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Abstract: The leaf is one of the most drought-sensitive plant organs. Investigating how leaf traits
change and their trade-off growth during a drought would contribute to developing targeted drought-
resistance measures. We investigated changes in five key maize leaf traits (leaf area, dry mass,
effective number, water content, and specific weight) and their trade-off growth based on a drought
simulation experiment. We also developed an indicator (0, 1) to quantitatively evaluate drought
severity. The results showed a trade-off growth between different leaf traits of maize plants under
drought conditions. Maize maintained relatively high leaf water content to maintain high leaf
metabolic activity until drought severity was greater than 0. When drought severity was (0, 0.48),
maize tended to adopt rapid growth strategy by maintaining regular leafing intensity and investing
more energy into leaf area rather than specific leaf weight so that more energy could be absorbed.
When the drought severity exceeded 0.48, maize conserved its resources for survival by maintaining
relatively lower metabolic activity and thicker leaves to minimize water loss. The results provide an
insight into the acclimation strategies of maize under drought, and contribute to targeted drought
prevention and relief measures to reduce drought-induced risks to food security.
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1. Introduction

Drought is one of the greatest threats to the growth and development of plants
worldwide [1-4]. Drought frequency and associated impacts have increased due to climate
change since the 1970s [5,6]. It was predicted that by the end of the 21st century, the drought-
affected area of the world would increase by 15-44%, and the area with crops affected
by drought would increase from 11.6 to 25 million ha, which could lead to global grain
price fluctuations and threatened global food security [6-8]. Maize is one of the world’s
leading crops, and it is also very susceptible to drought [9]. Maize yield reduction caused
by drought is the leading factor for grain yield fluctuation [10]. It is critical to understand
the effect of drought on maize growth, development, and yield as well as maize adaptation
strategies under drought conditions, which would allow targeted drought prevention
and relief measures to ensure food security in the context of climate change. Extensive
studies have been carried out on the effects of drought on maize, but few have focused
on maize adaptability to drought. The leaf is one of the most drought-sensitive plant
organs [11]. It is not only important for resource production, but also the site for energy
exchange between plants and the external environment. Changes in its traits and trade-
off growth relationships can reveal plant survival, growth and adaptation strategies to
drought [12-15]. Plant investment in leaves includes leaf area expansion and dry matter
accumulation per leaf area (i.e., specific leaf weight). A larger leaf area promotes light
absorption, the accumulation of resources, and the rapid growth of plants, but it also
enhances transpiration and water loss, thereby potentially increasing water stress [16].
Specific leaf weight reflects the resource storage of plants. Higher specific leaf weight can
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enhance the survival ability of plants [13,17]. The trade-off between leaf area and specific
leaf weight is indicated by a change in the resource investment strategy between rapid
growth and stress tolerance. The total leaf area is determined by the number of leaves and
individual leaf area. Larger individual leaf area is conducive to resource acquisition and
increased growth rate, but it also increases transpiration and water loss. Therefore, there is a
trade-off between the individual leaf area and the number of leaves. Leaf biomass consists
of leaf water content and dry mass. Water content reflects leaf metabolic activity [14],
while dry matter storage provides resources for survival and reproduction. The trade-off
between leaf dry mass and water content can reflect the investment strategy between rapid
growth and survival. There have been extensive studies on the impact of drought on
plant leaf traits [18-20]. However, few studies have investigated plant trade-off growth
during drought conditions, limiting the understanding of plant adaptation strategies in arid
environments. Identifying maize leaf traits and trade-off growth during drought would
contribute to the understanding of maize drought adaptation strategies and provide a basis
for targeted drought control measures. Therefore, this study investigated the changes in
maize leaf area, dry mass, specific leaf weight, water content, and effective leaf number
during drought conditions, and the trade-off growth between leaf area and effective leaf
number, leaf area and specific leaf weight, and leaf dry mass and water content.

