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A7 B BBl B M 30~50 em, LA 0.5 em A AE K, AR ik
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SR A G R A AR AR A, EEE R B
P 37 A
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LSRR D B, FEARREMITIERGT,
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T8 o T e 5 3 ek 5 T H AR K R 16.33 em (40 em A7
) >15.53 cm (30 cm 47 #5 ) >>13.83 cm (50 ¢cm 17
#E) . & FhE R 480,600,720 g/40 m?hif, 4 BA A2 SP- 1
PR3 910 9.97.9.92 F1110.16 cm, Bl 5 7% A2 52 /)N
WG 326 398 3 5 (L o3 BESZ BB, P19 4 BEEh 4.8 1
B2 2.5 (P<<0.05) o MFEFITEE R 40 em &P i
R 720 g/40 m*if, BEAR S BT iR B A K {H 16.31 g,
FEH B S A B A

AN TF)AT I 5 4 ol b 4 25 0k 4 BB S MR 7 A
TR HEEM . 7550 cem TR T, & B b
IEAR  HAZ BR T bk s o] 43 A, H A BERCRIAR K 3R
AR XT3 22 510 30 em 78 171 i i AR 0E T A0 BEAY)
S W (0 7 ==V D 2 0B ) | R R A
— B R FARPE T ORR R AR (E T SRR A BEAL
TR, B Bt = 45 B ARG AR K R B
i (AR TER MR, 40 cm X 600 g/40 m?4b P £
AT K BETRKRET SR RZ MRS T8’
U BER T ik 3] 12.42 g, AW A K45
B R B4 -

®1 ZERZEKAELBAFPERMEIRITLL

Table I Comparison of growth traits among different treatment groups of winter rye at seedling stage

38 /om JBFVE/@/10m) bR /em TR i /em g i*mz:ﬁf/ ¢ Efﬁfpﬁi ¢
Spacing Seeding rate Plant height Tillers number Root length Leaves number dry mass mass
480 9.88+1.66ab 5.1+1.1a 15.20+2.05a 5.82+0.01a 10.424-0.88¢c 9.60+1.66ab
30 600 9.88+2.19b 4.2+0.9¢ 15.5041.98b 4.5740.12¢ 11.5641.05b 9.98+2.19b
720 9.88+1.54c 3.440.7d 15.9041.45¢ 3.67+0.08d 9.83+1.21c 10.00+1.54¢
480 9.50+1.05ab 4.8+0.8a 16.90+1.55a 5.57£0.15a 9.6940.74c 9.70£0.74ab
40 600 9.70£2.22a 4.2+1.0b 16.30+£2.11ab 5.2140.09b 12.424-0.96b 12.424-0.96a
720 10.20+£1.83d 3.240.6e 15.8041.67¢c 3.050.05e 16.31+1.44a 16.3141.44d
480 10.00+1.95a 4.6+1.2ab 14.00+2.34a 5.40+0.11ab 10.854-0.92bc 10.504-0.92a
50 600 10.204-1.34c 4.4+0.8de 14.0041.12¢ 3.53£0.07d 11.384-1.10b 11.0041.10¢
720 10.404-2.45¢ 1.0£0.5e 13.504-1.89¢ 5.69+0.14a 12.03+1.02b 12.0041.02¢

1 R One-way ANOVA (PP ZE 7 2543 H7) M Duncan’s 2 04, MK V5E S o= 0.05; RIR/NG FREFRIR ] — IR AR
Qb FRIAIAF 7 B 3 25 5% (P<<0.05) . T[], Note: A one-way ANOVA and Duncan’s multiple comparison were employed, with a significance

level set at a« = 0.05.Different letters represent the significant difference among different treatments of each trait at 0.05 level. The same below.
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R 75 T UL PR3l SN, 2 BE AR AR B AL

