FEIgE F12H
2022 4 6 H

Kok TR R

Transactions of the Chinese Society of Agricultural Engineering

Vol.38 No.12
Jun. 2022 65

o RAMKETHE »

ETH =22 % I AEAN T IEAIREE 5/ U

IFWE o A mERET, BEREC, H

12 EfX Y T

(1. pEA R R SER B, AT 1001935 2. AR AL H REIRE S0 %, Jbat 100083; 3. Hf 5T i &
JEse R E AR PR ZR IR A Ly, MEURIR 1500805 4. Hp[EIHFUREE Bt R B UER (L 22 B BRI FEPT, RS 0650005 5. ARSI

BRI N O, JEE 100094)

B OE: AT EEYLR (Soil Organic Matter, SOM) a3 AR ARG . Bt E#E B AN DL FEBR
TS B B . SR TR T A8 2% 3 7575 (Two-point Machine Learning, TPML) &/ SOM %% [a] 4>
AR AT AT, DAEERTT WA AR A, DAAME. MBS @ 3R e B 5 B SR RIEAMTE, 79
R 25 (B B S BAE AR R, AR SOM 25 8] 73 A 7 i v B SR ERISCR 7 e, LARE TPML J7ikdhaT
SOM (A3 AT T ARG BE o SR BEATLARAR . T BEN LA BV o B . OB B AL B AR I8 v BLA% (Ordinary Kriging,
OK) JriFEARTEE, DIPI4a5TiR % (Mean Absolute Error, MAE). ¥ J7#i%% (Root Mean Square Error, RMSE). Tiiill
5 HSEMKRE () RgeE /5 (R MEA RS, BATAFRREARE R 2406 ks, WA F 5 VR TR A o
SRR D WHFCIX SOM &5 AE 1.775~7.188 g/kg Z[8], “FIEN 3.179 g/kg, ZIIAAALIS], BARBMPRI Ak
) EANFNAREZMET, SHAMEEAEE, TPML MRS, H MAE (0.088~0.097 gkg) #1 RMSE (0.116~
0.139 gikg) ¥ E/N, r (0.992~0.996) F1 R* (0.971~0.985) ¥ N, 3) WMMEARZERMEE (FRigiRE) 552brs
ZHAMRL B, U TPML o] LT 45 SRR A5 B A e P 1. 25, TPML BT DUdst [ iy ) FH 28]
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2.687 g/kg. ¥ 7R %R Z (Root Mean Square Error, RMSE)
N 3.572 glkg FIksE B8 (R®) 4 0339, R 7545l g
Al v A% (Ordinary Kriging, OKD ¥ AL B JH 45
AL frde/D AR EABAY  HER AL AT A AL A RF
MRS PR TE AL R IR X R H SOM [ AR Tl RF (1)
RMSE fil MAE #/)v, 737108 1.316 g/kg 1 0.958 g/kg. H
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Jiid, LA R R 2 1) S P 1 4% 1) S e v ER AR U, =
TR 4y 2 R 1 A 44 (Point Mean of Surface with
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£epEE A2, Lasso [81)9. Ridge [IJH. ScHFr&EHL. B
HLERAR . BB SR TR IR 2 M 25 P2 55 =385
V5 [F I B 7 () A7 B 56 2245 B A P AH ALLE B 00 AR
FEOL B I/, anes 1) J mla O dn = 1) e ZE A
A0S AL e AR ) 2300 i B o ] D120, By o] o BLARM,
e [ )5 5 BRSPS, 28 fE]BE M LAR MK (Random Forest Spatial
Interpolation, RFSI) POV - it A1 7% bR 4 (01 )3 70 FEL A%
(Random Forest Regression Kriging, RFRK) PU,

