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Abstract: Quantifying the lasting effects of drought stress on crop growth is a theoretical basis
for revealing agricultural drought risk mechanism and formulating adaptive irrigation strategies.
Based on two-season pot experiments of soybean in the Huaibei Plain, quantitative responses of plant
evapotranspiration and aboveground biomass at each growth stage from a drought were carried
out. The results showed that drought stress at a certain stage of soybean not only significantly
reduced the current evapotranspiration and aboveground biomass accumulation during this stage,
compared with full irrigation, but also generated the after-effects, which resulted in the reductions of
evapotranspiration and biomass accumulation at the subsequent periods. Furthermore, the damaged
transpiration and growth mechanism caused by drought gradually recovered through the rewatering
later, and the compensation phenomenon even occurred. Nevertheless, the specific recovery effect
was decided by both the degree and period of drought before. It is practical to implement deficit
irrigation at the seedling and branching stages, but the degree should be controlled. Meanwhile,
it is crucial to ensure sufficient water supply during the reproductive growth phase, especially at
the flowering and pod-enlargement stage, to guarantee a normal transpiration function and a high
biomass yield for soybeans in the Huaibei Plain.

Keywords: crop response to drought stress; after-effect of drought; evapotranspiration; aboveground
biomass; crop growth process; soybean; Huaibei Plain

1. Introduction

Agricultural drought is one of the major natural disasters all over the world [1,2], it
seriously threatens the national food safety and social stability. Furthermore, in recent years,
with the global warming and impact of human activities, the frequency, intensity, and range
of agricultural drought have increased significantly, which has severely restricted the social
and economic development in many countries [3]. The quantitative responses of crops to
drought stress is the basis for revealing agricultural drought disaster-caused theory [4,5].
However, due to so much uncertainty in the crop growth process under drought conditions,
the mechanism of crop response to drought stress is extremely complex [6]. Therefore, the
related studies have always been faced difficulty.

The response of crops to drought stress is a complex physical and chemical process [7].
A large number of experimental studies [8-12] have found that when the crop is subjected
to drought at a growth stage, the morphological characteristics during this stage and
final yield components are inhibited, compared with sufficient irrigation. Moreover, the
degree of inhibition to drought at different stages varies greatly. Specifically, some studies
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showed that stalks shrank slightly when crops were under drought situations [8,9], and
the continuous water deficit caused short plants and low rates of leaf area expansion [10].
In addition, Jumrani and Bhatia [11] found by greenhouse experiments that drought during
soybean vegetative and reproductive growth phases all resulted in reductions of dry matter
and yield, while that at the reproductive stage induced a greater yield loss. Wei et al. [12]
discovered by pot experiments that, compared with full irrigation, drought at each growth
stage of soybean all caused decreases in plant height, leaf area, aboveground biomass, and
grain yield; furthermore, the drought at the flowering—podding stage resulted in a larger
yield loss. These works are fundamental for agricultural drought research and should be
further studied [13].

Drought stress at a certain growth stage (stage i) not only affects the crop growth in this
stage, but also has after-effects on the plant during the subsequent stages
(stagei+1,...)[14,15]. For instance, Cui et al. [16] found that as the drought at a given
stage was severe, the evapotranspiration of wheat during this period reduced significantly,
and it also caused the reductions of evapotranspiration at the following stages. Alghory
and Yazar [17] discovered by field experiments of rice, the continuous drought during
the filling stage led to the drops of leaf water potential at the subsequent growth periods.
Moreover, the after-effects produced by drought at a certain period are directly related to
the degree of drought. When the drought is mild, the after-effects could be offset by the re-
watering later [18], which is often called the compensation effect of crop growth. Boyer [19]
presented that during a moderate drought, the turgor pressure of plant decreased, but
the photosynthesis and cell division was not significantly affected; after rewatering, the
previously accumulated photosynthetic products provided sufficient materials for plant,
resulting in an obvious compensatory growth of aboveground part. Desotgiu et al. [20]
found that rewatering after a slight drought promoted various physiological indicators
of poplar canopy. Luo et al. [21] proposed that a mild drought reduced the leaf water
potential of cotton, while after rewatering, it reached or even exceeded that under sufficient
irrigation. Nevertheless, the compensation effect after a severe drought becomes weak
and the after-effects are significant [22]. It can be seen that the lasting response process
of crop to drought stress is quite complicated. However, at present, most studies have
focused on the current influences of drought at a certain stage on the crop’s physiological
indicators only during this period. While there are few studies about the quantitative
after-effects [23], which severely limits the discovery of crop response mechanisms to
drought stress. Therefore, it is necessary to quantify both the current influences and the
after-effects of various drought degrees at different growth stages on crop, combined with
experiments in typical agricultural drought regions [24,25].

