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Tab. 1 Indicator system for evaluating grain production resilience

— &kt & U =% (=L AR YIRS
i) G SRV SRR G TR AYE R N Y NIAE
P EE1A SARE B T AR A RERE R T AR 55— 7k AP 53 8
ERUE R AR o A/ AR
LA R T AR AR BB A P A B R R AR R T AR
AL AR AT i P A A 405 AR i A T AR
LT IERAT NEPR B & B 7= e/ DX A
GRCY SR AN RT3
Gt KK NI A
A K FRET ™ AR T R A T A
(VW) AL ZRIEE JRRTHIAR % T TR
KPR AR IR A R R TR /A2 3 X T AR
LA T AR AR 243 i P AR 22t B2 PR A Ao T AR
LU R B I R P 4 2 PR R A%/ SR A
AN T B 9 S e AEEARAS Ji BT 952 - AR AR i R 2 5
AN (3 0 B AR E - AR E
B Fi NSk TN SIBNKF C A N INAE- ISP -
NIBEAKF B NI ZHEER
PR )1 HUBAL KT AW AU B0 70 AR B 3 A T AR
VAU A 5 5 BAVHUBALAE LN 38055 — 7k kA 53 %
A R B B KT AV A E B B g
AV FHIT S H KT Hu T T R BOR S < R ™ /4 XA ™ e B

L4 ARG E
1.4.1 Wafa %

TS EVE AR IR B AR5 BAE R/NREBCEE,  Re s IR E WAL B 22 . BAR D IR0 .
X R GEE R AT R AR AL ], TH S IRARE B AN S R bR e B AE, T
DAIIASSR AN 7 A5 B S FEAR PR & A =PI LR & 1550 -

1.4.2 %% B AB

NESRRE A=YV M EARRHE, A CRHAZEEMS T TES T A E .. &
BARE KRB . B EAG TR —MAES G ik, BHR AR Bk e,
BB OIS BT Y= (NS EER Fr WS St 3 (T € 1 v i R : R M 5/ N GG X g 3
FEMIZMIAE . WAE . 70 AT 58 BE SRRk, mT DAgE— 0 MW B A2 = PR S A 7K ST ()
e, PAKDXIRZE R Ui, s AR AL REAE o
1.4.3 Dagum & & & #&

R AR AR P M X 382 S B SRR S BN AS AR RHAE, AR Dagum 558 RE%
HAF R EAT I . A TG e 220, Dagum 26 REEEHW A FUEEEA R X 40 2
[B) 73 A7 28 G REACE B fn) A, AT S A o A s 2 ) e A 22 S R SRR . FE SRR b, ]
AR SR X IR ZE 7o o N 22 5 A ZERMBARE 3 8y, i, AN



72 5 S A — DS ZH A EIORR B A P D R AR S M RE L, 2L 1A] 22 S S AN T [X sk 2 ] ) A
XEZERR, BRI A T2 AN R XA A 5 XS A P A I 2
1.44 B 57

fegiit BUNEIE R BT R BRI ER KR, R AR ARL R AL R A —E
JRIRESSL Z R BRI B H R A RUFMBORSE L BN KL FEL R, %5
R AU AT BEAAAE B AR AR R Jr o A SCHI AL 5% 2 T IR AT RO PR 3R
b HUATI S, ASCEHCRF. GBDT. XGBoost B SVR BAUFEAT T Ae LiL, %
MIPE R E (R MPTTRIRZE (RMSE) {E VR RFR. Hrh, R2MiE . RMSE B, &
WSS TR T P RE AR A o

FERf e A AL LR b, P 5l N SHAP fARRRHESL, XPASLRY Tl 25 S kA7 v il Re bk
JPMT. SHAP J:T12R 10 A, I T 5% R A2 B B A eyt 45 SR I P o ik, RERE R
WAFR R EERLE, JERR T . [, 254G SHAP K& 5 St R R 5
B INEZ AR ROC 2R, AT IR AN [F] 520 DR 3R AR A AR AE -

2 &R 5454
2.1 IREHE MK R S EMFIE

2011—2024 4F 13 MIRE /=8 KR &A= PR & 190 21E i 0.2336 1 =1 % 0.4112,
Bm 0.1776, RIFEIRZAI N 76.0%, FHEEHMKFELN 4.44% (K la). I EE,
2011—2018 LB/ ELEEWKE 3.72%, 2019—2024 F4R-EHE 4.89%, P85 MR
THEEARTIM. %8 X 2024 FHREAEPELE GRS E T 2011 4, (AAFRA XK
IR LS, R EAE B SCER RN, & bREE AR

