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Crop resilience refers to the adaptive ability of crops to resist drought at a certain level.

Currently,most of the research focuses on the changes in root or photosynthesis traits

of crops after drought and rehydration. Still, the persistence effect (drought period (T2)

- rehydration period (T3) - harvest period (T4)) of drought stress on crops and

quantitative estimation of resilience is still unclear. Field experiments were

conducted in this study to determine the persistence effects on above-ground and

below-ground growth indicators of summer maize at different levels and durations of

drought. Next, an evaluation method for integrated resilience of summer maize was

proposed, and a quantitative assessment of integrated resilience was made by

Principal Component Analysis (PCA) and resilience index calculation. The results

showed that the resilience of summer maize decreased with increasing drought

levels, which persisted until harvest. Although summer maize resilience was strong

after rewatering under light drought (DR1), declined after sustained rewatering. At the

same time, production had decreased. However, a specific drought duration could

improve the resilience of summer maize under light drought conditions. In particular,

leaf biomass and root growth in the 30-50 cm layer could be enhanced under long

duration light drought (LDR1), thus improving summermaize resilience and yield. Thus,

under water shortage conditions, a certain level and duration drought could improve

the resilience and yield of summer maize, which would persist until harvest. Clarifying

the persistent effects on the growth indicators of summer maize and quantitatively

evaluating the resilience of summermaize could improve agricultural food production

and water use efficiency.
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1 Introduction

Under climate change, drought will become more frequent and severe in most parts of the

world (Spinoni et al., 2020; Pokhrel et al., 2021; Li P, et al., 2022). As a kind of extreme

weather phenomenon, drought is the main factor limiting agricultural production (Panda

et al., 2021; Yao et al., 2022). Maize is one of the most significant food crops globally.
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Meanwhile, maize yield was more sensitive to drought (Liu et al.,

2022). For instance, drought caused maize biomass losses in the

northeast and north China plain from 2000 to 2019 (Cai et al., 2020;

Wan et al., 2022). In the summer maize planting-tasseling and

tasseling-physiological maturity periods, drought showed an

increasing trend in the most Huang-Huai-Hai Plain of China from

1961 to 2015 (Wu X, et al., 2021). Consequently, drought poses a

serious threat to maize growth and production.

The level and duration of droughts are closely related to maize

growth. At the young ear development of maize, the maize biomass

decreased by 54.3% and 61.4% under light (soil moisture at 60 ± 5%)

and moderate (soil moisture at 40 ± 5%) drought stress, respectively

(Shao et al., 2021). And as the drought increased in severity, the maize

biomass and yield decreased (Zhang et al., 2019; Li et al., 2020; Liu

et al., 2022). And, severe drought stress (35% field water capacity)

adversely affected growth and yield parameters at different maize

growth stages and resulted in delayed maturation (Ge et al., 2011). In

addition, prolonged drought resulted in a reduction of growth rate,

lower biomass, and delayed flowering (Verbraeken et al., 2021). For

instance, with increasing drought duration, the number offilled grains

per maize plant declined (Shin et al., 2015). Meanwhile, prolonged

drought could cause maize cell dysfunction by the accumulation of

reactive oxygen species (Xiao et al., 2020).

However, some researches also showed that during rehydration

after drought, maize could recover, which was closely related to the

degree and duration of drought (Ge et al., 2011; Sun et al., 2016). For

example, drought limited the photosynthetic of maize, after

rehydration could restore most photosynthetic traits (Qi et al.,

2021). But the longer the drought duration, the weaker the maize’s

photosynthetic capacity to recover (Jia et al., 2020). Although drought

can affect the growth and development of maize, maize has resilience

to resist drought. With different levels and durations of drought,

maize resilience varies.

The resilience enables that crop could recover even exceed normal

growth after rehydration at a certain level and duration drought

(Müller et al., 2016; Qi et al., 2021). Originally, resilience refers to the

ability of an ecological system to sustain relationships within an

environmental system (Holling, 1973; Müller et al., 2016).

Subsequently, some scholars proposed that resilience be

incorporated into agroecosystems research, and believed that

resilience could add tangible value to agroecosystems research

(Peterson et al., 2018). Thus, some studies found crop diversity

might contribute to increase crop resilience at a certain level

drought (Elsalahy et al., 2020). Beyond that, coordinated changes in

chlorophyll content, gas exchange, and fluorescence parameters

possibly contributed to enhance maize resilience under drought

conditions (Qi et al., 2021). Crop resilience is rapidly becoming a

hot research issue. However, few studies have examined maize

resilience under drought conditions based on maize growth

indicators (Matsushita et al., 2016; El Chami et al., 2020).

Here, we conducted field experiments to quantitatively describe

the persistent effects of drought on summer maize growth indexes and

yield. Furthermore, we constructed the comprehensive resilience

assessment method based on the growth indexes and quantitatively

analyzed the resilience under different drought degrees and durations.

This study aimed to test the following hypotheses: (і) Different

degrees and durations of droughts can significantly reduce the
Frontiers in Plant Science 02
resilience of summer maize. (іі) The drought impact on summer

maize can last until the harvest period and then reduce the yield of

summer maize. These results can contribute to better understanding

the persistent impacts on summer maize resilience and serve as a

scientific reference for drought risk responses in agriculture.
2 Materials and methods

2.1 Site description and drought evaluation

The experiment was conducted at Wudaogou experimental

research station (33°09′N, 117°21′E) in Bengbu City, China. The

area is a subtropical semi-humid warm temperate, continental

monsoon climate. The main soil types are dark-hydromorphic clay

loam and flavor-aquic soil, which account for 52.2% and 30.9% of the

total area, respectively. The soil bulk density is 1.41 g/cm3 (Bi et al.,

2021). Precipitation is unevenly distributed throughout the year, and

droughts and floods are frequent. It is the central disaster area of

agricultural drought in the Huaihe River Basin (Liu et al., 2017; Chen

et al., 2020; Wang et al., 2020).

The drought degree is determined by China’s “Standards of

Drought Situations” (SL424-2008). The calculation equation was as

follows:

RSH =
q
Fc

� 100%

Where q was the soil average weight moisture, which was

calculated from the ratio of soil volumetric water content to soil

bulk density in 10-20 cm layer. Fc was the field capacity (Bi

et al., 2021).

