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Abstract

Abstract

Rice is a strategic staple crop in China's food security system, with its yield closely
related to climate change. Currently, rice production is facing multiple challenges,
including global warming, increasing frequency of extreme climate events, rising labor
costs, and constraints on resources and the environment, all of which increasingly
threaten the sustainability of rice production. In light of these challenges, there are
several key issues in current rice production and management that urgently need to be
addressed. Traditional phenological models often suffer from limited accuracy when
applied at larger spatial scales. Yield models face difficulties in effectively integrating
multi-source heterogeneous data. Furthermore, regional cropping strategies tend to lack
suitability and scientific optimization methods. To address these challenges, this study
investigates rice development and yield formation processes and establishes a climate-
suitable technical framework encompassing phenology prediction, yield simulation,
and management decision optimization. First, the accuracy of phenological models is
enhanced at the regional scale by employing environmental clustering, providing
essential variables for yield modeling. Second, a high-precision yield simulation model
is developed using machine learning approaches, identifying key factors influencing
yield formation. Finally, based on the preceding components, a multi-objective
optimization framework is established for sowing date adjustment and cultivar selection,
enabling the formulation of regionally climate-suitable planting strategies. The main
contributions of this dissertation are as follows:

(1) Phenological Model Upscaling Based on Environmental Clustering

To address the theoretical and technical limitations of traditional phenological
models at large spatial scales, this study proposes an upscaling approach based on
environmental clustering. This method significantly enhances the simulation accuracy
of traditional phenological models when applied across broad regions. Results
demonstrate that even for the same rice cultivar, Shanyou 63, thermal requirement
parameters exhibit substantial differences under different environmental conditions,
thereby challenging the classical assumption of fixed accumulated temperature
thresholds in conventional phenological modeling. By introducing environmental
clustering, the simulation errors for five critical developmental stages of rice are
markedly reduced at the regional scale: from 1.8 to 1.4 days for tillering, from 5.3 to
3.7 days for jointing, from 5.6 to 3.9 days for booting, from 4.7 to 3.3 days for heading,
and from 6.6 to 3.7 days for physiological maturity. The study further reveals that the
models with a segmented three-phase linear temperature response function outperform
alternative models. Additionally, the influence of photoperiod on model simulation
accuracy becomes increasingly significant as the spatial scale expands. This approach
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offers a novel technical pathway for applying phenological models at regional and
global scales.

(2) Rice Yield Prediction Model Based on Random Forest Algorithm

Based on the national rice variety trials data from 2007 to 2018, a high-accuracy
rice yield prediction model is developed using the random forest algorithm by
integrating multidimensional factors, including geographical location, climatic
conditions, phenological characteristics, and varietal traits. The model achieves a
coefficient of determination (R?) of 0.77 on the test set, with a root mean square error
(RMSE) of 39.47 kg/mu and a mean absolute error (MAE) of 29.85 kg/mu. The study
further has revealed that he response of rice yield to environmental factors at different
developmental stages is inconsistent. Net solar radiation (r = 0.42, p < 0.01) and
daylength (r = 0.38, p < 0.01) during the period from sowing to full-heading show the
strongest positive correlations with yield. In contrast, mean daily temperatures during
the full-heading to maturity stage—including minimum temperature (r = -0.23), mean
temperature (r = -0.20), and maximum temperature (r = -0.18)—are all significantly
negatively correlated with yield. In terms of agronomic traits, the total number of grains
per panicle (r = 0.45, p <0.01) and the number of filled grains (r =0.51, p <0.01) show
strong positive correlations with yield, underscoring their role as core determinants of
productivity. These findings suggest that increasing the total grain number per panicle
through breed improvement represents a key strategy for yield enhancement.

(3) Regionally Climate-Suitable Planting Strategies Based on Sowing Date

and Variety Optimization

By integrating phenological modeling and machine learning techniques, this study
develops a multi-objective optimization framework for sowing date and variety
selection, enabling a systematic assessment of the impacts of different management
strategies on yield level and yield stability. Results show that adjusting sowing dates
alone can increase yield by 5.04% and reduce yield variability by 3.41%. Variety
replacement leads to a 9.83% yield increase and a 5.26% reduction in yield variability.
The combined strategy of sowing date adjustment and variety replacement yielded the
best performance, with a 10.57% increase in yield and a 6.06% reduction in variability.
The effectiveness of each strategy exhibits obvious spatial heterogeneity. The combined
strategy is most effective in the middle and lower reaches of the Yangtze River and the
Huaihe Plain, achieving a yield increase of 13.15%, while the lowest effect is observed
in the Ningxia Plain (3.54%). In terms of sowing date, the sowing date of early-season
rice can be delayed by approximately 1.1 days, while the sowing dates of single-season
and late-season rice can be advanced by 0.2 and 3.7 days, respectively. When variety
replacement is also considered, significant differences in optimal sowing windows and
variety combinations are observed across agro-ecological zones. In the Yangtze River
basin and Huaihe Plain, delaying the sowing date of early-season rice and advancing
the sowing dates of late-season rice extend the total growth duration, resulting ina 13.15%
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increase in yield and an 8.97% reduction in yield variability. In northern agro-ecological
zones, delaying the sowing date of single-season rice also prolongs the growing period,
leading to an 8.56% increase in yield and a 6.20% reduction in variability. These
regionally climate-suitable planting strategies offer an effective means to mitigate
climate-related risks while maintaining high and stable rice yields.

The rice growth and yield prediction framework developed in this study
establishes a complete closed-loop system from fundamental theory to practical
application. It effectively addresses key limitations of traditional agricultural decision-
making, such as overreliance on empirical knowledge, low precision, and poor climatic
suitability for regions. The research outcomes provide accurate predictive tools and
scientific decision-making support for rice production under climate change scenarios.
These contributions hold significant theoretical value and practical potential for the
formulation and optimization of climate-suitable planting strategies in China.

Key Words: Yield Prediction, Phenology Models, Environmental Clustering Method,
Random Forest
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T FRIIR B B, R REAERRE R M BURIEAE T . o, e i BN AR AE
IKFERE RN 2 T A6 2 18] (1 G BOU A 25758, 75 1 3 R0 2 BE R - [ AR B0 G 2 8L
BV, YERWAEAAAEIAK > B AR S 40 Can 38K 4y i 25 KO RIFCR )
AR NI

LA KRB 5ASB 32 BE 43 D R 288« AN p I P55 DR 0y ) A 2 A I P — o ) A 3
7 R 59y (4 S 75 (61641 G oo i 7 14 4 P i 305 R A T G T, 56 ) SRR A (1) T
MG R A o ANFZ AT, I RS A R T H KUK Rk &
B B i H AL, B RE T Ok AN

FEAN BRI 2 DR B B KRGS o, AR A ) 6 3 R Rl P g 2 T =X
B R=Fh R B —Fh R R K B AR L (To) FIROEIRE (To)
BRA B (T, KEEZFEM To TFUEFEFHREERINE] 1, 4 T=T. MK
B F R K HAREAZS, 41 CERES-Ricel?85861 | STICSIT, WOFOSTHAZ 17! ,
BRI Ty, BROEEER - MEEEE, ARERE (T , REHE
FEAEIE B FE VO B AR FF R R, G B U e 82, 1 GLAM-Rice #57Y,
CropSyst i /; 55 = FhR A 55 L1 = AN S, BRI (Ty) So@ i & (To)
AR (T, BLEEEM To 3 To LARHZE I H R DL To B T LAHHZE
HGER, 2B ML, WEse 2 SRR CoKFERER T B, o TR
RiceGrow HAIS), BRI /KRG R B R B 50N [ LR PR AL

TR FE— S BASE R SR B K FE A B rh , KRB 2 0 92 5 H BB AED
X R H IR I R &, i H R (] 2 2 K R 1 sl e A g K 45 169
72, KRR T PR U N 5 T R R DA A S . R B R X
S JE P o 7 o A e B P R B o S A e S, A R B
LR PR B AR LR M R FRE X, BPFEH K (DL AR THEH K (DL B,
REEEANZ DL LRI, Y4 DL>DL, I & & % HE % DL 8 b DLZk i a8
Fe B AW, W WOFOST #E%8 . ORYZA2000 A7 F 61 5 Higs A [
K B A =G 38 AR KRR R B RN HKR) S Blmgpith2k, BEE
DL M\Z /1% DLo, & B H 238 N2 & KH, 24 DL>DL, i & & H 2 B W5,
TR A% N BRI Beta Y6 R 2L

DU PGB (1) — M AZ OB R JE T e AR IS, BIYCN R — Y S A e
AR 26 A T 58 4 AT 75 1 SR U TR AR 1Y) o (HR B AR W, (EPIR
B I TR R P ] IR AR E e, S BEM LA T A % . Wu &5 (2019, 2020)
(15,16, 75T 555k o [F AN [R b IX /N2« R K FH KRG (0 A2 A W 50 43 A, R I IR) — A E )
EAULE AR A3 Rt 5 O AT (8] 75 SR A 22 5.8%~23.4%, B2 AH A B9 VE 4 i b
HAT R EA WA ZRECR, Rl ERm RS, XFERTEREE.
Zhang %5 (2008) DB AABIESE, (EAK KR E BT 75 0S5 FE IR a6l if i 30
2R IEA L, AT SRE A R A YIE NS AR EEALS] . HK,
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Yk B % 2 N a2 1% - ARV R & 2B AR 2 st R Rr It 5 A D s A AR I3
[t ¥ 52 2 i #2076 7), Olsson 45 (2015) B0 H, ] [ 5 1) R R HA R 75 SRASE
KXY R B RATED K, 5255 BRI PR Al = 1 (0 45
ERN. IAEZOGE S 5 WA B RENE A REE, TERRSE (2025) Blgid
FZYE6A5 5 IR KRG A B B L, D% B & AN [R) PR 25 A B0 e 7 KR o
MR AL IR TE T

1.2.2 RN ER

TEDD = B TNl S AR R A R T MIAZ o 12—, B2 SO SO B 2 4
S 1) B B R T B ARFE T 7 R R B B AN e 2, P Al It A 3
2P T G . A R R AR AL = AN R EBTB, AR =R T iR Rl B
P AWT TR

(1) RWHEITRE 2N

BT AR HAAEGE T BEYDAG =, X P TR 7 A A AT S i A A
HOR R A, HEWT R AR FH AR (7 B /KRB, RS0 N SRAERE DT BETHRIR
PR B AT T AN, B0, SR AR Ge A | BE LI 270 J= i 55 59
AR RO EANECE, DR s IS BE AN R . XA VA AR BT 58,
B AR, ML TR R T - 15 55, S i & 5 ZEBN KR TR [a],
R ER A AT 4.34 A0F, AATEANR R AR T, 2R E
JUPATTRESLHL

3 o DU S s A OGS A S TR 5y kA, @3 [0 3 A i ST R
A T30k 8 ISR R PR 3R 8] A0 0% 2R o S SUI e v 7R 22 SR 1 B 2 P[] ) B
Z UL ATV, JERIZ A R B I B PP 0 3 A s 2 40 Tl A A e )
TARIE A DU 5 E SR AR I G Tt R BB L AR A S — b X1 g S i
ISR A R BB FE 0 G T S B H 575 D 8L, A [l U5 5 R Dy i X
BRADU X HABSE 3 o N\ e85, AT o IXIRTTEBRARfI(E, Hodls 5 5K A
XD, EE R N ITERE, Rl 205 TR W P ERER
TR IO o JRIMT,  H AR Z A Ge il [l AR R - AR, a2 Jul v vl
H, AR AR 7 5 R Z R AR R R . KEMTTURY], 1FY)
7 B AR A A T AR I L SR R AR e e LTS SRR L R, X
FPARZ IR OC A AN G, T2 (B AR AR AR XA DL N R B . HK, Grit i
Rk = X AR K BHrBRERIERNEE . Blin, £ AR s e T S 3] g
PR % A KT P T R I 7 B 451 2R 88900 A G 4 1A R e o o AN R KR I
BRI TNAS &, B T XXM BORr R PR, 3 U0 S S R B
A NI L . B, D S BR AR BOW B A B S A I e A R . St
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F R BT B SRR N Sk, ST GE 70 52 PR T P S e X Ve FEL AT o e AU
AT N, WE X IELPIATITRA K URS AT, 8 D S e s v Bl A AR 5
PRI 2, DA S0 R M GET AR R AR TR 0 B (0 T m] 5 1 8% 25 A . R4k
it o BRI AR B B0 2 PRV S B M MO AR, k20 R 1 2T P
S A ST TR Y A

(2) HIEERBEH

ot AR T B TR A R A AN LR AL R 1 P A I 7V, Il A AR K
KE &R R 2 =& . AR R FE DSSAT. APSIM. CERES
F1 WOFOST Z548 R a 155 & [2L4248] e AL GRS ALV E X SR AR S 7Ky
I JERN 57 7 IR 1] 5 2 R PR AR AR e 182, R A ok RO B A e ) RS S 20 A e

BT AR ALE B TR AR B A SR, WORE/ER . &
ER . BRECFITSE, MRIEHAERE R (WOeiR. B, K. RIERES) Akl
BRI COnFEAe . EBE. W R EEHIS BEMAKERE . BRACSRA T EL
B A KSR, DA T T8 R, tHE AR — RN
el (TR MR, HiEdZEKNBOKE & & B KT S BT 21+
Y, I EYI A K R B iR - Challinor®3X%} 67 TAEYAE B 583347 1) meta
SyMT R, AR AE S S R RS A T OL R, REE A ROV AL AR EY)
FEEIIRI . SRTT, T RRAR AT S HORS T NG N T 2 R, R KRR A
H TG S50 X S AT R S pk AR 2

H AT, B AAMITF TN G5 T 3 A AR R B B E £ G LR LA
I — Rl TR SO CIIn AEYIK S R 0% . IR BT S ) f1 2
Bt il e RS2 TYRRER . SR8 T8KERS
PASCREIKRE S /N L KA 2 BERAE D A& B R 4, DLIE A [F) 1 X A E A 1)

o (0% 93960, S v 3 3 0 R A SN 5 4R e T R PR B [ 4 R
A Z I8 (R s s . "R e DI AR T Se A . 4

AR BEAT VA Sk, AT SE A A it T DR DX 4 7 8 0 A P AR
P70l = RO AR IR b A R ASARMRE A . 2B BT AL & 2% ST 5N B R
b AR R A A OT08], i g o HARE M TR SR, R R IRFSCRE R, —
J3 AT R SR A A S AN A A A 55, 53— D5 T R B 4
HuPPAG A R G R T R SRR AN 2 s, 5 BhAR RO E M s . EL A B i
LSRR, DR AL A P 2 o

Ve R A% H R BRI LAY, EA R [AfF 7 R, a1
Y= AL RAR 2 AN e . B, MR ATENE. TR, AL,
K A2 SRR N B R S AN M (¥ = A R ZRJRDOMOL i1, Asseng
55 (2013) DOOIRF 4 gk 4 ML AR/ = B FUR I, 27 Fh VIR L3