1 MEEFFXRBEIMER S EEEE

Fig. 1 Evolution of grain production resilience and its dimensions in the major grain-producing area
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Fig. 3 Evolution of kernel density of grain production resilience in the major grain-producing area
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Fig. 5 Source decomposition of regional differences in grain production resilience
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Tab. 2 Indicators of influencing factors for grain production resilience
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Fig. 6 Comparison of predictive performance of different machine learning models
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Fig. 7 Contributions and effect directions of influencing factors based on RF-SHAP
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Fig. 8 Nonlinear relationships between key influencing factors and grain production resilience

3% @

FEAMEAAANR AP BRI LA ARG SR K T T, ASCH SO 7 XA P IR
I 2 AR RS . oG, ASCRTFUA R IR, 2011—2024 SR A4 P oIk e A
FFEARTH, HSEAMMREREA B, EARZEREHKIEARD, Kkt 157t
Bbk, IR IR HIXT S, WS ETINE IR RPN ERAE SRR g . K, X
HZERITH, SOEAUREENAE . AR RO TR A e I A A 2 AN
[R)UA1OT, R S N 73 XRL AR AR ) T DX P 2 7 e RS AR, RIS A P9 7 2 e A
A KA S5 I B inlvg, Bl SARBONARE, LA U BT R, s o IR e
AN R T RIBY B R AE . S B2, Dagum 28 RE MR, XIEZE R FEXK
V5 O AL IR 72 e 1B B IR AR R T, U WS R U s B B X FE B 59 4k, R e A
P72 3 B 2 RNt W 58 X I X & . th4h, RF-SHAP 73 #ikH], 24
NEZBRALTR . AV ORIRE . AL RHIT KT AR i R BOR R s R R, X506
WEFIRT 558 S Sk« REESCHE . XU DR IR Ui 2% AR R QT A I 2201, (BRI R, AR
SOt U 5 IR AR AR FIRFE: 2 A N 2R AL SR B L i Bt e, Al R
Br R P AN A BHIF AT i B 1 1R SR IBAE AR B /KPRl 22, A v i R 2500 23 A
U R, SRS, ASCNAUED X X R RIEAAR 2 M G R A 90 i 1R 2R
PIVERE T (H 2 PTASVE IR, WP R B TR R, AR 456 mi B AR Ed T
Jt— o .



445

(1) 2011—2024 AR F 7= XAR SIS AR RF 32 T, 256180 0234 J+ &
0411, EARFEYEEFIEKIEAFD . Hd, #IBRATNHE, EH RS, kE
DI AAXS 508, T WP A 2R P= v 85 45 i J ik o WA B AR 2D 1k

(20 AN[RISAGE SRR B AR 7= 0 1 1) DXk P 0 22 e S DR 22 S A SR R AE o SRR N 22 5%
RARY K, JEHEA BT RVE A 4R R K s BRI AR BONRR e s W H 0] 2 I0 A
TR A E BAUSCZE FEAE AR H/NIE B AR BEERRAE . Dagum 368 KA R —0 £, X
7 S ) 2 SRR F AE T ) AL ) 2 SR D R [ R AR R, U AN R AR Y R R 8
BRI, AREE PR bR 22 7 B8 2 RSG5 5 X3 Ad X H & .

(3) RF BERIEASCREA AR T GBDT. XGBoost f1 SVR #5%!., RF-SHAP
SR, SR ANOZRAER. RAREIRE . AOVRHI KRR i iR R EUE SR e
PEME SRR N B YIIN R . Hr, SR AN D2 LR R d 6 BB o I H) 5%
KA B BEMEAFAE s A AR IS TR B2 R AR M B /K P i 52 1F ) S, (EAE R R /KCF F 3 g
2%, Mt iR RO 2 BLE AL U R HEZ 1 Bk .
YEE Tk
WK BRI, et RS MR G MR, 25 SR
PR WA MaSEft 7R MR EIR. 20 DTHAEEL: AR, SRt
PR MR AR gmAE: SR, 2L WEBHRS: B BIEE: BWER. 5
L 2 ATk SRR, g, B VIRRERS: BRIR. ESEDr: T W
BOMES. HiE. F5R.