The drought is divided into five levels. When RSH>60% means no

drought; When RSH is within 50%-60%, indicating light drought;

When RSH is within 40%-50%, indicating moderate drought; When

RSH is within 30%-40%, indicating severe drought; When RSH< 30%,

indicating extreme drought.
2.2 Experiment design

We explored the drought persistent impact on the resilience of

summer maize during jointing, tasseling, and grain filling. We

designed six drought scenarios, i.e., Light drought (DR1), Moderate

drought (DR2), Short duration light drought (5 days, SDR1), Long

duration light drought (7 days, LDR1), Short duration moderate

drought (14 days, SDR2), and long duration moderate drought (24

days, LDR2). In addition, a control system (CK) was set for reference

under no drought conditions. The specific process of the experiment

is shown in Figure 1. In particular, before the start of the experiment,

the initial conditions of each field were the same (seed type,

fertilization amount, suitable soil water content). And the ventilated

shed with an artificial rainfall device was used to block the entry of

external precipitation. After the drought, the soil moisture would be

restored to the suitable summer maize growth range through

artificial rainfall.

All experiments were conducted during the growing season of

summer maize from 18 June to 28 September 2020 and from 19 June
frontiersin.org
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to 25 September 2021. Field planting was used at the experiment site.

Due to the limitations of the site, each scenario included two fields

(length×width=3.7 m×5.5 m). Figures 2A, B shows the specific layout

details. Each area used aluminum-plastic composite panels with a

depth of 1.2 m as baffles to prevent shallow water and groundwater.

Apart from this, Denghai 618 was selected as the sowing variety of

summer maize in the experiment, and the fertilizer was urea and

compound fertilizer. The row spacing is 60 cm and the plant spacing

is 25 cm, and about 135 plants were planted in each field.
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2.3 Soil moisture measurement

Soil moisture was measured with an AIM-WiFi soil multiparameter

monitoring system (Beijing Aozuo Ecology Instrumentation Ltd., Beijing,

China), which used the Time Domain Reflectometry principle

(Figure 2C). The rated accuracy was 1%. In this experiment, we

collected four layers of soil moisture data (10 cm, 30 cm, 50 cm, and

70 cm) in each field from 7:00 am to 8:00 am (GMT + 8), and each layer

was measured three times. This was one of the primary indicators to

judge the levels of drought.
2.4 Growth index measurement

The growth indexes included plant height, thick stem, leaf area index

(LAI), biomass, leaf carbon isotope content, root surface area, root length,

number of root tips, and summer maize yield. Notably, plant height and

thick stem were measured with a tape measure (Figure 2D), and each

field selected three plants for measurement. LAI was measured with a

Sun-scan system (Senpro Mechanical & Electrical Co., Ltd, Shanghai,

China) (Figure 2E). To ensure the accuracy of the measurement results,

each measurement time was selected from 9:00 am to 11:00 am (GMT +

8) in the morning. Biomass data (root, stem, leaf, fruit) were obtained by

digging the whole summer maize, decomposing, drying, and weighing it

(Figure 2F). The root growth indexes (the root surface area (RSA), root

tip number (RNB), and root length (RLT)) were measured by the micro-

root window technology of the AZR_100 root ecological monitoring

system (Beijing Aozuo Ecology Instrumentation Ltd., Beijing, China)

(Figure 2G). Each point measured 4 layers, 10 cm, 30 cm, 50 cm and

70 cm. The yield of summer maize was determined by the statistics of

agronomic traits of mature maize ears in each field. (Figure 2H).
2.5 Calculation of comprehensive
resilience index

Based on field experiments, we used the comprehensive resilience

index to quantitatively analyze the persistence effects of different

drought on the resilience of summer maize. To establish a

comprehensive resilience index, we need to clarify the contribution

rate of each growth index of summer maize under drought

conditions. The purpose of principal component analysis (PCA) is

to decrease the elements of the indicator dataset and to select new

significant underlying factors (Banerjee et al., 2015; Otitoju et al.,

2016). Therefore, we used the PCA method to select the central

component (PC) and factor as the weight value of each main

growth index.

In order to calculate the comprehensive resilience index, we also

need to build a single factor resilience index, the specific formula is as

follows (Orwin and Wardle, 2004; Elsalahy et al., 2020) (Eq (1)) :

Rl =
1 − 2 D0j j

D0j j+ Dxj jð Þ ,Dx > 0

0                    ,  Dx < 0

(

Where D0 is the difference between the indexes of no drought-

stressed summer maize and drought-stressed summer maize at
FIGURE 2

(A) experimental site and (B) experimental site layout and (C) soil
moisture monitoring and (D) plant height and thick stem monitoring
and (E) LAI monitoring and (F) biomass monitoring and (J) root
monitoring and (H) yield monitoring.
FIGURE 1

The specific process of the experiment. DR1, Light drought; DR2,
Moderate drought; T1, before drought; T2, drought period; T3,
rehydration period; T4, harvest period.
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theend of drought; Dx is the difference between drought-stressed

summer maize and drought-stressed summer maize after

rehydration. If Dx< 0, it means that the summer maize failed to

recover after rehydration (Rl = 0); While Dx > 0, the summer maize

has resilience after rehydration. If Rl < 0, indicates that summer

maize has not been able to recover fully, the greater the Rl, the

stronger the resilience; If Rl ≥ 0, indicates that summer maize has

been able to recover fully, the greater the Rl, the stronger

the resilience.

Further, according to the weight of each main growth index and

single factor resilience, the comprehensive resilience index of summer

maize is calculated. The formula is as follows: (Eq (2)):

RTl = l1 � Rl1 + l2 � Rl2 + · · · + lk � Rlk

Where l1…lk are the weight of each main growth index (based

on PCA calculation results); Rl1… Rlkare the resilience of main

growth index.
2.6 Statistical analysis

The growth characteristics of summer maize under different

drought conditions were analyzed by taking the difference between

the drought-stressed and no drought-stressed summer maize indexes.

The drought treatment group data minus the mean value of the

control group data was used to represent the variation of each index.

Difference data were shown in mean + standard deviation. The figures

were drawn in Origin version 2021 (OriginLab Inc., Hampton,

MA, USA).
3 Results

3.1 Effects of different drought degrees
and durations on summer maize in the
T2-T3 period

Figure 3A showed that the changes of various growth indexes of

maize in the T2-T3 period. In the T2 period, the biomass of stem, leaf,

and grain decreased by 3.317 g, 2.05 g, and 3.85 g under DR1, 9.017 g,

3.583 g, and 20.06 g under DR2 respectively. DR2 decreased more

than DR1. However, the reduction of root biomass under DR2 was

less than that under DR1, which was 3.31 g and 3.133 g, respectively.

In addition, the plant height under DR1 was taller than the CK, which

was 2.317 cm. thick stem, carbon stable isotope, and LAI under DR2

were higher than that under DR1. Plant height, stem, leaf, and grain

biomass decreased with drought degree. Meanwhile, thick stem, root

biomass, carbon stable isotopes, and LAI increased slightly with the

increasing of drought degree. In the T3 period (Figure 3A), the plant

height, thick stem, stem, leaf, grain, and root biomass of summer

maize affected by DR2 were lower than those affected by DR1.

