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Enrichment patterns of cadmium and arsenic in rice from seven major regions in China based on machine

learning recognition of minor and trace elements

MOU Liyan"?, LIU Chunxiang"*, CHEN Min"?, QIN Li"*", LIN Dasong"?, Batsaikhan Bayartungalag’
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Geography and Ecological Geology, Mongolian Academy of Sciences, Ulaanbaatar 1568683, Mongolia)

Abstract: This study identified important influencing factors of cadmium (Cd) and arsenic (As) enrichment in rice based on machine
learning on a large spatial scale nationwide, explored the contribution rate of medium and trace elements to rice Cd and As exceeding
standards, and constructed a bioavailability model. First, a prediction model was constructed using a decision tree algorithm to identify
trace elements that exceeded Cd and As limits, with prediction accuracies of 95.55% and 97.55%, respectively. This indicates that trace
elements were essential for identifying excessive Cd and As in rice. Second, the random forest algorithm was used to screen the main
control factors affecting rice Cd and As enrichment, and the main control factors showed significant differences in different regions. Cd

enrichment differences, mainly driven by a single factor in different regions, were as follows: the contribution of pH in East China was
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dominant, exchangeable calcium in South China, and soil organic matter in Northeast China accounted for the main contribution. Effective

iron exhibited a specific regional contribution to As enrichment (such as in the East China, South China, and Southwest regions ). The main

control factors determined in each region were introduced to construct a soil rice bioavailability model ; overall, the nine—factor models for

Cd and As bioavailability had the highest determination coefficients in different regions, with 0.680 and 0.664 (P<0.05), respectively. The

models quantified the explanatory power of different factors on Cd and As enrichment patterns in rice from rice-producing areas. This study

provides the scientific basis and decision—making support for preventing and controlling Cd and As heavy metal pollution in rice and

environmental management at a large—scale regional level.

Keywords : cadmium; arsenic; decision tree algorithm; random forest; bioavailability model
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Table 1 Assessment parameters of the main control factor analysis model for heavy metal Cd and As pollution in the soils of

rice production areas in seven major regions in China

PGSR BiH  KIERX IR IX eI b IX AR T IX PR X PEdb T X

Evaluation parameter Project Northeast area East China area Central China area North China area South China area Southwest area Northwest area

RMSE Cd 0.16 0.31 0.44 0.11 0.34 0.42 0.34
As 0.19 0.22 0.45 0.18 0.48 0.46 0.28

R Cd 0.82 0.65 0.60 0.76 0.68 0.62 0.86
As 0.83 0.61 0.64 0.68 0.54 0.64 0.78
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Figure 1 Contribution rate of Cd main control factors in China’s seven major geographical regions
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Figure 2 Contribution rate of As main control factors in China’s seven major geographical regions
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i, I AE 5 Zn JE DLGRIE AL A8 Zn (3L 45 5 [R]I
Jit FFY 3G et A 47 0 AR LA 348 o b 3 AR 0 P I 4
j:i:%pH{Eo
24 TE-FBAREREMEUEER

SEF BEMLARAR 0 A5 21 42 [ L R X
Cd As EHENEFoTRR R Mg T 45 28, i — P40 T
Cd As V5 YL SEF IR FR bR 2 (8] 5C 2 1 e UL
HAE T Cd.As B T -REK IR R A WA S5chE ey
(£2.£3). BILZRER,9MHETFH5RAKCd. As
B BCF 5 i 415 (P<0.05) . TATZEATIA FRH
T B 5T I T OK AR R AR WA RO AT 1
et . HEAFIRIXIEZE S 5 E 4 RA SR ER G
T, 5l AJET pH . SOM Hl CEC A = A T4, A
[ i DX Cd X Bz A PR 2 2R 507E 0.303~0.400 2 1] (3 2,

P<0.05) , A[A] R IX As X B (1) P 22 EUFE 0.300~0.340
Z I ($3,P<0.05), fEHEXI2ES SELEA T
FEMERIG LT X PT 2 58 7 UEA T B MR HE Y, F
FETF Top5 1Y LA F AR BERY AN [A] 7 DX Cd X6 A e
FE R FUAE 0.450~0.583 Z [1] (£ 2, P<0.05) , AR A X
As XF R 1Y B 52 FR BUAE 0.450~0.634 22 7] (36 3, P<
0.01) , 2B Tu K 75 Ak 1 &% S REAR S 3t A B 1L o)
K Cd . As & LM

h T A5 RS A AT LA 4
Sl 45 BRG] Fy X Cd H1 As %0 A e 5 2R 5000
K AT 3K 0.680 F10.664 (3 2,3 3, P<0.05) , B O E
FECERW L R A BRI 2 % B pH .SOM . CEC . Ca.
Mg, Cu.Fe Mn #l Zn X} FEK Cd . As & £ . SR
M, PREE 22 5725 i S AL o Bk W v LA B