W1 ik

R B A R AN SE 1K T 17 Bl GCMEs Atk NI E P, I BLASGX MEAY f A
FETEIR TR I 257, IEAh, HATEYa R E 2, ARG R SRE.
A AR ARV E ARG S T T R . Seih R, 20 4 50 EARRICK,
EKREE RSN T =B BOEE B, P EEZRBX O SR T 4~6 AT WA,
ZXRE b R A i B3O8 3~5 4, RFAARRIE P B J7 . PUBEAN & Ry
S5 T7 T A 2 22 U008, SR BRI SR AN At A AT I HE . SR T
FERFURERLHT o, TEAH A b A S BT AT S CAIREX, R ) 5 3 4 SR B A T it A Rz
e, SHCRHAG T 5 R BUE IR o PR, AR AR A A R e AL fE
TR K2 BARIB R i AR A (NIRRT 5D X7 &
SN 75 T A IUANE o X LERR 1 38 3T 2 B AN e VAT S R PR ASORY] i ik e it
JETRTAGIOOO), A R A PP S AP TT THT, BLA R A AN 2, K2
KA 3 AR AR SR 0 KA SRR R L 20T B R S KRN, T
AF B i L AR A R s B R M, X S S IR M 2 R
A ZE I K

(3) EEEAEA

2B SR A 7 5 AR ) ) T2 S A B A A A KR, R S A A i S = = )
[FIoC R R IEAT P2 A I . FURBE A R ECR AW S0 7%, 857 NDVI S5
RS- ENEIEXR, MERBBEARKIKRE, GRS RS R
TSGR AT A 8 B A 7 (1 2y vk T 113

MODIS-GPP 77 i fil CASA #ALRE I T A& ReR B AR R = i S), K
RIALET R IRIOR U . SN ED A KGR, (B2 aZ MK, B m o
KRG AR T I B AR PR L1, S AER, £ YA il A 22 B AR A
B A T PR 5 o RS B A B A LR 2 SR R R R 4t 7 (Crop Wateh)
LR T BRI SR AR G TSR, S T A 3 R A 1 R TR,
XTI KPR T AN 7 V0 EAMICE, S 1 7= Sk 0 BB 2k B

H AT 51188 2% S A B AL P2 Bk B9t 2 Tl v B R fE 47
. 40, Filippi 5 (2019) MEUR] A OCHRINE PG 1 2 2R 5 R A HE 4, 8
BEALARMR (RF) BERUEEAEY =&, 45K RF BB 0] DLAERR Hh 0 4 A= 4 (1)
FeeE, I ELAE T RAS 0 s ) FG Atk DX LA T A Y S AT . Shar 5%
(2020) POVELF- 38 ORI S , (8 T DUARBLAS 2% IR AY 08 g [ £ 7 o
2L SRA . KOTARFN S i FE R L) A7 A e S 1K K 2 e AT T
Fif YO0

1.2.3 EFHEFINEY~EENMRER
PS5 STEORIE A ARAEA R S At U U IAT 1 SRt e, oo oK i) et
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2 AE 1A R G R ARLRNE AL RE /1 e SR T iR SR At 1R FU kAR . BEE T
BLRE ST SETHRIAMY KA (AR 2R, WL 22 S A AR S I i S H H 2
[z, T TR GETE 5 ) BITR 22 S IR B G . SR G4t v A AR AT
b, HLEsa7 2 J7ikREs B 8l iR R 2% AR S RN R B S BN, TE R PSR
BOAR B A AR R 0% 22, AT SE A L S M 5 BR 3R S /R 7 B IR ) R 2% SR K
RET AL SRS [ A o

(1) ZAYFFS)HFEEFEGNPRINA

XFFIEANL (SVMD =2 f - TRV = B HLES 7 ) ik — . BT
SR KRS /MU JE 3, SVML 1A bR BORHIRYE 2 s Wi B s 4ERpAE S |, 4R
B2y 2Bk B R 1 . Zhou %5 (2022) BOZEFRM b [H B N B, Hhig
T SVM HIHABHLER S 2] LRI, 455K SVM 1R85 &S A s TR E
JEEE T TR PUH UL TEFEAR R PRI X 3k . Karimi 25 (2006) P8 SVM
ST R EA I, 4550 SR IS B TR gm0 ENFEY
BetEss (2008) BRIEEF SVM JF & T /KR T F e Bl s e i Al 8, 3L RMSE
FCAH N B S8R AL B 11 N 20 5. Yoon 25 (2011) PILLEG T SVM. 4K
25 M 2 o RNALE L H N PP 2RI R R I, I SVM FEAR R R 2R S A —
FPER AN BAHEIHE . SVM % R BUREE e A em e A K 53
BEDH AR B 2 AR LR E S R, 1X— A/E Khanal %5 (2018) BP2HEHF 578 FR A5 23640,
AT TR i 7 2R R R 5 SVML 456 F T Tl 38 AT oK &, AR T
TSR, SVM B RUFIZ AR SR INFEAR BE R, R liE &
AV AT S () “/NFEAR . T ERFIE” SRR R (H A R R BRI S AR A AT
FEAE— 8 EMME, HHEE R A SN g B, BRI T HAEREERE Y
3= ol N ) A EE [N

BENLARAR (RF) VEN—FhEE a2 21 51, il A a8 2 AR USER H BUH 1 25 71
M2ER, HROFD> T B E 7 Z RS A R . X S E AU, mT b2
e R ot H R I, AR 2 A b R I H . Jeong %5(2016)
CL2210) F BEATLAR MR AL 0 A7 T S TR I = 5 SRR TR R, HERHAE 77
TN AR i A AR R AR ZR e B, R ) 2 0 T R B A RN B R e i e i
R RCRA TG S i85 . Everingham 25 (2016) MV BENLARAR R
TR R Al U, AR & 1 FRIRS P I TRl 1 S B Pt A1 5~ F) R XS B
B, I 7 AR RO A K FEIH K & s - 2 1 R 2K . Leng 5 Hall
(2020) PHRGAE T RF SRS IR ST b R, RI
RF FEFf 42 2 [ [R] AR S 14 07 TR A W AR, U H ARG 205 e A 2 It
FINE NFAE . RF B IFATTH S RE ) AT Bk SR AR 1 & M A AR B
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Bedi ab 2 p B St HNE, W Cai &5 (2018) DB sh i RF #4787 &k RE A H
EVEMIRA R ARG, N ENEE [ AAl. Ah, RF R4 E-FArE s
FEAR LU0 XRS5 TH] R B HY £, Khanal 25 (2018) R2IAF 5T UERH, 2T RF [
22 ) P AR TR A B v 0 P 2 R SR PN R oK B N R B v, ELvH AR AR
TIHABE AR . FEE SR I AR K E, RF FOEAEAROMD U 1) N A 56
SEIOTTRE, R AR 22 I A R P R N U7 T A BE A SR M

Fr SVM FIBEALARMR SN, ZFHLES 5 2 J7 ik N H TR = E Akl . AT
PR 4% (Artificial Neural Networks, ANN) 7EANE S Z2dELeME ¢ K7 H R I H
4, Khaki f1 Wang (2019) B2 ANN N H T3 E B K=& HN, @ik M
2R BN L e T TG FE o DLt S0y ) 24 455 25 DI BT H: g A 2 T8 7 S [ A 2R A0 O
R E M, TR RS VPG 77 T A JRER 5, Soliman™ 28155 ] F DL i) 45 44
7B AR S KRS 1 /N P B AR A

T PR AL O] AR S e (5, Lundberg UL Hiff) SHAP (SHapley
Additive exPlanations) HEZ AR ARREARAL | 48— T ikiR BEml, 27 AR T gE
WH 1) Shapley 1, A &AL 5 NRFEXT TG 25 BT oTik . 7EVEYD = 248 45
o, PR TR BHARCEINE BENHME. ARV, AR Al
T B A S i 7 T A, PR AR IS R, AR RO S
PRAL T RHEARAREA . RN SRR R SEW = R RS vl R AT (W EZN
77 1A, AT ERENLER 2 21 071, PR ER R T A MM EN AR
WA s RSB, AR OC A KB B S U, v iE BRI EY)
EHARAL 7RSSR SO0, 7R BRI F AR AT 1H, Hossein 25 (2022) BUREF
FEWRAN S 2 R E e 55, AU B IE RSB HEEE R A =TI G 7%,
il S R 7K 0 AR RGN i, R AR A T RS . FR IR
TR AR e TR, CAERIED R F R o™ B R 515 28
T I ) AR AT VR B, AT ST 1O O AL T A KA, Y5
T 7R TN AR B ) AT AR I R T A S

PLAS 5 IR ) PERRAR RARFE H A T U SRR i & B AAGERYE, T
AR Ak e ol AR AR B T 1 22 IR M o 2, RO IR 110 2 T) S o A R [
AL R R W . VEVIAERKZ Z PR, AR R A DRk, &R
BT SRR, X FECBAR A RIS R . RN, P s e E
EAEAAAEWT RORISR I, FERAE VR G H X, B S () VR 2 Wil £ s F e &
PAEE WV & AR BN Z o HIR, 22U B (R IS 25 43 S AN LB G n 1 #5040
TRALFE AN & 1) 52 2 v o AR B TN 75 B &R G s GEE ot s 8ds)
RERE (AR REEEEE CEHECKRAE D M- EgirH s ATEUER D)
G ZVE RS . XESHARAER R RO Mg B R EER, W
AT H OB ULED . SRS, &N VLS IO E EEORBER . 5]
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1, Zhao % (2015) WSARFFRIL, AR 2053 P N & 22 1) 2% 1] 73 A 515
E e a1 B7 R Rt 8

(2) REFIEFEMHVNPHEAS

R 5 SR AR 5 S BRI 73 30, DA SRR AR AR SR U 3 7 5 2] g
N R ZR RO E R AR AL TR TR, HBRMAM L (Convolutional Neural
Networks, CNN) 7E &b 3 7 [A] 45 1 Fdfs 77 1 R I 6, R i & 3 B R 0 s
TE L 2% (Recurrent Neural Networks, RNND X H AR G01-K 48 #1012 /0 2%

(Long-shot Time Memory, LSTM) W KA i [6] 7 21 54 v i 4 AR % 2%
& TGN A EY A K Sh A

Sun % (2019) WS T H:T CNN Al LSTM HJRAVRE % SJHESE (CNN-
LSTM) , B& PRGN G H IS, FuEmi 15 BB R K= 8. Li 55 (2022,
2025) M4SN RE e 5 5 2 YR AR A A, ST P E ARG X K R
FRE T, AR R2IAF] 0.86, Khaki 25 (2020) WU 7 —FhsE T 5
— VAR R E R N4, (RIS 25 L8 1 IABE IR 3R L 8 B I A ot R R 1 0 oK
PRI, FEHE PR IR — B OC R T TS T R

LRGN TR A BTIR TR K m . SR AR AL EH RN 22 A5 A 42 Rl ol i e 2
BEP R, Rl e R, S TSR N st X s R R
At FR 1] 7 AR BT VRAE BEIEAT R ) 3 EAOAE BT TR R, 09 SN e sk SCHF
ARG R RS . H140, Zhao % (2013) MUMEH APSIM Xf 12707 A f+
X AT T 122 41 325 M PSR (AR 57 NS ) )R BY, IX Leiqtl e
BT ENL R ETE R 30 L0 BRI A, JEE Condor S T B it R FH £
1800~2000 & iF HALEAT AT 5 2 10.5 KEHI [

RRALES AR B A A S, R R85 22 3 ROV [A) DR AR FTAS
SPATEE 05 2 T, IR ) L J0E ) RO 1 5 A RO s R R
2, IsmpLEs 5 2] SO AR IR E RS, e A T AR B I B, R
& N 1) 2 ) B, TR AR R 0 3 A PR ol 22 2R RS N,
REHT, AEIFREENREAE. 75 ek LS — 2l 24, A
TRBEAR B 22 A RO AT FR 8 R R AR I 71 3 .

(3) MFEFISEGIFIRENME

PLEs 7 2] 5AL SR VBT () Rl 2 AR R AT AU R, IR AR 5 7 VB
TRBE TR B A B A AT, ORI HNLES 5 2w iRk 7 2 8 X b g R A, AR
LT ARARAEY = 2 T R K FETT 1F]

Shahhosseini ¢ (2021) P377E & [1 K A5 T 78 HHUE B, BLEs 22 =) S51EY)
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AR A A 2 B LT SN AT — 73, IR RS VA ORI B
IR TR 3E N, KRR LE SR R A R I . % R IR R A
T B A BEATL A S0 TR S5 LA 2 ST I B P23 A T MRS 7, B A v T o — B
e ARG 1 J A 538 HL R f. Wang 55 (2023) BBHRH T “fE Lt #2595
FIMLAS 22207 T3, @R R A (1 S0 30 AR B85 27 ) 50925, sRBl T sk
i 2 SRS T 7 T R M R R R O o IR AR VR AN AR R T HLES 2 ] 1 A
FEREVE, IR T VIR B A )RR I, DB IR O AS A R SRR A TR
o B, BRI E XL (2018) [SOUR K I ] 5 47 < 5 0080 45 & B
PFUARMREIE, W T &N RPN A . B AR, Jl i i #e e A & 1
ISR FENBNRIE, RN NEEKR BT RAR, Y EERS
MUAS 5 SR I S AeE M, NN PR IR GE T AT A . 7EE RIS
FERIEA T, 2 (2025) MRS Mg T /KFEA B I UL i wf 7e it
J&, Fia t AT ) R T B S A AR B AR BT . B TR DU I
BB IR WL AS 2 2 AR I A 42, seBl 2 R B A A A2 R
FEAR SRR, AT v R B — R 2R 1) S BR A o S B T V245 T T v IR 2 Hh T
AR A X ) S DU R X, SRR e g B Ll X PR AR AR P SR T R S R
MRl (2024) JF& T 3T Bayesian-LightGBM HF &7~ B IR, i@
ik DU B A HESE B Zh R BB R S 4, RIS RN AR Z5IRE N eI 400, S8
GERRI, SEENLESFE MG BN, ZmE AR RLE FRCR L TS B

=
[F] o

124 FFEMRHE “B-E-R” BiLS5ENISERRIER

e IS E A RE S S, P EAR LAY EEERERKYS
AR B AR K] 3 B B B SR I, LW B 72 52 31 22 P AR S AN EA SR IR 7 (M 27 & 72
M, 32 e, SEROKFE = KR AT T a1 AL, SRARRE
59 SRS R A RPN AR T B E R R =K ERA, g 5F M
ZRER-HFEER T, MELUERE “mrm AR MR AT IR
AERFRAETIR . H Mason 1 Maskill T 1928 15 KHE H & 7= 4043 lic FIT5
FERE ARG, “UR-FE-IR” R GUNE L1280 BN A AT PR 55 IR 1 I 4] R G i B A A
S AR5 0 EC R OCBEARA .