Additionally, LAI was lower than CK under DR1, but higher than

CK under DR2. The thick stem, stem, leaf, grain, and root biomass

affected by DR1 could be recovered to normal growth state, however,

plant height, carbon stable isotopes, and LAI could not be recovered.

While root biomass and LAI could recover to normal growth from

DR2, other growth indicators are not. It represented that the stronger
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the drought level, the stronger the effect on summer maize

growth indicators.

Figure 4A showed that the changes of various root growth indexes

of maize in the T2-T3 period. In the T2 period, the reduction of root

growth indexes under DR1 were higher than that under DR2, but only

the reduction of the RNB and RLT in the 50 cm layer was lower. RSA

in the 10 cm layer and RSA, RNB, and RLT in the 30 cm layer under

DR2 were better than the normal growth state. The RSA, RNB, and

RLT in the 50cm and 70cm layer under DR2 were worse than the

normal growth state. In the T3 period (Figure 4A), the reduction of

RSA, RNB, and RLT in the 10 cm and 70 cm layers under DR2 were

higher than that under DR1, but only the reduction of the RSA in the

10 cm layer was lower. The RSA, RNB, and RLT in the 30-50 cm layer

under DR2 were higher than that under DR1. The root growth of

10 cm and 70 cm was damaged and could not be recovered to the

normal growth state. The RSA, RNB, and RLT in the 30-50 cm layer

could recover to the normal growth state under DR2.

Figure 3B showed that the changes of various growth indexes of

maize under different drought duration in the T2-T3 period. In the T2

period, thick stem, plant height, root, leaf, stem, grain biomass under

LDR1 were all higher than that under SDR1. Carbon stable isotopes

and LAI under SDR1 were higher than that under LDR1. plant height,

root, stem, leaf, grain biomass, and LAI under SDR2 were all higher

than that under LDR2. The thick stem and carbon stable isotope

under SDR2 were lower than that under LDR2. In the T3 (Figure 3B),

thick stem, root, stem, leaf, grain biomass, carbon stable isotope, and

LAI under SDR1 were all higher than that under LDR1. The plant

height under SDR1 was lower than that under LDR1. The plant

height, thick stem, root, stem, leaf, grain biomass, and LAI under

SDR2 were all higher than that under LDR2. The carbon stable

isotope under SDR2 was lower than that under LDR2. In addition, the

plant height could not recover to the normal growth state, other

growth indicators could recover under SDR1. The thick stem, plant

height, root, and stem biomass could recover to the normal growth

state, other growth indicators could not recover under LDR1. The

thick stem, plant height, grain biomass, and LAI could not recover to

the normal growth state, other growth indicators could recover under

SDR2. The carbon stable isotope could recover to the normal growth

state, other growth indicators could not recover under LDR2.

Figure 4B showed that the changes of various root growth indexes

of maize under different drought duration in the T2-T3 period. In the

T2 period, the RSA, RNB, and RLT in the 30 and 50 cm layers were all

higher under LDR1 than that under SDR1. However, the RSA, RNB,

and RLT in the 10cm and 70 cm layers were all lower under LDR1

than under SDR1, except for the RSA in the 10 cm layer. The RSA,

RNB, and RLT in the 10 cm and 30 cm layers under SDR2 were also

lower than that under LDR2. The RSA, RNB, and RLT in the 50cm

and 70cm layers under LDR2 were lower than that under SDR2. In

the T3 period, the RSA, RNB, and RLT in the 10, 30, and 50 cm layers

under LDR1 were all higher than that under SDR1. But the RSA, RNB,

and RLT in the 70 cm layer under LDR1 was lower than that under

SDR1. It indicated that under light drought stress, the root growth in

the 10, 30, and 50 cm layers increased with the drought duration.

Besides, the RSA, RNB, and RLT in the 10 cm, 30 cm, and 70 cm

layers under SDR2 were higher than that under LDR2, apart from the

RLT in the 30 cm. But the RSA, RNB, and RLT in the 50 cm under

SDR2 were lower than that under LDR2. It could be explained that
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under moderate drought stress, the root growth in the 10, 30, and

70 cm layers decreased with the drought duration.
3.2 Effects of different drought degrees and
durations on summer maize in the T4 period
(harvest period)

The change in each growth indexes in the T4 period could reflect the

persistent effect of drought on the growth process of summer maize.

Figure 5A showed that in the T4 period, root, stem, leaf biomass, and

yield were lower than CK. Although the root, stem, leaf, and grain

biomass affected by drought in the T3 period could recover to the normal

growth state, but it could not last until harvest. Plant height and grain
Frontiers in Plant Science 05
biomass under DR1 were higher than CK, 3.608 cm and 0.55 g,

respectively. But, that under DR2 were lower than CK, 3.742 cm and

18.51 g, respectively. It points out that the recovery of summer maize

could decreased with the drought degree. In addition, the yield of

summer maize decreased with the increase in drought degree.

Figure 5B showed that leaf biomass and LAI under LDR1 were lower

than CK, but other growth indexes were higher than CK. The thick stem

and LAI under SDR1 were higher than CK, but other growth indexes

were lower than CK. However, compared with the T3 period, under light

drought stress, the recovery and yield of summer maize could increase

with the increased drought duration. Thick stem, root, stem biomass,

LAI, and yield were higher than the CK under SDR2. Among them,

except for thick stem and LAI, the other indicators under LDR2 were

lower than CK. Therefore, compared with the T3 period, under moderate
A

B

FIGURE 3

Effects of different (A) drought degree and (B) drought duration in the T2-T3 period on growth indexes of summer maize. in filling. SDR1, Short duration
light drought (5 days); LDR1, Long duration light drought (7 days); SDR2, Short duration moderate drought (14 days); LDR2, Long-duration moderate
drought (24 days).
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drought stress, the recovery and yield of summer maize could decrease

with the increased drought duration.

Figure 6A showed that the RSA, RNB, and RLT in the 10 cm layer

and the RSA in the 70 cm layer under DR2 were higher than CK, but

other conditions were lower than CK. Only the RSA in the 30 cm layer

under DR1 was higher than CK, and other root indexes were lower

than CK. Furthermore, the RSA and RLT in the 30 and 50 cm layer

under DR2 were reduced more than that under the DR1. Compared

with the T3 period, it indicated that drought reduced the root growth

ability of summer maize in 30 and 50 cm layer, which increased with

increasing drought levels in the T4 period. Figure 6B showed that the

RSA, RNB, and RLT in the 30 cm layers were all higher than CK
Frontiers in Plant Science 06
under LDR1. However, the RSA, RNB, and RLT in each layer were all

lower than CK. Except for the RLT in the 10 cm and the RSA in the

50 cm, other root indexes under LDR1 were all higher than SDR1.

