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X 1) 2% b #4205 B B R DR D5 e O
AERZE TP RS FA™ 81 2% 2R AR ILARIE
(OIS YA Tl AE AL T AR i A 52 91
JETE B iE XA AL 272 e i) 56 3 BEAT AN [FIE K
Tt KPR B RS, 32 1 Richards fARU D4t &
TR Z AN H A KA RRE (GDD) [ R,
Fx B AT AR R A K S B AT i BT, IR
FCVE 7Kt SR 7] F 2% 4 _F 35 T4 o AR 2R R 1 R 9%
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JRAR RR P BRI AR A, Dy ) 2 Ak
EH v 7T R IR R AR R SR
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1.1 RIE X

ST 2021 AR AL 7 RABCE B N S B L L
B B XAR POV R B R IR w47, LIS
B4, iRt 0~20 cm HHERIAR & EA I
>2 mm (5 8.77%, 0.25~2 mm 4 9.54%, 0.053~0.25

mm & 9.71%, <<0.053 mm 5 13.43%. R4 Hi e
F 5 15 2 L3 E R pH AN 7.9, A HLT & 9.6 g/kg,
AR E 7.5 mglkg. #A5% = 3.8 mo/kg, HRBEE
11.4 mg/kg, X8 & 65 mg/kg, PHES FA5#e & CEC16
cmol/kg. RIGH KA SR H 2% 27, RN 5
H7H, Wk 9 H 29 H.
1.2 It

RIS KR &t SAEES 3K, DX
36 m* (7.5 m>4.8 m) , T RZEXUAT 78 N HE 1A%
R, KZE[AIEE 120 cm, /NZE[A]EE 40 cm, [A) H %%
PREE 60 cm. ARIGILRAT 9 MbEE, A E R
%, & 3MKFE, EREN I MEGEL: ANENFE
WO (FBIEFP, 5 ERT/K 300 m¥hm?) | ki
WL CERERE, 2B E WK R 900 mYhm?,
FEIE AR 7K 300 m¥hm?, 5] 300 m¥hm?, B 1]
300 m¥hm?) FIF 3 EEE W2 (R, A& W
BEK & 1500 m¥hm?, #&J5 R 7K 300 mYhm?,
#1300 m¥hm?, $135 # 300 m¥hm?, 7£ 1 300 m¥hm?,
WES I 300 mYhm®) . BIFE N 3 MiEEKF: 0.
135 kg/hm? §1 270 kg/hm?, o4 NO. NE #1 NF.,
Hrh NE 135 kg/hm? £ AR $ 1) H 255750 & % RS0
o, A EE R E (AR RN 46%) , 30%3
Jiti, 70%iE5 (HRIET7 H1I0H. 7H24H. 87
H B RN 5 BEADRIARAC I BA% B 0 LR &
G2 F B4y W 70 kg/hm? §11 120 kg/hm?, b
B4RV E AR, BFAE R 12 fE AR AESE AR, 1/2
B (AE7HIOH.7H24H,.8H7H. 8
H 28 HFEHMERN) o £ WIFRKEINE 1 i,

k1 AHMEKRE

Table 1 Precipitation during the growing period

6 H 7H 8 H 9A
I 8] LEMET
T N I 1 N 6 I 11 I X I S M
[k 2/mm 12.7 41.4 9.2 4.8 10.8 16.9 26.1 16.2 1.6 25.0 164.8
HRAREIC 156.2 210.8 345.3 439.6 556.9 687.1 766.9 821.3 863.4 926.4 984.8
13 MEMBS7E LU
D TYHRMRR (DMA) GDDi=Xi | pAT; (D
FE I H 28 HIARIC K3 — B ) H %% 20 #k, 7% S
AT HSEE B, JTE MR R pat=) 2 T TmedtTen>20e o)
J5 . REIIEL 3 Mk TR AR, FERE)S, 7785 C 0, Tnaxit Tmini < 2T

MrZ2ERE, e TYRE.