IKFER YR Fe¥ G RS, B GG T 2SR R
LR E B G A BE D FImTHI AR L [F) e , BB OC R BIRE A ] 5 RS s e Raaasl
KRR KFER 2R “ 7, FOR/IN i B A7 TR . A R Sibr 50RN T s 2
PRI T HEY N BN R . PR “HEART M AR, RIE R
SETEr i R, J5 3 e SeRRiE R R el O RIEBIR S FENE S R4S,
FEBUOR RS R B BT AR A0 B 0 e e/ A 3 8 e vk 1 [ el IR ) P
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EEG LR, MUY HIEE, MRS RS SR NS S
%,

B Rl i A R R Rk . B AR S, fem “YR-FE-RL” R
GuINfe, SARMAEF= AR o T AR R KRG K B AN ARG E e A% O R
+, I R T B SR A, IR B AT E G TR R
FENTSZ I, AR A ZR 3G a7 1481 S i ik e RE R F ARG B (G 5 W R B R 5
W K FE = &, §5 6 OE Gk IFfL, FEURA L e R E et R
TG T S R B M), K3 Bl d e T P YA R IR A AR R R, RS
VE-FERZR, B FAEE AR B KA S V) nDF Rz, T ™ 25 5 D0 4 |
FCEEBEE PERS, KM 42 Rubisco & RANETEM ML AR, Bl
P53 23R RS AR A, 30 Tk R B A R~ 188 52 T[R4 42 2 A SRy 15

HEFRIEA R ZA T, K@K G B IA N E I, SCIUFE . YR
PAGTRE - SRR, 8% £ S E SIBE EE A =T IR E )
VESRIN, VRS E DR 4ERE 5V P M RCR O B E IR SR E C “IREE R
R D s ARSI, PREENE IS A 15 RS P4 B BARR A 2R0E 5 e 28
i s fE C“HERM-ERE” ) o HATERNS, BRETFRSZEERIFEL
PEZ N, TR R A S50 - DI B8 5 2 7= A 2R ARG itk B, 242
FifbE Consa . 5 R0 RINHERR “JE-FE-R7 RGP,
PR R AR B GOORIS), IX AR T OIS . JefES . eI A SR X
IKFEF= B M AT OB T BAR R AR BB, TR — A [ 5E 9 R e

FEHERT, AR — MR R R Z BT B, A RO
AN SRR DAHILES, PASEEL “UR-FE-” RAGRICECE . & HR
W HE TS AR A0 BB iR S S IR e, TR ORI R Ay EE R RN
[ AR R T A T i R SE DGR T, K DhRErt iy Zi i, 4ERRIE R S AR
K, MM S RER R R 4552 54h, BRI RAE RN 5 —F R ARA K
IR T R CRONIRTHKRE T B AR O T B ST IR T A& N
AN, b ol L i 1R 3 o I LR A s S AR R L REE R, AT SE B
XTI ISP HMEN RGN . REKFEEME T =000 R,
SRR PR PE AN T I IR TR IR (1960s-1970s) &4k
B T R RS, BEIUIAH . 4EE AREIG M 55 IR (1980s-1990s) FHAR
HAEMRAL T U7 RS, @t ARSI R R, S m DGRBS
KA 5 =1k (2000s-2010s) KREEF MR T “FE” RE, SARIILKE M
VESAR DGR RIDOTIS8] ) X Rk S I R AU R I T HE A AR S IE B 5 N TR
HLZy, WA AR 5S4 BE R B APt 7 07 1) B8 4150 vk R4 IR
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Figure 3-1 Geographical location of phenology observation sites (a), daylength hours by
latitudes and dates (b), mean temperature (c) of the study area, and (d) phenological
occurrence dates. (a) This map was created based on the standard map from the National
Natural Resources Department's map service website, with the review number
GS(2019)1719. The boundary of the base map has not been modified. Different colors and
shapes of symbols in the figure represent different numbers of observed years. (b) Daylength
was calculated from the day of year and latitude. (c) Daily mean temperatures were
calculated as averages across all sites during the growing seasons from 1984 to 2010. (d) The
box charts showed the range of phenological occurrence dates, with black points indicating
the outliers, red points indicating the means, and the black center lines indicating the
medians. The left and right box boundaries are the 25"-to-75% percentiles.
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Figure 3-2 An overview of 12 phenological models. M1-M3 represent temperature-driven
phenological models, M4-M12 represent phenological models driven by both temperature
and photoperiod. G1, G2, and G3 represent three distinct model groups. G1 used the two-
segment piecewise linear temperature response function, G2 used the three-segment
piecewise linear temperature response function, and G3 used the Beta temperature response
function. The first model of each group disregarded photoperiodic effect, whereas the second
to fourth models incorporated the two-segment piecewise nonlinear, the two-segment
piecewise linear and the Beta photoperiod response function, respectively.
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Table 3-1 Temperature-photoperiod parameters and values

¥ iR A SR

To AR B I 8°C Van Oort et al., 2011181
Bouman et al., 20013 Van Oort et al.,

To B K A AL 30°C 20110181 Boogaard et al., 20142; Wang et
al., 20170182

s Jia 19891831: Yin 1995[12: Ahmad et al.
&R B I EER
Ti — 25°C 2012[%51; Bouman et al. 2001*!; Boogaard et

al. 201412, Wang et al. 2017012
Jia 19891%%; Yin 1995012, Ahmad et al.,

Th 35°C 2012[%31; Bouman et al., 2001[*%]; Boogaard
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etal., 2014M3; Wang et al., 2017182

Te KA E LR 42 °C Van Oort et al., 2011181

u TR R AL ~15.46 Yin, 1996(184

o Hefe it R AL 2.06 Yin, 1996(184
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DL KK 16 h Liang and Cail'!
DL, G H K 12.5h Yin,1997(3!: Jia,1989[183]
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Figure 3-3 An Overview of the proposed method to improve phenology models. A, ®, K,
@ represent individual sites with unique environmental conditions. A and ® represent
different clusters divided by the clustering method. © signifies the process of distinguishing
sites with environmental heterogeneity. Step 3: D1—Ds represent five developmental periods.
TR represents the calibrated thermal requirement. TRgaiy represents daily effective heat.
The simulated date on which the crop completed a specific stage was denoted as Yisim, While
the corresponding observed date was denoted as Xiob. A is the difference in days between
simulated and observed dates.
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Figure 3-4 Correlation coefficient matrix of the important environmental variables. The
shade of the cell color corresponds to the strength of the correlation, with darker shade
indicating stronger correlations. Variables include Latitude (Lat), Longitude (Lon),
Elevation (Elev), The Day of Year for Transplanting date (TDOY), Annual Mean
Temperature (ATM), Annual Accumulation of Growing Degree Days (ATS), Mean
Temperature (STM) and Thermal Accumulation (STS) during the growing season (within
120 days after transplanting), Thermal Accumulation within 60 days after transplanting
(TD60_TS), Thermal Accumulation within 70 days after transplanting (TD70_TS).
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Figure 3-5 The observed phenological events occurred on the date after transplanting and
the standard deviation of thermal requirements (TRs:w) across site-years. Panel (a) showed
the durations from transplanting date to the dates of subsequent phenological events across
site-years, and panel (b) showed the standard deviation of thermal requirements (TRq)
across site-years for all models. In panel (a), boxes and whiskers represent the 25" —to—75t%
and the 10%"—to-90'™ percentile ranges, respectively, of the duration from transplanting date
to subsequent phenological dates. In panel (b), M1-M12 represent the 12 phenology models,
with detailed descriptions given in Figure 2 and Table 1. The cell colors represent the value
of TRy across site-years, where darker colors indicate higher variability.
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Figure 3-6 Mean thermal requirements (TR, °C d) at different developmental periods for
rice cultivar ‘SY63’ across 46 sites. M1-M12 represente 12 phenological models, with
detailed descriptions given in Figure 2 (Temperature response curves and photoperiod
response curves for rice development rate). The numbers in the cells represente the mean TR
values across 46 sites.
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Figure 3-7 Comparison of mean absolute error (MAE, days) for models at physiological
maturation stage. M1-M12 represent the 12 phenological models, with detailed descriptions
given in Figure 2. G1, G2, and G3 represent three model groups. (a) MAE for the site-level.
(b) MAE for the whole study region. Boxes of the same color represent models that use the

same photoperiod response function but different temperature response functions. Boxes

and whiskers represent the 25" —to—75" and the 10™"—to—90™ percentile ranges of MAE,
respectively. The thick lines in the boxes represent the median values. The red dots represent
the mean values. The black diamonds outliers whose MAE values exceed the 10™ and 90
percentile range.
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Figure 3-8 Response of Inertia value to cluster number and variable combination. STM
represents the mean temperature within 120 days after transplanting. Lat represents
latitude. Elev represents elevation. TDOY represents the day of year from transplanting
date. Inertia indicates the effects of clustering on variable variability. The lower Inertia
values indicate smaller variability within the same clusters.
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Figure 3-9 The variation of mean absolute error with different clustering variables at
different development stages and all stages mean. All stages represent mean absolute error of
five development stages (tillering, jointing, booting, heading, and physiological maturation).
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Figure 3-10 The decreasing trend of mean absolute error for different clustering variables
across all stages (tillering, jointing, booting, heading, and physiological maturation).
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Figure 3-11 Mean Absolute Errors (MAE) for all development stages and models across the

whole study region. M1-M12 represent the 12 phenology models, with detailed descriptions

given in Figure 2. The last row (Ensemble) represents the MAE of all models (M1-M12), and
the last column (Allstages) represents the MAE obtained by averaging of all development

stages (tillering, jointing, booting, heading, and physiological maturation) without

distinguishing development stages. The numbers within each cell correspond to MAE values.
Cells with a darker shade indicate higher MAE values.
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B, ATNRBNFAERR G 22 E R A KR, FEWER B RER .
SR, H T BRI 2 e RS e, FRATT AT I8 XS A B B IS 0L, 23
TEH NoO R S5 W R ARG far o kG, R BN B it £E A [R]
FEHL S AN, BATICNIZHE T X P KR IR AR 32 B REA E RS, I MFK
TR ERBAEZE PR TIX— R R . R MR R E AR, BFE
AVENETEFH B A1) ] B2 52 e A5 R BLAUL B HERF 14, HLT 32 BT 9 3 ) HL At A B
B X EIG B R i N TTT0) A e R B R . H AR IR A R R BR
il

RSB AN R Hh XG5 A ) 22 e, 9 BRAT TR S A 98 X S AR AL B SR R S O AS
RE L2 B FH BRAME R FA X3 AN TR X S5 S A 4382 AY | M BRRRAE AN N2
B TSI 1A 22 R I 2 ELEE RS R SRR S I BRI M R o W% IR TR N T HoAth
M DX, FRATTFR ZEE B AE TR e X ) R RS
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3.5 REE

[ 58 KA S FRILAR 63 TEAN[FH f IR SRAFAE B35 22 7, X R FAF
XHEYR B A SRENF M o 1X— 45 FAR s 15 TH 8 #VRE SR ER I e i AL 1) =) PR
PE, BIANREA RS2 E 00T P85 38 A 1A g RS REMLR o [RIE, FRATTHREH T —
T i 15 B AR5 7 o 1k R SR 2T 1« @k o 283 B R AR AP 3R R A D B B 2
A hE, MBEEE R IRRE, ARERE T MRS HER I . BRI 1.8~1.4 K,
AT 5.3~3.7 K, ZREIAM 5.6~3.9 K, FRIAM 4.7~3.3 K, ABEEIHMN
6.6~3.7 R, 12 BRI RN R ZE 35 0 25 kN o SRTTT, 12 ANBEEY (R ALL A BE AN (R,
BA = By B2 MR IR R e B ek B A R SR A T SRS R IO S5 2R . AHLLZ T,
B2 Beta i 5 i N R AL AR N R AV . XA 22 R AT H TR E K &
R R R S RIS [FAL A, R ) AR R i RS T o thAh, B DL RUEE )
PR, 6T AT RS B RS ok R T 2 o R Z R RN TR 2R
AT () R P DXIERINT P AU, () AN S 1R T PR ) 2 R T3, PRI RR
BLECHALIE TR E L X R SRR S
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£ 4 B ETHNSHEERKEC-EEHEEE

4.1 Hik

IKFEVE N R BRE AR AR, =852 3 2 FhA 5 B AL R 2R I 2 A 5200
WIAE (R AR SR RE T KRS R ARSI, RN
UMK R B ORI R ER, AMUEEHE A KE SR, HH RS R E
WRIE AR o AN R]ZCHRE it Mo PRI 25 A1 2R L HE 22 e AL IR IE R, 2 B 28 M 5 1
MR E AU SR TN & BN AL, JKFBAEAN R K B W Bos PR 1 1
MRS, BRI THR AR R, A I = iR RE R &
T A I S T Bl e 9 U, BLHR R B A R IE R

FEARARATS 5N, AERHER AR TN AR 7 0] 22 IR 3R M . ) B AR LA AR 43
JENEE  AEGEANE G DA I IX A R A AR 2V R RS TAE A, T AT
R EE T BRI IT VLG IS AR BT B i vy 1K B TR B2, AELAE P B T R 25
AU T TS T 1 2 3 X A AL R TA Pk AR . BRI, TR R Re 8 = Rk 3 v 4
Bl BRI BRI R R A R @R TV, R T /KR P B AU AN T g
NEAEEZ L,

AT 5T T v [ 32 BOKREFIAE X 2007~2018 4 A it Feb 4ol 36 W0 I 5080 , A3 T
RGTEHAPI AL, WRHIAE . SEFA WERHE KRG AR S
AR RS KRG P T B 23 SR, TR T 3T BENIRR MR ks B /KA
ALY BT FUNEZE [ SR AN AR ORI AR 18] R R T

B RGBS KRBT EW RN Z YW, #I7a8 BEE
SAEFAY . YERAERIV R S AR M S AR ZPIR I ER A B a5 . X TA% St
FAIER R R, BEAED P 2R KRR, AARFEE 772 ENER
YENE, TER T SN S B I KA B R R R A BT HE L

55, N FHBEATLAR AR B2 A FE I /KA 7 B A AR . 2 SRR AR R
ZARRER TN S IR, A R0k 18— AR R IR, Be% B 3R B AR EE
LR R WUELE KRN, BB AT, WRT 2188 77%, BT RIRE
N 39.47 kg/mu, “PIJLETIRZE N 29.85 kg/mu, HAEANF XIEFAEL IR H B
TR E M

S=, R EEE AT, WA T 2 AR RERIKRE I R A
JEo WEFURIL, Ho3AL B A5 S AT A2 TR e 7 i X e 22 e O R R 3R, 2R
R B WIAE P B PR B B R T EH o R, BB S 7Kg
FEANFAE BB BON G T O 22 e A NAR 3, s R 2R IS R H AR B AR 5
A A KA B AR, A 2 B AN B, X RIS AR Y R A B AT
ok TP EAE AN R AR B WIS PR S A7 AE 22 R W B 25 18— B
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e, AT BN LR SRR R IR i 1 R B R AL SR, A
WIS PN T B oA M ERR R, WFFiE R 1 KR B B 2 %
SEMABLE], Rl AL IR B RS W B A AR RS R R
AR DUk LB B, FF TEMA K SHE AR EWSAR R, MR,
R SR AL 1 HERR R Al S TR, IE AT DO XIS AR AT JRIAIL AL B3 1 Tt e
TERT LN SR AL A (38 W WS A R S R o 45 & AR A AL B 7, Y
BRI T HOKFE R & SRR B R S BN AR &R, D/ S fod B R B R
W R E SRt TR A IS . R FOR - DIRR SR R IR R S, K
JEAR A NUE A AE BN LB LR SR R, Dy ORBEAR 2 A i BE K DTk