7E SOM it -3 3= 22 DL -5 — 2R A & 1t Tt
TS 58— RN =R Geit Ik v E . LSk
AP 5 HURG, Zhang 2511 ISR F 22 JUR M0 B Ak
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BT IRAINERE 2 U7, T HAEAL B 2 4 S RN
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[E1) 0 48U A RO DU 5 TR S o 28 it A e b,
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RERS A H LA — @ MO PE R AR AT &, e 17 el VA ot A
BRI AR IR FIER P P, Gao Ui TPML
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RULEANRIRAFE & N 3 AT DA O HAR =y OO

Rk, AT SOM & sl AT 25 8] AR il
WHFE e FIH SOM KA BAL 845 B S 23 ] 5 AR,
PA$ = TPML B (1) FRHs 2 (1 T Rt o 15 5058 A B /kadh
HE R BB 25 L 5 SOM. £ =LA MR s i
WA R, HUCKRA TPML. IDW. RF. RFRK #l OK i
7 SOM Tl - 36f EE A A PRI R, f e k4T SOM %2 [a] 73
AT TR X8 T 25 FRAEAT AN E PR T, DU A B 5
AV, AR ORG ST FUHAL S R R S

1 WREX#ER

WA TAL T BT 3, AT AL, HAbFa il
SR A AR, NP4 PE R, 48°58'~47°52' N, 126°14'~

127°45' E 2 [8] (E 1) . MA RIS ARE, PRk
239 m. SAHEF 4 667 km®, HAPBHBEE 2 940 km?®, 5
- B TIRR 63%4 . HEAG T FE IR A KR R %,
FEFRIKE 500~600 mm, F PR 1~2 CWL e
MFRA R X, LRI R Oy, AR
B, BEL. AXL. KBELIRELES N, EEEY
Ak, FEMEMFRAFEKRE. Bk K%, 2EXK
(7 R 3 — LS
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Fig.l1 Location of study area and distribution of sampling points
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2.1 WREIE

SOM H#aKJs T 2021 FAa -1 I A2 b X 28 - Hh
HRFERZRE T P e X 1025 /7 E bRt
JRE AR, A5 1170 A REE 23 8546 & SOM &
= (E 1b) . SOM [P B AN 852 H IR R R A A NTES)
GRS . AT RAEFHN I B R ACNRER, EFETE 1
oI, AME. B, NGB L B AR AR EE )
14 AMRHAR PS4 HR RN 1 km.
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Table 1 Data type and source
5 Kl 4 A A Bl A5
No. Data name Type Year Data source
, (b N R AN [E] 30 4
K
1 MBS CD 2009 (110075
2 A CD 2001 https://www.resdc.cn/
3 Eee: £yl CD 1995 https://www.resdc.cn/
L HUFI CD ,
4 S 2015 https://www.resdc.cn/
5 ey LD 2015 https://www.resdc.cn/
6 W LD - H e m AR A 2
; ; LD AP 45 2 A AR K T AR AT 3
I R e R
7 IR R AL |

8 A LD 2015
9 [ N A = A LD 2015
H—Es ke LD

https://data.worldbank.org.cn/
https://data.worldbank.org.cn/

2015 https://ladsweb.modaps.eosdis.nasa

e .gov/search/
11 PR LD 2020 https://www.worldclim.org/
12 ERIREKE LD 2020  https://www.worldclim.org/
13 2R LD ArcGIS JUTTH5
14 2 LD ArcGIS L5

iE: CD NRHITALR; LD Mg AR,
Note: CD is categorical variables and LD is continuous variables.

LIRS R T B AR BRI ZE R A
[ (Population, POP) FI[E 4= {E (Gross Domestic
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Product, GDP) KWt #-&&G5F 25 WA (Slope)
7@ fE (Digital Elevation Model, DEM) . E$3 % /K &
(Mean Annual Precipitation, MAP) . &S (Mean
Annual Air Temperature, MAAT) . HiJE i@ & 45 %
(Topographic Wetness Index, TWI) . H#ERAIH—1k
ZE o fEM PR 20 (Normalized Difference Vegetation Index,
NDVD RREEREMEZER, TR HRTIREN RN
KZ. #H ArcMapl10.3, ZAEHEHUE] T AR &4 EhAL
EHPEICEIRAE S b, AR O E A o
2.2 FMEAZRXZESH

