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Abstract: [Objective] Ensuring the security of soils in the Northeast Black Soil Region, a critical commodity grain production
base in China, is essential for safeguarding the national food supply and promoting sustainable resource utilization. However,
existing evaluation systems lack a comprehensive integration of multi-sphere interaction mechanisms within the Earth’s critical
zone, making it difficult to quantify the synergistic effects of natural substrates and human activities. Thus, this study aims to
address this gap by developing a systematic decision-making tool for the sustainable management of cultivated land resources
in the Northeast Black Soil Region. [Method] This study focused on Suihua City, a typical black soil region, and constructed
a four-dimensional evaluation system of "Condition (C1)-Capability (C2)-Capital (C3)-Connectivity (C4)" guided by the
Earth's critical zone theory. Seventeen indicators (such as black soil layer thickness, cation exchange capacity, soil organic
matter content, etc.) were selected from aspects including soil physical, chemical, and biological properties to characterize the
cultivated land soil security pattern of Suihua City. Also, the influencing mechanism of Earth's critical zone elements on soil
security was evaluated by combining with the Random Forest model. [Result] The results showed that: (1) The C1 state
scores exhibited a spatial variation with higher values in the northeast and lower values in the southwest; C2 scores were
generally high; C3 capital scores showed an opposite spatial pattern to C1, with lower values in the northeast and higher values
in the southwest; and C4 scores did not display a clear spatial pattern. (2) The comprehensive soil security scores ranged from
54.3 to 88.4 (average of 77.7), with 84.9% of cultivated land classified as moderately secure or higher. Higher security regions
(56.5%) were concentrated in Beilin District, Anda City, and Hailun City, while critical and insecure regions (15.1%) were
mainly distributed in Qing’an County and Mingshui County. (3) The average means square error increase (%IncMSE) for the
17 indicators was 1.3%, with black soil layer thickness and soil organic carbon content having %IncMSE values of 10.7% and
3.7%, respectively, significantly higher than other indicators. [Conclusion] The results of the study demonstrate that the four-
dimensional evaluation framework rooted in the Earth's critical zone theory effectively quantifies the interplay between natural
substrates and anthropogenic activities. This approach elucidates the response mechanisms of soil security within the multi-
layered structure of the critical zone, offering a systematic decision-making tool for sustainable management of cultivated land
resources in black soil regions. These findings provide actionable insights for balancing agricultural productivity with
ecological sustainability in ecologically fragile agroecosystems.
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Fig.1 Overview of the study area
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Table 1 Data source and its accuracy
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Table 2 The correlation between the layers of the Earth's critical zone and four dimensions
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Earth's critical zone RS M:fE AN SR
Condition Capability Capital Connectivity
K< & Atmosphere O v J
£ B Biosphere v O J J
#+ £ Lithosphere O J
3% Pedosphere v v
7K 8] Hydrosphere O v J J

VE: “ V7 RRHEBREW, “O” FIRIAIER M, S45 H SCHR[28-35]. Note: “ v 7 indicates direct impact,” O” indicates indirect impact.
Table summary from literature[28-35].
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Table 3 Evaluation index system of arable land soil security in Suihua City
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Table 4 Evaluation index assignment and weight of cultivated land soil security

TEbR & HAL FANIEY

Score

Indicator and
weight 100 90 80 70 60 50 40 30 20

KR Hep
(0.203)

B, kgL FEL AL mEL Wt

1.00~1.14; <1.00;
1.26~1.30 =1.30

BD (0.057) 1.14~1.26

BB
(0.109)
R KR
(0.040)
HAERER
(0.276)
TN (0.018) =2 1.5~2 1~1.5 0.75~1 <0.75
TP (0.018) =1 0.8~1 0.6~0.8 0.4~0.6 <0.4
TK (0.018) =25 20~25 15~20 10~15 <10
13 pH 5.5~6.0; 7.9~ 5.0~5.5; <4.5;
6.0~79 45~50
(0.080) 8.5 8.5~9.0 =90
CEC (0.028) =20 10~20 <10
SOM (0.153) =40 30~40 20~30 10~20 6~10 <6
a2 0h
(0.700)
T N
DN 521 s s
SOC (0.500) 0~100
AR ARAE
& (0.500)
SRSB4k A it
Iralig (0.500)
AESE 54 LR
3177 (0.500)
VE: BD: LIERE; TN: &% TP: &8 TK: &#; CEC: HE 73 #Hi; SOM: +HEAHL; SOC: LA, FIH.

