at near 50% loss of xylem conductance. In our experiments, the PLC of the D3 treatment
almost reached 60% (Figure 4); therefore, we recommend that cotton rewatering should be
initiated immediately after reaching the lower limit of SWC and then a continuous deficit
of 2 d from the perspective of hydraulic safety. Since there was a tiny initial embolism in
the cotton xylem as well as a small percentage of irreversible conduits, cotton embolism
recovered quickly after rewatering [34]. During short-term drought stress during the boll
stage, cotton manifested a systematic “drought avoidance” mechanism by minimizing
embolism through premature stomatal closure [35]. Crop water potential at P50 achieved
−3.89 MPa (Figure 8), and plants were supposed to achieve crop water potential at this
level under D2 or D3 treatments, which was rarely observed in conventional irrigation
field conditions and extremely rare for a reduction in water potential to induce embolism
formation, which made cotton unlikely to cause hydraulic failure [24]. Although many
woody plants are described by vulnerability curves for xylem embolism vulnerability and
drought tolerance, cotton, as a relatively well-developed xylem crop, is not susceptible
to vulnerability curves [33,36]. The stem water potential of D2 was similar to that of
P50 (Figures 4 and 8), while the corresponding stomata (Figure 5) was completely closed,
and photosynthesis was completely ceased. At this time, the drought caused irreversible
losses to cotton physiology and yield, while the drought extent of the D3 treatment was
exacerbated. Consequently, it is considered desirable to maintain normal physiological
activity during the cotton reproductive period, and the drought episode can be sustained
for 1 d in a long-term perspective when the SWC is depleted to the lower limit of the field
water holding capacity.

4.2. Effect of Drought–Rewatering on Photosynthesis and Chlorophyll Fluorescence Parameters
of Cotton

The reduction in the leaf gas exchange of cotton leaves was primarily limited by
stomatal closure at the beginning of drought stress, which confirmed the plant economics
hypothesis that the initial reduction in Pn in response to drought deficit was normally
associated with stomatal limitation [37], whereas biochemical or other limitations occurred
as drought stress became more severe [38]. The net photosynthetic rate of cotton leaves
entered a rapid degradation stage after 1 day of drought deficit, the Ci of the leaves
decreased, and the constricted CO2 supply was the main factor for the decline of the net
photosynthetic rate. A greater reduction in stomatal conductance and a sharp increase
in intercellular CO2 concentration occurred after 2 days of drought stress, at which point
stomatal conductance was influenced by non-stomatal factors [39], as it has been implicated
as the major factor for increased IWUE in various treatments [40]. Also, the reduced
stomatal conductance also decreased T, which restricted the excessive loss of water and
enhanced the acclimation to drought stress [27].
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Simultaneously, stomatal movement, which was closely related to photosynthesis,
was driven by both internal physiological and external environmental factors [41]. The
degree and rate of photosynthesis reduction and recovery were related, and both were
critical for plant carbon balance during drought stress [38]. Because of the climate, we
failed to observe the data of photosynthetic parameters after 1 day of rewatering. The
basic recovery of transpiration rate, net photosynthetic rate, and stomatal conductance was
observed in D3 treatment after 3 days of rewatering, whereas both D1 and D2 treatments
basically recovered after 1 day of rewatering. The recovery duration of D3 may be less
than 3 days, so the recovery rate of D1, D2, and D3 was in the order of D1 ≈ D2 > D3.
Usually, if Pn recovery after rewatering is rapid, the predominance of diffusive limitation is
likely to have occurred; on the other hand, the longer Pn takes to recover, the more likely
biochemical limitations play a role in the photosynthetic reduction [42]. However, another
possibility for a slow recovery of Pn was an increase in ABA levels, keeping the stomata
partially closed to ensure transpiration occurred at lower levels [42]. Given the higher PLC
observed in D3 than D1 and D2 in the present study, the xylem cavitation should have
occurred, which would indicate the importance of ABA accumulation in facilitating vessel
refilling [43].

Furthermore, the leaf photosynthetic parameters of each treatment demonstrated an
obvious compensatory effect after rewatering, as evidenced by an increase in cotton tran-
spiration rate and net photosynthetic rate. Studies have shown that modest drought stress
could restore plants’ physiological functions after rewatering [44], and even a compen-
satory effect occurs to fully restore plants’ physiological functions, thereby compensating
for previous drought losses [45]. In this study, the D1 treatment increased by 19.7% after
4 days of rewatering and the D3 treatment increased by 23.7% after 7 days of rewatering
compared to the full irrigation treatment, indicating that the timing of the compensatory
effect after rewatering varied for different soil drought stresses, which was more clearly
reflected by the trend of the intrinsic water use efficiency after rewatering.