], 2 B by e v A L 2 BERICE i, ik b 3 2 mT SR 4
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25 [ 1) ) PR ) 5 A TAR R R P KPE
(1448 4 7 125 008 2 1AL 8 R 100 2 K A T ik ok ) 5
G bRZ T o AR SERIAL BB . R iR
TR0 R B B G O R0 P R R R R b
A AH S BE 32 B 5 1 s 1 o AR E T AR
) M B R A HE R R AR ) A K i O A
G AR B EREN . 40 em 47 X600 g/40 m* 4% Fh
it A I G BB A R IE R R S 0 R B BRI
P
22 (THESEWENZLEZHLENHM

A PR AR A Ry e 7 i Y DR BEAR AR AR
Z BB AT IE S R P 0 R R Y, LR B
AIAE H AN (£ 2) o 45 R, 30 em AT HE LA 480
g/40 m?* $5 P i b B 9 R AC 3 f sy, A 31 92,5006, Bk
FAL T H A AL PR (P<<0.05) . AHHEZ R ,40 emX
720 g/40 m*F1 50 cm X 600 g/40 m?4] & Y A R Sy
SRy 75.38% F175.65% , 5 F L4 2 (B AFAE At 3
MIGE T2 22 5, OB T ey 2 B R a8 a9 4 B X 1
YRR A PR TR o A8 A AT I L B A B Ot
M AR, BRI MR S U B, % R i I
e (E I A 2 T RESE N e 2 R R A R R A
R % A HFFRE R 2 T Re S HBOK L
G o BT AT IR AE 8 XU RN, R 7R A (]
R, AT R BT 2 n] M I 2R A ) o A 2
s A, B AT ) 3 R ' % R BB A B I R R
R H L W AT I A I 25 B ) 5 B R
R RGN I L TS, d iR 2R R
o BEYT , HAR R URR AR 5 | & “ URIR” s B s i 3=
B % IRl I K A o i A% b
TTHE , RS- F- A BEAR BT 1 5K Rk B P & L (HaE
FTHETE 2 N R 2, R TATIE S & IE M AS
BN o
23 BEZFERBZEZHREIEKN

A PRI DGR T ) SR bR sh S AR b an 1A 1
FieoR A A A 35 2 0 L SR ) Logistic 24 26
FRIE . T AT R 3 DGR T 09 28 0 0 B ok v 1 S S
WA, 4 16 H BRI E Rk E N 7.1~73.2
em; 26 H 10 H#ER W, feZetkim o 41.8~82.1 em.,
FERRAE 5 10 H 25 22 H ) A= K 5 iy 3%
(A B R, 3% 5 RABHE Y £E i EE T )5 0 A 2
RERE—

50 em 1T HEZH B ok 1 A K 3 P bk i i
1 (141.8 cm) 5 1M1 30 em A4 T HE2H T HEMA N 5058 4

x2 AARABEBAZEZFHER
Table 2 Overwintering rate of winter rye in different

treatment groups

{39 /em Téﬁ“%/ (Eﬁiéﬂ( ST 7 tﬁ%i/%
Spacing ‘(g/ A'LO m?) Survival Dead Overwintering
Seeding rate plants plants rate
480 37.0 3.0 92.5043.15a
30 600 43.3 9.0 82.8044.58bc
720 29.0 4.3 87.00+8.44ab
480 29.3 6.0 83.014-6.22bc
40 600 46.3 9.3 83.2345.14bc
720 49.0 16.0 75.3844.29d
480 32.7 5.7 85.22+£7.11b
50 600 48.7 15.7 75.6546.85d
720 42.0 12.0 77.7845.37cd
——30 cm x 480 g/40 m 40 cm x 720 g/40 m
——30cmx600g/40m” —e—50 cm x480 /40 m"

30 em x 720 g/40 m’
160  ——40 cm x 480 g/40 m™

+—40 cm x 600 g/40 m*

——50 cm x 600 g/40 m’
—o—50 em x 720 g/40 m’

140 |

j/cm Plant height

e

H #] Date
Bl AELGEBEALBEZREHAEEREKS
Fig.1 Plant height of winter rye from the greening peri-

od to the grain filling period in different treatment groups
JEI BN, d e AR T A AL 3 X R W RR e S R A
i IR, FEAHEATIEARAE T, 720 g/40 m*HE R
2 B RR S IR 28 T 600 g/40 m*Fl 480 g/40 m24k
HZH . R 50 e ATFERL A 720 g/40 m* 4k Fhvi ab B
PR A, (H 25 S AR PR, 40 em ATEEC A 600
g/40 m* FEFPEETE A I E IR I AR R 4
M2k, ek RR e AE 1111 em 2247, et T A AR A
WRE SHRTENE.