4.2 MRIFTFIE

42.1 MRXEFHTERIE

BEFE DX T EKFEAAE X, &4 3SR AE ST #h o @5 A K g A e
RIAFAE ERZE 5 o 7KHG it A A6 3 AT 3 B 7S KA X, L4 A g A=A
PEIX . Ao BOEEREREAE X . PO R e B SRR X AL R X . R
bR E AP bR X BRI . BEFIXEE BN 19°09'N~46°40'N,
ZJZN 80°07'E~130°30'E, “MREM L ke, HPEsdviy. WHGH FNR, HEHRM 1
K~1318 KANEE . BEA KBTI X PRI 53 Ay 7 AT PR AE S ARLIX, w7 A
WAESFERIX, 155 TEOIUBRI e BIE 254, T UARME =G, Bl i
LR 1 P | i 2 S S i P P 1 R =7 2

A SN AR KRG B A0 i AR S ST R AR T 2175 ANAKRE LR,
12 4 (2007~ 2018 4F) HIELE 327 A i 3Lt 46293 %A UMM EE R . w5 A
AT LA 4-1a. BTN BRI T OHER 2, AU RACEEREIN . 71
SR RS o TRATTHGE BN R E I NI BT B 8 AR K (R Rl 2551, VGP)
AT GRREE RN, RGP) o HARAR ZHRIREHE AL IAE O, A5
SR, RRRESERIE. S5SRFE. TRIE. MRe ARG,

RGBT B R A BA R A Btk 0y (European Centre for Medium-Range
Weather Forecasts, ECMWF) H &K FM4EH 1) ERAS-Land HIL S84, FA1i%
RIS AL IR 2007~2018 A& H S 58 ds, Hi TR &M B i, 15
B HBRIKEE (°C) « HE&EEE (°C) « H¥FWEE (°C) « HFF/KE (mm) |
HARXHEE (%) FHEKAESE (MIm?-dD . frefEMHIEMNEK (D
WRIEESE . FHEAEHH BT E AR, B A gm B, BATESRE:
HE T —R IR Matabs, BFESRAKESR GES: 3 K H 3 8E>30°C,
HN) | e R (HPFS8E>30°C, HD) « A ERAESR (b7 XES: 3
R HFBRR<17°Ci 7 X HELE 3 R HF3R<20°C, CN) . AFLRE
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(Ab77 # X H P35 R<17°CE{ g 77 Hi X H -3 <20°C, CD) LI T
RAEFREHR (HIEE>25°C HAHRHRE> 90%, HWD) & REL.

AR it MR I 5%, AEAN RIS [X 7K A 5] — 04 A1 1R R AR I TR A7 A J 3 22
st (B 4-1b) o 1£ 2007~2018 W FRIHN , SHFEIIRAAE 2 H~7 HZI8,
FRAR AL 4 A~10 H 208 (FEFhEIFHE T35 H IR Y 12.6 /N2 14.4
NI R AETE 5 A B 11 A2 0. FRATEMEERKFE EEZA KT 3-
11 F1D NIRRT BE I S BF70 XAUR AT R B, B il
RAKETHNZEHFSE. s H AR 227008 9.0°C ~
27.1°C, 13.8°C~29.7°CHll 4.6°C~25.3°C, ZEFPFMELZH N 25mm~2812mm, H
BIMXHEE BB 26.82%~84.15%, BRFHIRIG 114 K FHAR ST =481y 2482
MJ-m?-d"'~4622 MJ-m?-d"'. HRAIEFEVE X BRI R AR Z=T, AT
HARRERI 3 N RAE RS — R = MoKEET AR, BE—&kT 5 AR THa
A&, WA — T 5 A ek,

422 KIBMF R REIB TS

2007~2018 “FEEER] 2175 D/KFREm PR B AR 3L 46293 5%, H¥E Bok:
T H B BI75 BN 33~207, P48 N 119.6, b2 34.7, DYoo $076 Hl (92~137)
BUTE, R LA BOR Z 5 PR H P T 114~293 2 18], ~F14)4 220.5,
PR ZE N 28.3, TUAAIEGERE (209~237) 84, SFEREUYIER M = X4,
R H FPAE 142~331 X, AN 256.2, br#EZER 31.9, D45 EiE
(242~276) , FEAHIARI AR HL. A4 H HREN 89 K& 194 RAEE, F
IR 137.6 R, haifEZEN 17.3 R, WAMEGEE (124~15D) 87, AFRBEZER
SEFRBE R —ERET B . VGP R EIF5H) K ETEE & 60~149
Ko P8 1009 K, beEZER 16.0 K, Wi 8TGHE (87~114) %, EHE
JEECR, B AR N HG RGP (GRRRBI R REUR KA 80 K, H/MA
N6 K, TN 367 K, WEEN 6.8 K, WM EGEE (32~41) 54, Bk
I ATAEXT SR SR B TIA, FE A E I SR AT Rt U R B8 3 A LA B AR
EFHWRBEAF BN € LB, Hrh RGP (GRS 13
W AT, VGP (FEFIEIFEREID A EHE WA X 2 8

ARHIEFEIE NS KRG B 72 B B AR EEREAT T Geit o, PeEEdESS A, H
FHRAR EMRBARAFAE G . BAEARE N 46293, WAL 2RI kUL,
AL THAR A RO ER B 5 T 11.48%,  RRAEGRI A Sk (5 LG 11.49%, RS
A SRS S L 13.53%, Z5SEREHR SR S 11.49%, TRiEEPEEL STk
11.49%, PREEARERK G 11.49%, BKEIRHA G 11.80%, LMK ZHEIR
PINAE B ERIFEAS 5 HE 88.19% . =& [ 4 153.90~993.33 kg/mu( 1mu=666.67m?,
lkg/mu=15kg/ha) , “F3%) 577.60 kg/mu, FrifEZ A 86.02 kg/mu, PU 77 EE
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R g LR
g
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(b)
BIEAHE | comm—] [0 |
SR - | o :
RRFABE - : ° :
2-01 4-15 6-15 8-15 10-15  11-30
HEA(B-H)

B 4-1 KB AR5 (a) FISREMIREIARAERTE () . (a) AREKBEMERE
BERAERRAESRAXTEE. SCRREREIKX (0) , YGP RrsitEE Al
X () , MLYZ-HHP RpRKITH PRV (x) , SBSA Rnly)l&H & H AL
HX (<), BTH-NEP BRFEBEFEMRIGEEX (), NXP ERTEFERX
(1), XJOA FRFESMARLX () . (b) BRTHAHBIE 25 3 75 5494
¥, BRARAERE AR P9E, BEPEERPAR. E: ZEET 5ARTEDR
FrvEHE B RS P 3E TR B SN GS(2019)1719 S kmAE b EIHI1E, JREI AT

Figure 4-1 Distribution of rice observation sites (a), and the occurrence dates of key
phenological events (b). (a) Different colors and shapes of symbols represent different
ecological zones. SC represents the Southern China (®), YGP represents the Yunnan-

Guizhou Plateau and surrounding areas (™), MLYZ-HHP represents the middle and lower
reaches of the Yangtze River and Huaihe River areas (%), SBSA represents the Sichuan
Basin and its surrounding areas (<€), BTH-NEP represents the Beijing-Tianjin-Hebei Plain
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and Northeast Plain regions (<), NXP represents the Ningxia Plain region (- ), and XJOA
represents the Xinjiang Oasis Agricultural region (/). (b) The box charts show the temporal
span during which key phenological events occurance. The left and right box boundaries are
the 25" and 75" percentiles. Note: This map was created based on the standard map from
the National Natural Resources Department's map service website, with the review number
GS(2019)1719. The boundary of the base map has not been modified.

(519.17~636.30) 5%, RN IR A ARG E 2 7.9~55.9 Ji#
(7T, VPHIOR 17.2 iR, PRUEZERN 3.7 Jikm, DU EGEE (14.6~19.3) %
A B A B B AR TE R AR B 22 5 R RELERIAUTE 51.6~518.8 R[],
1909 170.8 Ki, FR#EZENY 411 KL, DA BGEEl (142.5~195.2 KD 86, Hds
BB, FEESCRiEU T 20.8~369.8 Fi, Ik 138.5 ki, FruEZ A 32.9
KL, U3 A EE FE (116.1~158.7 FLDELTE , 73 AT 738 45523 M 8.50%~100%,
Y 81.26%, AnitEZEN 8.24%, DUArAiyaR (76.50~87.20%) %, WonH
—EMEETYE, HR, HMERZER: THELE 16.2~38.7 FLiGHEIN, FEH
27.0 5, FrdEZEN 2.9 %, VUi EaR (24.9~29.1) %, THREHE > K
NEEH PREVE N 18.0~202.0 JEK, PN 112.6 JEK, FrifEZR 14.02 JH2K,
P A Bl (103.6~122.5 JHOKD Bwi, Bl o AiEus BHCAE 11.2~38.0 JEK
2], PN 23.7 JEK, BR#EZE RN 2.9 K, DU EGER (22.0~25.7 JEK) B
2, BKEEBREEE/N. 28 LIk, HREE, 45508, TR S AR 1 50R 4
MEAES, (ARERZER, /e, SO ORI ORI & 8
A7 NUAE T 2 5

4.2.3 PFENIZRMEREEEWERMMEITN FE

BEALARAR R EEAE N —Fos KRR S 8 gt 7, T B S 2R i A4 1t
RAM SRS, DINED =&, EERTEN B, KM 1QR (U478
TER AT R AL, /NF QI-1.5xIQR B AT Q3+1.5xIQR [KIHk i {4 #%
SRR, HERRTT B Bl SR Z ek A AR IE % = S8 S 8, #E 7 SRR
EATEEE . RElt, FRATOHEA AP BT 1 S, DU ORBEA Befs 1R AL
PRIX — 4 R

BATE IR FBENLARA N S AR B, HE VM EER (Loc) W
%5 5. (Phen) « SEFEER (Env) PLR S AREME (Variety) , HoFPUAN4EREE, X
FER 2 YEFERME G e ST PR EY) = B S IS E R R . b, HhBRA7
BERAFELE (Lat) « 4 (Lon) . ¥k (Elev) : WEMA{E B 5%
(DOY_Sow) . 7] (DOY Fulpani) . #&Fh &5 KE (VGP) . FFHIE
BGASH R (RGP 5 AUE A 2= (Env) B34 AN ) H-F <R (TMean, °C) .
Him <R (TMax, °C) « H&(KSiE (TMin, °C) . >8°CHRFE (TS, °C
d  ZHEWE (PRE, mm) . #HXEE (RHU, %) . H¥K (DL, h) Flif
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KPBHAEH &R (Ros, MIm2-d") o BT &&= & SA AR R0 AR
BRSOk AL TR E EE W, PRGBS T iX R ZETH IR, R T #
MBI AR RARRZE (Variety) o 2RJG, 18 F IR —Ie/INE — 4 7 i 4 N R4y
MR AT AR A A R, A4S SRR E AR B (B o A fE R — U b, X — A
ACH B T 1R B A W SR B, 3 R ke G DR AS () AR B 22 S do K T ) A 2R A
SECE AN R N T PG RIRIEAS & 40 & R = 24k SRS FE (1 2l
BAVEA T — RFNZEIR AL R SLL . BARDIRIR .

EVIrT BIRZAE N B R . H5, B 4ERIRAESEEe . 5 — RS A H
IR EEE (Lo TERFHEZE, 5 IRSEIAUEHPEHE S (Phen) 1F
FFHEAR R, BB HIRERER (Env) (ENRHEE SR, A5, 2R
Y AR AL A 9206 . S DU IR S IG 45 A A B A5 S (Loe) FIFEEK R (Env)
TERFFIEL &, BRI AMIEAEE (Phen) FIMEERZE (Env) 1ER%F
TR R B2 ROk, J& = YRR & 5200 . 25 7SRRI 25 A b H A B 5 B (Loo)
YHEIE S (Phen) FIIAENZE (Env) 1EASELE. Hh, —&E4EERHELA
8. BRSNS (Vars) , [T E R R, SEhIEs g
55 (Loc) « WEHEE (Phen) . WEEIRZER (Env) MR,

FERF A RIR RISy, FRAT AT I8 AR A 2 AN 5 728 IGHIE, X FENLARAR B2
M2 A KRB S HOHAT T 2 A RO, EIERECE . R IR
R R R N B NREARH T R B NS BORFHIE R E DL R TSR
P BB RS, A LIRE R (R Mg E RESHU S, X33
AT FER IR TR e 0% 08 B e A I MERE R T

FERERYN 2R GIRAEIA, SR T 100 YGEACHI I ZE—It ) 2 5 3%, ik
ITIAT IR DR SR . kR, HaRE R B B2 3 (Lon 1 Lat)
GrIE s BRI AN GREEFNINASE, HrhlghgE S 80%, MIRER SN
20%, IXFE AT DUFIE Y ZREE RN AR i Mo ER A3 A (O S50, %o 8 4 DRI b FEL 457 1 222
T FEGBA S A SRS B B S FER RIS R, B EGE4E
EFETIRIRZE (RMSE) « “F4ixtiR %2 (MAE) DURIRE RE (R
PEAICSRE, IXEEFE bR AR A FE AT St 1 R g HE R PE A2 Ab g

2, I 2 YGE RS R 4, 45 H T RE YIRS A F 100
UGER I PERETE bR, 135 RMSE. MAE Al R2fIME , X Lo H W R
T BEALARAR RS R RS E ) = AT 55 AR PE AT AT SEE, a2 Aotk i
SR S TG B AR AL TG 7 B R SRR E R K 3
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Figure 4-2 Correlation and data distribution trend chart of rice observation site
geographical locations and developmental stages with yield. The lower triangle displays a
heatmap of Pearson correlation coefficients between variables and their significance levels

(p-values), the upper triangle shows scatter plots for each variable with fitted lines, and the
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diagonal displays histograms and kernel density estimates for each variable. * indicates
significant correlation at p<0.01.