China is located in the southeastern part of the Eurasian continent. It has a significant
continental monsoon climate, and an uneven distribution of precipitation in time and
space. Moreover, the imbalance of water and land resources, low level of development,
and fragile ecological environment have determined that China has always been a country
with frequent droughts [26]. From 2006 to 2018, the average annual drought area of crops
was 16,806.02 thousand ha. Food losses were 21.918 billion kilograms and economic losses
reached 3.90 billion dollars [27]. Nowadays, agricultural drought has become one of the
severe challenges to China’s sustainable economy, social development, and food safety.
Furthermore, soybean is one of the most important grain and oil crops in China. With the
increase of population and the improvement of people’s living standard, the demand for
soybean products is rising significantly [28]. Huaibei Plain, with a planting area of 700,000
800,000 ha for soybeans [29], is the main production region of China’s high-protein soybean.
Moreover, soybeans of the Huaibei Plain are basically rain-fed in summer. However, this
region is located in a transitional zone of semi-arid and semi-humid monsoon climate [30],
where precipitation is unevenly distributed and temperature in summer is relatively high.
Meanwhile, with the global climate change in recent years, agricultural droughts occur
more frequently during soybean growth period in the Huaibei Plain, which markedly
reduces the grain yield. Therefore, it is of great significance for guiding the irrigation and
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guaranteeing a high production to accurately quantify the lasting influences of drought
at each stage on soybean growth process. Furthermore, plant evapotranspiration and
aboveground biomass are two key indicators that could directly and precisely reflect the
crop growth status [31]. Consequently, this study carried out quantitative lasting effects
of drought stress at a growth stage based on experiments of summer soybean in the
Huaibei Plain, including: (1) quantitative responses of evapotranspiration at each stage
from stress to different drought degrees and (2) quantitative responses of aboveground
biomass accumulation of plant at each period from drought, in order to reveal the complex
mechanism of crop growth under various drought conditions, laying a foundation for
effective agricultural drought risk management.

2. Materials and Methods
2.1. Experimental Site

The summer soybean pot experiments under drought stress were carried out at the
Xinmagiao Agricultural Irrigation Research Station, Water Resources Research Institute of
Anhui Province and Huai River Commission, P.R. China, which lies in the Huaibei Plain
(Figure 1). The station is located in a typical transitional zone of subtropical and temperate
monsoon climate (latitude 33°09’ N, longitude 117°22 E, altitude 19.7 m). Over the years,
the precipitation has changed greatly from year to year, and meanwhile it is unevenly
distributed during a year, which results in frequent agricultural droughts in this region [32].
The soybean experimental periods were both from June to September in the 2015 and 2016
seasons. Moreover, the daily meteorological elements (relative humidity, temperature,
wind speed, etc.) measured at the station during the two seasons are shown in Figure 2.

Figure 1. Location of experimental site and soybean pots under drought stress in the Huaibei Plain.
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Figure 2. Daily meteorological elements at the station during the experimental periods of soybean in (a) 2015 season and

(b) 2016 season.

2.2. Crop Management

Potted soybean plants in the two seasons were both planted in plastic buckets. For the
2015 season, the upper inner diameter of bucket was 28 cm, the bottom inner diameter was
20 cm, and the height was 27 cm, and each empty bucket was filled with 15 kg of air-dried
soil. In 2016, the upper inner diameter of bucket was 31 cm, the bottom inner diameter was
23 cm, and the height was 27 cm, and 17 kg of air-dried soil was loaded in each bucket.
All empty buckets were weighed before filling with soil. The soil for the experiments was
collected from the field plough layer in the experimental station, which is a typical lime
concretion black soil in the Huaibei Plain of Anhui Province. The soil characteristics in the
upper layer (0-50 cm) are shown in Table 1 [33]. In order to ensure the germination of the
soybean seeds, the soil in all pots was irrigated to field capacity before sowing and 4 g of
compound fertilizer (N 15%, P,O5 15%, K,O 15%) was applied along with irrigation for
each pot. All soybean pots were placed in an open environment, at the same time, a mobile
canopy was arranged to isolate the precipitation when it occurred (Figure 1). The soil
moisture in pots was only supplemented by irrigation. In addition, for all potted samples,
except for water management, other crop management measures were completely the same
during the experimental period, to ensure the normal growth and development of plants
without the interference from pests and diseases. The variety of experimental soybeans
were Zhonghuang 13 for both seasons. The seeds in the 2015 season were sown on 20 June
and did not all germinate until 3 July, and the experimental treatments began on 4 July.
The experimental period in 2016 was from 15 July to 27 September.
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Table 1. Characteristics of the experimental soil at the upper layer (0-50 cm).

Soil Characteristics Values
Sand (%) 3.45
Silt (%) 70.52
Clay (%) 26.03
pH (in water solution) 7.5
Organic matter (%) 0.85
Bulk density (g/cm?) 1.36
Field capacity at —0.03 MPa (cm?/cm3) 0.38
Wilting point at —1.5 MPa (cm?/cm?) 0.12

According to the field planting density of summer soybean in the Huaibei Plain, three
plants that grew evenly were retained per pot. Combining the actual growth records of
soybeans in the station for many years with the division of stages in related research [34,35],
the whole growth period of the soybeans in the experiments was divided into four stages,
which were seedling stage (Stage I), branching stage (Stage II), flowering-podding stage
(Stage III), and seed filling stage (Stage IV). The classification basis and results of each
growth stage for the two seasons are shown in Table 2.

Table 2. Divisions of the whole soybean growth periods in 2015 and 2016 seasons.

Description of Growth Stage 2015 Season 2016 Season

germination stage, from sowing to seed germination 207 ulrf c{[;)yg; July, 2] u?g ;(;;;4 July,

seedling stage (Stage I), from seed germination to 4 July to 14 July, 15 July to 27 July,

plants with four fully expanded leaves 11 days 13 days

branching stage (Stage II), from plants with four 15 July to 3 August, 28 July to 10 August,

fully expanded leaves to first flower appearance 20 days 14 days
flowering-podding stage (Stage II1), from first flower 01,410 20 August, 17days 11 August to 31 August, 21 days