2. Materials and Methods
2.1. Site Descriptions

The research was conducted at Gucheng Agrometeorological Experimental Station
of China Meteorological Administration, which located in Dingxing County, Baoding
City, Hebei Province, P. R. China (39°08' N, 115°40’ E). The station was equipped with an
automated rain shelter, which covered 750 m? and was divided into 42 trial plots, each 2 m
wide x 4 m long and isolated by 3 m-deep concrete walls to prevent soil water exchange
horizontally. The site has a typical cinnamon soil, containing 13.67 g-kg~! organic C,
0.87g-kg ! total N, 25.76 mg kg~ !-P, and 118.55 mg kg~ !-K. The bulk soil density was
1.37 g-cm 2 and the pH was 8.1. The average field capacity and wilting point were 0.32 and
0.10 cm®-cm ™3, respectively. The station has an annual average temperature of 12.1 °C and
494 mm of annual precipitation. Approximately 70% of precipitation occurs in summer.
However, the inter-annual variation coefficient can be as high as 62.9% and, therefore,
maize in the vegetative stage is at greater risk of drought.

2.2. Experimental Design

The maize field experiment was conducted in 2014. Zhengdan 958, the most popular
maize genotype in China was used. The maize was sown on 24 June 2014 with 50 cm line
spacing and 25 cm row spacing, resulting in plant density of 8.0 plants m 2. Diammonium
phosphate fertilizer was applied at 300 kg ha~! before sowing, which is equivalent to the
fertilization level of local fields. All other agronomic conditions were identical to those in
local fields. A completely randomized block design with three replicate plots was used.
Irrigation was performed every 2 days, ensuring that the relative soil moisture of each
trial plot at a 0-50 cm depth was above 65% to maintain normal growth of maize plants
before the third leaf expansion (2 July 2014). Then, six different irrigation treatments were
performed on 2 July 2014. The irrigation amounts (treatments 1-6) were 150, 120, 90, 60,
30, and 10 mm, respectively, corresponding to 100%, 80%, 60%, 40%, 20%, and 7% of
the average local average precipitation in July (150 mm). No additional irrigation was
performed thereafter. Precipitation was completely blocked by the automated rain shelter
during the entire growth period.

2.3. Measurements

Maize leaf traits and soil water content were observed every 7 days after the irrigation
treatment, and four times observation were performed during the maize three-leaf stage to
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jointing stage (10 July to 9 August). The observation date was 10 July, 18 July, 31 July and
7 August, respectively.

2.3.1. Leaf Traits

Two maize plants were randomly selected from each trial plot to measure the effective
leaf number, area, fresh mass, dry mass, and water content.

o  Effective leaf number: The total number of leaves in the plant that were visible and
not completely dried and shed (hereinafter referred to as the leaf number).

e  Leaf area (LA): The length (L;) and width (the widest part of the leaf, D;) of every fully
expanded leaf of the sample plants were measured. LA (m?) of an individual maize
plant was calculated with Equation (1):

LA=Y" LixD;xk 1)
where k (=0.75) is the shape factor [21], and # is the number of leaves.

e Leaf biomass and leaf water content: The leaf fresh biomass was weighed. Then,
leaves were placed in paper bags and dried in an oven at 80 °C for more than 24 h
until their weights were constant. Then, leaf dry biomass was weighed. Leaf water
content and specific leaf weight were calculated with the following formulas [22]:

LWC = LFB — LDB 2)
SLW = LDB/LA 3)

where LWC, LFB, LDB, SLW, and LA were leaf water content (g), leaf fresh biomass (g),
leaf dry biomass (g), specific leaf weight (g:m~2), and leaf area (cm?), respectively.

2.3.2. Soil Water Content

Soil water content was measured using the oven-drying method. One sampling point
was randomly selected between two rows of maize in a trial plot, and three samples were
collected for each treatment. Soil samples of every 10 cm were collected from each sampling
point up to 90 cm. The samples were weighed both before and after they were dried in an
oven at 105 °C. The relative soil moisture (RSM) at 0-30 cm depth was used to describe
soil water status (Equation (4)) because it was most closely associated with maize growth
characteristics between all measured depths.

_ X} (FSi —DS))/ 3, DS;

R L % 100% 4
SM FC/p x 100% 4)

where FS and DS were fresh and dry weights (g) of soil samples from different layers; i was
the soil layer number (i = 1, 2, 3 refers to soil layer 0-10, 11-20, and 21-30 cm, respectively);
FC was the field capacity (=0.32 cm®-cm~3); p is the bulk soil density (=1.37 g-cm ).

