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Phenological change and its ecophysiological mechanism of spring maize

responding to drought at jointing stage and rewatering
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Abstract ; Plant phenology is extremely sensitive to climate change. Shift in the timing of plant phenological events serves as
a powerful biological indicator of climate change. In the context of global warming, plant phenology has changed
accordingly. These changes, in turn, affected the climate system, and exacerbated or mitigated climate change. In
particular, plant phenology is also a key parameter of ecosystem model, and it is of great significance to understand the
mechanism of phenological changes for improving the simulation precision of the model. Although plant scientists have
always been interested in the physiological basis of controlling plant phenological stages, the previous studies mainly focused
on the monitoring of phenological changes and the statistical relationship between phenological changes and climatic factors.
Few studies have been conducted on the ecophysiological mechanisms of plant phenological changes. The data of phenology
and corresponding ecophysiological observation of spring maize was obtained from field simulation experiment that controlled

water at jointing stage and rewatering at tasseling or silking stage, respectively. We analyzed the phenological characteristics

ELTH . BZEE AU LRI (2018YFA0606103) ; [EF HRBIAIESTI H (41501047 ,41571175) 3 AT (K4) BHIFE T ( GYHY201506019)
W5 B H#A:2018-11-30; [ & H AR B #A . 2019- 10-25
* MIRVEH Corresponding author.E-mail ; zhougs@ cma.gov.cn

http ://www.ecologica.cn



134 BAWIET A5 AR I AR AR KON AR T R A 1) 5 W) R HG A A 2L 275

of spring maize and its relationship with the change of ecophysiological factors, and revealed the ecophysiological mechanism
of phenological changes of spring maize. The results are as follows: (1) After the water control at jointing stage, the filling
stage was prolonged and the milking stage was delayed (9 days) regardless of rewatering at tasseling or the silking stage. It
indicated that the phenology of spring maize would be affected by water control significantly at jointing stage even though
rewatered at tasseling or silking stage, and spring maize phenology had memory for early water control. (2) The leaf net
photosynthetic rate (P, ), transpiration rate (7,) , stomatal conductance (G,) , and relative chlorophyll content (SPAD) of
spring maize showed a trend of decrease-increase-decrease with time. The P, T, G,, and SPAD reached the local
minimum at tasseling stage under the water control at jointing stage. The P,, T , and G, reached the local maximum at
silking stage and SPAD reached the local maximum at filling stage after rewatering at tasseling or silking stage. The leaf
water potential (LWP) presented a downward trend over time, but only slowed down after rewatering, reflecting that LWP
might indicate the memory of early water stress. (3) Path analysis and decision coefficient analysis showed that P, was the
most important factor affecting phenology. The relative soil water content (RSWC) affecting LWP was main control factor.
The phenology was only affected by the accumulated change of P, , indicating that there was a trigger threshold of
accumulated P, in phenology changes of spring maize. The results could improve the ecophysiological cognition of the

phenological changes and provide a basis for accurate prediction of the phenological changes of spring maize.
Key Words: spring maize; phenology; drought; rewatering; ecophysiological mechanism
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K&K ) 5 e LI K B0 20 GEV T I M, K R85 TX 1 X W e ) SR S L 259/ — A RAT , B0 T W0 Ak iy
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PSRN 9.9°C  FHIFEK N 568 mm,, X545 X 3y MAEIE - pH o 6.3, A HLIE 1.8% , 2A & it 0.1%),
0—100 cm “F-¥ FHIEATEH 1.62 g/cm’ TR H HFFKE K 22.3% , AZEWREN 6.5%.

2016 4 5 A 23 HEF, TKATHE 50 em, ¥R 35 cm , M 5.3 #/m’ . $& G 186 12 BB 1R AR R
(BT =50% ERE=21%) , BN 600 kg, RG0S E X AL T 2408 1(T1) M+ FA 2(T2) , &
AEEE 3 R E S et 9 MRK /N, AR T R A ZH 2L (FAO) 47 1Y Penman-Monteith 233 HH8H E K
BRI T K X IR A BEAE 4 AR F 0 0 4R 5F £ K 7 SR8 B T ARBRIR  WOT IR 0K, 21 KA
(7 H27 H) &K ;T2 A HERHE AT UR 4K, 35 KIG (8 H 10 H) &K ; /K HEBE 5 BE X REAL 1, B 40) iR 4k
FE T RN T2 &35 A4 HEE SR 2 N 260.5 .187.5 137.5 mm (38 1) . IEA/NX R A 15 m*(5 mx3 m) , 4%
NXTEHTE 2 m 58 0.15 m AKIR)ZREE, R Xy e KA s B A, T84 [ AR REK