A AN R AT BSR4 0 DG R R 2 ), R T Rk
o BERS I A S B TR T ) 4 IR AT
T8, 45 R (3R 3) on  iZ AL BT 1) SRI 48 Bidw i
(0.021 0) 23 = T 40 em 1 50 em 4b 3 (P<<0.05) H
CDI %% 10.66, XKW AT S BOEARS FEAR A,
LR ) A 7 5 ZU A0 A A 3, BRI 1 B 1) 52 03
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B, B R bk s TR T A 2 A T R AR KO
50 cm &b 3 ZH R B B = 9 GTI(0.370) , i B et )23
N ERE R AT . BRI, TS AR L IR AR AR
e E N GRS <R NEE /=5 s = (ER N

SEPERIXT AR . 40 em ATHEALFE GTT &5 CDI JAl3k
19 7P, L GTL 8 TAITHE, fRIUE TAR0LE
1A [l SRI Ab 38 Hh /K- (0.014 5) , Ui B G 56 4
o368 5 S

®3 AEITEEAEZEBZHSERS BEESITHEY

Table 3 Morphological indicators and indirect photosynthetic evaluation index for different row spacing treatments

8 /cm PHHERS e TR P H ol . “ql
Spacing Average plant height Average tillers number Average number of leaves
30 88.5+5.4¢ 2.9140.35a 10.66+1.12a 0.226¢ 10.66a 0.021 Oa
40 109.147.2b 1.94+0.22b 8.8240.95b 0.299b 8.82b 0.014 5b
50 133.048.6a 1.9240.18b 9.6941.04ab 0.370a 9.69ab 0.014 Ob

25 b, 40 e A7 HE B4 600 g/40 m>#& Fle: | REfS
T A A R 5 4 R R A B, SR K AR
PE 5 7 P R PRl T
24 (TEHESEWELETLXEZFEMRIW

AN [] Aib B 2 A J 2 7 e 1 IS 2R 1R 4 SR
RAFR . GEitsrirRUL ATIEX L S BA B3
PR AE R . AATRERS BE R A, 5847 1E (50 em) 7E HR.
MAR LRI B ERSE, K SRk
R ARAE (/B4 15.24 em H1 2.58 ), B E# T 30
em FEATHEANEE(P<<0.05) . X ERMIERTEITIE T, 4
BEMRZCFHR , AR TG W kR,
PEFE T RERL BT R B T . REFP RS R OR A 7 i
B2 XTI i, A A 5 R B A 2 SN
TRl 25 - 348 0 2 300280 i A, T B T A
NIAE 720 g/40 m? Kb #E Rk 2 E(E . Hiip 40 em 17
FEWC G 600 g/40 m” & i i Ab PRAE BT A 240 & h R

B Rt LA T I A B 23.15 g, BEML T
b BEEH (P<<0.05) , HFRHEZE fie/)N , s H AR = 1Y
ARREM R A T L& P AT EE (40 cm) $2 4t
TR R 7R, (AL PR s A
TN Z 58N T I AP 5, A A R T 2 R
METEG AR . VWY SR ZEAE T AP
AR LM SC R AR AEATIE (30 em) T, A i
TGN, R T 2 A 5 i i A B R A
IR B W (R, {H S B A T A TR B, R BT A
o PAEATHE (40 cm) B & TP AE 4G R REZE T A 41
rh bR e B A, LR B 2 5 b B A T K
S, L it (0 18 o) A R T I 1AM
B 5EATHE (50 em) Bt 4 480 g/40 m* #E A (K 5
TORL A B B KA, B AT SRR A3,
PP T AR R A