2.4. Quantified Expressions of Drought Intensity and Drought Severity

The drought severity (D) refers to the accumulated water deficit over a period of time
and is the function of drought intensity (I) and duration [23]. It can be expressed as:

-53- 51 (1 ETgy)

D=1-¢ N0 ®)

where ETy (mm-d 1) is the potential daily evapotranspiration, which is calculated using
the Penman—-Monteith method [24]; T is the number of days of the evaluation period (from
2 July to 7 August, 36 days in total); I; is the drought intensity on day T of the evaluation
period and ) is the sum of day 1 to day T.
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Drought intensity (I) refers to the degree of water deficit of crops on a given day.
Referring to the water deficit coefficient K as recommended by Food and Agriculture
Organization (FAO) [24], the expression of drought intensity is:

I=1-K; (6)
1D; < RAW

Ks =< oD RAW<D,<TAW @)
0D: > TAW

TAW = 0pc — Owp )

D = 0pc — 6; )

RAW = p- TAW (10)

p =py+0.04 x (5—ET) (11)

where TAW is the maximum available water content (cm>-cm~3) of the reference soil layer
depth (0-30 cm), representing all available soil water content. FC is the field water capacity
(cm3-cm—3); WP is the wilting point (cm3-cm™3); 0; is the actual water content of the
reference soil layer (cm3-cm™3); Dr is the soil water deficit (cm3-cm™3); RAW is the soil
available water content (cm3-cm™3) of the reference soil layer, or the difference between
the field water capacity and the water content of the capillary fracture, representing the
lower limit of soil water content that can be quickly absorbed by crops. Py is 0.55, and
ET. is calculated using the Penman-Monteith method [24]. The daily meteorological data
required by calculation of ET, such as average temperature, maximum and minimum
temperature, average humidity, wind speed, and sunshine duration was obtain from the
automatic meteorological station of Gucheng Agrometeorological Experimental Station.

Equation (7) shows that if the available soil water content (RAW) is greater than the
soil water deficit (Dr), then Ks = 1 and I = 0, indicating that the crop is not affected by
drought. When soil moisture is equal to or less than the wilting coefficient, all available
soil water is depleted, and Ks =0 and I = 1.

2.5. Interpolation of Soil Water Content

The rate of soil water content gradually decreased as drought progressed, and a power
function was used to fit the soil water content dynamics of each plot:

SWin(x) = a-xP (12)

where x was the number of days after irrigation; SW,, was the relative soil moisture (%)
of the 0-30 cm soil layer on the x day after irrigation, and a, and b were the regression
parameters of the model.

2.6. Calculation of Trade-Off Values

The trade-off between two leaf traits could be indicated by differences in their benefits.
The benefit (B4) of leaf trait A can be conceptualized as the proportion of the maximum
yield that leaf trait A can achieve in response to a specific drought severity, which varies
from 0 to 1, and could be calculated as follows [25]:

Aobs,i - Amin,i

i
’ Amax,i - Amin,i

(13)

where i was the ith observation performed in this experiment; A,,;; was the observed
values of trait A from certain irrigation treatment; A,,,, ; was the maximum value when
the drought severity was 0; A, ; was the minimum value of the treatment 6. Since all
treatments were affected by drought after 18 July, a quadratic polynomial fitting was first
performed for each leaf trait and its corresponding degree of drought severity to obtain the
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maximum value of trait A. The corresponding trait value of the curve was considered to be
the maximum trait value when the degree of drought severity was 0.

The trade-off between two traits can be expressed as the root mean square error
(RMSE) of the benefits of the two traits. RMSE is the distance from the standard value
coordinate of the two traits to the diagonal (1:1) on the two-dimensional coordinate axis,
where the benefits of leaf traits 1 and 2 are equal (Figure 1). The relative position of the
benefit value relative to the diagonal indicates the tendency of the trade-off, the greater the
distance to the diagonal, the greater the trade-off [25].

Relative benefit for leaf trait 2

Relative benefit for leaf trait 1

Figure 1. Illustration of trade-off between two leaf traits [25].