Note: BD: Bulk density; TN: Total nitrogen; TP: Total phosphorus; TK: Total potassium; CEC: Cation exchange capacity; SOM: Soil organic

il

i

ZNBEY T W zlsE  RAE S
<5 5~15 15~25 25~45 =45

=100 80~100 60~80 <60

W RE I Gty e RN

0~100
0~100

0~100

matter; SOC: Soil organic carbon. The same below.
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Table 5 Classification standard of cultivated land soil security

TG Xl 73 by
Security level Classification standard
1715 %2 4= Highly secure Y>X+S
1 B 31 75 FE %24 Moderately to highly secure X<Y<X+S
1 5 22 4% Moderately secure X-S<Y<X
Il 5t % 45 Marginally secure X-3S<Y<X-S
%24 Insecure Y<X-3S

1.5 FHEEEM S

BENLARA (Random Forest) HAMUAEIY—RMEERAE I 5I%, EFRTHEARNZ AL RE JT 1A [R] I e AL 5 3%
ITHSRRCRAL S, B X KB 7 S KA B vy 1A R (K TR S5, DAL b A S A QLS 27 2] 4 e T
HR 3 T WL, O HLBEAE T BRI RR T, % DR ST 5 70 2R SR P PR AR A 2 o A 7
B R T ZE P A S B RO, AR B JE AN L PR E 5 484N dlE (Out-of-Bag, OOB) flittHi%E&
(RVRFAE 2 B VAL D59, PR SR AR AR A AR TN P R DR EE o AT TR FH AL AR A2
X A 2 VAN TR AR BEAT RAE A 04, Ml 2 AE R 4.4.3 *PAI ] “randomPForest” BT -

2 4 B

2.1 FmHtHIRR SN KLEE HE

AL TR g 22 LR GV A5 R A 18] 43 AR AE W 2 o o B RIRIRESYERE (CD e,
P HMETERTA 56.9~78.6 CFIME 68.8), w7 LI FMK. RIS I A EFFE. FFEX AR
JeER I HOR S GRRR A R RS, MR T, FmMilciAT. FREEXEBAEEX (KT
B 11.3%). 7ET-3EEREYEE (C2) i, #Hth T3 rERE - EVE N 58.0~90.0 CFI4E 88.13),
BAMEE S . TS B DS R MO T, BRI S K LR R, X G S s
o SR AR L3RR LR N, RHEIR I K R N . RO, B X B
TR AR AR, SR A K R AN

FELIBBEARYERE (C3) Jyif, b HEEGEAMEIEEIE 23.2~100.0 CFHME 68.5), fE73[H L
5 NVUES [ AR AL e TG BRI A REAE, AT 5 X B RVEE AR T RE AR KSR e s AR B S IR %
BRI P B A o 7E ST 4E B (C4) 7 I, Bk -3 S M B SE I AE 1.4~76.7CF-EI1H 61.7).
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Fig. 2 The scores of four dimensions of cultivated land soil security evaluation in Suihua City
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b (JETN
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Fig. 3 Distribution of soil security status of cultivated land in Suihua City
B A 2 AR T AR Je o b LA 6. BEARTT & ST #FHb 338 22 AR 4 BR TR AR K/
WH: TEREE e, TEZe. SEZe. W%, RNitd. TR RS 84.9%,
BRI R BARSIRIE, BRI BEANGLIN RIS 22 RE, =R 5 AR
B LLI T 80.0%  ALARIX | 223k T AIHEAG 1T (R b b 98 22 A R0 doe e, v 8 381 v i 22 A R vy i
AR R G L A EIE 94.2% 89.4%F1 72.1%. BEAKI &, b T R m e e
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ST RHHHLEI AR 0.5%. 11 224 ORI AR A 288 782 hm?2, (54T BBHIE ALK 15.2%; FE%
ATHAUA 538 731 hm?, AT S TAR Y 28.4%; IRFA L&A N 277 550 hm?, (5 2T e BT
U 14.6%.

%6 FUHHBDERSRAERR S

Table 6 The area and ratio of cultivated land soil security in Suihua City

B RE 5 23 T‘E'T Gz 2 2
il BN 4 LT .
P . Moderately to . N2z4> Insecure R
ATEEA T Highly secure . Moderately secure Marginally secure SRR
Administrativ highly secure Total
. R THH di bk di bl di bk [[E = 2
e unit di bl . THH . THH . - area/hm
Area Ratio/% Area Ratio/ Arca/hm? Ratio/ Arca/hm? Ratio/  Area/h Ratio/
/hm? ° /b2 % % % m’ %
’E:ﬁi’f 131 804 58.8 79 599 355 11330 5.1 1570 0.7 44 0.0 224 347
1‘:
éﬁ%. 3541 22 67 851 42.0 72 250 447 17978 11.1 49 0.0 161 669
Wangkui
IE}? 39 590 21.8 79 215 43.7 51274 28.3 11 286 6.2 73 0.0 181438
==
> e 7379 43 112 194 64.9 45037 26.1 8088 4.7 121 0.1 172 819
Qinggang
7
B‘E.;Z% 0 0.0 0 0.0 27 849 15.7 142 278 80.2 7366 42 177 493
Qingan
WK E
. . 142 0.1 55390 389 63 765 44.8 21 806 153 1325 0.9 142 428
Mingshui
oA
’F&.ﬂ 0 0.0 0 0.0 113 036 80.5 26 428 18.8 884 0.6 140 348
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