x4 AREAEBAF SRR

Table 4 Yield traits of different treatment groups

L L N S .
Spacing Seeding rate Spike length Spike mass nodes 100-seeds weight per spike
480 13.12£0.41c 17.15£0.85d 1015442d 1.9240.11c 19.4541.05¢d
30 600 13.38+0.48¢ 17.5240.92cd 12104652 1.6840.08e 21.72+0.95b
720 13.25+0.38¢ 16.96+1.15d 1182+78a 1.7440.10de 20.15+1.22bc
480 13.520.35bc 17.4540.72cd 1042448cd 1.95+0.12¢ 20.9241.10b
40 600 13.84+£0.42b 18.620.82a 1086+55b 2.25+£0.08b 23.1540.98a
720 13.68=0.40bc 17.45+0.98cd 1076452bc 1.6740.09 19.28+1.25d
480 15.24+0.65a 18.4241.05ab 1025+51d 2.58+0.12a 21.42+1.15b
50 600 14.850.58a 18.1540.88b 1088+49b 1.58£0.07f 19.9241.12¢
720 14.46-£0.60ab 17.28-£0.95d 1125+62b 1.7540.10de 19.25£1.08d
i X B R LR A e KB, AR SRR R T 8.100 F133.700. SRMIATHE S

X A 2545 Tt %) Wi 1 A - A 5 2 0 AR 2
W22 4 PR, AT HE B 30 em 3401 & 50 em , B AR R I

FER A EAE I T AR LM R . 600
g/40 m* >} 40 cm {7 I Ah HLZH FAFEFP 7 T fe 1k 3 0
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(2315 g), BFEM T HABAL AL, HEZs G PERTEE
PRifE2Ef /o X RIS T RYATRE SR A TR E R
2GR (0 AL T BRI B R A 7 ) 22 M) 3k o
1ty , S A g T BT A SOV

Z5 L FTid 40 em ATHIBC G 600 g/40 m* 4 Ffi i
AR R P RIR ZA G % T2
TEJREE e bk R B SRR R Z WA R T
P, AR A T R B O T AL A Bk R
NFEE o X —ERRW] 3 P RO AT B B R R
fife e B PR T B PR S A SRR, R S B TR
PO 5 = P[RR T 1 S
25 BREBRFFMEHEBRSBEIRAEEREEY
ey

T AT AU) FH [, 78 4 IR A2 58 A, R 48
SR AN ) b A A AR ARAE A, IR TR o AL 18 I
FEXF A Z AR, A5 RS R R AR BR
1 R AR BRI R LA R B R Rt AT

HdiE g S ab

e ALRAE , SR 540 20 A BO8E , W H T RFE-RF
BERIFGHE (5] 2) o FEBCR AL BRIAT | SR FH B AP gt
HESL 38 3 try-catch Z5H4 if { i AR AR fl 44 | 42 H stan-
dardizeMissing pR & F H 7 5 5 b BRI AR, SK 5
A 3l A AL S REAR B AR BOR H AR S R SR
FERG AR TR AR S8 05 e A A BCF RAAIE
SR AR /i i IR /AR K A5 LA R A i R 2R 9
S PR ; SR FHASHC X Ao o A S AVRRIE | SRAEAEER
LR R B AR 5 R X HI08E 4 R T AR AR 46 b 3
VB , & X safe_divide BRERAR T 44
TERSRIOLAL IR, 2R FH 7 B B R AIE S 5 S s

e, 5T OOB HZE AT Wi i , Of B AT 5020
fiE s S8 5 il i RFE Bk A7 AR AL, 52 AR 3
AV, FERBIALN Lot B2 v 3 o A HE R A A
R/NCL/3/5) F R SR KR (200/300) , I 5% T kit
(458 LR UE 7512 (K ga) FI RMISE SR PPAG HE A7

Hllnoe st
(R

B (L R e |,
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A AR
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Fig.2 Algorithm structure flowchart

2.6 RESEITM

FEF m T L R, AR AR B0 O H
P AL S AT R A R R R
PRiE AR A RO BEE RO TR R AR i R 6 T
AR ZHERFAEAE . 3 3k BEALAR AR U R T B
(RF-RFE) 5L 48 t 8 N SCHEFRAE , FLFE 2250 11