3. Results
3.1. Influence of Drought Severity on Maize Leaf Traits

The sizes and dynamics of maize leaf traits exposed to different irrigation treatments
during the growth period varied depending on drought severity. On 10 July, the drought
severity of treatments 1 to 5 ranged from 0 to 0.23, and there were no significant between-
treatment differences in any leaf traits. However, the drought severity of treatment 6
reached 0.87, and its leaf traits were significantly lower than those exposed to treatments
1 to 5. On 18 July, there were significant differences in leaf traits between treatments
1-3, 4-5, and 6, with corresponding drought severities of 0-0.10, 0.48-0.72, and 0.95. On
31 July, there were significant differences in leaf traits in treatments 1-3 and 4-6, with
corresponding drought severities of 0.26-0.54 and 0.74-0.98. On 7 August, there were
significant differences in leaf traits in treatments 1-2, 3, and 4-6, and the drought severities
were 0.44-0.64, 0.69, and 0.81-0.98, respectively (Table 1). During the observation period,
the drought severity of treatments 1-3 ranged from 0 to 0.69, and their leaf traits showed an
increasing trend. The drought severity of treatments 4 and 5 ranged from 0 to 0.90, and leaf
area, number, and water content initially increased; however, leaf area, leaf water content
and effective leaf number in treatments 4-5 began to decrease after 31 July, and leaf dry
mass in treatment 5 also decreased after 31 July, when the drought severity was greater
than 0.74. This was due to reduced expansion rate and accelerated aging of old leaves. As
a result, the growth of new leaves could not compensate for the senescence of old leaves,
leading to decline in leaf traits. Drought severity in treatment 6 reached 0.95 on 18 July,
and its leaf growth was almost stagnated. The drought conditions significantly inhibited
maize growth, and no new leaves were produced, while the old leaves were shed very
slowly to ensure the survival of the plant (Table 2). In summary, when drought severity
was lower than 0.23, its effect on leaf traits was negligible; however, when drought severity
was between 0.23 and 0.74, maize leaf traits were significantly affected, but the growth
trend did not change. When drought severity was between 0.74 and 0.90, the growth rate
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of maize leaves significantly decreased, and the aging of old leaves accelerated. Under
such conditions, the formation of new leaves could not compensate for the shedding of old
leaves, and the effective leaf number, dry mass, area, and water content decreased. When
drought severity was greater than 0.90, leaf growth almost completely inhibited (Table 1).

Table 1. The relative soil moisture (RSM) at 0-30cm depth and drought severity of each treatment.

10 July 18 July 31 July 7 August
Treatments Soil Drought Soil Drought Soil Drought Soil Drought
Moisture Severity Moisture Severit Moisture Severity Moisture Severit
Content (%) Content (%) y Content (%) Content (%) y
1 965+ 1.0a 0.00 ¢ 69.1 £39a 0.000 d 56.5+ 6.7 a 0.26d 493+21a 044 e
2 908+ 14b 0.00 ¢ 683+ 18a 0.02d 52.7 + 3.7 ab 0.46 ¢ 4414+33a 0.64d
3 83.1+47c¢ 0.00 ¢ 63.0+52a 0.10d 47.7 + 2.5bc 0.54 ¢ 451+ 78a 0.69 cd
4 69.1 £2.6d 0.04 ¢ 54.6 £23b 0.48 ¢ 47.6 = 1.5bc 0.74b 423+49a 0.81 be
5 61.3+45e¢ 0.23b 48.0+29b 0.72b 43.7+49c¢ 0.87 ab 41.7 +48a 0.90 ab
6 453+ 1.1f 0.87 a 41.0+22¢ 095a 31.8+1.4d 098 a 328+ 0.7a 098 a

Note: The absence of identical letters in the same column indicates a significant difference at the 0.05 level. Treatments 1-6 refer to the
six different irrigations that performed during the three-leaf period of maize with irrigation amounts of 150, 120, 90, 60, 30, and 10 mm,
equivalent to 100%, 80%, 60%, 40%, 20%, and 7% of the local average precipitation in July, respectively.

Table 2. Leaf traits of maize plants in each treatment.