Compared with the T3 period, it indicated that a certain duration of

light drought could promote root growth and this effect can last until

harvest in the T4 period. Apart from that, the RNB and RLT in the

10 cm layer, the RNB in the 30 cm layers and the RSA, RNB, and RLT

in the 70 cm layer under LDR2 were higher than CK. The RSA, RNB,

and RLT in the 30 cm, 70 cm layers and the RNB in the 50 cm layer

under LDR2 were higher than SDR2. However, the reduction of RNB

and RLT in the 30 cm layer were more elevated under LDR2 than

SDR2. Thus, in the T4 period, under moderate drought stress, longer
A

B

FIGURE 4

Effects of different (A) drought degree and (B) drought duration in the T2-T3 period on root growth indexes of summer maize. RSA, root surface area;
RNB, root apex number; RLT, root length.
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duration of drought significantly reduced root growth in the 30 cm

layer and inhibited summer maize recovery.
3.3 The persistence effects of different
drought degrees and durations on the
resilience of summer maize

The main factors influencing summer maize growth during T3

were analyzed by PCA. Figure 7A showed that the main factors

affecting summer maize growth under different degrees of drought

were leaf biomass, carbon stable isotopes, RLT in the 50 cm layer and

RSA in the 50 cm layer. Figure 7B showed that the main factors

affecting summer maize growth under different durations of light

drought stress were RSA in the 10 and 50 cm layers, RNB in the 10 cm
Frontiers in Plant Science 07
layer and RLT. Figure 7C showed that under moderate drought stress,

the main factors affecting summer maize growth at different durations

were RSA, RNB and RLT in the 10-70 cm layer.

In the T4 period, Figure 8A showed that the main factors affecting

persistence of summer maize at different drought levels were stem

thickness, RNB and RLT in the 30 cm layer and grain biomass.

Figure 8B showed that the main factors affecting persistence of

summer maize under light drought stress at different durations

were stem biomass, RNB in the 10 cm layer and RNA B and RLT

in the 70 cm layer. Figure 8C showed that the main factors affecting

summer maize under moderate drought stress were grain biomass,

yield and RSA, RNB and RLT.

Based on these results, the resilience of summer maize under

different drought stresses was quantified. Figure 9 showed that

drought-affected summer maize had two states of complete and
A

B

FIGURE 5

The persistent effects of different (A) drought degrees and (B) drought duration on growth indexes of summer maize in the T4 period.
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incomplete resilience after rehydration. Thus, the resilience under

DR2 was weaker than DR1 during T3. Moreover, summer maize

could not recover completely under DR2, but could recover

completely under DR1. In the T4 period, summer maize could not

recover completely under both DR1 and DR2. However, the resilience

under DR2 was higher than that under DR1. This revealed that the

stronger the drought stress, the weaker the resilience in the T3 period.

Meanwhile, the effect of drought on summer maize growth could last

until the T4 period, reducing the resilience of summer maize. In

addition, summer maize could not fully recover under SDR1 and

LDR1 during T3 period, and the resilience under SDR1 was higher

than that under LDR1. However, in T4 period, summer maize

resilience increased under both drought conditions. And summer

maize could recover completely under LDR1. This demonstrated that

the resilience of long-term light drought was higher than that of

short-term light drought under light drought stress. In the T3 period,

summer maize has stronger resilience under SDR2 than LDR2, and

summer maize could recover completely under SDR2 but not under

LDR2. This suggest that summer maize affected by drought stress

needs a certain amount of time to recover and a certain level of

drought stress can enhance the resilience of summer maize.
4 Discussion

4.1 The response and resilience
mechanism of summer maize under
different drought degrees

Drought is a key factor affecting summer maize growth (Webber

et al., 2018; Pokhrel et al., 2021). Previous studies had shown that
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increased drought limited the total biomass of summer maize plants,

particularly grain and leaf biomass (Lesk et al., 2016; Shao et al., 2021;Wu

H, et al., 2021). Moreover, drought stress reduced leaf size, stem

elongation, and root proliferation, disrupted plant water relationships,

and reduced water use efficiency (Efeoğlu et al., 2009; Farooq et al., 2009;

Zhang et al., 2015). These conclusions were similar to those obtained in

the T2 period analysis in this study. Drought stress could promote lateral

root development, and induce lateral roots to grow into the middle soil

layer to absorb more water, thereby increasing root biomass (Hussain

et al., 2020; Hazman & Kabil, 2022). Also, this study showed that RSA,

RLT and RNB in the 30 cm layer increased with increasing drought. A

strong root structure could enhance the drought tolerance of maize

(Hussain et al., 2020). Summer maize roots are affected by drought stress

and secreted ABA (abscisic acid) synthase, which transmit drought

signals to the aboveground organs (Wang et al., 2018). After receiving

the drought signal, the leaves control the stomatal conductance through

osmoregulation and reduce the photosynthetic rate and sap flow rate,

thus reducing the biomass of each organ (Cai et al., 2020). Drought stress

can also significantly alter the metabolism of carbohydrates, sugars and

their derivatives, thereby reducing pollen viability and inhibiting the

development of the male and fruiting ears (Li H, et al., 2022). This is in

general agreement with the findings of the present study. However, this

study still found that carbon stable isotopes and LAI increased slightly

with increasing drought. The increase in carbon stable isotopes was

mainly due to changes in enzyme activity in the leaves, leading to

assimilation of C13 (Zhang et al., 2015). These phenomena indicated

that drought stress negatively affected the growth of summer maize, but

summer maize could resist certain drought damage.

However, summer maize affected by drought stress could recover

after rehydrated (Qi et al., 2021). Previous studies had shown that maize

could recover biomass, most photosynthetic traits, and growth rate, but
A

B

FIGURE 6

The persistent effects of different (A) drought degrees and (B) drought duration on root growth indexes of summer maize in the T4 period.
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not the plant height and leaf area (Efeoğlu et al., 2009; Song et al., 2018).

The above results were only consistent with the summer maize recovery

of DR1 in this study. This ability of summer maize was known as

resilience. The resilience of summer maize to drought may be due to

root-induced cytokines, which promote the recovery of summer maize

growth after rehydration (Qin &Wang, 2018). And the overexpression of

ZmbZIP33 could also promote the accumulation of abscisic acid and

improve the resilience of summer maize (Cao et al., 2021). In addition,

this study also found that the resilience of RSA, RNB and RLT in the 30-

50 cm layer showed an increasing trend with increasing drought level. It

indicates that root growth in the 30-50 cm layer plays an important role

in the resilience of summermaize. Moreover, root hydraulic conductance

was closely related to stomatal conductance (Wang et al., 2017).