2) KPhir= &

RIS, BRI /N X H [R5 K ZB WS R I o

3) AR (GDD)

AR 4 A O o 22 e 280 6 /s 284 5, G 3 M 43
(IR SR TS 1 A S8R K R, 1Y

e 1Oy H R RS 2 § % GDDy A H 254k
JRES R DATONE | REA BRI
Timaxi A1 Tonini 29 CR ST 2 1 R 00 B et IR AT B IR
s To NI HZEERBRAGRE . AER T B8
10 C.
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1.4 Richards 8! & 3RS
1.4.1 Richards 4 & B 4 4E £ 4
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%} Richards 75 F2:R 5753 ) H 25 B30 5 A
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b-cx

= —de— (4)
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(5) Pi7s:

Voma=

g E
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A TR H 25 B 9T o B B Rl I AR A R
N 0 RRAF T AR SR A B KN AT R Xmas
W= (6) -

(5)

Vvdma=

Xmax:b- InN , ( 6)
c

B Xmax AU (5D ZUATBATHEL M 1) H 254 _E&TT
PFAR S BRI Vina, L (7))

Vmax:AC(N+1)'(1+i,)y 7

He Xoax RN (4) AT RATHEEL U 1) H 20 b 1
VIR R K T R Yumax A Yvmax
Piv i 1) H 25 b EART AR R RO A I
sk, W (8) —il (9) -

Y vVmax= T, (8)
Vmax (N+1)11V
|=Lmas  100%), (9)
A

X (5) £ 0 B A LA 49 R A5 5] DMA
[P A A Vag ™
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(12

N2 43N-Ny N2+6N+5
X2:-ln .

2eb

W AR X0 F1 X2 23 AR TR (5) wT LIS 3 [m) H
ZEHN 1T o AR B 3R ) ik I AR A R ) e KA
f/ME, LSRR 1A H 280 B3 R AR AR N
WG PRI R I, BD [0, xo] TG,

(X1, Xo] ZPRIGHA, [x,, GDDy] 251, GDDyy
R G BWGRI AR . 2 x5 x A EIR
AR ZORE Ax, W (13) .

AX=Xo-X1 » (13)
¥ x AR (3D 153 I 1) H 25T iR R &
Vi, B X A xg 3 ARG (3) FFA AR B HA

7] H ZE TP 58 8 & y2, 4 GDDy Fl X 73 HIARA ()

A FARIAS 222 38 B e H 25 TV AR R yse

e T

yo= - 1- N D (15)
(oo s

Ys= a ) (16>
(1 +eb—c*GDDm)N (1 +eb-cxz)N

RIS R &y, BrAE B AT A
RE (y1tya+ys) BRIV AR R E L ST
FA R & B L z.

o
_y1+yz+y3°
142 BAH AT

F v 280 (coefficient of determination, R?) .
FREA I 775 % (normalized RMSE, nRMSE)
FISE 4%t 2 (average absolute error, AAE) X7
FRRIPLA RO BT A, ot 5o,

2
RZZ{ Thi0 $(S S } , (18)
22 (0-0)] oz ()]

0.
nRMSE=[22 (0] ,
=100
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n &

Oi‘Si| ’
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Fig.1 Fitting of Richards equation for each water and nitrogen treatment
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REARREIME K T3 BrME, 77 1 5 3R AU /S
TEbME, FUBREET B 2R AR E 5 ST B ez .

IR SRR, BEALIEEL 3 AN EE AL T 2
IRE BB KT 0.989, AruEAbIAI A RIRZ 751N
8.28%. 7.52%. 9.52%, JrFEMIBLRI RN TS, I H I
R IR TR P REIIRT 098, “FIg4axt
RZELPINT 0.6, FREALIIBIERARZELINT 12%, 3
B Richards FAIGIANEZK B A T 1A H 253140 E T4

37



FEBLHEZK 23] http://www.ggpsxb.com

AR R BRI RCR ARG, I H R — DT
KT AR R ESEE A bR e
2.2 NEPKEALIERT =) HZeith b ERFHIRR R A0
XA K SRAR B 40 & 7 R R AR 2 st AT
ZEoHT, AR 3. B F S T LAE AN IR R RE K
X1 CHYIBAR R R K T AR R T
YRR R B LLED |y, (BRI SR & A
z CHUBT YA 2 8 5 S TV A R B )
AN E T, X Yvma (YIRS R ORI (T
VIR R ED « Ax (PUBIIRFSES 1)) A y: A )
TR R ) A B o 1A Rt T3 1
YR AR B R f KN TP AR 2 S B T A
FEMLLED © y, (BT EE) Mz (R
BT R AR R RS BT YRR R B EG)D AHRE
FHROW, X Ax CHRIG IR E])D) A REPm. &
WIRE 7K it 26 B 0 ) H 28 A 2T 5 AR
S ARIE PNEAE UL TR B R PG X 2 B
(RIS RAE 25T AR 3R %