Observation Treatments Effective Leaf Leaf Area Leaf Dry Mass  Leaf Water Content Specific Leaf
Date Number (cm?) (g) (g) Weight (g.m—2)
1 43+0.6 1212+ 246a 0.31 +0.07 176 £0.37 a 26.02+0.55a
2 40=£0.0 1220+ 16.1a 0.30 &+ 0.05 1.64+026a 25.06 £0.39 a
10 July 3 42+03 1079 £32a 0.29 4 0.04 151+£0.19a 2604 £1.03a
4 43+04 1141+ 24a 0.30 £0.01 159 +0.14a 2639 £0.01 a
5 48403 1076 £ 5.6 a 0.30 +0.01 1.36 £ 0.10 ab 2715+213b
6 45+05 762 +3.8b 0.25 4 0.02 093 +0.17b 33.26 & 1.69b
1 67+06a 4253 £479a 1.77+023a 6.65 £ 1.09 ab 41.58 £ 0.74
2 6.3+ 0.6ab 466.0 +130.1a 196 £0.58 a 733+213a 41.92 +1.56
18 July 3 5.7 £0.6 bc 349.1 £ 584ab  1.41+028ab 4.94 4 0.98 bc 40.34 +1.57
4 53+ 06¢ 2325+ 519b 098 £0.22b 3.01 £0.74 cd 42.31 + 0.94
5 6.0 = 0.0 abc 225.0+29.0b 0.93+0.15b 292+ 044 cd 41.06 +2.22
6 40+£00d 799 +63c 0.344+0.04 c 0.88+0.11d 42.31 +1.36
1 73+ 0.6ab 1101.1 + 218.6a 557 +112a 19.62 +3.73a 50.54 +0.75a
2 7.7+ 0.6 ab 1095.0 £173.8a 529+ 1.01a 18.30 £ 3.47 a 4820 £ 2.67 a
31 July 3 80+10a 9245+ 3415a 462+173a 1497 £540a 4992 +2.60a
4 63+0.6b 339.4 +1364Db 1.62£0.72b 481+£220b 4713 +240a
5 6.7+ 0.6 ab 293.8 £ 68.3b 122£029b 3.65+1.05b 4154 +1.32b
6 45£07c 62.1+88Db 043 +0.03b 122 +0.15b 69.94 +5.08 b
1 90£00a 1688.5 + 143.2 a 928 £0.79 a 28.70 £ 3.67 a 5494 +£1.26a
2 97+06a 1716.3 £ 168.4a 947 +£1.06 a 28.64 +4.68 a 5524 £4.04a
7 August 3 83+06a 1048.1 +54.5b 5.69 +1.00 b 16.92 £3.65b 54.03 £7.02a
4 53+0.6Db 2934+ 1164 c 1.79 £0.72 ¢ 478 £1.88 ¢ 61.02 4 4.04 ab
5 57+12b 2150+ 529¢ 118 £0.31c¢ 3.29 £ 091c 54.64 £4.25a
6 45+£07b 76.1 +£262c¢ 049+0.12c¢ 1.27 £0.21c 65.15 £ 6.33b

Note: The absence of identical letters in the same column indicates a significant difference at the 0.05 level.

3.2. Dynamics of Paired Maize Leaf Traits

The ratio of leaf area/leaf number of maize plants in each treatment increased with
time (in the horizontal direction), indicating that the size of single blade gradually increased.
At each observation time, the leaf area/leaf number ratio decreased corresponding to the
initial irrigation gradients (in the vertical direction), indicating that the drought effect
on leaf area was greater than that on leaf number (Figure 2a). The ratio of leaf water
content/dry mass for each treatment decreased over time, suggesting that the relative leaf
moisture decreased. At every time point, leaf water content/dry mass decreased along
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with the initial irrigation gradients, showing that drought had a greater impact on leaf
water content than on dry mass, thereby reducing relative leaf moisture (Figure 2b). The
leaf dry mass/leaf area ratio for each treatment increased over time, indicating that the
specific leaf weight gradually increased. A decrease in the leaf dry mass/leaf area ratio
was associated with the initial irrigation gradients only on 10 July (Figure 2c).