appearance to the beginning of pod filling & gust y & gust y

seed filling stage (Stage IV), from the beginning of

1 September to 27 September,
pod filling to plant maturation

21 August to 20 September, 31 days 27 days

2.3. Experimental Design

Nine treatments were set in the experiments for 2015 and 2016 seasons, including one
sufficient irrigation treatment and eight drought stress treatments. The experimental design
is shown in Table 3. In order to quantitatively evaluate and compare the effects of drought
at different periods on the growth process of soybean, the experiments in this study only
set drought at a single growth stage. Furthermore, when each stage from drought ended,
destruction experiments were carried out to measure the aboveground biomass of plants
during this stage. The controlling factors in the experiments were the soil water content
of pot at different growth stages, that is, treatments were implemented by controlling
the lower limit of soil water content in the pot at each stage. Combining crop drought
experiments in the station for years with the experimental design of crop deficit irrigation
experiments in related studies [34,36,37], three lower limits of soil water content were set
in the experiments for both seasons, they were 75%, 55%, and 35% of field capacity, which
corresponded to no drought stress, mild drought stress, and severe drought stress levels,
respectively (Table 3).
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Table 3. Percentage of lower limits of soil water content relative to field capacity at each soybean growth stage for different

experimental treatments in 2015 and 2016 seasons.

Cropping Treatment Seedling Stage Branching Stage Flowering-Podding Seed Filling Stage
Season (Stage I) (Stage II) Stage (Stage III) (Stage IV)
T1 55% 75% 75% 75%
T2 35% 75% 75% 75%
T3 75% 55% 75% 75%
T4 75% 35% 75% 75%
2015 and 2016 T5 75% 75% 55% 75%
T6 75% 75% 35% 75%
T7 75% 75% 75% 55%
T8 75% 75% 75% 35%
CK 75% 75% 75% 75%

Moreover, in order to reflect the soybean growth response to the process of drought
stress, and meanwhile to meet the actual irrigation situation in crop production and ensure
that the plants could survive under severe drought condition, in the experiments when the
soil water content of soybean pot was below the lower limit of the corresponding treatment,
the pot would be irrigated to 90% of field capacity [38]. Specifically, during the 2015 and
2016 seasons, mild and severe drought were set at Stage I, Stage II, Stage III, and Stage IV,
which corresponded to the drought stress treatments T1-T8, respectively. In addition, there
was a sufficient irrigation treatment CK (control group) with no drought stress during the
whole growth period of the soybeans. The lower limits of soil water content at the four
growth stages of the soybeans under nine treatments are shown in Table 3.

In the experiments for the two seasons, considering the influence of soybean growth
on the calculation of soil water content in pot, the plant weight at the end of the previ-
ous stage was deducted from the weight of pot at the current stage. Therefore, besides
arranging pot samples for replications (five replications for T1-T8 in both seasons, fifteen
and five replications for CK in 2015 and 2016 seasons, respectively), it was necessary to
additionally set up pots for measuring plant weight at the end of Stage I, Stage I, and Stage
III. Specifically, for CK, after the three growth stages, five pots were randomly selected for
destruction experiments, for which, three plants in each pot were taken out and weighed.
For T1-T6, destruction experiments of five pots were implemented at the end of each stage
after drought. Furthermore, for T3-T8, the weight of soybean plant at the end of each
stage before drought was substituted by the corresponding value in CK. Therefore, in both
seasons, there were twenty replications (pots) for T1 and T2, fifteen for T3 and T4, ten for
T5 and T6, and five for T7 and T8. As for CK, there were thirty and twenty replications in
2015 and 2016 seasons, respectively. In addition, the soybean pot experiments for the two
seasons were both arranged in a completely randomized design.

2.4. Measurements
2.4.1. Pot Weight

The weight of pot on day j after the emergence of soybean seed was represented by
W; (kg), measured by an electronic balance, model YP30KN, designed by Shanghai Sunny
Hengping Scientific Instrument Co., Ltd., Shanghai, China. The size of the balance was
320 mm x 315 mm x 130 mm, and the net weight was 3.3 kg. The maximum measuring
range was 30,000 g and the least count was 1 g. In addition, the repeatability error of the
balance was less than 1 g, and the linearity error was lower than +2 g. During the whole
experimental period from the germination of the seeds to the harvest of the plants, the
weight of each soybean pot sample was measured at around 18:00 every day.
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2.4.2. Soil Water Content

The soil water content of each soybean pot was calculated according to the weighing

data as follows:
Wip —Ws = Wp + [;

0., — 1
jib Wy ( )
W, — Ws — W,
_ s p
e A )
6ip + 96,
0 = 5" 6)

where 6,1, (g x g~ 1) represents the soil water content of soybean pot at the beginning of day
J (after irrigation) after seed emergence (weight water content). 6; ¢ (g x g~ 1) represents
the soil water content of pot at the end of day j (when weighing). 6; (g x g~ 1) represents
the average soil water content of pot on day j. W;_1 (kg) and W; (kg) respectively represent
the pot weight on day (j_1) and day j after seed emergence. W; (kg) represents the weight
of air-dried soil put in the empty bucket before sowing. W, (kg) represents the weight
of empty bucket. [; (kg) represents the irrigation amount on day j. In order to reduce the
influence of plant weight on the calculation of soil water content in pot, in the experiments,
the destruction experiments were carried out at the end of the seedling stage (Stage I),
the branching stage (Stage II), and the flowering-podding stage (Stage III), respectively.
Three intact soybean plants were taken out from five pot samples, and the plant weight
was measured by an electronic balance (model TD30K-0.1, designed by Tianjin Balance
Instrument Co., Ltd., Tianjin, China. The size of the balance was 370 mm x 380 mm x
130 mm, the net weight was 6.0 kg. The maximum weighing range was 30,000 g and the
least count was 0.1 g. Moreover, the repeatability error of the balance was £0.3 g, and the
nonlinearity error was £0.3 g.). The average plant weight of the five samples was deducted
from the pot weight in the corresponding next stage. Figure 3 shows the soil water content
of soybean pot at each growth stage under different treatments in the experiments during

2015 and 2016 seasons.
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Figure 3. Daily soil water content of soybean pot during four growth stages under different treatments
(T1-T8 and CK) in (a) the 2015 season and (b) the 2016 season. The constant horizontal dashed lines
from top to bottom indicate the lower limits of no drought stress, mild drought stress, and severe
drought stress, respectively. Stage I: seedling stage, Stage II: branching stage, Stage III: flowering-
podding stage, Stage IV: seed filling stage. Volume water content (cm® x cm~3) was converted from
weight water content (g x g~!) according to the density of water.