4% 2 ) B % DMA #) & L4249 Richards 424 th 4% & 3¢
Table 2 The curve parameters of the Richards model for the
dynamic change process of sunflower DMA

o 2 25 R
A b c N
NO 7.010 19.004 0.024 5447  0.985
W0 NE 9.474 5.724 0.009 1.080  0.984
NF 8.675 10.588 0.015 2100  0.989
NO 7.142 28.113 0.036 8.237  0.987
w1 NE 12292 13.241 0.017 2638  0.993
NF  10.079 15.801 0.022 2923 0.990
NO  11.303 11.867 0.015 2275  0.994
W2 NE  16.026 5.359 0.008 0.897  0.989
NF  14.379 6.703 0.009 1156  0.988
W0  8387b  11.772b  0.016b  2.876ab
K W1  9837b  19.05la  0.025a  4.599%
W2 13903a  7.976b 0.011b 1.443b
NO  8485b  19.66la  0.025a 5.319a
Jig&E  NE  12597a  8.108b 0.011b 1.538b
NF  11.044b  11.031b  0.015c 2.060b
F 056
Ik 46.06™ 15.96" 21.26" 483
e 24.29" 18.18™  20.40” 8.13"
T 4 MIFRRIE P<0.01 Rl P<0.05 /KPR REL R, RE/NEF

BERIRAE P<0.05 7K V25 5 i3,

14  Re=0993 12 1 Re=0.904 10 [ coso080
AAE=0.460 AAE=0.355 —
12 t _ ° %o 10 AAE=0.394
NRMSE=8.28% — RMSE=7.52% L '
10 f & " "o & 8 I' nRMSE=9.52%
£ E 8 £
st < 4 =07
= St <
=° oe’o =4 S
® 4T & =
2t 2 r 2r
0 ey, 0 L 0 . . . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 0 2 4 6 8 10
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B 2 & H 3 DMA 3h 5 K 69 5 48 5 AL i

Fig.2 Measured and simulated values of DMA dynamic accumulation in sunflower
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Fig.3 DMA rate dynamic change
% 3 DMA /x4 #
Table 3 DMA characteristic parameters
e FRES 3L
Xmax Vimax  Yvmax I Vavg X1 X2 AX Y1 Y2 Y3 z
NO 72317 1848 498 7103 1127 634.62 811.72 177.10 3.47 2.93 0.61 41.81
W0 NE 656.35 1989 481 5076 1323  500.62 812.07 311.45 2.09 5.44 1.42 60.76
NF 668.32 2406 5061 5835 1559  560.51 776.13 215.62 2.74 458 1.28 53.32
NO 74895 2050 545 7635 1211 679.51 818.39 138.89 412 2.56 0.46 35.82
w1 NE 71793 3540 753 6129 2265  618.67 817.18 198.51 4.36 6.22 1.58 51.16
NF 67131 3531 631 6265 2246  591.59 751.04 159.45 3.76 4.99 1.32 49,59
NO 72240 3133 671 5936 2021  616.12 828.68 21256 3.72 5.89 1.50 53.03
W2 NE 72746 3110 785 4898 2079  556.27 898.66 342.39 3.20 9.33 1.47 66.67
NF 75425 2983 740 5145 1980  597.72 910.78 313.05 3.29 8.20 1.20 64.64
W0  6826la 20.8la 4.95b 60.04b 1336a 565.25a  799.97a  234.73a  276b  431b 1.10a  51.97b
K W1  712.73a 30.40a 6.43a 66.76a 19.07a 629.92a  79554a  165.62b  4.08a  459b  1.12a  4552c
W2  73470a 30.75a 7.32a 5326c 20.27a 590.04a  879.37a  289.33a  3.40ab  7.80a 1.39%a  6l44a
NO  7315la 2344a 57la 689la 1453a 6434la 819.60a 176.18b 377a 379 0.85a  4355b
i NE  700.58a 28.80a 6.73a 53.68b 18.89% 55852b  842.64a  284.12a  3.2la  6.99a 149a  59.53a
NF  697.96a 29.73a 6.26a 57.48b 19.28a 58327ab 812.65a 229.37ab  3.26a  592b 1.26a  55.85a
F g
HEK 2.01 398 1297° 18237 401 3.64 4.26 14.4 7217 115317 0.63 58.73"
PR 1.02 144 234 25167 205 6.52 0.47 1091 1.56 81557 251 64.117"