B HR (References)

(11 EFE, BROC IE-F R TR %2 A i E 20 K FEE KR ST AR TN R 2 (B A 2 B,
2025(5): 24-37, 168. [Wang Weijun, Mou Chengwen. Xi Jinping's important discourses on food security and
their profound significance[J]. Journal of Fujian Normal University (Philosophy and Social Sciences Edition),
2025(5): 24-37,168. ]

[2] 135, FER SR, DT AR E E7= BRI & A= 2 N 7T [J]. RN AT 583, 2025(1): 1-14. [He
Yun, Gui Junlian, Luo Haiping. Study on the food production security impact of policies in major grain-
producing areas[J]. Agricultural Economics and Management, 2025(1): 1-14. ]

(31 XUPLURK, RAETE. BORTEA M ORISR A7 (KUl RO 5 527 A2 FE[0]. v AR OIE B 5 X, 2025,
46(4): 1-12. [Liu Hancheng, Wu Chuanqing. The incentive effect and enhancement path of policy-based
agricultural insurance on grain production [J]. Chinese Journal of Agricultural Resources and Regional Planning,
2025, 46(4): 1-12.]

[4] Holling C S. Resilience and stability of ecological systems[J]. Annual Review of Ecology and Systematics, 1973,
4:1-23.

[5] Gunderson L H. Ecological resilience: In theory and application[J]. Annual Review of Ecology and Systematics,
2000, 31(1): 425-439.

[6] Tendall E, Joerin F, Kopainsky B, et al. Food system resilience: Defining the concept[J]. Global Food Security,
2015, 6: 17-23.

(7] Wepi, Bt ZFEul. b EHRE 224 KRGS9 PRV S LIRS AL 73 HT (1], B AR BEREHR, 2019, 34(8):
1720-1734. [Yao Chengsheng, Yin Wei, Li Zhengtong. The vulnerability assessment and driving mechanism
analysis of China's food security system[J]. Journal of Natural Resources, 2019, 34(8): 1720-1734. ]

(8] AR, JTIIRN, FRotE, 5. A At &R RGN 4 5 FE R )] AR5, 2025, 45(9): 4548-4560.
[Chen Youhua, Lu Xinyu, Zhang Zhuang, et al. Resilience of agricultural production systems: Dimensions and
measurements[J]. Acta Ecologica Sinica, 2025, 45(9): 4548—-4560. |

[9] SKARNE, Z2LH0, K ik, AMb AP~ SR I RE T SEELIG P ki 2 —— 2 TR 37 XL 2 B 0 T [0]. AR A2
F, 2025(6): 173-182. [Zhang Junbiao, Li Hongli, Zhang Lu. Can agglomeration of agricultural production
achieve increased production and pollution reduction? An empirical analysis based on establishing the major



grain-producing areas[J]. Rural Economy, 2025(6): 173-182. ]

[10] A&, BERAE. 353 Sy R SE AR & AR P IR (R BRI AL L5 SRR SR [T]. R R LR 2 2 (R B 27
hi), 2024, 23(5): 84-94. [Zeng Fusheng, Cai Linjun. Theoretical mechanism and empirical verification of
impact of labor transfer on the resilience of grain production[J]. Journal of South China Agricultural
University(Social Science Edition), 2024, 23(5): 84-94. ]

(117 SR, S 1, 35 5o, AR MR & A2 7 R s e A AR FRALAR: e A i % i) 4% 55 T TR ROREL ). 2R
A2EHR, 2025, 45(7): 3169-3182. [Guo Shan, Jiang Bo, Ji Xuegiang. A study on the impact and mechanisms of
extreme climate on grain production: the moderating and threshold effects of farmland transfer[J]. Acta
Ecologica Sinica, 2025, 45(7): 3169-3182. ]

[12] BRBH &3, AR, SiaEsg, ROl SR A2 = 0. SEmapl ] 5 SHER I, KULR B IR 5 3R 5,
2026, 35(4): 1081-1092. [Ouyang Jingiong, Zhou Weiying, Wei Deqiang. Smart agriculture and food production
resilience: Impact mechanisms and empirical tests[J]. Resources and Environment in the Yangtze Basin, 2026,
35(4): 1081-1092. ]

[13] Meng X, Liu L. Spatial-temporal evolution and influencing factors of food production security in China’s major
food-producing areas: Based on a resource constraint perspective[J]. Ecological Indicators, 2025, 171: 113224,
doi: 10.1016/j.ecolind.2025.113224.