(a) 200 -
180
160
140
120
100
80
60
40 —
20 — -

8-7

Leaf area/leaf number

0 1 1

7-10 7-18 7-31
Observation date

b)

Leaf water content/leaf dry mass

7-10 7-18 7-31 8-7
Obserbation date

70

60

50

40

30

Leaf dry mass/leaf area

7-10 7-18 7-31 8-7

Observation date

Figure 2. Dynamics of pair—ratios of leaf traits. (a) The dynamics of the ratio of leaf area and
leaf number; (b) The dynamics of the ratio of leaf water content and leaf dry mass; (c¢) The dynamics of
the ratio of leaf dry mass and leaf area. The numbers in the legend represent the corresponding treatments.
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3.3. Trade-Off Growth of Paired Leaf Traits to Different Drought Severity Conditions

The trade-off values on 10 July (the first observation) showed that leaf area had a
greater benefit than leaf number in treatments 1 to 4, while the leaf number had a greater
benefit than leaf area in treatments 5 and 6. On 18 July (the second observation), leaf
number had greater benefit than leaf area in treatments 1 to 5, while leaf area had a slightly
greater benefit in treatment 6. On 31 July (the third observation), leaf area had a greater
benefit in treatments 1 and 2, while maize plants in treatments 3 to 6 had greater benefits
in leaf number. On 7 August (the fourth observation), leaf number had a greater benefit
in all treatments except for 2, which had a slightly higher benefit in leaf area (Figure 3a).
All up, the trade-off between leaf area and leaf number in treatments 1 and 2 favored leaf
area throughout the observation period, while the higher trade-off in treatments 3 and 4
switched from leaf area to leaf number as the drought progressed, and that in treatments
5 and 6 favored leaf number. It suggested that the plants invested more resources in leaf
expansion to achieve rapid growth and preserved energy for reproductive growth when
the drought was slight, while they reduced single leaf area to decrease water loss at the
expense of a slower growth rate when the drought was more severe.

Trade-off values on 10 July showed that leaf water content had a greater benefit in
treatments 1 to 4 as compared to treatments 5 and 6. On 18 July, the trade-off favored leaf
water content in treatments 1 and 2, while leaf dry mass was favored in treatments 3 to
6. On 31 July, there were small differences in the trade-off between leaf dry mass and leaf
water content in all treatments. Leaf water content had a greater trade-off in treatment 1,
while leaf dry mass had a greater trade-off in treatments 2 to 5, and the trade-off value of
treatment 6 was close to 0. On 7 August, the trade-off favored leaf dry mass in treatments 1
to 6 (Figure 3b). In above, the higher trade-off values of treatments 1 to 4 switched from
leaf water content to leaf dry mass as the drought progressed, while treatments 5 and 6
had higher trade-off values favoring leaf dry mass throughout the observation period. It
could be seen that when drought severity was greater than 0, maize plants invested less
energy in maintaining leaf water content than leaf dry mass, indicating that maize plants
under drought conditions would reduce leaf metabolic activity and growth by decreasing
leaf water content, while accumulating resources to enhance survival probability.

On 10 July, leaf area had a greater benefit than specific leaf weight in treatments 1 to
5, while less than that in treatment 6. On 18 July, the higher trade-off favored leaf area in
treatments 1 to 3, while specific leaf weight was favored in treatments 4 to 6. On 31 July, leaf
area had a higher benefit in treatments 1 to 5, while was lower than specific leaf weight in
treatment 6. On 7 August, the higher trade-off favored leaf area in treatments 1 to 3, while
favoring specific leaf weight in treatments 4 to 6 (Figure 3c). In above, treatments 1 to 3 had
a higher benefit for leaf area and treatment 6 had a higher benefit for the specific leaf weight
throughout the observation period, while the higher benefit in treatments 4 and 5 switched
from leaf area to specific leaf weight. It can be seen that when drought severity was greater
than 0.48, the higher trade-off in treatments 4 and 5 switched from leaf area to specific leaf
weight, indicating that when soil water was sufficient, maize plants expanded their leaf
area to obtain energy and achieve rapid growth, while when confronted with drought,
maize plants increased specific leaf weight to improve their ability to resist drought.