T Xmax 1L F] DMA R KHEZ S 1) RGDD, Vi N DMA SR K, Yymax N VEVima W IV R E, 124 Yyme T 5 DMA 245 A IE L, Vag
N DMA [P . Xgv X AT AX 2350 37R DMA P I GaIT ), S5 [ AIRESEI (], yan yo A1 ys 3 BRI DMA 8601, SR SR 2208 30 00140
HZE R, 72 ) DMA P TR 28 5 AR EER T He Xnao X X Al AX BIEEAT CC) 5 Viaes Vavg BIEAL (kg/ (hm?<C) ) 5 Yymaes Yin Yoo
ya BAAL (O . 7L 4R BIFIRE 0.01 f10.05 K FZERBE. RE/NEERR R P<0.05 KTEREE,
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TP o AR 3R B AN it B O i R e T
84.55% (P<0.05) fI 18.12% (P<0.05) . x4/ [A

NTET IR S I A—ER B DL, AL
R Y42 R A ) A ed it R

BEAN, TR A AR = T TR RNk
AR, ETYF R R I HOR TR AR A2 A it 2R (14

ST AR K.
23 FREAEBENEREFYRRRSIEN =8
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2.3.1 #E,AHT
THE 12 4> DMA FEEE Xmax(X1)~ Vimax(X2) «
Yvmax(X3z)~ 190(Xs)+ Vaug(Xs)+ X1(Xe)+ X2(X7) A X(Xg)+
Y1(Xo)~ Y2(X10)~ Ya(X11)~ Y%0(X12) B2 =& 2 [A] [P FH K 2
e, RHKRBUERE, Wk 4 Fos. B CRRR
FR R KB T AR R AT A R
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Table 4 Correlation matrix between DMA eigenvalues and yield

A ¥ X1 X X3 X4 Xs Xg X7 Xg X X10 X1 X12
Xo 0.0701

X3 04982 08276

X4 02553  -0.3432  -0.4262

Xs 0.0453 09924 084607 -0.4549

Xs 0.6981° -0.0014 00815 08290" -0.1027

Xz 06941 0.0994 06136 -04771 0.1666  -0.0308

Xs -0.0054 00700 03693 -09103" 0.1875 -0.7197° 0.7161"

Xo 05791 04643 04440 06012 03654 08536~ -0.0498 -0.6307

X10 01732 06019 08090™ -0.8618" 06871 -04682 07125 08219" -0.1674

Xu -0.3898 06846° 05226 -0.7868" 07468 -0.6370 00963 05117  -0.2095 0.7070

X12 01294 0.3635 05056 -0.9892™ 04748 -0.7584° 05818 093387 05428 09115~ 07337

Y 02000 07796 08945~ -0.7626" 08407 03277 06088 06517 00427 095527 0.7521° 0.8068"

VE AR R B FUE ro05=0.666, r00,=0.798, n=9;