WME 3R, G558 58N, log(BEFT I +1) FFAF 5Tk E
T, X WEAR B T RS AR kR AL FE AR Y
AW S TR T B AR A R A T T R
L AN 14 5 EUA A D 2 A [ L5 4% b 4 B R 9 Ao
3 91 5 R MO BE R SRR A B RO R )
7 AR i, OB TR A A B SR TR AR A AT R 5 Al
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e X R 5 5k 3 AR AIF [+ IR 458 8 R 25 FORE R 7 S
JEE , T00 g A B B W) AR T O R A AR AR
JyiAR PR B X i BRI R AR YR, B
WA PR G RE 1 5 DA A P-4, B3 [5) 52 w1 1 o2
TNk FIRFARL T 52, 4 78 4 TR A2 BRI 25 4 5 7 i P
JEATLHR 5 100 R X 7 P g R A A R BV, TRt
e AR AR TP 5 DG B R R S og (BRBTEE+1)
1 EEANOG, HA BRI R B A 2. ARBFTE i
() RE -REE AR 0 o FF 0 B B A 1 & A 7 i
IR B A 2 LR, n] oAy 1 ) 2 TR 2~ ok 5 2 3t T i
BRI TIN5

T Spike mass -

FEK Panicle length [ -

FEK x BT Panicle length x Spike mass
FK x BTt Panicle length x Spike mass
FREG x %X Plant height x Number of leaves
i Seeding rate

17HE Spacing

log(EFif+1) log (spike mass+1)

0 l 2 3
M/ B Importance score
3 HEEEMSHE
Fig.3 Feature importance score plot
T RF-RFE BB GBS HALE R (R 5) 2
7N, R FH AT SR 1A 200 MR E SRR B A G
RMSE {B & K, 7 6.177, BE i S BB AL U . 4 28
110y
100}
90}
80
70F

60

TMAE Predicted value

501

40t

30 . ! ! . . .
30 40 50 60 70 80 90
HE M True value

100 110

e A B K 2R A R B R R
HR MR Z A B AR R R, BRI
BT AT R, X 4y AU R 3 3 38 5 B, AT
REA W T [, RMSE N 4~8 & 43 15, A4 B
PRI 7 Z2 N R PRl R, R o A R
AR 200 B, 52 B R 550 388 VR R 0 P A 47
JEIRFMR AR
*5 BSEMHKL

Table 5 Hyperparameter optimization

- 5 RN R

L:af”r;;;iitsijze Nurji?[(?trees RMSE iii
1 200 6.177 1
1 300 6.177 2
3 200 6.196 6
3 300 6.157 3
5 200 6.165 5
5 300 6.159 4

DL FE0R B0 1), RE-RFE #8191 254 (18 4A)
5L (&1 AB) W00 25 R 3 4 vh o A 7R BRAR R A2
i RZEEPTE10% DL, UL I AL LA R 4 Al Tt
RO . MWEIRIVERERE , IR RMSE{E )y 2.28, 4
XFiRZEFEHILE 5% LA, e R B R™=0.951, UE B 4¢
fIE TR R T B S AR R ) e o) sl Bl ki 47 X 4
A, G AR T RIRLARE R ) . AL OOB-RMSE
1 4.332, 5l ghik 2 L AE S I AE 1.9 AR5 LN, MAE
290 1.448( 1 5) BRI H & R AP 2 AL RE J1 , &
B E A LA A

951
90
851
80F
75k
70F
65[
60
551
50F
45¢
401
35

FM{E Predicted value

40 50 60 70 80 90
H Y True value

E4 RF-RFEERINZEA EMREB HELEEZSENHTNLER
Fig.4 Prediction results of grains per spike of winter rye training set(A) and test set(B) of RF-RFE model

27 SIEBIIFE ST

B iE RE-RFE #5289 ()35 P , 28 B XGBoost
LightGBM | 3 £ [a] i HL (SVM) Ph J2 £ o6 4k 4% 7115
(MLR)E g % Fe AR it A [R] A DI 2548 50 i 4
BEAT TR, 45 B0 B M RE X L 46 S (36 6) B, A BF

