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Abstract: Drought was a major disaster that limited the growth and yield of crops worldwide. The loss of crop
output caused by drought even exceeds the sum of the losses caused by all other factors, and was the most important
factor threatening world food security. The influence of drought on crops was closely related to drought intensity,
drought duration and the development stage of crops. It was of great significance for efficient agricultural drought
prevention and drought relief to accurately assess the drought damage degree of crops and scientifically classify the
drought damage levels of crops. Existing methods on crop drought assessment and grading were mostly based on
yield reduction. However, yield reduction reflected the drought damage degree of the entire growth period of crop,

which could not be applied to the assessment of crop drought damage degree during certain development period,
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restricting timely formulation and implementation of disaster prevention and mitigation measures. At present, the
assessment and research on the progress of drought were generally based on one or several environmental indicators,
such as precipitation, soil moisture, water deficit index, etc., or based on some single growth indicator, such as
biomass. On the one hand, drought had a cumulative effect on crops, and the environmental indicators observed at
that time could not necessarily reflect current growth state and damage degree of crops. On the other hand, a single
growth indicator could not accurately reflect the overall growth status of crops. Since different growth indicators
may have different response thresholds to drought degree, different conclusions may be drawn when grading and
evaluating the drought degree of crops based on the response thresholds of different growth indicators to drought
degree. Therefore, this study intended to investigate the responses of maize growth indicators to drought of different
intensity and duration during its vegetative growth period (from the 3-leaf stage to jointing stage) based on a field
plot experiment performed in 2014, and put forward a new way to accurately evaluating and classifying drought
damage degree of maize based on response synchronicity of multiple growth indicators. In the field plot experiment,
six different irrigations were performed during the three-leaf period of maize with the irrigation amounts (named
treatments T1-T6) were 150, 120, 90, 60, 30, and 10mm, respectively, equivalent to 100%, 80%, 60%, 40%, 20%
and 7% of the local average precipitation in July (150mm), respectively. No extra irrigation was performed
thereafter. Precipitation was blocked completely by the auto-rain-shelter during the entire growth period. Then,
six continuous drought processes of different initial soil moisture gradients were formed as time proceeded.
Observations on soil water content, maize growth indicators were performed every 7-day after the irrigation
treatments. Based on the observation data, the response regularity of maize morphological (plant height and leaf
area) and biomass (stem dry mass, leaf dry mass, and total dry mass) indicators to the drought degree (D) was
studied. By using of Threshold Indicator Taxa Analysis method (TITAN), the response turning points of growth
indicators of maize's to drought degree were determined, and based on the response synchronicity of these growth
indicators, the response turning point of maize plant level to drought degree was identified. Then the drought degree
was divided into 4 levels according to these turning points. The results showed that, when 0<<D<:0.07, maize was
affected by light drought, and the average decrease of maize growth indicators was only1.2%-3.0%; when 0.07
<D<:0.47, maize was affected by medium drought with an average decrease of leaf area of 15.9%, plant height of
8.6%, stem dry mass, leaf dry mass, and total dry mass of 18.8%, 15.4% and 12.4%, respectively; when 0.47<<D<:0.73,
maize was affected by severe drought with an average decrease of leaf area of 37.8%, plant height of 16.9%, stem
dry mass, leaf dry mass and total dry mass of 43.3%, 45.2% and 28.9%, respectively; when 0.73<<D<1, maize was
affected by extreme drought, with an average decrease of leaf area of 83.6%, plant height of 53.3%, leaf dry mass
and stem dry mass above 90%, and total dry weight of 87.0%. The results would provide a method and basis for
quantitative classification and evaluation of drought damage degree of crops.