®2 EtRAXCdEE-BRERKSEUTNEE

Table 2 Joint quantitative prediction equation of Cd soil-crop system in seven large areas

KK ETHE

d T 5 A

Area Factor quantity Cd prediction equation 3 P
piral —HF lg BCF=-0.102 pH-0.346 lg SOM+0.125 lg CEC-0.411 0.325 o
AT lg BCF=-0.065 pH-0.361 lg SOM-0.044 1g Mg—0.403 lg Zn—0.590 1gCu~0.128 0.550
JUHF lg BCF=-0.194 pH-0.445 1g SOM+0.229 1g CEC-0.585 lg Zn—0.253 1g Mn—0.318 1g Fe—0.5 lg Cu~- 0.643 ok
0.175 lg Mg+0.357 lg Ca+1.318
IR =HF lg BCF=-0.153 pH-0.201 lg SOM+0.224 1g CEC+0.352 0.388 *
AT lg BCF=-0.112 pH-0.301 lg Zn—0.071 lg Fe—0.055 lg Cu-0.356 1g Ca+0.721 0.506 ok
JUHF lg BCF=-0.132 pH+0.066 lg SOM-0.034 1g CEC-0.346 1g Zn—0.335 1g Mn— 0.540
0.066 lg Fe+0.043 1g Cu+0.041 1g Mg—0.491 1g Ca+1.390
#erp =HF lg BCF=-0.186 pH+0.276 1g SOM-0.868 lg CEC+1.070 0.382 ok
AT lg BCF=-0.155 pH-0.521 g Mg—0.326 lg Zn-0.531 1g CEC+0.264 1g Fe+0.594 0.450
JUHF lg BCF=-0.262 pH+0.071 lg SOM-0.139 lg CEC—0.275 lg Zn-0.109 lg Mn+0.455 lg Fe— 0.582 ok
0.545 g Cu—1.156 1g Mg+1.794 1g Ca—~0.780
s —HF lg BCF=-0.173 pH+0.280 lg SOM-0.173 lg CEC+0.140 0.322 St
SR lg BCF=-0.091 pH-0.025 lg CEC-0.213 lg Cu+0.570 1g Fe—0.416 lg Zn—1.071 0.565 ok
JUHEF lg BCF=-0.099 pH+0.373 1g SOM-0.173 g CEC-0.424 1g Zn+0.066 1g Mn+0.562 lg Fe— 0.588 ok
0.307 lg Cu—0.150 1g Mg+0.280 lg Ca—1.699
15T —HF lg BCF=-0.189 pH-0.3 1g SOM~0.974 1g CEC+1.920 0.350
AT lg BCF=0.041 pH-0.282 1g CEC-0.825 lg Ca—0.302 1g Mg—0.129 1g Mn+0.007 0.583 ok
JUHF lg BCF=0.216 pH+0.325 g SOM~0.703 lg CEC—0.484 1g Zn —0.145 g Mn+0.480 lg Fe+ 0.680  ®*
0.540 Ig Cu—0.270 1g Mg—1.094 1g Ca—2.009
[iiiE]4 —=Hr lg BCF=-0.074 pH+0.683 1g SOM-1.158 g CEC-0.122 0.303 s
SR lg BCF=-0.905 lg CEC+1.08 1g SOM-0.35 g Mn+0.138 g Mg—0.368 lg Zn—1.028 0.564 *
JUHEF lg BCF=0.178 pH-0.300 1g SOM-0.465 lg CEC-0.100 lg Zn—0.469 1g Mn+1.204 1g Fe- 0.600
0.026 lg Cu—0.028 1g Mg+0.128 lg Ca—3.224
[if]s] =¥ lg BCF=-0.137 pH+0.654 1g SOM~-1.880 lg CEC+1.268 0.400
T lg BCF=-0.058 pH-1.213 g CEC-0.180 g SOM-0.423 g Mn+0.603 lg Fe 0.575 ok
JLHE T log BCF=0.056 pH+0.595 1g SOM~0.773 g CEC-0.144 1g Zn-0.406 1g Mn+0.730 1g Fe- 0.610

0.660 Ig Cu+0.391 Ig Mg—1.036 lg Ca—0.831

T A IR, #5548 P<0.01 ;%48 P<0.05. T,

Note : Correlation level , * * means P<0.01 ;* means P<0.05. The same below.
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HAE, DL FR i G R AR K b Cd  As B S
S, JLHORW Fe XF As & B TEARIR A 1w ANV R 55

i DX DX IR A S AR S, IO it — 2B ) R
IR IBUAT R T

3 #ie

(1) FEF Y S e 1 4 [ £ KR XA el
HICREFIK Cd  As AR =45 B H IR IR 52 T b fil
TICR HRIK Cd As bR 5 Z ] 1 F B ARG