TRE SOM 75 5 1) 725 ) 3 A 175 190 S Fe 5 % 5 )[R 2% 1)
FRRE DR 0 S O 1 G 2R, 30 T g 438 P 2 e (R 3 R0 7
EIEAT SOM 22 8] 73 A Ul o A58 FH B2 2R b AH 56 ROk THE
EALAAR RS SOM &R Z A2 &R, A F b PR 23 )
TR E L SOM SR AN KRR (¢ FitE) .
Hrp, FORBAHKXRECRA R 15EF cor O REGTE, #
O W % R A R B F  geodetector il
(http://www.geodetector.cn/ )15 . 1 GeoDa #ff SOM
MIZE2HR%, DURBE SOM &= 7S | A . kS
SOM FAAER A SR I EE A D9 SOM Tl AL I 4N o
2.3 TPML 753%

TPML & % bt vh 248 S ok 50K K @ R0 FH 7
3o X RO T8 () 50 B AT AR, g s (R LA B AN
ARG BR ST A, i 2R AL E R R
M2 YEAt Bh AR S Hdls . 7020 R 2 1) B AH S A PR AR
oLtk , PR A AT TR BEPT . TPML AU S 3 5506 X
FAEHTT, R AEAS SRS e B R A& (1)1 J7 6%,
fife i 22 YA B AR B @A RE AR B AN S () T R, [N SR
Tefwftitho BRitbz k., TPML B8 M PH AR & A B R R
AR R, AL RENE S 7 8] A7 B AR & A0 AR B A & T
HIE AL, T H AR08 B AR AL A% 2 >0 5 0 A I I 1 4
JEE 9 M« TPML AR ARIAMY BE % 45 HH 5 arhs 52 1) 2 1) Tt 45
B RSB L AN E

TPML 7 i 2 [ A7 BB A 5 A EL Al Al B 2 e 2 27 3]
— AN, BT A R e AR, R (A
A A R R i A A i B 2 8t — Dy vy 4 2 () R 114 A O
P, BIE iy 475 8] TR OISR B G 1) 2 S S SOML &5 &
R o TPML J7 2508 L DL 5 AN BRI 2 o)

T RO B 22 5
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Fig.2 The flowchart of two-point machine learning method
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RN 2 R] 3% 8 RN 28 Sl R A R () ) 22 5 0 o) B
(2) fik (3) HEHEAT,

Axcoy; = xco,; — xco,; (2)
K xeo,, M xcoy, 7358 i i A1 j ISR k DN ESLTAR RH,
Axco,, 7 ENIRIZESR

ML TR)ES kAN SR AR B = A G (3D
5.
Axca= (xcay, xcay,) (3)
A xeay 1 xeay 73 MIFRAE R @ A1 j B & ADSFOBAE &
HIME, Axcay ZEATRHE, (xeay, xcay) 7& xca M xcay;
ANy a) o Bin AR e A 2O B A ) Ak 2 T AU R
IR 1 AR 2 N RGN DL 338 5 (Soil
Type, ST) A, &1 /ST N “Fit”, B—ASTH
“Wrr, eNZmEmEREG 2 M 7TBL STLON “&it”
MST2 Ny “¥ot” o HIREF— KB R AL & ST, 7Eit
BOSRZERE, BT 2 AR E ST1 A ST2,
FERB YRR e A R AN R 4 B AL £
H T AE L) SOM & &ML 8 2 5, 78 HirAL
AP EZ A E T IRENSE], Wl (4D Fis:
AY = f(AXco,AXca) (4>
X AY 2 SOM FHRNESR (MRNAER) , Ay, 22BN
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Axco,, #& AXco ME, Axca,, /& AXca I{H; [EMENLA
5 2B  TPML J7 24 F 5 338 ] Pl vp R BT AR
B,
ST BENUARMAR L 5, FH B R I UL A A AR
A SOM Fr&EZER, W= (5) .
AY,; = f(Axco,y,, Axco,y,,...,Axco, ;s Axca,,,. .., Axcay,; )
(5)
T AP, RAEFFRLI 5 0 AU £ i Z (A1) SOM & & 7%
5, Avcoy, BRI O RN i 2 (G55 — L
ARNZES, Axcay,, R O FOUIN i 2 1A) 28—
AN TIAS B 22 57, m R 1 43 ) S 8 R A 2 1 2R AR
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BT 60, W RUME AAEARDULIN 2 R s 24T
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AKRT noIZFE R A RN BN A 2 5 5, K24
Mo n WA AL TR E, HrP A W E R EE 7y
NINZRAB 7> AGGUEAR 73, AR R AT g 45 Hh R