Key words. Maize; Prolonged drought; Drought damage degree; Quantitative classification; Threshold Indicator
Taxa Analysis method (TITAN)
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Tablel Duncan multipletest of maize growth indicators, soil moisture content and drought degree under different water
treatments observed 4 times during the three-leaf to jointing period of maize

A H (A -

FRRE

AR (em® 4k )

F)Observation Kbz i%‘)ﬂf}{ Soil Drought Leaf area 'Hif% & Leafdry ZETH Stemdry AT & Total
date(mm-dd) Treatments moisture (%) degree (cm?-plant™) Height(cm) mass(g) mass(g) dry mass(g)
07-10 Tl 96.5+1.0a 0.00¢c 121.2424.6a 38.4+2.4a 0.31£0.07a 0.13+0.03a 0.56+0.16a
T2 90.8+1.4b 0.00¢ 122.0+16.1a 39.442.1a 0.30+0.05a 0.13+0.02a 0.53+0.13a
T3 83.1x4.7¢c 0.00¢c 107.9+3.2a 38.8+0.5a 0.29£0.04a 0.13+0.02a 0.55+0.06a
T4 69.1+2.6d 0.04¢c 114.142.4a 36.8+0.6a 0.30+0.01a 0.12+0.01a 0.57+0.01a
TS5 61.3+4.5¢ 0.23b 107.6+5.6a 36.8+1.5a 0.30+0.01a 0.15+0.01a 0.55+0.02a
T6 45.3+1.1f 0.87a 76.2£3.8b 34.0+2.4a 0.25+0.02a 0.15+0.01a 0.53+0.02a
07-18 Tl 69.1£3.9a 0.00d 425.3+47.9a 59.342.6a 1.77+0.23a 0.79+0.06a 2.80+0.30a
T2 68.3+1.8a 0.02d 466.0+130.1a 54.1+8.4ab 1.96+0.58a 0.72+0.08ab 2.59+0.28a
T3 63.0+5.2a 0.10d 349.1+58.4ab 46.2+4.1bc 1.41+0.28ab 0.71+0.12ab 2.35+0.38ab
T4 54.6+2.3b 0.48¢c 232.5+51.9b 46.5£1.7bc 0.98+0.22b 0.55+0.12bc 1.79+0.40bc
T5 48.0+2.9b 0.72b 225.0+29.0b 44.5+3 3¢ 0.93+£0.15b 0.51+0.07¢ 1.65+0.26¢
T6 41.0+2.2¢ 0.95a 79.946.3¢ 32.0+2.8d 0.34+0.04¢ 0.21+0.00d 0.71+0.04d
07-31 Tl 56.5+6.7a 0.26d 1101.1+£218.6a 79.3£7.0a 5.57+1.12a 2.96+0.78a 9.34+2.06a
T2 52.7+3.7ab 0.46¢ 1095.0+173.8a 77.4+4.9a 5.29+1.01a 3.05+0.52a 9.17+1.69a
T3 47.7£2.5bc 0.54¢ 924.5+341.5a 72.249.1a 4.62+1.73a 2.88+1.21a 8.02+3.04a
T4 47.6%1.5bc 0.74b 339.4+136.4b 53.5+4.2b 1.62+0.72b 1.13+0.37b 3.44+0.94b
T5 43.7+4.9¢ 0.87ab 293.8+68.3b 44.442.9b 1.22+0.29b 0.71+0.15b 2.10+0.49b
T6 31.8+1.4d 0.98a 62.1+8.8b 31.7£1.8¢ 0.43+0.03b 0.28+0.00b 0.88+0.01b
08-07 Tl 49.3+2.1a 0.44¢ 1688.5+143.2a 92.6+0.9a 9.28 £0.79a 6.12+0.17b 16.63+0.84b
T2 44.1+3.3a 0.64d 1716.3£168.4a 92.6+6.5a 9.47 £1.06a 8.30+0.46a 19.04+0.74a
T3 45.1+7.8a 0.69¢cd 1048.1+54.5b 72.5+3.9b 5.69 £1.00b 3.39+0.84c 10.06+2.07¢
T4 42.3+4.9a 0.81bc 293.4 +116.4c 46.2+6.3¢ 1.79 £0.72¢ 0.96+0.39d 3.03+1.31d
T5 41.7+4.8a 0.90ab 215.0+52.9¢ 40.9+4.3¢ 1.18 £0.31¢c 0.63+0.18d 2.18+0.47d
T6 32.8+0.7a 0.98a 76.1£26.2¢ 29.0+0.7d 0.49 £0.12¢ 0.26+0.05d 1.01+0.17d

e FSIEEEA R F-BER R AL BR AR 0.05 KF EEFEE .