2.4.3. Irrigation Amount

The irrigation amount of pot on day j after the emergence of the soybean seed was
determined by the soil water content of the pot and the corresponding lower limit of soil
water content for the treatment of the pot. The calculation formula of irrigation amount is

as follows:
{ 0 0i-1e = Oim

I 4
(90%9FC — 9]'7],8) X Ws gj—l,e < 91m ( )

i =
where 0 (g X g~ 1) represents the field capacity of the soil used in the soybean drought
experiments (weight water content). 6,1 (g X g’l) represents the soil water content of
the pot at the end of the day (j—1) (when weighing) after seed emergence. 8}, (g x g~ 1)
represents the lower limit of soil water content for the treatment of pot in the experimental
design (Table 3). In the experiments, when the soil water content of pot at the end of day
(j—1) was lower than the corresponding lower limit of the treatment, the pot would be
irrigated to 90% of field capacity on day j. The irrigation was implemented around 7:00,
and the amount of irrigation was precisely controlled by measuring cups (the maximum
ranges were 500 mL and 1000 mL) and measuring cylinders. In the two-season experiments,
the irrigation amount and times at each growth stage of soybean under different treatments
are shown in Table 4.
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Table 4. Irrigation amount (IA) and irrigation times (IT) at each growth stage of soybean under different treatments in 2015

and 2016 seasons.

. Seedling Stage Branching Stage Flowering-Podding Seed Filling Stage
C;Zgg;;‘g Treatment (Stage I) (Stage II) Stage (Stage III) (Stage IV)

IA (mm) IT IA (mm) IT IA (mm) IT IA (mm) IT

T1 44.20 2 209.61 11 217.84 13 430.16 26

T2 0 0 240.83 13 245.35 15 446.85 26

T3 69.87 6 157.17 9 225.26 11 436.33 26

T4 65.46 5 63.40 3 185.23 9 424.80 28

2015 T5 63.77 6 235.32 14 157.61 8 385.67 26
T6 66.78 6 239.88 15 84.49 3 206.45 13

T7 60.69 6 231.94 14 248.40 15 281.63 12

T8 65.90 6 246.05 15 248.40 14 46.00 2

CK 71.93 6 261.84 15 277.54 15 466.82 27

T1 40.96 2 153.07 11 295.90 17 338.00 25

T2 0 0 124.94 10 272.37 17 326.77 25

T3 92.65 8 135.62 6 282.53 17 330.72 24

T4 89.24 8 50.92 2 239.35 16 312.94 23

2016 T5 82.38 7 171.86 11 205.82 9 291.43 23
T6 84.89 8 171.31 12 107.73 4 183.62 16

T7 95.02 8 164.62 12 300.91 17 176.30 11

T8 87.86 8 165.21 12 320.79 18 64.95 4

CK 94.09 8 177.11 13 332.72 18 340.86 26

2.4.4. Evapotranspiration
The actual water consumption of potted soybean was calculated by the following
formula according to the weight and irrigation amount of the pot:

ETi=Wi1+-W; )
where ET; represents the evapotranspiration of soybean on day j after seed emergence, and
it could be converted from kilograms (kg) to millimeters (mm) by the density of water and
the upper area of the pot.

2.4.5. Aboveground Biomass

Five soybean pots were randomly chosen for destruction experiments at the end of
each stage from drought stress. Specifically, the aboveground and underground parts of
three plants in each pot were separated. The aboveground matters (stems, leaves, pods, and
seeds) were taken for further separation and cleaning, and then were dried with absorbent
papers and placed in an oven (model BPG-9420A, designed by Shanghai Yiheng Scientific
Instrument Co., Ltd., Shanghai, China. The inner size of the oven was 100 cm x 51 cm x
80 cm, the volume was 400 L. The controlled temperature range was 10 °C to 200 °C
and the lowest count was 0.1 °C. The fluctuation of constant temperature was +1 °C at a
temperature of 105 °C to de-enzyme for 30 min. Furthermore, the aboveground parts were
further dried at a temperature of 75 °C until they remained at constant weights. Then, the
dry matters of three plants were weighed using an electronic balance (model TD30K-0.1,
designed by Tianjin Balance Instrument Co., Ltd., Tianjin, China.), which represented the
aboveground biomass of soybean at the end of a growth stage.