[14] 2K, XURH, BhEE. mrbr iR G BB St o MR B A P S R S [0, o LR 2205, 2025(11):
42-62. [Peng Changsheng, Liu Yang, Zhong Yu. The impact of the policy of high-standard farmland construction
on the climate resilience of grain production[J]. Chinese Rural Economy, 2025(11): 42-62. ]

[15] SEEK, FUdam, 25, 55, AU TG Tkt DORS £ A2 7 B 52 M B ROx SRS (7], oh A2 R e 1, 2026,
41(4): 673-685. [Dong Qinge, He Jiangiang, Li Yi, et al. Impact and countermeasures of climate change on
grain production in northwest China[J]. Bulletin of Chinese Academy of Sciences, 2026, 41(4): 673—685. ]

[16] firzEdE, A%, T . ARk IR WA MR £ AR 25 R0 BLBATE 71 M A s, 71X
HuEE, 2025, 48(8): 1385-1395. [Zhong Jiawei, Zheng Jun, Zhang Mingyue. How does agricultural socialization
service affect grain eco-efficiency: A case study of 71 prefecture-level cities in the Yellow River Basin[J]. Arid
Land Geography, 2025, 48(8): 1385-1395. ]

[17] TEALGe, ABFTT, e, A E PR EN L . X2 7 ST /e DAKIT 2564 108 A2 i
[J]. TRXEHESIAEL, 2025, 39(8): 41-54. [Dong Yani, Qi Chunjie, Gui Cheng. Resilience measurement,
regional differences and convergence of food industry chain: Case study of 108 cities in the Yangtze River
Economic Belt[J]. Journal of Arid Land Resources and Environment, 2025, 39(8): 41-54. ]

(18] £, T, FsrR. hEMR R RPIEZ 4EVTAh . 2B S ARE LI BT FE )], DM 28 K22 224,
2025(6): 21-31. [Wang Li, Ding Shasha, Zhou Qianchen. Multidimensional assessment, spatio-temporal
evolution and driving mechanism of grain system resilience in China[J]. Journal of Guizhou University of
Finance and Economics, 2025(6): 21-31. ]

[19] A4, BLREE, T, PERE E/- KR EES™. S5 R EMAESRY W TG 1] £&2IR, 2025,
45(4): 1659-1673. [Zhou Yang, Yu Sijia, Yu Ziyan. Spatiotemporal coupling of grain production, economic
development, and ecological protection in China’s major grain-producing areas[J]. Acta Ecologica Sinica, 2025,
45(4): 1659-1673. ]

[20] 2=/ Ak, B B SRR L 98 DX B RE MR £ A P 0 A A FIATLAR S BRI, IR YIER 22 24 (N
AL ERLEAR), 2025, 42(3): 5-15. [Li Shaolin, Ma Li. The mechanism and policy effects of national modern
agricultural demonstration zone construction on grain production resilience[J]. Journal of Shenzhen University
(Humanities & Social Sciences), 2025, 42(3): 5-15. ]

[21]Liu T, Yang X, Chen Y, et al. Impact of implementation of high-standard farmland construction policy on food
production resilience: Evidence from China[J]. China Agricultural Economic Review, 2026, 18(2): 400—417.

[22] s, BREE, XIJKEH. o DR A W I 2 4% SR S LM D 3R 0], e 5F HhEE, 2023, 43(6): 126-134.
[Jiang Hui, Chen Yao, Liu Zhaoyang. Spatiotemporal pattern and influencing factors of grain production
resilience in China[J]. Economic Geography, 2023, 43(6): 126—134. ]

(23] X¥BL, R4, I, 55 BT A= I R S AF VLB IR [T]. Soit S5 R 5E, 2026, 42(2):
123-128. [Liu Wei, Wu Rui, Zheng Xueli, et al. Impact of the digital economy on grain production resilience
and its mechanisms[J]. Statistics & Decision, 2026, 42(2): 123-128. ]

[24] Friedman J H. Greedy function approximation: A gradient boosting machine[J]. Annals of Statistics, 2001, 29(5):
1189-1232.

[25] Villacis A H, Badruddoza S, Mishra A K. A machine learning-based exploration of resilience and food



security[J]. Applied Economic Perspectives and Policy, 2024, 46(4): 1479-1505.