Note: The different letter within a column indicates the difference significance among treatments at 0.05 level. Treatments T1-T6 refer to the

six different irrigations that performed during the three-leaf period of maize with the irrigation amounts of 150, 120, 90, 60, 30 and 10mm,

respectively, equivalent to 100%, 80%, 60%, 40%, 20% and 7% of the local average precipitation in July (150mm), respectively.
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Table2 Correlation coefficient of maize growth indicatorswith the drought degree and soil moisture

URTIA i - ES S} BTHE
Leaf area Height Leaf dry mass Stem dry mass Total dry mass
F-EF4 ¥ Drought degree -0.911" -0.814" —0.889" -0.811" -0.823"
+ 3R SE Soil moisture 0.810" 0.724™ 0.804™ 0.738" 0.719"
e TR REGET 0.01 AKCE BB MR . Note: ** means P<0.01.

RS AERIEIRIAHOC R BB e T LR,
TR R R PR T A S R ORI AR AR
22 EREKEFRNTFEEENRS S

K H BEFEFR 73295 (TITAND 7330 g &4
KR AR i S 5 R R Al 7 R 08 T AR AN [ 6
X 5 A WL (] 5 VB 2 R KRR R KT T
TRBEENIEF A, 4RIER3-K 5. HERTR,
FAERIEARS 1 ADIEF RSN E T RN
0.73, Frigii it s HO45 B RAF,  TORAERR KT 1055

1AM S S8 0.73 (3R 3). ML, MM
TFHERIE 2 AN T BT R AR 035, Bk
AT EE 2 NG N T RREE R
0.47, HARMRIE TR 0GB RAF, MK IIEE 2
AN S RO R T R RN 0.47 (R 4). WA,
5 25 E AR T E 5 3 AN R SO L
RREEN 0.07, FEE M 3 AN TS0 R T R R
FE2H 0.01, FERZKSFEE 3 AN Ft soxt B 1) 2 2 B
N 0.07 (£ 5).

®3 EAREKEGRERKTEEZTERENE 1ERS
Table3 Thefirst critical turning point of maize growth indicators and individual level responseto drought degree

) ) o . A[FEME Reliability
AR R [ Ry ) FRRF G ) A 2l
o . ) ) ) 0.05 /KF 0.01 /KF
Growth indicators Critical drought degree Indicator value Uncertainty Purity
0.05 level 0.01 level
AR Leaf area 0.73 83.18 0.004 1.000 1.000 1.000
- Leaf dry mass 0.73 84.21 0.004 1.000 1.000 1.000
25T H Stem dry mass 0.73 87.54 0.004 1.000 1.000 1.000
S5 Total dry mass 0.73 86.33 0.004 1.000 1.000 1.000
Pk Height 0.73 66.42 0.004 1.000 1.000 1.000
Pk Individual plant 0.73

R4 EXRERERBEERMKERETREEENE 2 GRS
Table4 Thesecond critical turning point of maize growth indicatorsand individual level response to drought degree