(2) JETRENLARM R e 2 1 4 L K XA oK
Cd\As V5 9L 4K 140 B Y a] IR A7 A B Cd
As V5 4L FF R XKk 2E 55, L HJE Fe LR AT As
AR 1 DX IR S TR

(3) 3T L3 AL M 5T (pH .SOM . CEC) Fll H faf
JLZ (Ca Mg.Cu.Fe Mn.Zn) FJFEK Cd As & W)
AR AL T AN [R]85 6 i A K Cd L As
BRI RR I

K3 LRAXAs TE-BRERKSEXTRNER

Table 3 Joint quantitative prediction equation of As soil-crop system in seven large areas

s 4ot As T )y #2 )
; . o . R PAE
Area Factor quantity As prediction equation
eld =¥ lg BCF=0.060 pH+0.724 1g SOM+0.362 lg CEC-3.857 0.320 o
HIHF lg BCF=0.025 g SOM+0.433 g Mg+0.345 1g Cu+0.482 lg Fe+0.107 1g Ca—3.592 0.450 ok
JLAF lg BCF=0.305 pH+0.287 lg SOM+0.274 1g CEC~0.094 1g Zn-0.095 g Mn+1.16 lg Fe+0.38 Ig Cu+  0.640 *
0.049 Ig Mg—0.196 lg Ca=7.213
IR =RF lg BCF=-0.094 pH+0.087 1g SOM-0.152 1g CEC~1.322 0.300 o
FIHF lg BCF=0.004 1g Zn+0.296 lg Cu+0.1 1g Mn+0.401 lg Fe—0.286 lg Mg—3.059 0.500 3
JLAF lg BCF=0.129 pH-0.334 g SOM+0.432 lg CEC=0.035 lg Zn—0.048 lg Mn+0.450 lg Fe+0.543 Ig Cu—  0.573 o
0.033 1g Mg—1.074 1g Ca—2.845
A =HF lg BCF=-0.177 pH+0.333 1g SOM-0.660 1g CEC-0.749 0318 #
FHHF lg BCF=0.076 1g SOM~1.295 lg CEC+0.283 lg Cu~0.788 lg Zn+1.053 Ig Fe-2.777 0.634 o
JLAF lg BCF=-0.013 pH-0.210 lg SOM~0.767 1g CEC-0.861 lg Zn-0.051 lg Mn+1.198 Ig Fe+0.268 lg Cu—  0.664 o
0.812 1g Mg+0.780 lg Ca-3.633
=54 =R lg BCF=-0.03 pH+0.021 1g SOM-0.675 lg CEC-0.874 0.307 *
FHIHF lg BCF=-0.218 Ig Mg—0.183 lg SOM+0.123 lg Fe-0.273 lg Mn+0.499 lg Zn—1.503 0.554 o
JLAF lg BCF=0.101 pH-0.222 lg SOM+0.229 lg CEC+0.436 lg Zn—0.283 lg Mn+0.063 lg Fe+0.163 g Cut+  0.612 o
0.038 1g Mg—0.799 lg Ca—1.549
£ =RF lg BCF=-0.049 pH+1.131 lg SOM~0.431 lg CEC-3.137 0.340 ek
HIHF lg BCF=-0.125 pH-0.069 lg Ca+0.847 lg SOM-0.69 lg Mg+0.713 lg Fe-5.852 0.525 L
JLE ¥ lg BCF=0.106 pH+0.727 lg SOM-0.268 lg CEC+0.013 lg Zn+0.202 lg Mn+0.845 lg Fe— 0.600 ok
0.276 lg Cu—0.722 1g Mg+0.119 lg Ca—5.847
[iiiE]a =¥ lg BCF=-0.132 pH+0.726 g SOM+0.132 lg CEC-2.392 0.315 *
T lg BCF=0.163 CEC-0.069 lg SOM=0.029 lg Mn-0.128 lg Ca+0.853 lg Fe—3.998 0.526 =
JUHF lg BCF=0.226 pH+0.776 lg SOM+0.253 lg CEC—0.542 lg Zn+0.127 lg Mn+1.26 g Fe=0.376 lg Cu—=  0.600 o
0.284 g Mg+0.131 lg Ca~7.358
[l —“HF lg BCF=-0.103 pH+0.772 g SOM+0.917 lg CEC-3.656 0.328 *
R lg BCF=0.402 pH+1.437 lg Fe+0.23 g Mg+0.208 lg Mn—-0.315 lg Cu—7.73 0.590 ok
JUHF lg BCF=0.346 pH-0.104 lg SOM+0.935 lg CEC-0.019 lg Zn+0.123 lg Mn+1.433 1g Fe-0.213 lg Cu—  0.595 L

0.064 lg Mg~0.075 lg Ca—8.139
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