Note: The solid line is the zero trade-off line, and 1-6 represent the trade-off between
the leaf area and the number of leaves for plants in treatments 1-6.
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Relative benefit for leaf dry mass

Relative benefit tor specific leaf weight
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—1 2 —3
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O first observation A Second observation X third observation

0O forth observation

Figure 3. Trade-off between leaf traits of each observation. (a) The trade-off between leaf area and leaf
number; (b) The trade—off between leaf water content and leaf dry mass; (c¢) The trade—off between
leaf dry mass and leaf area. The numbers in the legend represent the corresponding treatments,
and the different icons refer to different time observations (10 July, 18 July, 31 July and 7 August,
respectively). The relative position of the benefit value relative to the diagonal indicates the tendency
of the trade-off, the greater the distance to the diagonal, the greater the trade-off.

4. Discussion
4.1. Quantitative Expression of Drought Intensity and Drought Severity

Soil moisture is one of the most common drought indicators for crops [23]. However,
drought is a dynamic process, and its influence on crops is not only related to its occurrence
time, intensity, and duration, but it is also affected by meteorological conditions, soil
properties, root distribution, and the water absorption capacity of crops [26]. The soil water
content only indicates the current soil water status, but it does not provide information
on previous drought conditions. Therefore, the same soil water content may correspond
to different drought conditions [23,27]. For example, in this study, the initial soil water
content and soil water reduction in treatments 3 and 4 were significantly different, and
consequently, the effect on maize plants was also different. However, the relative soil
moisture in both treatments reached 48% on 31 July, which could not explain the significant
differences in their leaf traits (Tables 1 and 2). In view of this, the FAO crop stress coefficient
(Ks) was applied in this study to indicate the water deficit degree of maize plant on a given
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day, which takes into consideration the effective soil water content, rapidly available water
content that could be easily absorbed by roots as well as soil properties, meteorological
conditions, and crop growth stages. Based on Ks, drought severity was developed to
describe water deficit degree of maize plant over a period of time, which was proved to
better account for the differences in maize leaf traits among treatments, and the trade-off
relationships between leaf traits in different drought conditions compared to soil moisture.

4.2. Effects of Drought on Maize Leaf Traits

The leaf is one of the most drought-sensitive plant organs [28,29]. When exposed to
drought, leaf area, and leaf number decrease, and leaf thicken and curl [29,30]. In this
study, drought significantly inhibited the expansion of maize leaves, reduced leaf water
content, decreased leaf development rate, and accelerated the senescence and shedding of
old leaves, resulting in decreased leaf area and dry matter accumulation, and a slower leaf
growth rate. These changes reduced leaf water loss and improved the water use efficiency
of maize plants [14,31]. However, the effects of drought severity on leaf traits were not
consistent. The results showed that when drought severity was less than 0.23, maize leaf
traits were largely unaffected. When drought severity was between 0.23 and 0.74, the leaf
area, effective leaf number, dry mass, and water content increased, but at a slower rate.
The influence of drought on maize leaves was mainly on the values of leaf traits, but it
did not fundamentally change their growing trends. When drought severity was between
0.74 and 0.90, the growth rate of maize leaves decreased significantly while the senescence
of old leaves was accelerated, and the formation of new leaves could not compensate for
the senescence of old ones. Therefore, the effective leaf number, leaf dry mass, leaf area,
and water content decreased. When drought severity was greater than 0.90, maize leaf
growth was slow, but the leaves were maintained, and leaf traits changed slightly. Plants
in resource-rich environments have a high resource absorption rate and turnover and will
maximize their growth rate by constantly generating new tissues and organs. However, in
resource-poor environments, plants absorb and utilize resources at a lower rate, conserve
resources by delaying the aging of tissues and organs, and prolong the growth cycle to
compensate for the resource consumption necessary for growth. The slower turnover rate
enhances the survival rate, but it reduces the growth rate [32].