At harvest, the aboveground matters of three intact soybean plants in all remaining
pots were measured. Specifically, all the pods (including the seeds) of three plants in each
pot were removed and put into a numbered gauze bag. Then they were exposed to the sun
outdoors until they reached constant weights and were weighed by an electronic balance
(model TD30K-0.1, designed by Tianjin Balance Instrument Co., Ltd., Tianjin, China.) At the
same time, the aboveground parts of the remaining plants were placed in numbered gauze
bags after washing. Then, the aboveground dry matters (stems and leaves) of three plants
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after exposure to the sun were weighed using an electronic balance. The aboveground
biomass at harvest was the sum of the measured weights of stems, leaves, pods, and seeds.
In addition, the aboveground biomass accumulation of soybean plants during a certain
growth stage was the difference between the aboveground biomass at the end of this stage
and that at the end of the previous stage as follows:

. ABy m=1
ABam = { ABy — AB,1 m=2,3,4 ©)

where AB, ;, represents the aboveground biomass accumulation during the mth growth
stage of soybean. AB;;, and ABy;,_; represent the aboveground biomass at the end of the
mth and (m—1)th stages, respectively. m =1, 2, 3, 4 indicates the seedling stage (Stage I),
branching stage (Stage II), flowering-podding stage (Stage III), and seed-filling stage (Stage
IV) of the soybean, respectively.

3. Results and Discussion
3.1. Current Influences of Drought Stress on Evapotranspiration

The soybean evapotranspiration (ET) and average daily evapotranspiration intensity
(ET4) at each growth stage under different treatments in the 2015 and 2016 seasons are
shown in Table 5 (statistically significant at p < 0.001 level). It can be seen that com-
pared with evapotranspiration under sufficient irrigation (CK), the evapotranspiration
under drought conditions (the average value of mild and severe drought stress) at the
seedling stage (Stage I), branching stage (Stage II), flowering-podding stage (Stage III),
and seed-filling stage (Stage IV) in 2015 decreased by 48.54%, 52.40%, 48.78%, and 61.26%,
respectively. Those in 2016 decreased by 51.26%, 44.70%, 54.83%, and 61.85%, respectively.
It indicated that drought stress at a given growth stage significantly reduced the soybean
evapotranspiration in this stage, and the current drought influence at the seed filling
stage was the greatest. Similar results were found by Jacobsen et al. [39] in a greenhouse
pot experiment study of quinoa. Specifically, under drought situations, plants tended to
minimize transpiration by closing stomata to conserve and prevent excessive loss of wa-
ter, lowering stomatal conductance, thereby resulting in lower evapotranspiration [40,41].
Moreover, the reduction of evapotranspiration was directly proportional to the level of
drought, that is, the more serious the drought at a growth stage, the more significant the
reduction of evapotranspiration during this period. For example, the evapotranspiration
at Stage I under T1 was 35.55% less compared with CK in the 2015 season, while that
under T2 was 61.54% less. Similarly, the evapotranspiration at Stage II under T3 and
T4 in 2016 were 27.73% and 61.67% less, respectively. These results were in agreement
with Chen et al. [38], who reported that the greater water deficit resulted in the lower
tomato evapotranspiration by a greenhouse experiment study. Furthermore, the soybean
evapotranspiration under severe drought situation at Stage IV (T8) for the two seasons
decreased most markedly compared with CK (decreased by 84.44% and 79.66% in 2015
and 2016). It reflected that serious drought stress at the seed-filling stage had the greatest
adverse effect on the current evapotranspiration. Similar results were also reported by
Wei et al. [12] in a pot experiment study of soybean growth and development response to
drought stress. In addition, the changes of average daily evapotranspiration intensity were
consistent with those of evapotranspiration.
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Table 5. Evapotranspiration (ET) and average daily evapotranspiration intensity (ET4) of soybean at each growth stage

under different treatments in the 2015 and 2016 seasons.

Seedling Stage Branching Stage Flowering-Podding Seed Filling Stage
Cropping (Stage I) (Stage II) Stage (Stage IIT) (Stage IV)

Season Treatment ET, ET, ET, ET,
ET (mm) (mm d-1) ET (mm) (mm d-1) ET (mm) (mm d-1) ET (mm) (mm d-1)

T1 50.37 4.58 233.82 11.69 237.72 13.98 434.81 14.03

T2 30.06 2.73 234.79 11.74 248.50 14.62 454.86 14.67

T3 77.67 7.06 178.73 8.94 226.23 13.31 435.79 14.06

T4 70.36 6.40 82.54 4.13 196.69 11.57 435.30 14.04

2015 T5 69.54 6.32 253.31 12.67 166.39 9.79 385.67 12.44

T6 67.43 6.13 252.50 12.63 114.23 6.72 205.78 6.64

T7 69.54 6.32 241.45 12.07 255.10 15.01 285.65 9.21

T8 73.61 6.69 257.70 12.89 251.53 14.80 71.82 2.32
_CK 7816 % 7A1¥ 27444 13720 27395 1611 46143 %% 14.88 %

Significance

T1 68.31 5.69 147.08 10.51 302.84 14.42 330.48 12.24

T2 40.43 3.37 134.86 9.63 277.97 13.24 314.86 11.66

T3 115.50 9.62 127.67 9.12 286.67 13.65 312.32 11.57

T4 116.11 9.68 67.71 4.84 225.55 10.74 337.92 12.52

2016 T5 113.10 9.43 157.26 11.23 207.85 9.90 277.02 10.26

T6 110.09 9.17 166.53 11.89 103.59 4.93 169.84 6.29

17 109.47 9.12 165.68 11.83 322.55 15.36 200.89 7.44

T8 106.31 8.86 177.20 12.66 330.74 15.75 73.02 2.70
. CK 111.55 *** 9.30 *** 176.66 *** 12,62 ***  344.74**  16.42**  359.03**  13.30 **