KFEFEE S (Lat) AR (Blev) 746 R EL&MEMSME (P<0.01) ,
S RB AN 0.25 F10.18; 52 (Lon) MM I N-0.07. KIE~E S ETE
AR (VGP) - AEAKM (RGP) MAe4 B (GP) KEH EILEF FAx
(P<0.01) , HFEZRED AN 0.37, 033, 0.45, FRHRKAAEKE AR T
PR, FESHHHF (DOY _Sow) MSFHEMAHF (DOY_Fulpani) HZEMHEAH K
PEECES, MR ARB RN 0.02 A1 0.08, HARYE E=MKEIHEER, FHH
J¥ (DOY_Sow) FFFHUHH T 57 847 W& NHEL ML R,
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Figure 4-3 Correlation and data distribution trend chart of meteorological conditions
during the entire growth period of rice and yield. * indicates significant correlation at
p<0.01.
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IEFDE, MSRRBHIN 0.50 A1 0.32. 1EYIR B WIFFEE R BUZ P s B4 B
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Figure 4-4 Correlation and data distribution trend chart of meteorological conditions
during the vegetative growth period of rice and yield. * indicates significant correlation at
p<0.01.
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Figure 4-5 Correlation and data distribution trend chart of meteorological conditions
during rice reproductive growth period and yield. * indicates significant correlation at
p<0.01.
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Figure 4-6 Correlation and data distribution trend chart of meteorological stress
indicators during the entire growth period and yield. * indicates significant correlation at
p<0.01.
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Figure 4-7 Correlation and data distribution trend chart of rice varieties’ traits and
yield. * indicates significant correlation at p<0.01.
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2 4-1 The correlation between cultivar traits and meteorological factors
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Figure 4-8 The average performance of the Randomforest regression model after 100
iterations based on different combinations of input variables. (a) Root Mean Square Error
(RMSE), (b) Mean Absolute Error (MAE), and (c) Coefficient of Determination (R?).
Geographical location variables (Loc), phenological variables (Phe), climate variables (Env),
and variety (Variety).
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Figure 4-9 Model explainability of Randomforest regression model in train set (a) and
test set (b)
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Figure 4-10 Relative importance of different input variables to yield
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Figure 4-11 Partial dependence plots based on the importance of variables. Elevation
(Elev), Latitude (Lat), DOY_Sow (the day of year for sowing date), DOY_ Fulpani (the day
of year for full heading date), VGP (the vegetative growth period), RGP (the reproductive
growth period), minimum temperature (TMin), maximum temperature (TMax), average
temperature (TMean), accumulated precipitation (PRE), relative humidity (RHU), net solar
radiation (Rns), daylength (DL), >8 °C thermal summation (TS), and total days of high-heat
and high-humidity (HHD).
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W IX — B B G HEATR S 25 PR X KRS AR &8 50 B 2L T AE S A 28 iU (RGP
H AR HAFRER . B s R A 5oy 22, dax —prB
FRIERIR X 7K R FRIVRE SRR B R M B K e Ah, s & I N R A R B0 7
BHAER RN, il S s IR A E AR A T D B A
SRREO P RSB . X BT AR e AR D, (HZE, FEUm <
IEFHFEI R T R AEMRAR SEmRAEFERIN R . RIEFEIRR 27 HK
ATH) P E AR R TS (2025) ) SR, RIE R SRR R BUK X A5
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Wi S5 255 X, SR A i T R BRIk, Hilm R g gz . i,
Rk, 75 BE a8 S EER M BAR ], JOH R M AN = 5 A o A
XAV AE RIS 38k, AU A RN 25 55 B AR s FRATFEAS R AE S X RR
WAL E NS ms , PLL K RE - &

T it i S AR ZAEPRO 77 B R R A A . AW S A R SR, KA
R RO B R S BE IR R, LR AR I e P R B JUE R R AR,
AR SR PREATRE R SR 2R 57 B 2 ARG, HAX SRR &
T G 1) E B A A o ol 5 ORI AN R R ) TE AR Stk B U T st
T FR T BV AERE I o SRT), T-RIE . 25 SR A RORREE P RAE G A AR
XF 7 B B STRRAR B S X AT e B IR BERARAE AN [RI PR BT i 8] (38 e o0 4
Wy B B AL T AR R AT R RERR I R S se R MR E LR o E . P
AERIRITTER I, A T AR AR A A B B A 5 25 AN AL AR, AR X ] I
Jin By T R AERAD A Ao A 2242270 e 20 20 60 AR, EASREAE HE SR A
2 PS5 FUREL SR LAY Sy T AR A28 2290 R, BB AR AR ARG M R R,
FEIT ) W e [ i 3 R AR Sk . 4, Qian S8 (2016) 004
B R PR SRR 7 A 04, Shi SR (2012) B R TE & FAREL
Bemih 3G IR O KRG e 1 OGEEE, Liang 46N (1996) B2y R Rk H00)
PRI TTREL R T B A T AR . AT, Huang 5 A (2011) BB, R
7 R RN i A ) AR B 2 T A S AN B A A, (HAEAX AT SR S A
LA T A AREON AR B IE DTRRE N R 2 o 2R b, KRS iR A I AR RS R S R
SRR B B R A S ) o it ol B8 T A% T 5% Bt 0 M RO 5O A A R A5 5%
SEVEIR, X E AR [FI, S AR R A R TR ML A
BR & 7 P B F RN, 3l A e RIS R SR T R SRR AR

4.4.2 T2 EER R FEANERTEN

AH T R 2 AN B S P BENLARAR BB, RGPS T HhER AL
#H (Loc) « WM& (Phe) « M35 (Env) VA RIKFESAF (Variety) X 77 & K0Tk
100 JOEARTHE BRSBTS fd A Loc B Phe 7% & I 15 BB 2 22
BOR, T RE (R?) 8K, BEEe AR . MkE3E Env BRI, A RE
BEE, R2BERT. NHEAMIEME ., MEMASEEENHES T, D
I AAURE FE (100 JOEARTHE 1 35045 K : RMSE =41.25 kg/mu,
R*=0.75) 5 #—BMAmFPEES, BAERRMEIEA, EALE (AID 4
A AR IE B s AL PERE (100 JOEARTHE RSP IA4ZS 5 : RMSE =40.52 kg/mu,
R*=0.77) , A EARGRIIZ AR SRR .

Wit 2 AR EEE M — PR, KBS (Variety) P s b IEREAE
GRS | B FRA KN 1% KFHER ST (VGP_Rns) fTH K (VGP_DL)
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A HE (DOY _Sow) . FEIHN (DOY_ Fulpani) #2& Wi F= & it < BEAFAE . o
MOHERAL BARHE (ARG 07 B B AR E B R, 1% OIS XU B A
(2019) %91 (2019) . Wang %5 (2024) PR B—8. AR HPHSIELES
IKFEYME R BB VI, MoKfE=ERG e ER . Hd, PEHCEE, W
At HI(DOY Sow) A4 H #H(DOY  Fulpani) i 5 E 1443 51 8 5.81%F1 6.55%,
EIRERKM (VGP) AUVERAKY (RGP) HEEMESHIN 5.61%F 2.42%; 1
A MM LA B, [ VGP_DL Ml VGP_Rns 4k, HA A SUEA KA B E %
PEX/NT 5%, XREMX T HALVSGELZ RN S, WEREN 2N EEEIEA
fiko X—RKILE Guo %5 (2021) LBNWHFFuLE F—2, AR 78R A (547 5 AN
SArAR BN KRR B AR EE, I HLEAW k. S AR E A ERAE S 2 T
FEERBREA S . A, RS Zhao ZEA (2017) B8R0 Li £ A (2023) 2371
IR FAAAE — B, IESE T ARA N B R E N EEAEE R, JFHa
IKFEFAE L R PP IR L SR AR I 22 R T A BT AN ] o a0, 7578 R A ]
HORBAEEST (r=0.42, p<0.01) ATHEK (r=0.38, p<0.01) = &EH EH % Rk
S MIESFFREEE RPN, HEMSE (=-023, p<0.01) . HPHSE (=-
0.20, p<0.01) MH&HESE (1=-0.18, p<0.01) #LE5~EEMEEFIMEL, #
BB, P E BRI, EART P A R E A AR, R
AR FARAESE T, 3T H AR KRS B R SLIl T SRS, ek T 4K
T ~F-2) B = N 20 22 50 4EACHT 200 kg/mu F24H7) 470 kg/mu, F=EK 235
o MR KEL (HWD) X2 R E BT, X2 T 5AF AP RARIKK
AEAERIAR . FEAR AT AR

Tt R TR A K SRR 2 2 RIS A BARE A . o, @it =
BHAERENESEW, XNE 7 EMEAT RS SR A E N R R
BF S (R0 B RS, T 2 R N 20 R D 2 Lt BH B R0 B, e Bt 17 =i i P A 2 )
AN A o B AN SRR E R RN B R s AR T U, SR RS R
PRI AN . EFRAEKI (VGP) FIAEEAKI (RGP) H5r=& 20 H i
IR FR, R T LEVGRR LIS 8] 77 TR %) B 25N ——JC 18 ok Jd 30 a2 45 28 ]
A B R A R . SRR, B VGP Wil E
(VGP_Tmax) . VGP H#{KiHE (VGP Tmin) . VGP “FHEE (VGP_TS) .
RGP H{KiE/E (RGP_TMin) 1 RGP “F¥JiEE (RGP_TMean) , #B& s H il br
RO, R T OB P A I AE AE DL S AE R 3 B b AT MR A R . 2
R, BEHLARAMASE AL B8 AG A 2 2 2 S A0 A R IK BN PR 31 2 ) () AR 2 v A
SEHAER, RAEE N AKFE A Hg S AL 7B WA SE 1R =
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4.5 KELE

A 55 FE T A [ KRR FIAE X 2007~2018 4F ff MR 3G W 203 , RGHF 7T 17 HhEE
RrE . SR WMk FKFE AP R Z R 7Kg= 2 e, ALK
i SR W AN i 7 B i 7R AR o N — 2 O S AT — AR AN A b X
(R ELAR TR SR, DASEIIKAE ™ & 1 KA B s, R 7 = Erfe e . &
R T ROR SRR R B TR R LR, & R R S E A
BEALARAR BB, R HERALE . AR W0 KT 2P RS
ANIFAR B Jo H A G PP B AN P2 BAG BRI, JF RS RPN E . &
BRI

(1) i BRA B I 5 W S S5 A AP SR (IR WEsumi =& . 4%
Mgk 58 W E AR, @F 58 R AU JPh 2 55 IR 5 22 Rl
RS R BN 7 B W R e, R AEKAA R T B . H
ARV AR & B B S S5 AT 0T 77 B R S e A Wl 3 22 S o P B 55 AU, 15 R BHAR
WE. FHHEK, ARERRMBRENE L FERmE R, FHEE AN, #K
FfEs & HERARRIR. HPRTE N EE . KRG SR 2 e 7= & 1) i oS i
RIER, HBRR R 2 R - B A JUE e . SR, SORidl. PR ik
ERZVMERE M EFEREDE FMIXKR. B BN R A B 2,
T I R R I I R SR AR SR T B R AR

(2) BENLARMAEREGE T, A HPRAIE . Wik KT SRR
a2 EH A BRI R, BTREZE (RMSE) 4 39.47 kg/mu, T334
X% (MAE) 4 28.95 kg/mu, Y€ R (R?) N 0.77. AEHEEMSH RV,
i s A7 BARFAE (LA FERERO 727 A T A BB S, YRR E
A i () B B SR AMIE T AU AR, KRR Rl VAl e B A RS I AR
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£ 5 ¥ ETHBANaMACRKEXIEER 4 MHIE R

5.1 #ER

RAIEVIN R B 577 B RS2 T 2 4 Aah S SN R 58 ERS =2 5
TEH . R BEK. RSN SERAEN = RNE TS, SHEHREE. S
RS ISR Tsg i, LR E RIS R SRR SR K e &
R FESEAZ TN, FRIRARMB SREZEE AT T, E5H0
—EH RS OO LRI H 28 B A2 R AR F= 388, i R R T2 B st i X
o N MR A R

BRI R EAE (GXExXM) BIF 58 © N THEY A 7238 11
iR A FFEUESE, B T 5/EMSE R B 2 (B AFE W g2 HAEF, 2
T 1) R B m] R (2382390 | o gy R SRR 11290 P RO A B S e rh, IR R IE
13 R B VT FC S AR R o 1R ZE N3G 45 N IR R4 R S 3 4R T SRR e e 24
SR, FR AN T P AT AT A T T SR IS AEAE, SR — B AR A © 0 2
PR B 7= Fae SRSk 2 0K,

AT FE A T A, FRAT o S T T BRI VR Ot (1 I FE s R N B T B
WURRAR S KRG = R A SAR 2, OB K R A K R B I R = H R R L 1) B4
T EEA . AR F AR b, B DR R AT I LAY B T SRR ROl SRR
10 I U 4 R SURD B b, SRR AR S RS 1 2 B AL, D X I80E E
P SR AL SR AR B AR

KA T REEDIE B S LA 25 I BRI 2 AR RAAERE, B 7E X IR
JEE b 5%oF KR S AN ot Mok B gE AT RS DA o BT S0 HE 22 [ 55 DY /N A THL QR (R B 2 i)
AR TT -

i, QTR S TR Y SRR S X SR B R R L, A
BT 2 AR, SALG— RIR TN, ASHIEFOR Al 7 5 Sk i ) i
PR BRI R 1) = A A A A HLAL G, TSR 721 R &, FEEl- &
TR E BT AR « MBS AL T S [RIRRAAN SO 2 & R 1 G R B AL
ZEAL, T REALARAR = Al BB SR A 1 0 R EE TS 50T I 29 v,
IR, FEFESCEZ BRI BLIR Rl

85, BT RERE A ARG A, KSR RAL TR F kSR B KRS AR
PRI DTRRA L, 27 T AL 7 KT P AR RS IE R 45 A H AR R L
X BARBRBCMN S (& T X B KAk, AN TP i sl M R IR
M MASE Z HETRbR, T TG — 2 5 m AR B .

=, RGN T A — S — B A AR N ENLEE, $ER T AN
PR A TE XRS5 B 43 3 AR B R PS5 S5 g oo R AR AGE o« BF 0B,

I
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R ARIA S R 2E A S IR R B X 380 e, 32 BB UR VT L B2 1 2%
SO, X — KL S = R R B T IR R R R R w8, b
TE ST T PR 5 M AR A S R S ) R S o[RBT R LA AR S
VR AR B PRI AR S M 5 TAEAE FLANBOE, BRIV 3E 24 B4 VR 2 T DAY S 58 b
PRI R EEIE S, ol A 73 I (14 47 T R0

S0, AR ER B A S RS TR, SR T XS R K AR A
i %o ZRGHEET H VU T ks B BN LR R A B A i, 456 2 HistALE
%, RERSET NTRE E DX S 2% 1 B B0 AR i R AR BA R i 2 S 4EE . T E 4 R
T, LS B HL RIS A E AL S T4 R 77 & 5.04~10.57%, I/ 1577
BB 3.41~6.06%. X — 5K T EARGHELRMIRAE T B2, o8 RO S AR
PRI IE B B R A T T B

5.2 ZERUILRRE

5.2.1 KFEESEBXN S

AW TCH KM s 38T 327 A (AN 4-1a o), )2 o0 A T [ Y 2 2
IR o AN A SR XK AE P K B B 2R, aia At ks
R ATAFIE, DL 36N A ZL o, KB /K AE A X Jl o Dy B 5 b 7 kA
SRAIX . Hdr, £, WESRMX NP HRAE SRl L. A
R R LN 2 AP YRR AT SRR 0, 4l B ARSI, DUEIT /e
S EL I RS SR ) R B L RSO A . R AR SRR IX A B R
X (@) | mEtmE R AL (m) o D) X (<O KR
PEAMERHIX (%), Fhit 4 DR TIX; AL AKX R R
JEAMAIFRX (), TEFERX (), BUSFESGM AL (D), it
3AERRIT X

5.2.2 XIE M EEAL I

FEIE N DA AW TR M 3 & O ik i AT i AL 7. DL )
MR 10 53 00 S B O SR i, FEORFEKFE AR A R T4 N, g Tk
FEHATT G % 15 REVEENE o BRI RGIL 5 78 X 0S5 5% A 22 7 S A AR p= 52
B, X AN DGR T X I IR 1 R RE X AR B PG Dy 30~223,
B FEIX HR I B aE y 80~150, iR S H i e 2 T KM AR /0, 78
G326 R8T DX IR SR RAE 5 R0 AR 7= S B 7 3R 1) 22 e

IKFEAGAEANN = 55 25 R AT X, R R X3 Ay W 0 500 A TR A e A T S 4
FERE I ) T 1 b, SR A 2T = B T v 7 o 5 ) B SR X AN [ AR S SR A X
PN A5 KT S R R A e T I R AT AR RO R A o = B R i 7 R 50068 I e iR
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(Ty) «~ BREKBERE TR (T E&KERE LR (T MxERE (To
E B T KFE K B R NRRIE, R

T-T,
T| _Tb
1 if T,<T<T,
T,-T

if T, <T<T,

f.(T,7,,7,7,,T.)= (5-1)

if T, <T<T,

c h

0, if T<T,orT>T,

TS R E RIS e faba 5 @I FEIESE Do, RAETA
FHEHAT R T KRESEE I CERAEKIIVGP., A KHIRGP) K7 AR (LAT
fEo EFXTCHAE TR, IRBOHTE 7 — RV R ER Shafabs, TR
FE. KBRS . ARRE. BRBEK. HKEEMRZR T, DR R K
GESE 3 RPFHAIE>30°C, HND  mie ok (HD) « W kAmx (duTs
X IES: 3 KPR IR<17°CHF 5 # X 3E4: 3 KPS IR<20°C, CND | A5
BRE (CD) S dabr. KeFii sS HhEAL B . KRS AR ME . SR A F I
7oA K B REE S R B R AR R AR &, S NBEALARMR P Bl B A A B P R
R, WEH -2 TEREEIRE.