Photosynthetic and transpiration rates recovered gradually after root

growth was restored (Shao et al., 2021). Sap rate recovered, but decreased

with increasing drought (Cai et al., 2020). Similar findings were found in

the present study, with the exception of root biomass and LAI, which

decreased in resilience as the degree of drought increased. In addition,

maize is also able to return to normal levels at different rates through

energy production, osmotic protection and signal regulation, but there
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are some differences between the metabolome and normal levels, e.g., the

anthocyanin and proline content of leaves decreases with increasing

drought levels after rehydration. In contrast, sucrose and glucose are

overcompensated after rehydration (Efeoğlu et al., 2009). And with the

increase in the degree of drought, the photosynthesis ability weakened,

the leaves senesced, and the biomass accumulation and transport ability

of maize weakened (Mansouri-Far et al., 2010; Zhang et al., 2019).

Further explanation, the resilience of summer maize decreased with the

increase of drought level.
4.2 The response and resilience
mechanism of summer maize under
different drought duration

Drought duration was another key factor affecting summer maize

growth (Qi et al., 2021). As previous studies have revealed that the

long duration of drought effects on the process of plant growth, leaf

morphological characteristics and photosynthesis were severely

remarked (Song et al., 2018; Jia et al., 2020). The prolonged
A

B C

FIGURE 7

PCA analysis of the effects of different (A) drought degrees and (B) drought durations under light drought stress and (C) drought durations under
moderate drought stress on various growth indexes of summer maize in the T3 period.
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drought resulted in a reduction in growth rate of individual organs

and an extension of growth duration of summer maize (Verbraeken

et al., 2021). It was consistent with the results in this study, but the

results obtained under light drought stress differently. This study

found that longer duration of drought could promote the growth of

summer maize under light drought stress. But carbon stable isotopes

decreased with increasing drought duration. Longer duration of

drought inhibited the growth of summer maize under moderate

drought stress. The possible reason for this is that under mild

drought, summer maize adapts to drought by changing enzyme

activities in the root zone and leaves to improve water use

efficiency (Hu et al., 2010). This revealed that the growth of the

above-ground organs of summer maize is closely related to the root

growth. Therefore, this study further analyzed the growth

characteristics of the root system. Under light long-duration

drought stress, summer maize improved its drought resistance by

increasing and refining the root system in the 30-50 cm layer. As the

drought level increased, the resistance of summer maize decreased.

Under moderate short drought stress, summer maize improved

resistance by increasing the root system in the 30 cm layer, whereas
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under moderate long-duration drought stress, summer maize

improved resistance by increasing the root system in the 50 cm

layer. But this ability was weaker than under moderate short-

duration. This phenomenon may suggest that root growth in the

30-50 cm layer has a certain influence on the drought resistance of

summer maize, but its ability is limited.

The recovery of summer maize affected by different drought

durations after rewatering was different. This study found that

under light and moderate drought stress, the recovery of summer

maize growth was inhibited with the increase of drought duration.

This result was consistent with some previous studies (Sun et al., 2016;

Song et al., 2019; Jia et al., 2020). Ammonia-oxidizing bacterial strains

in rhizosphere soil coexisted with maize and increased resilience by

regulating soil nitrification and root-induced leaf cytokinin (Wang

et al., 2022). The direct induction of cytokinin synthesis in maize

roots by NO3 released from the soil due to inter-root soil nitrification

(Wang et al., 2021). Cytokinin transport to the leaves promotes

recovery of summer maize (Wang et al., 2018). The root is the

most direct organ that receives the stimulation. The root structure

of summer maize in the 30-50 cm layer played an important role in
A

B C

FIGURE 8

PCA analysis of the effects of different (A) drought degrees and (B) drought durations under light drought stress and (C) drought durations under
moderate drought stress on various growth indexes of summer maize in the T4 period.
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adapting to drought, while the root structure of summer maize in the

layer of 10 cm could adapt to the influence of light drought, and the

root structure of summer maize in the 70 cm layer was more seriously

damaged during the drought and had weaker resilience.
4.3 The persistent effects of the resilience of
summer maize under different degrees and
durations of drought

Although many studies related to the effects of drought and

rehydration conditions on physiological traits of summer maize,

less attention paid to the effects of persistence on growth

characteristics and yield of summer maize after rehydration at

maturity (Sheoran et al., 2022). In this study, by analyzing the

growth characteristics of summer maize during T4, we inferred that
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the effects of drought stress on summer maize continued until harvest,

which was able to reduce the recovery capacity of summer maize and

affect the yield. Also, the degree of root recovery of summer maize in

the 30-50 cm layer decreased as the degree of drought increased. The

root system is very closely related to summer maize resilience,

indicating that summer maize does not sustain recovery.

Furthermore, summer maize affected by severe drought, although it

was able to recover to normal conditions after rehydration, continued

rehydration still resulted in reduced growth status and lower yields.

It is worth noting that the effect of different drought durations on

summer maize resilience during the T4 period was different. In this

study, it was inferred that under light drought stress, a certain range of

drought ephemeris and sustained rehydration increased the recovery

and yield of summer maize, e.g., under LDR1. Although summer

maize recovered to a lesser extent after rehydration, the resilience

gradually increased. Yield was relatively higher after sustained
A

B

FIGURE 9

(A) Growth process and (B) resilience evaluation results of summer maize. (Darker color roots were dead roots, while lighter color roots were living roots.).
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rehydration. Under moderate drought stress, yields decreased with

increasing drought duration, and the degree of recovery was higher

but still below normal growth. Previous studies have shown that

under drought stress, maize yield showed a non-linear response to

drought severity (Jin et al., 2020; Shao et al., 2021; Liu et al., 2022).

Consistent with the results of this study, summer maize yield could be

increased under SDR2 conditions. This may be related to the root

system. The root system in the 30 cm layer was less redacted and

improved the resilience of summer maize under SDR2. Under water

deficit conditions, a range of drought duration and continuous

rehydration were able to improve summer maize resilience and yield.
4.4 Quantitative evaluation of resilience of
summer maize

Roots and leaves played a key role in the growth process of

summer maize under drought stress. Similar conclusions were

obtained by PCA analysis in this study. The main influencing

factors of different levels and duration of drought on summer

maize were leaf biomass and root growth index. This showed that

the results obtained by PCA analysis in this study were more

reasonable. Therefore, this study proposed a comprehensive

calculation method for evaluating the resilience of summer maize.