Significance

*** Significant at p < 0.001 level.

3.2. After-Effects of Drought Stress on Evapotranspiration

The decreased percentages of evapotranspiration at each growth stage from drought
stress compared with sufficient irrigation in the 2015 and 2016 seasons are shown in
Figure 4. It can be seen from Figure 4a that, when the soybean plant was suffered from a
mild drought at Stage I in the 2015 season (T1-2015), the evapotranspiration at Stage I, Stage
II, Stage III, and Stage IV decreased by 35.55%, 14.80%, 13.23%, and 6.12%, respectively,
compared with no drought stress (CK-2015). When it was under severe drought condition
(T2-2015), the evapotranspiration decreased by 61.54%, 14.45%, 9.29%, and 1.42%, respec-
tively. Figure 4b shows that when the plant encountered a slight drought at Stage II in
2015 (T3-2015), evapotranspiration during Stage II, Stage III, and Stage IV was reduced by
34.87%, 17.42%, and 5.56%, respectively, compared with full irrigation (CK-2015), and when
under serious drought (T4-2015), the evapotranspiration decreased by 69.92%, 28.20%,
and 5.66%, respectively. From Figure 4c, it can be seen that when the soybean plant was
subjected to mild drought situation at Stage III in the 2015 season (T5-2015), the evapo-
transpiration during Stage III and Stage IV decreased by 39.26% and 16.42%, respectively,
compared with sufficient irrigation (CK-2015), and when under severe drought (T6-2015)
the evapotranspiration was reduced by 58.30% and 55.40%, respectively. Furthermore, the
results in the 2016 season were consistent with those in 2015.
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Figure 4. The decreased percentages of soybean evapotranspiration (ET) during each growth stage
caused by drought stress at (a) Stage I, (b) Stage II, and (c) Stage III, respectively, compared with
full irrigation in 2015 and 2016 seasons. Stage I: seedling stage, Stage II: branching stage, Stage III:
flowering-podding stage, Stage IV: seed filling stage. T1-T6: experimental treatments.

Drought stress at a certain growth stage of soybean not only significantly reduced the
evapotranspiration during this stage compared with sufficient irrigation, but also gener-
ated after-effects, which resulted in the reductions of evapotranspiration at the subsequent
stages (Figure 4). Similar results were reported by Chen et al. [14] and Liu et al. [15],
who found that there were lag effects of water deficit on the evapotranspiration of spring
maize and winter wheat, respectively. Nosalewicz et al. [42] indicated that plants have
evolved mechanisms of adaptation to fluctuations in their environmental conditions that
have recently been given the term “stress memory”. However, our study has implemented
specific experiments to further quantify the lasting effects caused by drought during dif-
ferent growth periods for soybeans. In addition, the after-effects of drought stress on
soybean evapotranspiration weakened with rewatering later, the damaged transpiration
mechanism gradually restored, and the recovery speed from severe drought was more
significant than that of mild drought (Figure 4). Nevertheless, when the plant was rewa-
tered after drought at the flowering-podding stage, the recovery effect of transpiration was
obviously not as good as those after the seedling stage and the branching stage, especially
under serious drought. The evapotranspiration at its next growth period (seed filling
stage) was still greatly reduced in comparison with full irrigation (Figure 4c). These results
were in accordance with the existing studies [12,16,22,33], which reflect that the recovery
effect of rewatering is directed related to the degree and occurrence period of drought
before. In addition, Xu et al. [18] reported that the speed of recovery with re-watering
depended on the severity and duration of water stress for plants. Kaiser [43] discovered
that an irreversible decrease in plant photosynthetic capacity occurred as relative leaf water
content dropped below 30%, leading to cell death. Therefore, there may be two major
reasons for the reductions of evapotranspiration at the growth stages after drought. One is
that the drought at a given stage irreversibly destroys the physiological function of crop
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transpiration. Another is that the drought causes a short plant or low leaf area compared
with full irrigation.

3.3. Current Influences of Drought Stress on Aboveground Biomass

The soybean aboveground biomass accumulation measured at the end of each growth
stage under various treatments in the 2015 and 2016 seasons are shown in Figure 5, which
quantitatively describes the matter accumulation process of plant under different drought
conditions. It can be seen that from Figure 5 that drought stress at a certain stage directly
caused the current loss of aboveground biomass accumulation during this stage. The more
severe the drought, the greater the loss. For instance, under mild and severe droughts
(T1-2015 and T2-2015) at Stage I in 2015, the aboveground biomass accumulation of plant
was reduced by 34.90% and 49.72%, respectively, compared with no drought stress (CK-
2015) (Figure 5a (a-1)). Our findings were consistent with those of Dogan et al. [35] and
Sincik et al. [36], who discovered that there was an obvious difference in the reductions of
biomass when soybeans encountered various degrees of water deficit. Similarly, Igbadun
et al. [44] found that deficit irrigation at any growth stage of the maize led to decrease in
seasonal evapotranspiration, dry matter, and grain yields. Moreover, the current losses of
accumulation at the flowering-podding stage and the seed filling stage were significantly
higher than those at the seedling stage and the branching stage. For example, in 2015 and
2016 under slight drought at Stage III (T5-2015 and T5-2016), the losses of accumulation
were 54.73% and 47.81% higher than those at Stage I (T1-2015 and T1-2016), respectively
(Figure 5a (a-1),b (b-1),a (a-3),b (b-3)). Similar results were discovered by Wei et al. [12] and
Anda et al. [45], who found that the adverse influences of water deficit on soybean growth
and development during the reproductive phase were significantly greater than those at
the vegetative phase. In addition, when the soybean was subjected to severe drought at
the flowering-podding stage and the seed-filling stage, the aboveground parts of plant
during these two periods even withered (Figure 5a (a-3),b (b-3),a (a-4),b (b-4)). That is, the
aboveground biomass at the end of the growth stage was less than that at the beginning,
the accumulation during this stage was a negative value. For example, the biomass
accumulation of soybean under serious drought at Stage IV in the 2015 and 2016 seasons
(T8-2015 and T8-2016) decreased by 34.20 g and 43.26 g, respectively, compared with full
irrigation (CK-2015 and CK-2016) (Figure 5a (a-4),b (b-4)). Similarly, many studies by field
experiments have reported that soybeans were more susceptible to water deficit during
the beginning of flowering to the beginning of seed formation [33,35,46]. Jha et al. [47]
observed that water stress during the vegetative growth and flowering period affected
soybean biomass yields significantly. Specifically, at the soybean flowering and pod-
enlargement stage, vegetative and reproductive growth proceeded simultaneously and the
water consumption approached the maximum [48], once the plant encountered a severe
drought, the pod and seed formation would be severely obstructed. Moreover, drought
at the flowering stage reduced the number of pods and seed size, and seed size would
significantly decline if drought occurred in the late flowering and pod-filling stages [49,50].
These findings well explained the withered soybean plants caused by drought at the
flowering-podding and seed-filling stages in this study. Therefore, it is vital to ensure the
water supply during these periods for a high biomass yield.
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Figure 5. Aboveground biomass accumulation process of soybean plants at each growth stage under different treatments
(T1-T8 and CK) in (a) 2015 season and (b) 2016 season. Stage I: seedling stage, Stage II: branching stage, Stage III:
flowering-podding stage, Stage IV: seed-filling stage.