F1 FERZLAEATEREKE/ mn

Table 1 Simulated rainfall regimes in the field experiment

" X BB T1 T2
i AR/ 57 RFEK Fok 21 % Rk 35 %
Phenological stage (Minth /Day) Irrigating every 7 d Water control for 21 ds Water control for 35 ds
KR 7K fit Trrigation amount/mm
BU R GE SR 5/24 8.7 8.7 8.7
Three-leaf-jointing 5/30 0.8 0.8 0.8
6/8 10 10 10
6/15 10 10 10
6/22 10 10 10
6/29 24 24 24
P Ik /6 24 0 0
Jointing-tasseling 7/13 24 0 0
7/20 25 0 0
A LA 7/27 25 25 0
Tasseling-milking 8/3 25 25 0
8/10 25 25 25
8/17 25 25 25
8/24 24 24 24
A5 Entire period Bk S 260.5 187.5 137.5

1.2 e B 577k
1.2.1 ¥y
FE IR AN B Y ) AT I -0 S Kk 245 W i H 38T, 24 509% AOAE AR E A — 4 fiz P
IR TR Z Y I A e G HE 45T 100wl W I 3] iR S AE D) k22 9] RESR) FLAUY DU
HESAAE R TR IE A AR B A K B BERAR AR 7 X PR 52 A Al e b 1) o I3 A o) L5 1 UK, 00 M B 5 A Ak A
2 118 9 B ) A F U — 1K
1.2.2  LEEAHXTREE
KM FR 8 0 5 F S BRI 0—50 em 43 10 em — 2 1+ 3800 2 H & &K, B b H =k
2, HEEEESKE e ITEWT .
m, — m3
0, = x 100%
m3 - ml

TIEARXHEREE RSWC (% ) o e 5 /K 55 I a5 K 8 i LU fEL, H AR

0,
RSWC = F x 100%

c
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X, 60, MHIEEREKE (%) ; m ARETUE (), m, ARRIRLTE(g) , m, MHEMT LR (g);
F, FHEFKE (%) .
1.2.3 MR AAEMAERSE

BEBEG B TE AR, T 9:30—11.:30 A7/ FoRM AR A A BASSHMINE . B/NOEFERA R
PERY K 1 Bk, BIEEASARBE 3 Bk, FI Li- 6400 BUEH#E OGS R 400 M0 (Li-COR, Lincoln, NE, USA) Xl
FRTEREE — e B IF I e & A S WL G 3R (P, pmol m™ s7") RAL T (G,, mol m™
s ) FIZEE AR (T, mmol m™s™")
1.2.4  MOKBEFFRER SR

fdF 1505D-EXP HU i 4#85 2CAH P /K 4300 1 =058 A B RO A T K (LWP, MPa) , i 3458
LA B S 4 AR B S K 38 5 e FE SPAD- 502 43 22 {00 2 55— F 58 4 R i (g AR X 4R 2
HE(SPAD) , REAS/INX S 1 BEEA FFMER ORI, RIAEAS 0B 3 k. AR ol i 3 vk, BUHSP 3516
1.3 Hdib

% B R AR S R I B 27 2240 0T (one-way ANOVA) A [ 4465 00 A= 380 A 25 AR A0E 110 XLIR 227 25 49 W7
(two-way ANOVA) W itf] 5 A= #A: 28 DK A0 RH DG 43 A RN 442 40y Y9l 2 SPSS 21.0( SPSS Inc., Chicago,
IL, USA) 5% ; FIlH Microsoft Excel 2016 #4-5¢ il Z: A .