A A Y RE-REE #5580 78 W00 B R v Az Ak
RET ¥R B b 3 0 O 3 s 78 UINRG B U7 1D, RE -
RFE #8) 1) Je o8 5 80w, 4 0.951, b XGBoost
LightGBE .SVM(RBF #% ) . 2 Jt £k ¥ [a] 19 45 54 53 3]
PEE T 1.9.3.3.5.0 f110.6 F 43 5 ; [A] i} H: RMSE #1
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TME Predicted value

301

40 60 80 100
B H True value

W

A Predicted value

40 60 80 100
EH True value

5 RF-RFEEREREZRH(AEEREBIHHE
Fig.5 RF-RFE model determination coefficient(A) and residual distribution(B)

F6 FRERBILLER

Table 6 Comparison results of different models

R PoEREC B PWgiRE HEA
Model R? RMSE MAE Rank

RF-RFE 0.951 2.28 1.45 1

XGBoost 0.932 2.65 1.68 2

LightGBE 0.928 2.71 1.72 3

SVM(RBF) 0.901 3.12 2.01 4

ES v qeaiilE|
.84 . 2.54
MLR 0.845 3.89 5 5

MAE ¥ 0 f AR E , 76 W] RF-RFE #8 F0 45 5 i
Al EE L Ol AR Y RE-RFE A7 ¢ T
K FREMERNZALRE 7 LRI 3 A
ARG R AR AR AL G AR B M AT A AR, H
At [A) AR S 4 AR LM C &R RF-RFE B AL T
BEALARMRAL AR LM 5 R A L35 RFE MFRRIEERR
Ae 1. S5 TH A Y (XGBoost/Light GBM) A
e, BRI R LTS 4R iU {A RF-RFE i@ 2o
PR B A RAE £, BT 50 I BR TUAR R AIE R IR 75 1
P, T 3545 54 1 12 Ak RE 77, T XGBoost #1 Light-
GBM SR8 i SRR J7 1T B Sy v 2 AEAE AR SR 1Y
B A B AT BE X 2 S i M R T O R, RF -
RFE RS AR A0 5 o SVM FE &b # i 2k 500808 it
B T A2 PR A S S H0 B, BRIV A FH A% 1) A%
PRI, SVM 1 FiUINHKS B2 413 Ik T RE-RFE 8 | 5 7
PR AE ) RF -RFE AR A ELAT B0 () 305 1 14 F AR
fdte . MLRBAIE R ECH 0.845, W BT HAR AL
i S R | SR A B i B SRR MRIR ) A7 AE B
AR O R AR SRR MEAR U T VA A S i L

FERUVE: . RE-RFEBCBULE RIS B o ARG B A [ s, 3
OOB-RMSE 5l 5% 24 LEZ N 1.9, LA HE
JE I, A BEA S A A

LEG HLE R IR, RF-RFE BB AT A5 Homh 4 g 42 it
2 S HE S 5 38 VA REAE 9 B SR s, 2 AR IR 58 00 S i 4
B AR 2B R T R AR B
P RE S AR
2.8 {TEE-#EFh =M AL fh T &E 5 18 BR AL

F =2 7 gl T (&1 6) 43 B il 6, e DX D] R A
1 35 ~49 em FE R 535~680 g/40 m?, ik 5 Al
VERRATIE (40£2) em FFEFP i (6004+50) g/40 m*,

mm (1] 3/ [1f] 1] Response surface
— F7 X 8] High yield range
* IRidE Optimal combination

Ft%/(g/667 mz) Yield

Figb Three-dimensional response surface
of row spacing-seeding rate
AT P BRSOV 73 BT 285 A (B 7A) R UL AT i<
40 em I, R RN IE , J8 T3 77 X8 ; 47 1y 40~45
em B, BEREE T 0, 7 1 A B R, 8 T2
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T X BT =45 e B, BERON FUE, 8 T X
s 2MATIE =45 em B, BRI 1 em ATHE , A N H s R
1.23 kg &R FRAON (B 7B) o] WL, 2446 F it
650 g/40 m? i}, HH AL 25 59 A5, 2 0 1 AR AT
PR BRSSP, A P S B PR AT
P AE 40~45 em P2 il 7E 600~650 g/40 m®,
B AT CRAE 25 7 SR R A R A ]