4.3. Trade-Off Strategies of Maize Leaf Traits during Drought Conditions

Drought had an influence on all maize leaf traits, but to different extent, which took
the following form: leaf area > effective leaf number, and leaf water content > leaf dry mass,
reflecting the trade-off growth during drought conditions. The influence on leaf area was
greater than that on leaf number, indicating that decreased leaf area was mainly caused by
the significant decrease in single blades, which reflected the trade-off strategy of “leafing
intensity premium” in plants under adverse conditions (plants reduced the single leaf area
and to ensure that the number of leaves was not affected) [31,33-35]. Smaller blades have
better thermal conductivity, which could ensure the capture of light energy while avoiding
overheating and thereby reducing water loss [34,36]. In addition, smaller leaf size lowers
the threshold for reproductive growth, which ensures that plants can still reproduce in
cases of severe plant volume inhibition due to adverse environmental conditions, such as
drought [31]. Maize leaf spread is necessary for the differentiation and development of
reproductive organs. Maintaining the leaf spreading rate ensures that maize development
is less affected, allowing the plant to complete its life cycle and form yield in a limited
period suitable for growth [37,38].

Drought influence on leaf water content was greater than that on leaf dry mass,
indicating that under drought conditions, maize would reduce leaf metabolic activity,
maintain a lower growth rate, and accumulate dry matter to resist the adverse effects
of drought. The growth strategy of maize under drought conditions essentially reflects
the trade-off between rapid growth and survival [39]. With different drought conditions,
maize would adopt different trade-off strategies. This study showed that maize maintained
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high metabolic activity in the absence of drought. When drought severity was greater
than 0, maize would reduce leaf water content to inhibit the leaf metabolic activity and
reduce energy losses. When drought severity was less than 0.48, maize absorbed more
energy by rapidly increasing leaf area to accumulate energy for reproductive organ growth.
However, when drought severity was greater than 0.48, maize plants reduced their single
leaf area and maintained a higher specific leaf weight to reduce water loss, and conserved
resources to enhance their drought resistance. Therefore, when drought severity is lower
than 0.48, maize could basically maintain normal growth through the trade-off growth
strategies, and corresponding drought-resistance measures may not be taken. When
drought severity is greater than 0.48, drought prevention and resistance measures such
as timely supplementary irrigation, spraying of foliar fertilizer or applying plant growth
regulators to promote maturity, removing maize tassels alternately, loosening the land
between ridges, etc. should be taken to alleviate the inhibition of drought on maize growth
and yield formation.

5. Conclusions

Drought can significantly inhibit the expansion of maize leaf area, reduce leaf water
content, decrease leaf spreading rate, and accelerate the senescence and shedding of old
leaves, leading to a decrease in leaf area and dry matter accumulation, and slower growth.
However, the effects of different drought severity on leaf traits were not consistent. When
drought severity was less than 0.23, maize leaf traits were hardly affected. When drought
severity was between 0.23 and 0.74, the leaf area, effective leaf number, dry mass, and
water content increased, but at a slower rate. Drought affected the values of leaf traits, but
it did not fundamentally change their growth trends. When drought severity was between
0.74 and 0.90, the growth rate of maize leaves decreased significantly, and the senescence
of old leaves accelerated. Thus, the formation of new leaves could not compensate for
the senescence of old leaves. Therefore, the effective leaf number, dry mass, area, and
water content decreased. When drought severity was greater than 0.90, maize leaf growth
was very slow, leaves were maintained, and leaf traits changed slightly. To improve
survival ability under drought conditions, maize plants decreased water loss and leaf
metabolism by reducing leaf area and water content. This reduced energy consumption
and increased resource storage, which essentially reflected the trade-off between rapid
growth and survival.

Maize plants adopted different trade-off strategies between leaf traits under different
drought conditions. Plants maintained a high metabolic activity when not affected by
drought. However, when drought severity was greater than 0, the plants reduced leaf
water content to decrease leaf metabolic activity. When drought severity was less than 0.48,
maize absorbed more energy by rapidly increasing leaf area to accumulate reserves for the
growth of reproductive organs. When drought severity was greater than 0.48, maize plants
reduced single leaf area to reduce water loss, and conserved resources to enhance their
drought resistance.

The results provide an insight into the acclimation strategies of maize under drought,
and contribute to targeted drought prevention and relief measures to reduce drought-
induced risks on food security in the context of climate change.
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