BT L2 it b BRI IR A L D s B MAC R T, PR T2 B Fx
AL 0T AL IRAREFE DL T DI, Bk, AR FE AL E 5]
A7 78 H3 0 B 5 e 2% s X IR ARSI & SR AT RE AT, IR AR S X N REAR
MRE M S PSR, EPE— ANl S — R —E 4, HERR VG P
HOAREA A, AR DU i — s b — A — R D e 3R R M H bR
BARAGRREL, 256G 2 RE 7 2 d A TR e e /M B s, AR 23 30l e
PP E (1.0000) . EmAK (-0.2484) | iR (-0.2484) | ¥ FH AR (-0.2500)
FIAERE (-0.2531) o MACFEIEIETNSGA-IHELL LI, RAWEIRZ X (XX
R 0.5) HSBEARR CEFME 0.2) 15, £t 15 MRUHMER . FhEEER
FEIVEE SIS E, B&DAMET 15 MK, BRI PR BUE B A
AR Ryt i — i A —E A A W R U T 22 . ARG, I iR
FAFEAT 5 77 26 BT 41 A 347 S5O S5 A 3

5.2.3 XigER M ALk

SRR EEA T 5 IR  ASHIF 70 8 S0 B K R AR S R IX N 1A Sl P AT 25 B 1k
BEVEIT SHEF . PP AR DL AN B (RS AkE (HmEs)
AZ R AR, AT 07 e ) 2 5 A A 2R X P LA AR (it S Rl R o 7 A b
s A AR 2 PN, SR FRIR IS (1994) A2 ¥ i fa R 4L (HSO)
VERNGEEVEM AR R, 1% REREW AT FU WA EY SRl 0 ==t S e~ M, HoE
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B R A ER A AR R AT . SRR R BT E TR
X —S
X
X, X FoRFTERERS R S, MR bR X A T
FE X Ik P BT Sl R T R R IR R I . BRI FR AR S S, AT
DARF2EVEAG & S TE 4R 8 AR S TAEE T 1@ MR I

AR B SN MRS P AN L AR BRI e B AL b, DA%
BRI A S BRI RE AR e AR ) RS AR I 8] R, 32 B T = B B e . Ry
EO VMG, AN A A SR IX P P A A 348 ot P AE A2 X 48 P B A X A
R B R AT R SR E A . @I YRR, RGPS AP AN [
I RS AR F I BN RO, R RREE A EM BN KRR E R, B
BIEE . KRS AR BRPBKAH K. 2565 RRE s (0 A7 &
BE (BRI, FEMENEE MBS, RN 2k SR
MINAD &, B RAPERE S TR SR, WEE 2 4ERHEEIRLE.

BT 2 HbR O EE R SRk DAk SN B/MEL T, FFRET 2 Bix
B EE R AT B, BN AN SRR S, WG R
FIRREEAN R, MRS R — i — R — R PU e R s SRS, M H AR
BURAL BREL, 25625 R i i R A5 10 B e S/ Mk H b AR EE 23 ) 52 e
FeEE (1.0000) . EimAiK (-0.2484) | =i AL (-0.2484) . ¥ FH AR (-0.2500)
AIAFERE (-02531) o MALFEIEIE TNSGA-IHELL ST, RABMAIRZ N (X
R 0.5) SBEARS CEFME 0.2) 15, 2 10 AREMER . FhEEAUBR
Wik AR BB, BAMET 10 DA, MR KRP T % UE B i
PAMEANE il S—F i — R A& B scE B M . B a, BRI
TSRS IS = A2 =0 1, NS ARSI AY X S HLOE R AR PR S A

HSC, = i (5-2)

5.2.4 BHAFSFEEMIL

2 R IE B SR A B . AW A e dE T O I /KR R B ) S A I
ShE FEUERR A5 R ST G, R 3 T = B i 5 v 1 R 25 ) P e s 7Y
XA [R5 it P 4 (5 R B SRR AT R PE B . I R, SR
KEEFTHBRNWAIRERShiafErr, ERREROTE: FHERE. KHHE
B, BRAE. BRBEOKENHKS; BEERERERE: MR EMR (Es:
3 RFHAU>30°C, HND « il K2 (HD) « AFERASIR (k77 HiX ES:
3 RV IR<17°CEL R J7 M X 4L 3 R Rii<20°C, CND, 12 5 2 R £ (CD).
FIFH BENLAR AR Sl AT, 0 B0 A FE R S A 2 A 1 7 B /K AT T
i, MR T — AN R AN R S RBE I b 5 35 2 & 1 2 4ERr 8RN )R
ZEARA I BT e B S
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BT 2 HARaE A B 5 — i A E D04 7R 2t 58 B R R 2 s B AR
F, RHZ BFridbFEE (Multi-objective Evolutionary Algorithm, MOEA) Xf A
A A 25 XN 7K it m 5 38 A S T A DU . IUImAR Bt an T B oe, &
B 5SS s . Dk fOVR/ANr o, SPRHgEl i—FEmAEE, &
e e izl PR HAREE G PN R 40 AT i B 0E B R Rl G L, g o
LS o0 R DU T e e b B . ook, AN gmis 5016 FhEE . & U4
Gt 77 OB B P 91, 40 i3S A R S AN I 51 . i FE LI X
i s TR AR A R AR IX PN 11 st vt S e 1 4 9 7 10 N AR SMEL, A2 BRI aa A Rl
B, WEZ HbRENE R S AMA, ST IR i —3% 120
A ERFIE R S A G H B AR, M B B AROCAL M D= S KA 3 B xR,
&) B ME DU TS il 4845 (HNL. HD. CN. CD) . 350 % ik e
% HFMUEN (1.000, -0.2484, -0.2484, -0.2500, -0.2531) , HH=EAEN
EAE, BB FEbRAE AR, PRI T SR T & R I FRAS AR R bl 520 11
AL o BeJe, 2 TNSGA-ILE R FFAE L SE I AL 72 . NSGA-IE R 535
KA X (A 0.5) AR L) 7 (B RMER 0.2) #H4E, fERF0HE
b, POEEAEORFE 2 AR B B il B AN 1) SEAR AR A vt gk . VA IEARIE Y 15
o A MNAPEE P SRR SR & R IR AN, FFR [N R SRl 5 A
VPN T bR o AT R L AT T S SR B 3l o5 - 4R 40 4 & RIS R AT
SRR, $RIF TR, RAIVAEET 2 H RSO ) DX 380& B 7K G it A 5
I A LA TT = .

52 8B REDh
5.2.1 RAMER LT EEMIMERIIR B RER I

Hhy s — S — SRR 22 R FEC T A FLRO AR BB N A AR R
B ARV R B I R8s R 5-1 Fros, AR 2 580 BL(VGP)
K FE R B AT R T MR RN B (RGP) BIATER, HWEH 2 —
EAR . WHERD B HER B, KA R B FAT RZZEE N 668.65 °C d ~
211098 °C d, “FH#ME N 149226 °C d (£194.06 °C d) , A7 RHUN 13.00%. M
FEREAE AT B, TR B TR RSN N 296.64 °C d ~ 1406.97 °C d,
YN 683.85°Cd (£105.83°Cd) , AR AREN 15.48%.

N T kSRR A B e, FRATIEH T BN AR AR AL N (1) i it
A I BRSNS E A T W, SR TR R ZE

(RMSE) . “F¥4axtinz (MAE) PLARE RE (R A NTFNFabr. 4550
K 5-2 R, FEUAA RMSE. MAE F1 R? 73518 7.01 K. 4.87 KF10.94, fk
AR RMSE. MAE F1 R2 4304 8.87 K. 5.80 KA1 0.92. K 5-3 BIir, {E5%
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FEHAIT , BERLR Z2<7 RIS 5 LN 80.5%, BEALL R 22>7 K AE I 5 H N 19.5%:
ERLR ZE>T7 RIS, B H 2T 81.0%, —ZAg (1.3%) FEERE (17.7%)
KA ZE PGS o TERGAIARE, BRNRZE<9 RITEO G N 83.4%, HEfLLiR
Z2>9 RINTEOL A HEN 16.6%; FEERLRZE> RIMEHA, FAREL2 T 82.4%,
—ZFRE (1.3%) MR (16.3%) KImZMIEHE D . BAKE, BRI
FERUF, RS AT = & 52 fh i 0 15 K & R E .

BIRE | LW
STTEEA ! |

H

FRRE | |
AR FAEA !

1000 1500 2000

RFXK (Cd)

500

B 51 AR BHBUKBA B IR AR ENMELE . BN A RREF—
FREAMFRE— R, AFBRMBEMEE 25 258 75 GO 10 25 90 HAALTE
H. SERNRRTFSE, ARVRBERRPAE.

Figure 5-1 Boxplot of thermal requirement observations in two developmental periods for
Rice. Boxes and whiskers represent the 25%"—to—75™ and the 10*"—to—90% percentile ranges,
respectively, of the thermal requirements from sowing date to full heading date and from full
heading date to maturation date. The red dots represent the average values, and the vertical
lines within the box represent the median.

(@) 3501 FFFEHA: Re (b) 3501 mEEhEA: e
RMSE = 7.01 ’ RMSE = 8.87
MAE = 4.87 g MAE = 5.80
3007 R2=(.94 3007 R2=0.92
iy i
m m
- 250 4 . 250 4
g 250 & 50
S =
= 200 - = 200 4
e K
150 150
/
/
rd rd
100 T T T T T 100 T T T T T
100 150 200 250 300 350 100 150 200 250 300 350
Wn>iEHF XM R 8 B B

B 5-2 SRE AN IR LA A5 2Y X AN 5 b ) /K A A (B ARDUEL S5 L JUAEL R b

Figure 5-2 Comparison of rice phenological simulation values and observed values from

different agroecological regions and varieties
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(a) FFTEHA

(b) RKEREA

9

B 5-3 FREMAARASHVREBIRZ DA 1E DL

Figure 5-3 Distribution of phenological simulation errors during the full-heading stage
and maturity stage

5.2.2 BEREEE I /KFEFFERE B EARSE 0

IR GT RS R BT K AR B A B AR ZR 5 50, ASHIE ST AR 4ERE H RS
JEA SRR TN, DR AR UE RS £15 RiE3h e DT R 1L,
HRGIFAL T AR XSk 7% o KR A B KR P 8K A e
MLEE M. BEFRgE R, W 5-4, HBIMRILE, SR 8 KE A
TR IEH BE A 577.60 kg/mu 2THE 606.69 kg/mu, 7P EIIEZE 5.04%, P2 EhnE
ZEH 86.02kg/mu [£% 69.68 kg/mu, AFF REUN 14.890%FFKE 11.48%, rewfa
2T IR T

XA FEFEEF AR XN S, R IEEARR e RS A 2R Ed
W, R EIA#) 609.54 kg/mu, 5T 4.82%, 7FEEAR AL 3.22%; M

=

FEF= eIk #) 565.00 kg/mu, MWEFE 6.45%, FEEARFMERRK 4.32%: — TS E]
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12001 () =z W (b) 2 W
XY BHEREE A B
1000 1 @ 250 1
P oo g Sl
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Figure 5-4 Effects of adjusting sowing date on rice yield, days of entire growth period
(GP), days of vegetative growth period (VGP), and days of reproductive growth period
(RGP) in different ecological regions. SC represents the Southern China (@), YGP represents
the Yunnan-Guizhou Plateau and surrounding areas (¥), MLYZ-HHP represents the middle
and lower reaches of the Yangtze River and Huaihe River areas (%), SBSA represents the
Sichuan Basin and its surrounding areas (<), BTH-NEP represents the Beijing-Tianjin-
Hebei Plain and Northeast Plain regions (<), NXP represents the Ningxia Plain region (),
and XJOA represents the Xinjiang Oasis Agricultural region (>).The red dots represent the
average values, and the horizontal lines within the box represent the median.
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F 681.57 kg/mu, G/ 4.19%, F7EALFEEAC 3.70%. HEREHLIXIE ™ 5.72%,
FE AR SRR 3.60%; 2 5t i JE A I X BE 7= 4.00%, 7= 848 S BRI 3.69%:
KA A I AT P S L X G 7 5.06%, 7= B AR SRR 3.60%; DY )1 28 Hh fe I
JE IO X 377 4.93%, 77 B AR SRR 3.93%; RS A AR AL PR X 367 5.75%,
PR FYERRAG 5.44%; T EFIRXIEE 2.76%, FERAR TR 2.79%; HiiE
SN X 3= 4.39%, FEEAR TR 6.31%.