[26] BULAR, miF, STy, S~ JEU Bk Y AR 235 R0 22 A S R Eh R 3R 70 (0], F 7 X HLEE, 2026, 49(4):
830-840. [Jia Yajuan, Gao Jun, Zhang Xinqi. Spatiotemporal evolution and driving factors of ecological
efficiency in cultivated land use in the Guanzhong Plain[J]. Arid Land Geography, 2026, 49(4): 830-840. ]

[27] Bz, R, BB, 5. Bepgt ARl i 2248 2 LR 11 [J]. SRR, 2023, 45(8): 1531-1545.
[Li Yunhao, Cui Min, Xia Xianli, et al. The spatiotemporal evolution of non-grain conversion of cultivated land
in southern Shaanxi Province and itsdriving factors[J]. Resources Science, 2023, 45(8): 1531-1545. ]

[28] W&, XULLHa, BT . B BN i ML ARAT MU AR H R R0 R 1 v [ 4t 7 1 o M ARAT R G Bk 45 ).
ST 7T, 2022(10): 39-57. [Pan Min, Liu Hongyan, Cheng Zishuai. The impact of extreme climate on
commercial banks' risk-taking: Evidence from local commercial banks in China[J]. Journal of Financial
Research, 2022(10): 39-57. ]

[29] TRIKA, A, SEIRIEOR 22 P W 5 K SIS S & . AR R IR BN R R [T]. TR X M,
2026, 49(11): 1940-1950. [Xu Qingdi, Yang Qing. Spatiotemporal coupling, evolutionary trajectories, and
driving factors of grain production resilience and water resources carrying capacity in the Yellow River Basin[J].
Arid Land Geography, 2026, 49(11): 1940-1950. ]

[30] TK<3E, ELLFe. IAEEAUA] . A ERBIHT 5 AR, WAL R R (24t B2, 2020, 47(4):
147-156. [Zhang Jinxin, Wang Hongling. Analysis on environmental planning, agricultural technological
innovation and agricultural carbon emission[J]. Journal of Hubei University (Philosophy and Social Science),
2020, 47(4): 147-156. ]

Spatiotemporal patterns and nonlinear influencing
factors of grain production resilience in major grain-

producing areas
YANG Shuguo!, SHI Meiyi!, YAN Han?, LI Ding?
(1. School of Economics and Management, Heilongjiang Bayi Agricultural University, Daqing 163319,
Heilongjiang, China; 2. Business School, Nankai University, Tianjin 300071, China; 3. School of Accounting,
Tianjin University of Finance and Economics, Tianjin 300222, China)

Abstract: Maintaining the stable operation and continuous supply of grain production systems under multiple risk
shocks is fundamental to strengthening food security. This study examines 13 major grain-producing provinces
(autonomous regions) in China from 2011 to 2024. The entropy method is employed to calculate the composite score
of grain production resilience, while kernel density estimation and Dagum Gini coefficient decomposition are used
to characterize its spatiotemporal evolution and regional disparities. A multi-model machine learning framework is
further developed, with random forest (RF) and Shapley additive explanations (SHAP) used to identify key
influencing factors and their nonlinear associations. The results show that: (1) Grain production resilience increased
steadily overall, but its evolution differed markedly across climate zones. Within-region disparities in the cold-
temperate zone generally widened before declining in the later period, those in the warm-temperate zone remained
relatively stable, while the subtropical zone exhibited an initial widening, subsequent narrowing, and a slight rebound
toward the end of the study period. (2) The distribution of grain production resilience became less concentrated
overall, while absolute interprovincial disparities widened. In 2011, regional disparities were mainly attributable to
inter-regional disparities. From 2018 onward, the intensity of transvariation became the dominant source, accounting
for 66.04% of the overall disparity in 2024, indicating increasing differentiation within climate zones and greater
overlap across regional distributions. (3) The multi-model comparison shows that RF achieves the best predictive
performance. RF-SHAP analysis identifies the rural population aging rate, agricultural insurance depth, agricultural
research level, and number of extreme heat days as factors closely associated with grain production resilience. (4)
The key influencing factors exhibit pronounced nonlinear associations with grain production resilience. The rural
population aging rate shows a stage-wise transition; agricultural insurance depth and agricultural research level are
generally positively associated with grain production resilience, although the corresponding SHAP values increase
more slowly at higher levels; and the number of extreme heat days exhibits an approximately U-shaped association.
These findings provide a scientific basis for enhancing grain production resilience and agricultural risk adaptation
capacity across different climate zones.

Keywords: grain production resilience; spatiotemporal evolution; random forest; major grain-producing areas;
nonlinear drivers