The results of the PCA analysis were combined to quantitatively

evaluate the resilience of summer maize. The evaluation results

verified the previous hypothesis. The stronger the degree of

drought, the weaker the resilience of summer maize. Under DR1,

resilience was able to exceed the normal growth state during T3 and

decreased below normal growth during T4. This also indicated that

drought was able to affect the harvest period of summer maize even

with continued rehydration. Under a range of light drought duration,

the resilience of summer maize was improved. Under LDR1,

resilience was lower than normal growth during T3 and increased

beyond normal growth during T4, with a relative increase in yield.

This indicated that summer maize needed some time and rehydration

to recover. Even though summer maize recovered less well after

rehydration, continued rehydration increased resilience and yield.

Under LDR2, summer maize suffered yield losses despite higher

resilience. Therefore, evaluation of summer maize resilience cannot

only analyze growth characteristics after rehydration, but still needs to

be combined with growth characteristics and yield during the

sustained rehydration period. In this study, the osmotic metabolic

processes of summer maize were not analyzed due to experimental

constraints and will be added in future studies.
5 Conclusion

Based on field trials, the persistence effects of different levels and

durations of drought on growth indicators and yield of summer maize

were quantified, and a comprehensive evaluation method for summer

maize resilience was proposed under different drought conditions.

The results showed that the resilience of summer maize decreased as

the drought level increased, and this effect was able to last until the
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harvesting period. However, under DR1, summer maize recovery was

stronger at T3, but weakened at T4, while all growth indicators and

yield decreased. In this process, drought reduced summer maize leaf

biomass and root growth capacity in the 30-50 cm layer. In addition, a

range of duration under light drought stress was able to improve the

resilience of summer maize. Under SDR1, summer maize had less

resilience during T3, but continued rehydration was able to improve

resilience and yield. Therefore, a certain degree and duration of

drought can improve the resilience and yield of summer maize

under water deficit conditions. This study provides support for

agricultural drought risk response and efficient water use. In the

future, physiological changes will further be analysed under different

drought conditions. Combined with crop growth models still needed

to quantify the relationship between crop water consumption

and resilience.
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Efeoğlu, B., Ekmekçi, Y., and Çiçek, N. (2009). Physiological responses of three maize
cultivars to drought stress and recovery. South Afr. J. Bot. 75 (1), 34–42. doi: 10.1016/
j.sajb.2008.06.005

El Chami, D., Daccache, A., and El Moujabber, M. (2020). How can sustainable
agriculture increase climate resilience? a systematic review. Sustainability 12 (8), 3119.
doi: 10.3390/su12083119

Elsalahy, H. H., Bellingrath-Kimura, S. D., Roß, C.-L., Kautz, T., and Döring, T. F.
(2020). Crop resilience to drought with and without response diversity. Front. Plant Sci.
11. doi: 10.3389/fpls.2020.00721

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., and Basra, S. M. A. (2009). Plant
drought stress: Effects, mechanisms and management. Agron. Sustain. Dev. 29 (1), 185–
212. doi: 10.1051/agro:2008021

Ge, T., Sui, F., Bai, L., Tong, C., and Sun, N. (2011). Effects of water stress on growth,
biomass partitioning, and water-use efficiency in summer maize (Zea mays l.) throughout
the growth cycle. Acta Physiol. Plant. 34 (3), 1043–1053. doi: 10.1007/s11738-011-0901-y

Hazman, M. Y., and Kabil, F. F. (2022). Maize root responses to drought stress depend on
root class and axial position. J. Plant Res. 135 (1), 105–120. doi: 10.1007/s10265-021-01348-7

Holling, S. ,. C. (1973). Resilience and stability of ecological systems. Annu. Rev. Ecol.
Syst. 4 (1), 1–23. doi: 10.1146/annurev.es.04.110173.000245

Hu, T., Yuan, L., Wang, J., Kang, S., and Li, F. (2010). Antioxidation responses of maize
roots and leaves to partial root-zone irrigation. Agric. Water Manage. 98 (1), 164–171.
doi: 10.1016/j.agwat.2010.06.019

Hussain, H. A., Men, S., Hussain, S., Zhang, Q., Ashraf, U., Anjum, S. A., et al. (2020).
Maize tolerance against drought and chilling stresses varied with root morphology and
antioxidative defense system. Plants (Basel) 9 (6), 720. doi: 10.3390/plants9060720

Jia, Y., Xiao, W., Ye, Y., Wang, X., Liu, X., Wang, G., et al. (2020). Response of
photosynthetic performance to drought duration and re-watering in maize. Agronomy 10
(4), 533. doi: 10.3390/agronomy10040533

Jin, N., He, J., Fang, Q., Chen, C., Ren, Q., He, L., et al. (2020). The responses of maize
yield and water use to growth stage-based irrigation on the loess plateau in China. Int. J.
Plant Prod. 14 (4), 621–633. doi: 10.1007/s42106-020-00105-5

Lesk, C., Rowhani, P., and Ramankutty, N. (2016). Influence of extreme weather
disasters on global crop production. Nature 529 (7584), 84–87. doi: 10.1038/nature16467

Li, H., Tiwari, M., Tang, Y., Wang, L., Yang, S., Long, H., et al. (2022). Metabolomic and
transcriptomic analyses reveal that sucrose synthase regulates maize pollen viability under
heat and drought stress. Ecotoxicol. Environ. Saf. 246, 114191. doi: 10.1016/
j.ecoenv.2022.114191

Li, P., Huang, Q., Huang, S., Leng, G., Peng, J., Wang, H., et al. (2022). Various maize
yield losses and their dynamics triggered by drought thresholds based on copula-Bayesian
conditional probabilities. Agric. Water Manage. 261, 107391. doi: 10.1016/
j.agwat.2021.107391

Li, Y., Wang, Z., Huo, Z., and chen, C. (2020). Experiments of water stress on Root/
Shoot growth and yield of summer maize. J. Appl. Meteorol. Sci. 31 (01), 83–94.
doi: 10.11898/1001-7313.20200108

Liu, S., Wang, H., Yan, D., Qin, T., Wang, Z., and Wang, F. (2017). Crop growth
characteristics and waterlogging risk analysis of huaibei plain in anhui province, China. J.
Irrig. Drain. Eng. 143. doi: 10.1061/(ASCE)IR.1943-4774.0001219
Liu, S., Xiao, L., Sun, J., Yang, P., Yang, X., and Wu, W. (2022). Probability of maize
yield failure increases with drought occurrence but partially depends on local conditions
in China. Eur. J. Agron. 139126552. doi: 10.1016/j.eja.2022.126552

Mansouri-Far, C., Modarres Sanavy, S. A. M., and Saberali, S. F. (2010). Maize yield
response to deficit irrigation during low-sensitive growth stages and nitrogen rate under
semi-arid climatic conditions. Agric. Water Manage. 97 (1), 12–22. doi: 10.1016/
j.agwat.2009.08.003