2 HR55%H

2.1 FEKYGEBZERE

XTHAALFE T1 A0 T2 03,7 A 1 H—7 H 26 HAHFEFKAVEFRARKB B (CBAEH I KM o) |7
H 27 H—8 A 24 H W& FRMAFHA K B B (L FE M e300 k2235 R ZLav) o o T s
HIE K I S 4 KB FR A K B B (EL2: T T T2 b B3 e hh b A Frnk 22 30 58 K | 75 B oK 3E
T HT BRAL BT 4K od , FLEWHIHER od , FEER T IH—FLBUH G RIFEE N T 9d(% 2) .

x2 BEERWEANER

Table 2 Observation results of phenology of spring maize

Ab B H PNUIINEE ] il JFAES] 22 19] AR FLA
Treatments Jointing Opening Tasseling Flowering Silking Filling Milking
X} Control 7/1 7/14 7/27 7/29 8/2 8/11 8/15
T1 7/1 7/14 7/27 7/29 8/2 8/11 8/24
T2 7/1 7/14 7/27 7/29 8/2 8/11 8/24

2.2 X R AL

XoJ A 3 1 A SFEAR X BE AE 55%—T70% Z [ 5l , T1 F1 T2 Ab 35 AR XS B 2 Je i Jm 3t 3, 5
KB —20, AT K T AT T2 Ab3E Y A S8R X 10 3T R 3 A K, o 310 7 ol 300 R vk 22 0 36 3] d /s
{8 35.27%F1 33.62% ., T1 F1 T2 AHEE K5 , F F K L GEARXREERE I (& 1) KA BEET, X A B T1 Fi
T2 AbFRAY - AR T 2 M 25 575 # AR AR BRS , X6F BRALEIURN T T2 A B ) 4 SR AR X B At B e 2
(P<0.005) , ikBI T KBR
2.3 ARFREACFET FH EOK A B A S RRIE AR L

ANF AL 3 KR [R5 A ) - AR X e AR 2RI R AL B A X SR 3 i A
IKEEIE 35 25 55 (P<0.005) (3% 3) , & FAKRYMBEIHAUK 73 B9 28 BAE T T BEA X BE SAL T 22k
B LR R K Sy A8 4k B 3 (P<0.05)
231 FEACEAFAERRHE

ANFAEHTR 35 ORI 0 A AR SRR S S B AR U AR fb a3 (181 2) o FEEFRAE KB B, ot &l
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R ZR I R AR LT 8 i 0 A 1 0 S N A A
ATEA R BB, oA R Z8 I ORI FL R B R
i (R O 2 ST e D A R
FERARTW], X REAL T T1 A1 T2 Ab PR E Kt
R EA MR | 28 1 HOR AN S A T K
L, AN R T B 22 5, 5K, T1 fl T2 4k
PR TR R oG G 280 SRS AL = B Lokt

—— X CK —— TE4¥1 Tl —=— TEA2 T2
85

[V = N |
wm W W

R
Relative soil moisture/%

S

W

35
TEALIHAY R IR B R, XTREALIE T1 A1 T2 Ab PR FOK 25
I F IR AR R R ST R 2 R 2z 22 Ep =2z 22 =
MR/ IME, FE b, M1 390 A 300 4 ®2 g8 FE Fe ER w3
TRET 17.12.25.78 .24.06 pmol m?2s™! , 7% i T Ry 5| < {5 Phenological stage
FBET 3.63,4.06,4.71 mmol m™* 7, AL T B REMEE RS RSN

F%T 0-16\0-18 \0-18 mol miz Silo ﬂmx, q:qE[:ﬁi T1 ﬂ] Fig. 1 Changes in relative soil water content at different
T2 A 3A: AR ZRRAE ()T B B2 R T % B AR 3, fH3X phenological stages
FIA X AL BRAD T1 T2 AbFRE F2 4= K o BE A ) 4%

PR
x3 FAEVEBTEERTEYERHEBESHENNEETEST
Table 3 Two-way ANOVA of ecophysiological characteristics of spring maize
A ¥ Factor RSWC/% i id 6/ SPAD LWP/MPa
(pmol m™ ™) (mmol m™s™") (mol m™s7")
K53 Water 18.922 " 17.173 %" 23.666 """ 18.484 """ 60.1727"* 16.095 "~
Y] Phenological stage 11.737*** 35.484 % 23.995*** 38.878 *** 61.659*** 59.158 %%
IKAT x5 Waterxphenological stage 2.942 % 2.049 ¢ 2.841 "% 5.982 " 7.615""" 2.796 "

RSWC ; - HEHIXHEEE , Relative soil water content; P, ; 564 # #, Net photosynthetic rate; T, ; 7% 5 3 €, Transpiration rate; G, ; L5 &,
Stomatal conductance ; SPAD ; #IXf M4t ZE &1, SPAD value; LWP . 7K #Y | Leaf water potential; # | % | %% S UCETE P <0.05,P <0.01 il P<
0.0057K - |- 22 5 g 3%