30
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Fig 7 Marginal response diagram of row

spacing(A) and seeding rate(B)

3 it #

AHIFFE I 1L AT PR B 5 R e B B2 Ak PR 2R
FET ) 3, A BT 1 2 SR A2 A I 5 i o ) ELAR 800
g, 40 em AT X 600 g/40 m? 3G FpiE kb PR ZH 45
TEAR IR B RBLH B 03 AL B+ ) i AR 2R
5 16.31 g AR bk m sl ST E YRR AL H
JREER P . XA PR A A R O
S YRR G AR AR T S T A TR A v
o B [l 4
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SO B AT I - i 28 B A 8 A R AIE AR
i, AR I L S A P B (R*=0.951, RMSE=
2.28) FiZ AL € 11 (OOB-RMSE=4.33) , = 4 i )i}
T BT E T e S BUX ] AT 35~49 om (#f
Fifi i 535~680 g5 i1 FRACN 43 BT ks , A TR AR 1 45 em
BRI AN 1 em ¥ T B08™ 1.23 kg, #F A i 5 T 650
g/40 m* i) 2 B BRI S s s A . 25 SRR At
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R By U] 4, R 98 XML AR 90 ) 85 1 b 7 B 4
HERT T e ARTES

JAE AR GE Iy A B RORS MEAR SR PR A4 T T 7Y
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Establishment of a model for predicting yield of winter rye with a
hybrid random forest-recursive feature elimination

LU Linyou"?, LI Jiahui', ZHAO Yan’,MA Yan',HE Ziyuan'

1. School of Environmental Science and Engineering, Liaoning Technical University, Fuxin
123000, China;
2.Liaoning Province Institute of Sand Land Management and Ulilization, Fuxin 123000, China

Abstract A two-factor field gradient experiment was conducted to solve the problems of traditional
models being difficult to analyze the nonlinear effects of interaction between row spacing and sowing rate.
The biological traits and yield components at the stages of key growth in winter rye were systematically
measured. The patterns of interaction between population dynamics and yield components during these stag-
es were analyzed to construct a recursive gradient fusion-based random forest model for predicting the yield
of winter rye. The results of field experiment showed that the combination of a row spacing of 40 ¢cm and a
sowing rate of 535-680 g/40 m” can optimize the light transmittance of canopy, balance the “source sink”
relationship, and improve the resistance to stress, achieving coordinated regulation of high and stable yield
of winter rye. Samples of plant were systematically collected from different treatment groups at the stage of
full maturity in winter rye. A standardized experimental procedure was used to quantitatively characterize
key agronomic traits including spike length, spike mass, number of spike nodes, plant height, root length,
effective tiller count, leaf count, and seeds per plant. 540 sets of valid data were obtained. A multidimen-
sional feature set encompassing sowing row spacing, seeding rate, spike length, spike mass, number of
spike nodes, plant height, root length, effective tiller count, leaf count, and six derived features was con-
structed using seeds per plant as the prediction target. A hybrid random forest-recursive feature elimination
(RF-RFE) with excellent predictive performance (R?*=0.951, RMSE=2.28) and generalization ability
(OOB-RMSE=4.33) was constructed. The model for predicting yield was used to invert and obtain a
three-dimensional response surface for row spacing and seeding rate to identify the high-yield parameters as
row spacing ranging from 35 to 49 cm and seeding rate between 535 and 680 g/40 m®. The results of mar-
ginal effect showed that a 1 cm increase in row spacing beyond 45 c¢cm led to a yield decrease of 1.23 kg,
and the marginal benefit decreased as the seeding rate exceeded 650 g/40 m’. Therefore, it is recommend-
ed to control the row spacing within 40-45 c¢m and the seeding rate between 600-650 g/40 m”in the prac-
tice of production, which can ensure high yield and leave room for the tolerance of operational error.

Keywords winter rye; random forest; recursive gradient boosting; yield prediction; marginal ef-
fects ; three-dimensional response surface
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