3.4. After-Effects of Drought Stress on Aboveground Biomass

The decreased percentages of aboveground biomass accumulation at each growth
stage from drought stress compared with full irrigation are shown in Figure 6. It can
be seen from Figure 6a that in the 2015 season when the plant was under mild drought
condition at Stage I (T1-2015), the biomass accumulations at Stage I, Stage 11, Stage 111,
and Stage IV were reduced by 34.90%, 24.01%, 11.49%, and —92.21% (compensation effect
after rewatering), respectively, compared with no drought stress (CK-2015). While those
under severe drought stress (T2-2015) decreased by 49.72%, 34.26%, —2.93%, and —33.91%,
respectively. The trends in the 2016 season were consistent with 2015, but the percentage of
reduction in biomass accumulation at each stage was generally higher than that in 2015,
which may be due to the different degrees of drought stress at the corresponding growth
stage for the two seasons. It can be seen that from Figure 6b that when the plant was
under slight drought situation at Stage II in the 2015 season (T3-2015), the aboveground
biomass accumulations at Stage II, Stage III, and Stage IV decreased by 35.26%, 24.09%,
and —98.24%, respectively, compared with no drought stress (CK-2015), and decreased
by 60.85%, 37.70%, and —89.93% under severe drought condition (T4-2015). The trends
in 2016 were the same, but the decreased percentage at each growth stage under mild
drought stress was all lower than that in 2015, and higher than 2015 under severe drought.
From Figure 6c¢, it can be seen that when the plants suffered from slight drought stress at
Stage III in 2015 season (T5-2015), the aboveground biomass accumulation at Stage III and
Stage IV were reduced by 53.94% and 16.76%. While under severe drought (T6-2015), they
decreased by 125.17% and 75.61%, respectively. Similarly, the trends in the 2016 season
were consistent with 2015, but the percentages of reduction during the two growth stages
were both higher than those in 2015.
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Figure 6. The decreased percentages of soybean aboveground biomass accumulation (AB;) during
each growth stage caused by drought stress at (a) Stage I, (b) Stage II, and (c) Stage III, respectively,
compared with sufficient irrigation in the 2015 and 2016 seasons. Stage I: seedling stage, Stage II:

branching stage, Stage III: flowering-podding stage, Stage IV: seed filling stage. T1-T6: experimental
treatments.

Drought stress at a certain growth stage of soybean not only significantly reduced the
current aboveground biomass accumulation during this stage compared with no drought
stress, but also produced the after-effects on the aboveground growth process of plants
during the subsequent stages, making the biomass accumulations decrease. Similarly,
Chen et al. [14] and Liu et al. [15] found the lag effects of drought at a given stage on dry
matter accumulation of maize and wheat by field experiments. Meanwhile, these were
consistent with the after-effects of drought stress on the evapotranspiration mentioned
above. It indicated that there was a correlation between transpiration and aboveground
growth of soybean plants under various drought conditions, which was in accordance with
the existing studies [45,51]. Siahpoosh et al. [52] showed that the relationship between
dry matter at different growing stages and crop evapotranspiration for bread wheat could
be modeled in a linear function by regression analysis. In addition, the damaged growth
mechanism of soybeans caused by drought gradually recovered after rewatering later, and
even the compensation effect occurred, which meant that the biomass accumulation during
a stage was higher than that always under sufficient irrigation condition. Similar results of
compensation effects after rewatering from water deficit for corn, soybean, and pea were
presented by Boyer [19] and Lecoeur et al. [53]. Wu et al. [54] discovered that drought at
the earlier growth stages decreased the lint and cottonseed yield, whereas waterlogging
during the later stages had a compensatory effect.