Chlorophyll fluorescence evaluates the photosynthetic responses to fluctuating re-
source availability [46]. QYmax is commonly used to characterize environmental stress,
and there is little change in the non-stress state. Here, we found that QYmax significantly
decreased under drought stress (Figure 6), which revealed that the PSII may be damaged
and the primary reaction of photosynthesis may be inhibited [47]. A large amount of
evidence indicated that the responses of the parameters to drought may not be more sen-
sitive relative to these gas exchanges [48]. The RfdLss was the least stressed by drought
and recovered fastest when the D1 treatment was rewatered compared to the D2 and D3
treatments, indicating that the photosystem activity was non-destructively down-regulated
under mild deficit, which protected the photosynthetic apparatus [49]. After rewatering,
all three treatments gradually recovered again and reached full water supply levels or even
became higher than the full water supply levels, indicating that the photochemical activity
of the PSII reaction center gradually became stronger and had a compensatory effect after
rewatering. However, in general, drought stress under different treatments reduced the
opening of the PSII reaction center to different degrees and inhibited the efficient photosyn-
thesis [11]. Therefore, in practice, the number of days of drought after the soil reaches the
lower limit of soil water content should be minimized.

4.3. Effect of Drought–Rewatering on Non-Structural Carbohydrates of Cotton

In this study, the soluble sugar content of cotton leaves under short-term drought-
rewatering conditions demonstrated an increasing trend during the drought episode and a
decreasing trend after rewatering. The longer the drought duration, the greater the soluble
sugar content. Many previous studies [50] have documented that carbon assimilation
decreases while carbohydrate accumulates in plants exposed to drought. Similarly, this
study showed that despite the notable decline in photosynthetic rate, carbohydrate concen-
tration increased in leaves of cotton under drought deficit, being more pronounced with the
increasing drought duration (Figure 7). Drought deficit induced increased soluble carbon
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metabolite concentrations in cotton leaves, which was possibly due to the accumulation of
photosynthetic products in cotton exceeding the consumption [49]. The net photosynthetic
rate of cotton leaves decreased by about 30% at the beginning of drought deficit in each
treatment (Figure 5), but they were still able to photosynthesize normally and transform the
byproducts into structural and non-structural carbohydrates, which indicated that the accu-
mulation rate was much higher than that of consumption. In our study, photosynthesis was
disrupted when the loss value of the transpiration rate and net photosynthetic rate of cotton
leaves both reach about 90%; the soluble sugar content still increased, but the starch content
decreased. One possible explanation is the reduced accumulation of photosynthetic assimi-
lates caused by blocked photosynthesis; meanwhile, drought activated starch degradation
and promoted the conversion of starch to soluble sugars, which could improve drought
tolerance [50]. On the other hand, due to the plant metabolism’s short-term lag that results
in low metabolic efficiency, soluble sugars stagnate and assemble for later distribution
calls [51]. The starch content of each treatment increased first and then declined, which was
consistent with the majority of studies, showing that plants acquire carbohydrates under
drought stress [52]. In contrast, the studies by Choat found that the loss in carbohydrates
in plants only occurred with increasing drought duration and stress levels to a certain
level, which ultimately resulted in plant mortality [53]. Obviously, the starch content in
all treatments showed an increasing trend, which indicated that short-term drought stress
was not sufficient to cause “carbon starvation” in cotton in this study. After rewatering, the
soluble sugar and starch concentrations of cotton leaves continuously increased, but the
soluble sugar content and the starch content began to progressively decline after 2 h and
9 h after rewatering, respectively. The probable explanation can be that the photosynthesis
recovered rapidly and the intrinsic water use efficiency increased significantly due to the
compensation effect after rewatering, which, therefore, resulted in the rapid accumulation
of photosynthetic products. When the compensation effect ended, the plant returned to
normal physiological levels. It was shown that the starch content in the cotton leaves was
relatively low and, thus, resulted in a relatively small effect on the overall nonstructural
carbohydrate throughout the drought process. Similar results were obtained by [54] in a
study of nonstructural carbohydrates in young trees, which could also be considered as
young trees as annual woody plants.

5. Conclusions

The results showed that stem water potential, net photosynthetic rate, transpiration
rate, and chlorophyll fluorescence parameters decreased with the increasing drought dura-
tion, while stem hydraulic conductance, intercellular carbon dioxide concentration, and
intrinsic water use efficiency increased. The majority of measurements in D1 recovered
to the full irrigation level in one day, including stem water potential, chlorophyll fluores-
cence parameters, leaf photosynthetic parameters, and stem hydraulic conductance. All
measurements in D2 completely recovered after 1–3 days of rewatering, whereas those in
D3 took 3–5 days. The leaf functional traits could not be fully recovered after rewatering in
adequate and normal water conditions; the intensity of recovery was proportional to the
drought duration. The soluble sugar content increased with increasing drought duration,
which showed a decreasing trend after 5 days of rewatering. The starch content increased
after rewatering and gradually decreased with rewatering duration, returning to the initial
level within 5 days. The physiological status of the cotton in this circumstance as well as the
time involved in rewatering were strongly influenced by the duration after the SWC was
depleted to the lower limit of the field water holding capacity. When the value of the xylem
percentage loss of hydraulic conductivity (PLC) in D2 (47%) is close to the critical value
of hydraulic conductivity loss (P50), the hydraulic conductivity cannot be fully recovered,
which affects the subsequent transportation of water, such that a drought episode can be
sustained for 1 day in a long-term perspective when the SWC is depleted to the lower
irrigation limit, and the normal physiological function of cotton can be maintained. Fur-
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thermore, the responses of plants can vary at various growth stages to drought–rewatering,
so the influence of growth stages should be taken into account in future studies.
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