FERSHA A B AL 7T, R HEE 1.1 R, 24K Yq
BT 0.6 Ky —ZERAFHFHHRAT 02 K, —FERBNELEFTHPFKESE 04
K MAEREHIPIO3EET 3.7 R, MAEAA B FK RS 4i5 0.1 R, BARE%
AR, EERX, PREEYHEER 04 K, ST TPHKESME 09 K,
FERBTHABEARFKE R 7 1.2 X MBEIHED 5.7 R, 248
WK IESHE 0.7 K, XRBTAMAEKIEPYKESE 1.5 K, HKETEF
ARKIPPFIKEERT 0.8 K. fEairmliAAX, —ZFRHENET 0.6 X,
SAEGTFHKEAE T 0.5 K, FERHBTAMBAEKIFYKESRALE T 09 K.
AL R AIVER P S X, BARREIAHER 0.7 R, 2T TP KESE T
0.5 K, FERBTABAERKYPFYKES R 7 0.7 K BRRERELIIRAT 27 K,
SEFWPFHKEEKT 04 K, FEEHTEFREKHEKLT 12K, #HT
AR AE K AR 0.8 Ko TEDU Gt S LA X, FREIEIMHR 1.7 &, &
AFATHKELR 0.8 X, FEZH T RBAEA KRG ETIRE; MAEREH
PEET 5.5 K, &4 F W TYKESME 8.3 K, FEL M THRARS KIS 6.9
RIMFEH . EREFEMEICTEX, —ZFBEHHEER 1.9 K, 24 FHTFHK
EREK 03 KR, EFRAKIFHEK T 0.1 K, AHEKBKELEKT 03 K.
ETETERX, —FRBRIAHER 1.7 X, 24 FHTPKESR 0.7 K, XEE
72 BT AR B AR KA R 4 o 5 RS 1) o FE B R e AR L X, — ZE AR IR 2.2 7K,
SEFIPSKESE T 0.8 K, XREELEHTEREKMKESE5 RN,

523 mMERIKIESEMNE E AN

AW FEAE AR FH RS AT JE AR 261, 0 & A A ALIX P /KRG
FREEAT T T, RGPS T A B KR A K 7P K S AR e T ) 25
AR AR (B 5-5) 7 T A B R AR BLX 5 M AR F I
FER AL B B3 1A () 22 R, (FT SRR 22 P AR S A R 38 e L HH AR )3
RIPERIFR =1t o EAT S, PP E & o B K R E ST, S IR
9.83%, FEEMIESIMEWR IR EE, FrifEZEH 86.02 kg/mu [£% 61.06 kg/mu, 4%
F RHENL 5.26%

B0 WA FERGZEFN A S AL X A7, o b B 5 i > 1) 7 i s P A A e
P S A 25, (AR5 KA B IFK. @l mFpiRib g, BAE~ =L
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Figure 5-5 Effects of variety replacement on rice yield, days of entire growth period (GP),
days of vegetative growth period (VGP), and days of reproductive growth period (RGP) in
different ecological regions. SC represents the Southern China (@), YGP represents the
Yunnan-Guizhou Plateau and surrounding areas (¥), MLYZ-HHP represents the middle and
lower reaches of the Yangtze River and Huaihe River areas (), SBSA represents the
Sichuan Basin and its surrounding areas (<€), BTH-NEP represents the Beijing-Tianjin-
Hebei Plain and Northeast Plain regions (<), NXP represents the Ningxia Plain region (),
and XJOA represents the Xinjiang Oasis Agricultural region (»>).The red dots represent the
average values, and the horizontal lines within the box represent the median.
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Rk U

637.17 kg/mu, 3™ 9.58%, &AL PR 5.40%; Mifg ™ &k $] 597.73 kg/mu,
57 12.62 %, 12 5 AR T PG 5.08%; — ZEFE = Bk F1] 696.59 kg/mu, 477 6.49%,
PR R 7.03%. (EAEFFHIIX, SRR E LI EIE N 10.11%, TR AR
B 5.40%; 1E vt = 5 A X, SEIE ™ 6.42%, 7= A8 7 PEFRIK 5.08%:;
FEKAT AR R ANV P X, 72 11.82%, P AR Sk P 7.03%; 7E0U )11 %
S JF X, 3G 6.98%, U ERAR I FEAIC 4.53%; FERUEEE AR P X
W= 7.70%, reEARRERK 6.46%; ETECPIEIX, H” 2.48%, FrEAR R
FEAK 2.72%; FEBTERSEMARNLIX, HE7~ 4.58%, F=E2 TR 6.95%.

MASEIFREZEAE B K AR ORE , i B B A R AR B K P e
KT 1134 R, BREELEFHKEFSEK 7 2131 K, —FReELEFHKEF
BT 3.1 K. He, RREEFRAKIFHEK T 6.8 K, AMHAEKEFIYE
KT 4.6 K MBEAEWEK TR TABAEKPELT 155 K, EFREKY
FRREKT 5.8 K —FRALFTIFHKEEK, TERHFARAE KLY
KT 2.5 Ko BARBIKAERRAX L, EEmiX, FREMBEREN LTI
BIKEEDRIZER T 7.8 KA 15.7 R, BfEEAEHEK FELH T EFREKIT
BIRKEELKT 53 K, MBLAEHEKFEZRH TAEAEKIPFKELEKT
11.8 Ko fEnstm AKX, —FRHEEEHKEFHELT 09 K, HpE
FAEKMFHKERE T 2.1 K, AHAKFHKEZEKT 3.0 K. fEKITH
NUEAERE R, RREedF KRR T 206 K, BMESEFIHK
FEPIEK 24.0 K, HPRBEEAFHEKEH TEREKPTHKEEK T
11.5 K, M4 EHEKFEREBAREEKFKE 17.5 K. 72001 #H
LSO, BREed K ES S 1.2 X, BEess i riKEEL
T 42,6 R, BREEFAEKKE L RAEBEAEKAKE P90 1.4 Rl
(17, T I 4 AR B WA 3K B I K T8 7 A K R A i A K P 35K 4 il
KT 27.5 KA 151 Ko fEREFRMAIFRKX, —ZFRad g K EeE
K175 R, FERHATEREAKWPHKEELT R, AHAEKHFKE
RERAEREZEZR. £TEVEX, —FREEFWFIKESE 7 04 K, X+
BT A KK AR 5 N . EFmefol X, —=/Ratd i ry
KE4E T 3.1 K, FEZEHTEFREKFYKESRLER.

53.4 BMEBRESBIRAEIKEFEME BN

RS b T B TR 3R AT R R KRS P e e A B IR R A R, AT T
DL A A A B B 15 KIS & U, & A SR IX P /KRG i Fhadk 47 7 38
B, RG0HE TR RIS XTSRS A SRR KR AR B L R KCP
KRR MENLZA M, R RER (8 5-6) , I 3G AR B AN G Fl o B A
U mE TR, IR T RN, WD T RS R S E R RS K
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fare a W E RS, P8 AR IR B ) 577.60 kg/mu $2£F+ 2 638.66 kg/mu,
FEEIIE A 10.57%, FrEbrEZE R 86.02 kg/mu (% 56.40 kg/mu, 85 REH
M 14.89%F£AIK % 8.83%

% B AR A SR BE 0] 7= R 52 e FEAN R R 2R A AR AR SR B X AR AE 22 3, (HIYAT
K= B KPR A = B A e ME I 55 . (RIS SR DU S R R B R B, [ LAY
;7 Bk #] 638.06 kg/mu, B4 77 9.73%, 7 B AL Rt FEAIC 5.78%; MR AR A £ 616.04
kg/mu, 5= 16.07%, FeEBFMHRK 5.09%; —ZFREEiEF] 694.85 kg/mu,
WP 6.22%, rFrmARSEIERRIG 5.48%. M EAMNMESRAUXIMNE, EEFH X~
10.19%, 28 511 FEAIK 5.12%; 2 5 iy Ji JE 1 b [X 36 7= 5.82%, A8 S5V PG 5.49%;
KA A R I AT SR X 7= 13.15%, A8 R BRI 8.97%; VU )1t e HL 0
X HE 7 7.25%, 2B FPERAR 5.57%; SUEFEAARIE R X G 9.48%, AR &R
PR 7.23%; T E VIR XI5 3.54%, A2 VERRAK 3.35%; SBramagil ol X 3
5.73%, 28R FEAC 7.78%.

W2 HAnhAl, ARFEZEA SR X P F A A KA R A T RE
Al WNAFEFREERIFEIRNRE, B —F R I m AR, 5 hlHHER 6.4
RAT0.3 K, MREREREWINAG FrEat, FRHRET 1.8 K. AT TH, B
o MR — RN TP KEHEELEK, 2HlEK T 122 K. 304 K
1.9 Ko HARBIFAERIKUX, EEFRKX, FRBEFEHPFMET 31K, &
AL F TP KELELK 133 K, HPEFREAKITFHKELEK T 72 K, £5HE
AKIATFHK AR T 6.0 X MAERE T 42E0T 4.8 X, MR AL F T
KEEK 16.8 K, HPEFRERKYFHRKREEK [ 6.2 K, AMHAEKYFSKE
AR T 10.6 K. fEmvrm A, —ZRBENIETT 0.6 X, &EFHTIK
FEREK T 0.5 R, FERHTABAKIFKEEKTER. KL TR
VERP X, AR IR 9.9 K, BREEAFINFHKELEK T 210 X, &
FrAE KA A KPP K e K T 7.6 KA1 13.3 K MFERE AT AT 13.6
K, MRBEEBTHFHKEIEK T 359 K, &IRAEKYIRE A K 52 4
K, FHKESHEK T 16.8 KA 19.1 K. EPEH R FEDMX, FREE
WIHEIR 41 K, &AW FHKESM 0.6 £, Xl T REEFREKYAER
KA A a5 MREIRIAPERT 4.8 K, AT FHKELEK 17.1 K, EF
AKIARAEAE KPR E S AER T 11.4 KA 5.7 Ko fE MR I TR
X, —ZRBIFWHER 5.0 K, RAEFHFHKELEK 12 K, XEERHATER
AR T 10.6 RSEUW . £ T EPEX, —FRERHEE 2.5 X, &4
BYPPIKEg R 2.3 K, ERAKAMATEAE K PKES S ME/- T 1.6
RA0.8 Ko fEFERGEMANIX, —FRBIAER 6.0 X, 24T W TFIHKES
BT 64K, XREZEZHTEFRAEKIKEL T,
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Figure 5-6 Effects of combined optimization of sowing date and variety on rice yield, days
of entire growth period (GP), days of vegetative growth period (VGP), and days of
reproductive growth period (RGP) in different ecological regions. SC represents the
Southern China (@), YGP represents the Yunnan-Guizhou Plateau and surrounding areas
(®), MLYZ-HHP represents the middle and lower reaches of the Yangtze River and Huaihe
River areas (%), SBSA represents the Sichuan Basin and its surrounding areas (<), BTH-
NEP represents the Beijing-Tianjin-Hebei Plain and Northeast Plain regions (), NXP
represents the Ningxia Plain region (- ), and XJOA represents the Xinjiang Oasis
Agricultural region (7 ).The red dots represent the average values, and the horizontal lines
within the box represent the median.
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54 Wi
5.4.1 BHAHEA SR E R IKIEE a5

(1) BERAEERKIEE FHAM = SRR

VAR 1 ) o 388 e A 088 I S 38 A 1) B AR A B S 23], AT 3R
B, SR B L — i R AL AL SR, BB R B SR T KRR B /K IR I it
FaetE, EEVOE NP IEEIE 5.04%, FEER RN 14.89%F K2
11.48%. 1X—45 5 5 Wang 25 (2025) P2 50 B — 8, M1 & BAE  [Er
JrKAGIX A, JEE R R AR B AR 7.4%, BT ERE 1.7%, B
T s 4.4%.

MNEERERE, BEN—FRNERICEAFEREZER, B TFEH
IRFEIA 1.1 R —ZFRENR AT 0.2 K, MRS TH5E ik 3.7 K. X R
RS Hu %5 (2017) PRI Wang 28 (2025) PRI 50 R IR /> — B —A4th
1146 R RIS AR AT IE A . SR1M, ABFA SR CE R MAER S 2R, K
AT 5 R I, ARG L A F b DX AN T H T I 1 XO& B AR F o, Wang 45 (2025)
(22315 HH B 2R L B A AR P o X AT BB R T BRI 454 L BF 7S E 2
Wang & (2025) FIRFFLEET 1961~2020 4 F G E0 8550 20 tH2D 80 4R 6 A
R PP S, PPAS KA AR 2 m ;s TN E IR B T 2007~2018
[ 327 AN R RS s 3t 2175 AMEYD &R B XA A R e Bl . TR
TR FUIN TR) 25 BE LR (12 ), ARSI AL FEA N S 4R 8] 2.2, X 7] RE
S T RIS g5k, AL, RATERBMBERERREZSER S EIEA 2
XWATRE S TR E R . Wang A (2025) PRI T B ARG SR AL X
IKFEAE B AN LE 7 s B s, T BT BB ST N B T4 A (12 4F) AT
AR X PIRE IR AG SRS, DLRI 2 J 1S5 B s A AR AL

T S B00F 7K A A B S0 B2 1) 52 M A7 AE I S B AR A X380 07 S R A o MR 5
BRE. MREA— Rk B K RIS 2 485 1 0.6 Ry 0.1 KA
0.4 K, 5 Zhao %5 (2016) PR 57 o 5 17840 5 BUKFE A B WK 2510 A [
X —Z R AR T AT IR 1 SN 2 R ) S A B, I LB 7 XA i ) R
JEARE . B0 0T R, B4 & e A R X AR 2 5%,
QYT R R i X R 4 2R B WP ISR 0.4 K, T PO )1 2 M R R 4 2k PR
A% 8.3 K, X5 Zhang %5 (2022) PRIPIHEFLEE FARSF, AbATHE H 176 AT Xt A=
B I FE R A B S 1 DX 0 S R AT o 48 510 B AN TR A2 B B B s i BE O R
K (RGP) A FRAEKI (VGP) WHEAAL N AFE 2R . fER T
KEBHIIX, ARG RGP Him4ik, M VGP AR R X0 . 1X 5
Zhang 5 (2023) POIWER L5 RARVIA, MATRIVRIERBR AT, IR+
B I OB A [F AR B B BRI ARG IR S A, T R KR 1K) A A R T
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TR X —Z A SR B, FREA A A B A, RS iR T
AEE AL, OCEE W B R BT R iR BRI S AR 5, Wi $e s =
BACF IR E M. EAERRE, BRI R X N — 2=
A TR 03 K, M/ IREE 5.75%, mEERMHRFIC 5.44%, =&
e [E B PR AR N A BB X2 — . 1X 5 Chen 5 (2021) PR 50 45 R
FAAF, ARATT R I 1 1 B 16 A B A AR M A At DX /KRG A8 7= T I RO IR FE Joh e, 28
KA RBEERIA, P 8K X5 RS A At e s s, R
R B R R A AR KRB AR K R B I AR S A B R A DT R 12481,

o EEAS RIFE AR DX 35k, FRATT R A SR A o 5 A 45 DX (A9 7 2850 N A7 2 2 55«
HEFH X B 5.72%, KILH T EHLIX G 5.06%, HUEEF RGP R X 3~
5.75%, 1T 2 IR XA P 2.76%. 31X F 22 5 5 45 X3k R SRR AN IR 5 1
FBEYIM R Er T REIX, a2 R P s 1) 2 BRI R 2=, mifEdb s Fe
X, (RGBT IR H . Gl R AL, o] DU KRG S8 AR & B Bl X AN
R IE AT, ABTEARFR X SRAAFAEESR . X —KIE Zhang & (2022) 24
FORIEFLGE R — 50, A AT Fe 1R 3O R A 1) R R e T 24 L ) A% 2% A N D JE R AE