A B AR R TR A AR S RE (AT o . B EORIE AT A KBS |, A AL B A 2 B A R AE 22
SRR, T1 AP THIEI K T2 ATk 22305 K Sl 2k 220 oG sl 32 280 MRS AL
SR E T BN FEAN A IR EEAE . T1 AFR A EOGE R ZE M R AL FIHRE RO,
XFRRAR YR 2 T2 b PR/ P ULAE AKRT T1 ARG A A BEAE S R F = AR SR VR A T2 Ab Bt 22 3 52 K 5
He A A SFEEA B3 BT, T1 R T2 Ab PR A6 G Bl 56 2% 1 ol 2 AL 3 X A i 22 30 2k 2 4 K
B, BRI TGS X RO A R 280 R A AL S B AR i 22 I3k 3 A /KO ESR oL &
TR FE M RS L T T A M B I /N T TR T2 AhFE RIS KB A T R BRI T T1 R T2 kbt
R ECA A A S TEYE, MR B LAY, B R ORI R ARG R R R R T ORI R o6 A R
KB BRI AL Y R TR
2.3.2 WMEREREGEAMIKHEAL

SPAD fHAER FKEFAERKI B TREEH (K 3) , K5, T1 #l T2 LY SPAD {H H X FRABRR T
Rl RE R, X IRALEE T1 AN T2 AbBR A T KM A SPAD i 2 A s B/ IME . E A A5 2R K B B, %o B 4k
FEAY SPAD fHIFIRHE K, RINE FKTE T Z MR R IDEE/EM . T1 A T2 L3555 7 e 35 A
22 152K, K )E SPAD B L THIEERA B3, X RRARER T1 AN T2 ZbFRAY AR oK B SPAD {E Y FHEH I
RIRME, R B A, BT R A Bk, SPAD (H5 TR, EIRAE KB, AT 24 H 2 6
f) SPAD (T i 25 5 s AR FE A K I B, W IR AL LS T1 T2 b3 6] 25 57 B 1 K, HAA X B ST1>T2, 0
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Fig.2 Changes in photosynthetic ecophysiological characteristics of spring maize leaves at different phenological stages
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Fig.3 Changes in SPAD values and leaf water potential of spring maize leaves at different phenological stages
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2.4 B EARYME S A ARSI 5 RAR S A

RN TR, 7 RPN S 7 oG R e R i KSR R W), o, & A B
FRYEI S e G AR K HAEITE 0.01 K-F 122 B A G, HASCR B E 0.5 LL (%K 4), HAHE
AR BE 55 WA (A DG HEAS 2, 2R B - SR G B 5 W0 2 MU AS AR AE TR B R A E R

R4 BFERYRESEBRESEFHHEXMEST

Table 4 Correlative coefficients between phenological stage and ecophysiological factors of spring maize

P,/ T/ 6./

Kb Treatments RSWC/ % ‘ SPAD LWP/MPa
(pmol m™2s™")  (mmol m™2s™") (mol m2s7")

Xif #& Control -0.041 -0.737"" -0.328 -0.149 -0.423* -0.596 "

T1 -0.029 -0.788 " -0.362 -0.161 -0.803 " -0.655""

T2 -0.205 -0.854"" -0.628 ** -0.557 """ -0.797 " -0.633""

* Fl# % A3 BIFCFERLE P<0.05 Fl P<0.01 7K (XU | 5 240 X%

2.5 FF AW BEA 2 K R 1 A AR 2 B
A4 B TR B R N 1A SE AR (R 5—7) o X RRAREERT T1 Ab B 75 KP4
FLAERZ MR N 5 400l G s AR K 34 T2 A P B 75 o K WA ) B3 R M) [R5 DR 1 S 38 i 7K 4R AR
XHEBE , R WK 5 1R 1 T AR B TR A 3 B B A2, SR e 3 T KW o B3 LR £ 0
B,
£5 MBLAEWEHSEEESETOBRNN

Table 5 Path analysis between phenological stage and ecophysiological factors of control treatment