Furthermore, for rewatering after drought at the seedling stage and the branching
stage, the compensation effect of soybean growth at the seed filling stage was more promi-
nent (the decreased percentages of aboveground biomass accumulation at Stage IV were
mostly negative values in Figure 6a,b). However, severe drought during the flowering-
podding stage caused an irreversible damage to the aboveground growth of soybean
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(the decreased percentages of accumulation exceeded 100% in Figure 6¢, which indicated
that the aboveground part of plant had withered), which resulted in a poor recovery of
growth after rewatering at the following period (seed-filling stage) and still a large loss
of biomass accumulation. Therefore, the recovery effect of soybean aboveground growth
after rewatering is decided by both the degree and occurrence period of drought before.
Specifically, it seems that after suffering a moderate drought at the vegetative growth stage
for soybeans, the photosynthesis and respiration may be not significantly affected, and the
cell division may be not inhibited. After rewatering, the physiological function quickly
returns to the normal status and the previously accumulated photosynthetic products
provide enough material basis for plant growth, so the soybean shows a restored or even
compensatory performance [19,53]. In addition, Igbadun et al. [44] found that the effect of
deficit irrigation on the maize during the vegetative growth stage could be compensated
for and final biomass yield and grain yields improved upon if the maize was adequately
irrigated during the flowering and grain filling stages.

Soybean responses to water deficit is a highly dynamic and complex process involving
several morpho-physiological, genotypic, and biochemical mechanisms [55]. In addition, it
is sensitive to drought stress [56] as droughts reduce the evapotranspiration and biomass
yield [57]. Specifically, from the above lasting responses of evapotranspiration and above-
ground biomass to drought at different stages, it is practical to implement deficit irrigation
during the seedling and branching stages, but the degree should be controlled. Further-
more, it is crucial to ensure sufficient water supply during the reproductive growth period,
especially at the flowering and pod-enlargement stage, to guarantee normal transpiration
and a high biomass yield for soybeans in the Huaibei Plain.

4. Conclusions

This study quantitatively analyzed the lasting responses of plant evapotranspira-
tion and aboveground biomass to drought stress at different growth stages by soybean
(Zhonghuang 13) pot experiments in the Huaibei Plain, China, and the following conclu-
sions were obtained.

(1) Compared with full irrigation, soybean evapotranspiration under droughts at the
seedling stage, branching stage, flowering-podding stage, and seed-filling stage in 2015
decreased by 48.54%, 52.40%, 48.78%, and 61.26%, respectively. Those in 2016 were 51.26%,
44.70%, 54.83%, and 61.85%. Therefore, drought at a certain growth stage of soybean
significantly reduced the evapotranspiration during this period. Moreover, the adverse
influence at the seed filling stage was the most serious.

Furthermore, in the 2015 season, when the soybean suffered from a mild drought at
the seedling stage, the evapotranspiration at the subsequent branching stage, flowering-
podding stage, and seed-filling stage decreased by 14.80%, 13.23%, and 6.12%, respectively,
compared with sufficient irrigation. Those under serious drought were 14.45%, 9.29%,
and 1.42%. When the plant encountered a slight drought at the branching stage, the
evapotranspiration during the flowering-podding stage and seed-filling stage reduced
by 17.42% and 5.56%, respectively, and under severe drought decreased by 28.20% and
5.66%. In addition, when the soybean was subjected to mild and serious droughts at the
flowering-podding stage, the evapotranspiration during the seed filling stage decreased
by 16.42% and 55.40%, respectively. The results in the 2016 season were consistent with
those in 2015. Therefore, drought at a certain growth stage of soybean also generated
after-effects and caused the reductions of evapotranspiration during the following periods.
Moreover, the after-effects weakened with rewatering later, and the recovery speed from
severe drought was more significant. Nevertheless, the recovery of transpiration was not
obvious when rewatering after drought at the flowering-podding stage, especially under
serious drought.

(2) Under slight and serious droughts at the seedling stage, branching stage, flowering-
podding stage, and seed-filling stage in the 2015 season, the current aboveground biomass
accumulation of plant was reduced by 34.90% and 49.72%, 35.26% and 60.85%, 53.94% and
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125.17%, 264.59% and 308.85%, respectively, compared with sufficient irrigation. Therefore,
drought at a certain growth stage of soybean directly caused the loss of aboveground
biomass accumulation during this period, and the more severe the drought, the greater
the loss. Moreover, the current losses of accumulation caused by drought at the flowering-
podding stage and the seed-filling stage were significantly larger.

In addition, during the 2015 season, when the soybean was under mild drought at
the seedling stage, the biomass accumulations at the following branching stage, flowering-
podding stage, and seed-filling stage were reduced by 24.01%, 11.49%, and —92.21%,
respectively, compared with no drought. While those under severe drought decreased by
34.26%, —2.93%, and —33.91%. When the plant was under slight drought at the branching
stage, the accumulations at the flowering-podding stage and seed-filling stage decreased
by 24.09% and —98.24%, respectively, and under serious drought decreased by 37.70%
and —89.93%. Furthermore, when the plant suffered from mild and severe droughts at
the flowering-podding stage, the accumulations at the seed-filling stage were reduced by
16.76% and 75.61%, respectively. The trends in the 2016 season were consistent with those
in 2015. Therefore, drought at a certain growth stage of soybean growth also produced the
after-effects to the aboveground growth process of plant during the subsequent periods.
Moreover, the damaged growth mechanism gradually recovered after rewatering later,
and even the compensation effect occurred. For rewatering after drought at the seedling
stage and the branching stage, the compensation effect at the seed filling stage was more
prominent. However, severe drought at the flowering-podding stage caused an irreversible
damage to the growth. Thus, the recovery effect of aboveground growth after rewatering
for soybeans is decided by both the degree and occurrence period of drought before.

(3) It is practical to implement deficit irrigation during the seedling stage and the
branching stage, but the degree of deficit should be strictly controlled. Meanwhile, it
is vital to ensure sufficient water supply at the reproductive growth period, especially
during the flowering and pod-enlargement stage, to guarantee normal transpiration and a
high biomass yield for soybeans in the Huaibei Plain. This study provides an important
reference for formulating irrigation strategies, and the results based on two-season pot
experiments should be further verified in our future works.
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