Matsushita, K., Yamane, F., and Asano, K. (2016). Linkage between crop diversity and
agro-ecosystem resilience: Nonmonotonic agricultural response under alternate regimes.
Ecol. Econ. 126, 23–31. doi: 10.1016/j.ecolecon.2016.03.006

Müller, F., Bergmann, M., Dannowski, R., Dippner, J. W., Gnauck, A., Haase, P., et al.
(2016). Assessing resilience in long-term ecological data sets. Ecol. Indic. 65, 10–43.
doi: 10.1016/j.ecolind.2015.10.066

Orwin, K. H., and Wardle, D. A. (2004). New indices for quantifying the resistance and
resilience of soil biota to exogenous disturbances. Soil Biol. Biochem. 36 (11), 1907–1912.
doi: 10.1016/j.soilbio.2004.04.036

Otitoju, M. A., Enete, A. A., and Tejada Moral, M. (2016). Climate change adaptation:
Uncovering constraints to the use of adaptation strategies among food crop farmers in
south-west, Nigeria using principal component analysis (PCA). Cogent Food Agric. 2 (1),
1178692. doi: 10.1080/23311932.2016.1178692

Panda, D., Mishra, S. S., and Behera, P. K. (2021). Drought tolerance in rice: Focus on
recent mechanisms and approaches. Rice Sci. 28 (2), 119–132. doi: 10.1016/
j.rsci.2021.01.002

Peterson, C. A., Eviner, V. T., and Gaudin, A. C. M. (2018). Ways forward for resilience
research in agroecosystems. Agric. Syst. 162, 19–27. doi: 10.1016/j.agsy.2018.01.011

Pokhrel, Y., Felfelani, F., Satoh, Y., Boulange, J., Burek, P., Gädeke, A., et al. (2021).
Global terrestrial water storage and drought severity under climate change. Nat. Climate
Change 11 (3), 226–233. doi: 10.1038/s41558-020-00972-w

Qi, M., Liu, X., Li, Y., Song, H., Yin, Z., Zhang, F., et al. (2021). Photosynthetic
resistance and resilience under drought, flooding and rewatering in maize plants.
Photosynth. Res. 148 (1-2), 1–15. doi: 10.1007/s11120-021-00825-3

Qin, R., and Wang, X. (2018). Effects of root depth on compensatory growth of corn
seedlings during post-drought re-watering. Chin. J. Ecol. 37 (11), 3291–3297.
doi: 10.13292/j.1000-4890.201811.030

Shao, R., Jia, S., Tang, Y., Zhang, J., Li, H., Li, L., et al. (2021). Soil water deficit
suppresses development of maize ear by altering metabolism and photosynthesis.
Environ. Exp. Bot. 192, 104651. doi: 10.1016/j.envexpbot.2021.104651

Sheoran, S., Kaur, Y., Kumar, S., Shukla, S., Rakshit, S., and Kumar, R. (2022). Recent
advances for drought stress tolerance in maize (Zea mays l.): Present status and future
prospects. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.872566

Shin, S., Lee, J. S., Kim, S. G., Go, T.-H., Shon, J., Kang, S., et al. (2015). Yield of maize
(Zea mays l.) logistically declined with increasing length of the consecutive visible wilting
days during flowering. J. Crop Sci. Biotechnol. 18 (4), 237–248. doi: 10.1007/s12892-015-
0112-y

Song, H., Li, Y., Zhou, L., Xu, Z., and Zhou, G. (2018). Maize leaf functional responses
to drought episode and rewatering. Agric. For. Meteorol. 249, 57–70. doi: 10.1016/
j.agrformet.2017.11.023

Song, L., Jin, J., and He, J. (2019). Effects of severe water stress on maize growth
processes in the field. Sustainability 11 (18), 5086. doi: 10.3390/su11185086

Spinoni, J., Barbosa, P., Bucchignani, E., Cassano, J., Cavazos, T., Christensen, J. H.,
et al. (2020). Future global meteorological drought hot spots: A study based on CORDEX
data. J. Climate 33 (9), 3635–3661. doi: 10.1175/jcli-d-19-0084.1

Sun, C., Gao, X., Chen, X., Fu, J., and Zhang, Y. (2016). Metabolic and growth
responses of maize to successive drought and re-watering cycles. Agric. Water Manage.
172, 62–73. doi: 10.1016/j.agwat.2016.04.016

Verbraeken, L., Wuyts, N., Mertens, S., Cannoot, B., Maleux, K., Demuynck, K., et al.
(2021). Drought affects the rate and duration of organ growth but not inter-organ growth
coordination. Plant Physiol. 186 (2), 1336–1353. doi: 10.1093/plphys/kiab155

Wan, W., Liu, Z., Li, J., Xu, J., Wu, H., and Xu, Z. (2022). Spatiotemporal patterns of
maize drought stress and their effects on biomass in the northeast and north China plain
from 2000 to 2019. Agric. For. Meteorol. 315, 10882. doi: 10.1016/j.agrformet.2022.108821

Wang, C., Linderholm, H. W., Song, Y., Wang, F., Liu, Y., Tian, J., et al. (2020). Impacts
of drought on maize and soybean production in northeast China during the past five
decades. Int. J. Environ. Res. Public Health 17 (7), 947476. doi: 10.3390/ijerph17072459
frontiersin.org

https://doi.org/10.1016/j.fcr.2015.06.009
https://doi.org/10.3389/fmicb.2021.768921
https://doi.org/10.3389/fmicb.2021.768921
https://doi.org/10.1016/j.agwat.2020.106379
https://doi.org/10.3389/fpls.2021.629903
https://doi.org/10.3390/w12041089
https://doi.org/10.1016/j.sajb.2008.06.005
https://doi.org/10.1016/j.sajb.2008.06.005
https://doi.org/10.3390/su12083119
https://doi.org/10.3389/fpls.2020.00721
https://doi.org/10.1051/agro:2008021
https://doi.org/10.1007/s11738-011-0901-y
https://doi.org/10.1007/s10265-021-01348-7
https://doi.org/10.1146/annurev.es.04.110173.000245
https://doi.org/10.1016/j.agwat.2010.06.019
https://doi.org/10.3390/plants9060720
https://doi.org/10.3390/agronomy10040533
https://doi.org/10.1007/s42106-020-00105-5
https://doi.org/10.1038/nature16467
https://doi.org/10.1016/j.ecoenv.2022.114191
https://doi.org/10.1016/j.ecoenv.2022.114191
https://doi.org/10.1016/j.agwat.2021.107391
https://doi.org/10.1016/j.agwat.2021.107391
https://doi.org/10.11898/1001-7313.20200108
https://doi.org/10.1061/(ASCE)IR.1943-4774.0001219
https://doi.org/10.1016/j.eja.2022.126552
https://doi.org/10.1016/j.agwat.2009.08.003
https://doi.org/10.1016/j.agwat.2009.08.003
https://doi.org/10.1016/j.ecolecon.2016.03.006
https://doi.org/10.1016/j.ecolind.2015.10.066
https://doi.org/10.1016/j.soilbio.2004.04.036
https://doi.org/10.1080/23311932.2016.1178692
https://doi.org/10.1016/j.rsci.2021.01.002
https://doi.org/10.1016/j.rsci.2021.01.002
https://doi.org/10.1016/j.agsy.2018.01.011
https://doi.org/10.1038/s41558-020-00972-w
https://doi.org/10.1007/s11120-021-00825-3
https://doi.org/10.13292/j.1000-4890.201811.030