IHESHEEES

e o N . v 2 2 .
AT MAHCRE  AHSE R Indirect puth coelfcients RIFH
Physiological and Correlation Direct path Decision
. - - P,/ LWP/ R -
ecological factors coefficient coefficient At coefficient
(pmol m™2 s71) MPa
P,/ (pumol m™?s7") -0.737 -0.588 -0.149 -0.149 0.521
LWP/MPa -0.596 -0.333 -0.263 -0.263 0.286
F6 T1IAEMBERBHELEESEAFHERSW
Table 6 Path analysis between phenological stage and ecophysiological factors of T1
HESTHEEES
; e - N v 2 22 %
AT AR IR R Indivect path eoeficents AT
Physiological and Correlation Direct path P Decision
ecological factors coefficient coefficient " Lwp/ At coefficient
(pmol m™2 s71) MPa
P,/(pmol m™s7") -0.788 -0.614 -0.175 -0.175 0.591
LWP/MPa -0.655 -0.331 -0.324 -0.324 0.324
x7 T2REYEHSEEESEFHERSN
Table 7 Path analysis between phenological stage and ecophysiological factors of T2
[ 4 75 R B
o . 2 e e A 2 vh %
AT R R st pth eoelfcionts I RAL
Physiological and Correlation Direct path P Decision
ecological factors coefficient coefficient " LWP/MPa RSWC/% At coefficient
(pmol m2s71)
P,/ (pmol m™?s7") -0.854 -0.787 -0.152 0.085 -0.067 0.724
LWP/MPa -0.633 -0.333 -0.360 0.059 -0.301 0.311
RSWC/ % -0.205 0.210 -0.320 -0.094 -0.414 -0.130

AU BN A TR B iR R B I T o oL A R 5 8 TORPI A& R A AR S M i —
B, UL S AR T KW M A i B A TR 2SI 1 5 R o W i A B FHOUR T & R
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KU FKRW G 1 Se 2 B HA W) R E RS2, SR 5 A R B EE  FROS2 R, X BRAR ] T1 #0 T2 4B AL
R AN K S50 A 5 oK W) 0% B LA 2 O B {E (43900 0 - 0.588 . - 0.614 . -0.787 F1-0.333,-0.331,
-0.333) , R HGOGA A AFNI 7K Spl ME ) e IR | 5T 52T A T2 2 PR FOKFLAUIHEIR A 4518 —
B, XFHRARER T1 AN T2 Ab P A K S0 e i T4 ] 3 2000 5 o6 G i AR SE I, T2 A P AY - ARG R
Xof Wy ) ) e 4 P TR AR 2 00 i v 6 5 S AR S I, (LYY 0 SR b ST X8 88 3 5 P 7K o o 1) T 4
FHARXFE /N T2 A 33 - SEAH X P X W M ) B 4230 A2 R BB R R IEAEL(0.210)  (HAR SC R B TfA, oK
AR X T o O B AR K S e 7 A TR B B RLNE

TR ZBL R J2EAR S HT P TR SRAE b, B AT LA 2% A A2 i PRR i 2B VR TR RO il i 2 SRS
e 2 PR AR s R SR e O SR R B R A i BIR ) A R O DR R BN H o S E R
FUEP BRI R W, AN [R] Acb B v 75 T K A A 30 A A B A S R T R AR B Y O X BRAR B RY s, >
Ry TUAEIE R gy >Riupseas) - T2 SE3 Ry >Ry > Rl o A IFRAEBEAOE G BRI PR
FRR IR, N0 & AR IR FORPI R A 2 2R SR i, T2 b B b A 8 A4 D SR 2 0k B (H HLAR
N,y R A

3 Wit

TR RSN R R T R AP GAR 20 (EUE T 50 AR 1 M0 14 52 1) DX AL 4 288 0T 5
SRPE AR S . AERRBEAK S INa T A — e R A KRR S R L AR o« T ki 1 {EAE 7K 43
Wi R E R AR SR AT ERBUEYE AR EFT Y A EERREHY I EREK
B RO A ariE S G A R XK S a5 A UK K A3 Wk aE 2x W S R TR A I Y 1
SRS LA R TR, SECT Y R YR P LU (R AR RO B R, K
ST IE B SE R BAR ) ) AR BIAE ZRRAE (RS 22 57 2 e = A R 2 b 1K B — o AR B I A RE S A
P ARA . ASBITTE P B R R RII e = A 22 5 T I W A= A 22 5 R AR TR I A
WAFAEEO A HR I fih A BI(E, H A T4 G BRA B X — BUE I A A AP i 281, PRIk, Rk
PR YA AL RO G AR T

P 21 .35 REYFEKAL B S 45 7 REEK AL BAH L, 7 o653 80 R L B A&
RO A A FRLEE T R, ELAEKI R R B A E B R AT e SO e B A RV A 1 7
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