* wx

» TR IRTE a=0.05 F 0=0.01 /KF .
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yRCINEE: ¢/
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i 151 5 ~F- 77 Al e /s HARTE B0 & 2 K- F 1) H AR &
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X1+49.370X,+7.376X;, H Ak ZE N 099% 6,
F=153.19", ] Xmax(X1)+ Vimax(X2)+ Xo(X7) 57 (Y)
FAEE MR ERMLIERAR R, H XnadX1)« Vina(X2)
A xo(X7) 5 77 B (y) H) s [ U SR At B ) 1 Al 3, AL
# 5, LIGIERS R’=0.989 2, K E 98.92%
& KT Sl 2 BT ], e KT AR R
MR HISE RN [IX 3 AT AR R R 2
1, RIREER GREMEAEZE - EREZERD 78
HISZIEAY Ny 1.08%, PRI AT LA 18] H 77 AR T
k5 RUEAME I HAZ09 A X £
Table 5 Partial correlation coefficient of

optimal linear regression equation

HHRK R AR R A (R Al p i
ry, Xo) -0.948 4 6.689 0 0.0005
ry, X») 09899 15.588 3 0.0001
ry, X7) 0.985 4 12,9359 0

233 B EHAZME R
N YRR AT R AROR, 1 9 ML B sE
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DAAR B b FR00 5 18 4 7=

5000 r
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AAE=33.428
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Fig.4 The simulated and measured values of
the multiple regression equation
2.3.4 BEAT
A2 TCZ M [ VA 75 78 b B i 1] )3 R B OR T
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E X LE W) AR SRR AEAE A B, DL E SR B A
2, BB AN ] e N H . P
AT, P ATEE R IR 6, Xmax(X1) « Vinax(X2) 1 X2(X7)
RE T A RAR R 98.92%, 3 AT AR AR Y
BB REORAMEIRN X2(X7)>Vimax(X2)>Xmax(X1)
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Table 6 Path analysis of key eigenvalues of DMA to yield
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Effect of Irrigation and Fertilization on Dry Matter Accumulation and

Yield of Sunflower Modelled with the Richards’ Equation
WU Sheng*, DUAN Yu?", ZHANG Tingting?, AN Hao?, ZHANG Jun? LIANG Junmei?, ZHANG Sheng""
(1. College of Agronomy, Inner Mongolia Agricultural University, Hohhot 010019, Ching;
2. Institute of Resources, Environment and Sustainable Development,

Inner Mongolia Academy of Agricultural and Animal Husbandry Sciences, Hohhot 010031, China)

Abstract: [Objective] Soil water and nitrogen are the most important abiotic factors influencing plant growth and
final yields. This paper aims to investigate the applicability of the Richards' equation for modeling growth, dry
matter accumulation and yield formation of sunflower under different fertilizations and irrigations. [ Method] The
field experiment was conducted in 2021 in a dry area in the northern foot of Yinshan Mountain, Inner Mongolia. The
variety Long Kui 27 used as the model plant; the field was mulched by plastic films. The split-plot experiment had
three irrigation treatments: rain-fed plus irrigating 300 m*%hm?” of water just after the drilling to ensure seed
germination (W1), replenishing irrigation by irrigating 900 m*hm? of water at seedling and budding stage, following
the 300 m*hm? of pro-drilling irrigation (W2), and normal irrigation by irrigating a total 1 500 m*hm? of water at
seedling, budding, flowering, and grain filling stages, respectively. In each irrigation treatment, there were three
nitrogen fertilizations: 0 (NO), 135 (N1) and 270 kg/hm? (N2). For each treatment, we used the Richards’ model to
quantitatively analyze the changes in dry matter accumulation (DMA) and the impact of fertilization and irrigation
on yield and yield formation. [Result] The Richards model was able to describe the dynamics of DMA. The impact
of water and nitrogen on DMA and sunflower yield was obtained by the path analysis and the decision coefficient
calculation. Optimized fertilization made the period of quick increase in DMA occur early, while excessive
fertilization not only delayed the start of the quick increase in DMA but also shortened its duration. It was found that
nitrogen application expedited the occurrence of the quick dry matter accumulation period, compared to no nitrogen
application, while excessive nitrogen application not only brought the rapid growth period ending earlier, but also
shortened it. Irrigation in the early growth stage delayed the onset of the rapid growth but increased the dry matter
accumulation rate. In contrast, irrigation in the late growth stage delayed the end of the rapid growth period.
[ Conclusion] Our results provide guidance for optimal regulation of irrigation and fertilization to achieve high
yield and improve water and nitrogen use efficiency of sunflower production in arid areas.
Key words: confectionary sunflower; drip irrigation; nitrogen fertilizer; Richards model
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