(2) mMEBXIKEE BN~ 20

BB E S AN T LG R () s P AR KR L A, R RO TR % S A
A PR X P B T R ) P — B L 2502512281 KA T AR SRR, AT B R
S5 KR = R AR A S MR T B g R A L Sl R, A KR
PP ERE T 9.83%, PR F RBIEC T 5.26%, 8T T EE i ok 1)
5.04%38 77 F 3. 41%F7= R . X —45 15 Liu 55 (2013) PRARGHE 451835 —
B, ABATT R B o 5 B R AR M AR AR AN LA A B I RS R SR T g, (H
X RUZERG I AME R A TR -

MWAEBIARBNKRE, WA E SRR, BN —F=Re a4 E 15
BIREK T 11.34 R\ 21.31 KA 3.1 R, IX—8 A B ot b 1 B B plr s R AR
SRR o (B AFE R B2, ASBIEF0 R I it P 0 5 0 AR A B I S S T 2 %
SEIIEK: 21.31 K, X5 Zhang 2 (2016) POVHT FRAFAE 2SR, M1 A S fh
B A B A AN LR AR A A KT A A T A A o 1X — 22 e v RRVR T A SR
T EUH R AR SRR, ST T AR R MRS B R T 1 ARk, BRIy
KA KA S e A . FEARRIAEE BT, SFh s E IR K
WA AR G AR K A8 P2 A T R, (AR A £ R . RS IR A KA
A KIS IIEK T 6.8 KA 4.6 K, BifgllsniEK T 5.8 KA 15.5 K, —
R ARG AR KA K 2.5 Ko X R B A B KA IR AR A
KWk m = Bl /7, X5 Wang 28 (2021) PR 45 R —80, AR BLEE K
ER IR R SR TE = R R —
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MIXIRZE KRG, A A R A S XA R 25 KITH T
T AT~ J it DX 3 P B 5 1 7 11.82%, HERAHBIX 3G 10.11%, 1fi 72 2T
JR DA 7 2.48% o IR A X 3872 5 15 4% DX Ssad P FR) et ok M R B R A A %
Wang %5 (2021) PEIEH, i b 58 25 SRR PR R BR300 A 5 2 2R 35 3R 1
G AIEVLACRESE , AR TR LR SCRF 17— W

XL PR B SRR B s, BATEBUE T ARSI, A E S R
HISETHRCR Y i TR, Rl R A AU R i AR B X, e B 5
SRIIIEF= RN, (11.82%) EREHHREE (5.06%) HIFfEZ . [FES, & X
AR E TIPS T EOR 3 v 13 U R 3 X — 45 ARUR U, ERRIEA IR OL T
PLSEH5 8 S AR LA S m] e LRIV R 3 BE o0 2. ARTMT, PIRD SR X2 B IR
M A AE 22 5 - R ST R 8 2 B P A & S A e O B i B i BUBE T AN R 24
SR 2R A5 Tt e B DU e 2 A A A R e A T AR KRR R
X5 Qiu &5 (2022) PSIWRFLLE R —2, AA DR BUHT A L ELE AR KOR
B REAMAY ) RO = . (BRI, A S S R X KR
RO 1 XS S A AL e B S, B R 0 RS DR A R AT R R i X,
PSR (V) RACRSYBON 5385 AL DAL T 5 IX U0 7 =P B IX, PR SR g (1 28 R 494
XA PR o 12 B DX TR A o AR B I RCR R 3R, X — 45t S
Peng 45 (2009) PSRRI U 45 FARFF, AT L o b A SR8 G F) 85 R 32 38 IX 1S
(F=SLERRTE -

542 XEBUEEM4HE G REEXKEEE R0

(1) BEPAEFMAMESEES R X ~ERNESFZMN

KT REY], HE RIS R — g B R G 1= O], & EE
Bl NP 338 P IR P IA 10.57%, 77 7 REUN 14.89% %K% 8.83%, RN T
BRI PR IR (BG77 5.04%) BUAAFREE R (377 9.83%) HHlg. XK
T 2 (B AFAER B AME, A TRIGE I 45 & FF R SR e 5, BE T AL
ALK REAEF= 2610, T SR EL P — SRS o S 5 A B P AR = AR . X — 45 RS
FFT Song & (2022) PPIRyHF ALk it, MhATTHE H 2R G SR FH AR R A R 5 bk 5 5
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DI 22 5 £ B 0 AT, 2L SRS R 3 7 S80S A A () A 4 DX 3 ) A A 3 2 e
KA R R AN ]S SR X 3 77 13.15%, SR HLIX 7 10.19%, FEFEAAIL
S JE X I 77 9.48%, 1M T H SR XAV = 3.54% . IR X 82 A g 5 & X I
GG UR S A K FEFRAE 1] B2 LA AT it P AN B BT A o6 o AE KT A R A
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TR TAE T B A TALT R X, KSR R A BRI KR = AR ) A
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B, LAl S U RN P M LSS X — PR . IX 5 Chen 2% (2021) P47
T 5 285 SR — 350, AT R IO /KRG R B it 4 i 7 52 38 [X 358 R YR P 05 2% A1 1) SB35
e o 20 G ST 7= B A o PRI T SR A AR B B I DX 22 e VT T TR i
TP R b X = AR TR R 8.97%, Hr R AN AL X FEAK 7.78%, HUEFAZRIL
IR X BRI 7.23%, 10 7 5T J5 X AN AR 3.35%. 3% 3R B 7E T8 IR 2% AR R 0 B
PRI X IR, AR e ER e AR E N B3 . X5 Vogel %5
(2019) [POURafF 57 25 AR AF, A ATTHE HOE 24 10 8 B il R 8 A A% B AR A i 5%
FHAERHEY) = ' AR 520 o

MWAEGIBE, HEKIE T ARG, MR —FRErN L g o Ek
T 122 R\ 304 RAT1L.9 K. X450 EKW, HEHRIE T AT RN E2 0
Folt 5 5 (A 2, T 4 S U D 7 SR AT T A o RIS AT S S PR 1Y)
WEVER, EEIEK THRBNAEE. X— KBS Zhang % (2022) PO
SE— B AT R R TR RS R R R P F A R 2 3 O KB 1 AR E
SER . (HRERIIZ, A SRS E A 5 7 17 5 R Al 3B IR AL SRS A7 —
EXE . (EHEHEIE T, BAREM—FEENS MR 6.4 XA 0.3 X, MFERHEH
PEET 11.8 R MERA BRI RIS T, BEHEHHEE 1.1 R, —FREHE
A 0.2 R, MEAEREIHIEHAT 3.7 R XRFEFEBMMEIERTE LT, mIUREHSE
WRA T BEA, X5 0% (2024) PR R 8 A1 BRI
5 PR B UIAEOC, SRS SRR AT R R R

(2) XBEEMMEREEFEEIN

BT AT 48 RS 2 HbsRAGEE, 456 & A8 R X I = fig
RFAIE R il B AR ARG A 72 SEBR, BRATTHE H BT 6 1 149 X 33 e P ol il 5 s 1 o 7
%, BIEB IR IRE KRG &, WY smKARE A P2 AR

MR 1 X 3R ] E B X, SRR RN R 2 W, A ORAEHE S
&, R Z= W i A G RS E R AR . R BGE A 11 1R 838, @Mt
117, KA 998, KLt b Pl 2388 IRMIAL 136 PR 4 SEE M Fh, XL,
P A RORMPUE AR M. BN 2 A BRE S A T, &SRR
AT R AR, fm iR = . mREEINeEE N e H LRaE 7 A
TH. MREEVGEF RIS AL 998, EFEIL 117, Ptk 2388, PH1L 688.
FAR 308 KA 9802 i, MFEH N 6 H LRZE 7 AR, SRR IEIRA
Bl T AR AN & =TT, BRI O 5 U, ORAIE I T 22 4 A

motE R A X VRN F, SRR RALET R, EREW, RURE
WEM BB ERR, SR AN AS L o PR T Ah 2 1%k 73 W5 F I 498
HEPRIL 959, BEEAL 1577, MR 422, BAL 259 25 5, Ix L bRt 2 i 5 i
AR BRIE N . X — RN 3 AR 4 A NA), AR
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LR ERRIR, AR DU R F S BRI,

AT H 5 AR YRT S SR DX AT DA A XU B — 2 e, Ak i N U 2R
M AEIH . BREEUCER BN 927, 50 9 5. 510 4913, 3k 6 5. Efh
540, Wi 1121, EWE 45, 1118 838 Sl fl, AN 3 AhEZE 5 A A,
&R A B TR ARG, S B RN BE R AR . AR VUL TS
It 4913, BIE 1540, BIR 1140, FAL 927, 3L 9 5. 3tk 6 5. H 5tk 3
SEmA, A6 A EAE 6 H T, SRATEIAA T EKE R EK, Bin
EYER R

VU 1| 22t R G Jo) X SR pi R B B AR, M B AR E G A 2 . FRE
VORISR 3437, BLPIAL 1618, (BRI 721, 240 08 SFMN SEME S Fl, 3B A
3H FfZES AT, FFNETEERIRZ . MREEDGEHZEM 50, #k
e ML 633 RARAE S mAT, FI N 6 AT H), $RATHEIA B T T
REARIR, TRIUE A R

BRI R X | 7 B2 P 5 XA sE g Aol XA S AR RFE F A7 e R
Z5, HHRIHBZAEN. THEYE. BRIEZERSMIE. 75 F R XA
SRERINAO X R R A E N R, T 5D, MeFrsaag e X WA E A
FoAE I H ISR o SAN ARSI XM ARG, FF T 2 Hh A K e [X 3
(7RG i b o] DABEAT A0 4P, PR P e S0 AR 58 VAR 9 5. B 48,
JEPK 1. A 253, FHEE 46, EAF 821, FHAE 811, HAF 823, AR K 538, Ik
i 346, MR 7 SAEIN T, WP9E. moLum M. RN 4 AWIE 5 AR, #IA
FEAHT i, ATARYE M5 2R R S LR TS TR 8, SR AR BT IR X ) %
R R T 2 e A 2SR B T PR R A R G R B A 5 SRS ], 7 B2 P D DX R A
BT BT BRI /K IR A F 05, i ek i Al X ) 36 3 8 ) 75 % s H
HE 7 R 25 T G E AR F R K B ) A B 23 i

AHIE T A BEIRAE T KRG BT, 0 R 7840 R =5 MUK o 55 H At B 277 1T
b2 (R MR S G T B, 30 I 7% A R Tt () 04k, T K I B s U YA
IR RS, DAMsEAKREAE = IPE . A, RBUE S ST KSR RN
B UM KRG AR 7= o AR I 78 N — 3P IR AR BAT X SR S M 2R R R
WS, SEEBRNAR BRI, SR HE R A B, 3R KRR SR A B

BHEL mRUE S

5.5 RENG

A B T { SO R AR TR AN L AR PR S A AR Y, A28 T /KRG 3 30—
kb HARCACHELSS, $R 97 7 X A8 S R S s AL B 42 . BF 9 e 4 1
IKAERAE X R 43 AN SRR X, B 5 8 TS 3h i E 5 AR F % 3 rK
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FEAE B IRAAL S R BRI AR EE R, 3R NSGA-II £ B drifi b 5355 mvF
il 7 REHAVREE L SRR R B A G SR X KRG P R R AE B RSN . 45 IR AR,
AR AR AT 5.04%, PRI RS 3.41%; AT E AT 9.83%, [
I B R 5.26%; 1M —FHE KSR EAE, P 10.57%, 7= &4 7K
6.06% . 75 HEBERUNLAEAE 2 25 1 X370 SRR, ARVL R R I AI V] 1 JE b X 2H &
RIEI =N e (13.15%) , 1T B PR BN ERK (3.54%) o MFiEE
F2 B KA SRR ) R AR T AR KR v I D, HE A R G R A
WSS OCHE K B W BORET A MR LS54, PR RIVE R R T R T B S5 1) X 3y
SRR FE Tk, A FUA AR T X R PR SR TR R B, AN
ARMIXHERE [ od B A S AR IAVE ], 97K ARG AR A0 R0 < g AR AL S it
T BRI
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K FLKFEERK K E SRR LA AL O, M8 T NYMEBE T
JUBE S P B Al B3 21 X 3 A0 3 S M P e SR e R B () e BE R R IR R - il = MHE
RIERBIHFLES 3, TERE T MEER R 2 B 52 B B FI3E, Joks AR L & R
RS A AR B AL T BRIS B AN R S

6.1.1 EFIMEREMNIRIERARE

KR E IR ARG EN TEYIR B TR (TR SHAER 25 REEAE R RHIE
R T T BRI R R B R BRI . 45 SRR, B [E]— K
il 63, HAEAFEIMEFM TR RUAERE RGEMEER . AT H
IR R R ST, B A KT PR B R N SRR &, A REAK
TIREE S AR AR FE T I R, AR BB B AR R 2
AR, I FHRZE M 6.6 KIEZE 3.7 K, KIEIE 44%. WFIREN, HT=K
3 B2 VIR e . B B RS B P e A A, B 1 G R B AR (AR R A AN R
XA B S S A T, R R R R BE R

6.1.2 ETRENBRMEERKIETEHEE

KRGS THIRA B SEFAE WEFRE . KRG SR S AR 2R
GLYEER R E, M T B s B T B R . S5 IRR ], T
A RHEAR B BN LAR AR B SRR RE, RRETT 2218 77%, YT HRRZEN
39.47 kg/mu, “FRILXTIRZEN 29.85 kg/mu. FREEEM SRR, KEEMFHE
SO P i OB R 2R (8.82%) , Hoikag VGP IHIAIH K (8.07%)  FifE Al
R (7.65%) « VGP HAIEF KRR 2 (6.69%) FISFHEHIA (6.55%) -

6.1.3 ETIBHAFN IR IL O 7K 38 X 180 S 0508 R 14 A SRR

AT T R AR SIS I 2 BARRAEHESE , SE8l 1 /K AE k0
AP X EOE R A . S5 SRR, DR AR A T 8 R 7 A 577.60 kg/mu
FETF & 606.69 kg/mu, F=EIFIRIL 5.04%, rF=EFrdEZH 86.02kg/mu &% 69.68
kg/mu, 2553 RBUN 14.89%FFAKE 11.48%; IGIAT Mk 58 B il - - B &
634.39 kg/mu, HMER 9.83%, FrfEZEFEZE 61.06 kg/mu, &5 RETEL 5.26%:
T 4% A 1 8 45 G A B B A4S | 7 42 = 10.57%, 77 B R HEZEFE 42 56.40 kg/mu,
5 RBEMCE 8.83%. ASFIX ARG ZE I S AL HE AN S Fh 4 & A7 B3 2 7
2H A SRS T SR 2 B KRB AE 72 RGPS BLPE A AR E
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B AE S Jon PR b 2 85 ] AL BRI PR, S0l RIS AR 22 B AIK 44%: MR T
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AW S BRI T A A 2= 5 0 B P 2 A R SR N e R R R, 1
TER FULFE AP AE — L Jy PR o 3k 2t oy PR AR IAE DUAN A5 THT  BFFE R T 1
PGS B 32 B B — SRR, T REREIA 2510 1 & s BEALARAM = A A
T 3 BT RIS BRI, 5P AR P SRR 22 ARk g BT
I3 SRS, SRR R E M A DU £ E R A T B0
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