https://doi.org/10.1016/j.envexpbot.2021.104651
https://doi.org/10.3389/fpls.2022.872566
https://doi.org/10.1007/s12892-015-0112-y
https://doi.org/10.1007/s12892-015-0112-y
https://doi.org/10.1016/j.agrformet.2017.11.023
https://doi.org/10.1016/j.agrformet.2017.11.023
https://doi.org/10.3390/su11185086
https://doi.org/10.1175/jcli-d-19-0084.1
https://doi.org/10.1016/j.agwat.2016.04.016
https://doi.org/10.1093/plphys/kiab155
https://doi.org/10.1016/j.agrformet.2022.108821
https://doi.org/10.3390/ijerph17072459
https://doi.org/10.3389/fpls.2023.1016993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Jing et al. 10.3389/fpls.2023.1016993
Wang, N., Gao, J., and Zhang, S. (2017). Overcompensation or limitation to
photosynthesis and root hydraulic conductance altered by rehydration in seedlings of
sorghum and maize. Crop J. 5 (4), 337–344. doi: 10.1016/j.cj.2017.01.005

Wang, X.-L., Ma, K., Qi, L., Liu, Y.-H., Shi, J., Li, X.-L., et al. (2022). Effect of ammonia-
oxidizing bacterial strain that survives drought stress on corn compensatory growth upon
post-drought rewatering. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.947476

Wang, X.-L., Qin, R.-R., Sun, R.-H., Wang, J.-J., Hou, X.-G., Qi, L., et al. (2018). No
post-drought compensatory growth of corns with root cutting based on cytokinin induced
by roots. Agric. Water Manage. 205, 9–20. doi: 10.1016/j.agwat.2018.04.035

Wang, X.-L., Sun, R.-H., Wu, D., Qi, L., Liu, Y.-H., Shi, J., et al. (2021). Increasing corn
compensatory growth upon post-drought rewatering using ammonia-oxidising bacterial
strain inoculation. Agric. Water Manage. 256, 107066. doi: 10.1016/j.agwat.2021.107066

Webber, H., Ewert, F., Olesen, J. E., Muller, C., Fronzek, S., Ruane, A. C., et al. (2018).
Diverging importance of drought stress for maize and winter wheat in Europe. Nat.
Commun. 9 (1), 4249. doi: 10.1038/s41467-018-06525-2

Wu, H., Su, X., Singh, V. P., Feng, K., and Niu, J. (2021). Agricultural drought
prediction based on conditional distributions of vine copulas. Water Resour. Res. 57 (8).
doi: 10.1029/2021wr029562
Frontiers in Plant Science 14
Wu, X., Wang, P., Ma, Y., Gong, Y., Wu, D., Yang, J., et al. (2021). Standardized relative
humidity index can be used to identify agricultural drought for summer maize in the
Huang-Huai-Hai plain, China. Ecol . Indic. 131, 108222. doi : 10.1016/
j.ecolind.2021.108222

Xiao, G., Cai, H., Mu, Q., and Zhao, L. (2020). Physiological response mechanism of
summer maize seedlings to drought-rehydration of different durations. Agric. Res. Arid.
Areas 38 (05), 57–63. doi: 10.1016/j.agwat.2020.106379

Yao, N., Li, Y., Liu, Q., Zhang, S., Chen, X., Ji, Y., et al. (2022). Response of wheat and
maize growth-yields to meteorological and agricultural droughts based on standardized
precipitation evapotranspiration indexes and soil moisture deficit indexes. Agric. Water
Manage. 266, 107566. doi: 10.1016/j.agwat.2022.107566

Zhang, C., Zhang, J., Zhang, H., Zhao, J., Wu, Q., Zhao, Z., et al. (2015). Mechanisms
for the relationships between water-use efficiency and carbon isotope composition and
specific leaf area of maize (Zea mays l.) under water stress. Plant Growth Regul. 77 (2),
233–243. doi: 10.1007/s10725-015-0056-8

Zhang, H., Han, M., Comas, L. H., DeJonge, K. C., Gleason, S. M., Trout, T. J., et al.
(2019). Response of maize yield components to growth stage-based deficit irrigation.
Agron. J. 111 (6), 3244–3252. doi: 10.2134/agronj2019.03.0214
frontiersin.org

https://doi.org/10.1016/j.cj.2017.01.005
https://doi.org/10.3389/fpls.2022.947476
https://doi.org/10.1016/j.agwat.2018.04.035
https://doi.org/10.1016/j.agwat.2021.107066
https://doi.org/10.1038/s41467-018-06525-2
https://doi.org/10.1029/2021wr029562
https://doi.org/10.1016/j.ecolind.2021.108222
https://doi.org/10.1016/j.ecolind.2021.108222
https://doi.org/10.1016/j.agwat.2020.106379
https://doi.org/10.1016/j.agwat.2022.107566
https://doi.org/10.1007/s10725-015-0056-8
https://doi.org/10.2134/agronj2019.03.0214
https://doi.org/10.3389/fpls.2023.1016993
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	The persistent impact of drought stress on the resilience of summer maize
	1 Introduction
	2 Materials and methods
	2.1 Site description and drought evaluation
	2.2 Experiment design
	2.3 Soil moisture measurement
	2.4 Growth index measurement
	2.5 Calculation of comprehensive resilience index
	2.6 Statistical analysis

	3 Results
	3.1 Effects of different drought degrees and durations on summer maize in the T2-T3 period
	3.2 Effects of different drought degrees and durations on summer maize in the T4 period (harvest period)
	3.3 The persistence effects of different drought degrees and durations on the resilience of summer maize

	4 Discussion
	4.1 The response and resilience mechanism of summer maize under different drought degrees
	4.2 The response and resilience mechanism of summer maize under different drought duration
	4.3 The persistent effects of the resilience of summer maize under different degrees and durations of drought
	4.4 Quantitative evaluation of resilience of summer maize

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