W] 5E M Reliability

A K AibR Il TR R Lo PN e afi g
o N i ) ) 0.05 /KF 0.01 /KF
Growth indicators Critical drought degree Indicator value Uncertainty Purity
0.05 level 0.01 level
[ A1 Leaf area 0.35 58.89 0.004 1.000 1.000 0.990
5 Leaf dry mass 0.35 60.96 0.004 1.000 1.000 1.000
2571 Stem dry mass 0.35 62.40 0.004 1.000 1.000 0.946
J5FE Total dry mass 0.47 60.57 0.004 1.000 0.996 0.910
Hii Height 0.47 53.35 0.008 1.000 0.972 0.792
&Pk Individual plant 0.47
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Table5 Thethird critical turning point of maize growth indicators and individual level response to drought degree

T HEVE Reliability

ERSEE Il 74T R faba 13 o ANHfh i gl
0.05 /K1 0.01 /K1
Growth indicators Critical drought degree Indicator value Uncertainty Purity
0.05 level 0.01 level
A Leaf area 0.07 54.06 0.008 1.000 0.954 0.600
-5 Leaf dry mass 0.07 54.71 0.008 1.000 0.954 0.666
2T E Stem dry mass 0.07 53.54 0.088 0.962 0.572 0.244
[T E Total dry mass 0.07 53.30 0.004 0.998 0.854 0.632
P Height 0.01 52.08 0.012 0.820 0.606 0.364
Pk Individual plant 0.07

23 EXRZEREESRITMN

FIF T KA 3 AN T A0 5 AR K e hrs
KRR 4 N2 REG, SrBO TEMERAE, 4
P 20 THRASBERTERHMRER, BUNANAZ 24
E4)/q0 N S/ A ERE {1 0 e e -4 L ) A - D O
BN TR KIRI F bE, 45 R IR 6.

f 2 AT, FOR & A K AR AR b T AR 1
BIR TR, BN BB IRIEREARR, kB
B T SRR IR, Bk A K I bRxT T 2R 1)
i AR 2 R A A . R 6 AT L, T RREELE
0<D=<0.07 I, FAKZREFE, HESMEYELR

B BT B BEBEACN 1.2%~3.0%; 24 0.07<D<<0.47
B, EORZ R R, b AR Y B E
15.9%, B FRETE R 8.6%, 2. T EK
ST EMFYEES NN 18.8% . 15.4% 1
12.4%; 24 0.47<D<00.73 I, E K2 S50, M
TR R IR 5 R P 2 B 23 00 37.8% A1 16.9%, 25
- ST E BR300 43.3%. 45.2%40
28.9%; X 0.73<D<I1 K, T KZHFEFMm, M
T3 B ME A 83.6%, Hk i T34 B ME A 53.3%,
IH-F B RN 25 (1) B IE I k. 90% LA b, BT
I FENEIE 87.0%.

®6 EARZEBRESTITM
Table6 Grading evaluation of the drought damage degree of maize

B THEE Drought level(T- 5 F£ Drought degree)
KRR TH
%2 Light 1 2 Moderate #H 5 Severe $5 2 Extreme
Growth indicators Item
(0,0.07] (0.07,0.47] (0.47,0.73] 0.73,1]
I F Leaf area P4 B# 1R Average decline (%) 1.20 15.90 37.80 83.60
i 25 5 Response amplitude 0.00 -0.25 -0.51 -1.13
¥k Height V¥4 F%0E Average decline (%) 2.40 8.60 16.90 53.30
Wil )37 1 . Response amplitude 0.00 0.33 -0.27 ~1.11
i+ Leaf dry mass P4 B#1E Average decline (%) 2.00 18.80 43.30 92.10
i 7 1% £ Response amplitude 0.00 -0.37 —-0.44 -0.91
2215 Stem dry mass P44 E Average decline (%) 3.00 15.40 45.20 91.70
i 71 & Response amplitude 0.00 -0.67 -0.93 -0.42
ST E Total dry mass V¥4 F%0E Average decline (%) 1.30 12.40 38.90 87.00
Wil )37 . Response amplitude 0.00 -0.09 -0.16 -0.50
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Fig. 2 Changesof maize growth indicatorswith drought degree
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