BT 0 AL (8] AR T S R 22 TN B AN E 1,
X @) o Hh v BT EMNSGHE. R RRIN R ZE
XS FR AT, AT LA B SR & FM 3 1977 22

502:V(JA70 _J/o)

1 &,
V(_Z)/Oi_y()j
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o 62 & A0 ITINME P 2, AS,” 25 i S
RO ZIEEEZESTRZE %, BRI (7)) Frs i
Y AT 2 1
2.4 FREURSLEIRIE

SEjifi LR 5 AN, 5 HE TPML #7845 OK .RF.IDW
1 RFRK R HET SOM Tl ks FE,  anld 3 Fiow.

|m % SOMELHE K LI m:|

D

< ‘Aﬁo(m)

| MMSDAISSA TR A oA |

[

v v v v v
FEETPML 4% RFRK AP S FH#IDW Fydt RF
R it BRI sl sl
v v v v v
TPML il RFRK 7l OK Tl IDWilllZ5 RF I 5
4 4 RS BN RS

PR SUBRIE 4 2R

7E: SOM N EIEAHLF: MMSD JiR AR B HERTY: SSA s (AR
KEVE: TPML AW SRS IR, RFRK 96T FEALARMR I 18] )9 52, A%
B, IDW D RERBSIE VL RF JBEHLARMAMEL ; OK itk il ve BT
Note: SOM is the Soil Organic Matter; MMSD is the Mean Most Shortest
Distances model; SSA is the Spatial Simulated Annealing method; TPML is the
Two-point Machine Learning model; RFRK is the Random Forest Regression
Kriging model; IDW is the Inverse Distance Weighting model; RF is the
Random Forest model; OK is the Ordinary Kriging model.

B3 K& &H
Fig.3 The road map of experiment
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ko XAMTSRELR 10 K, HBRFHAE KRS
T 1 UIEER AN TN . 15 MAE. RMSE FITi
MWESBEEZ MR ), BT RS
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Mo (R R ORIFAS AL 1A e P
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iR 2.3 FTHEIR P SHLAR S > ik, BL 2.1 AR
(R S . 3R | MR AL, SR T (F%
KRR « MR A T S4B A7 s (e 4 B
R (R fE VBN, TN SOM 7 & 2% [A] 43 i
HEET R (&) TR T & A 2 M.

3 HBRES

3.1 HERIERMLIT

YHT 1170 RAE A SOM & HdE, S5 EMH, &
IMEN 1360 gkg, I KAEHAN 9.170 gkg, h%EN
7.810 g/kg, HAIECH 2.990 g/kg, IME N 3.226 g/kg, x
HEZEN 1.065 g/kgo HARFESH SOM 7 & 7 8] 4 41
4 7R .SOM & & F EAEHLE 2.200~4.590 g/kg 2 [H],
54 ER KA T 80%, SOM & & MIIIME N 3.226 g/kg,
VLI RAE 55 SOM F Bk B SKF . B ps il e
AR SOM &\ m, FE S MEReTARILE. &
AR SOM F B, T A0 7EWA 117 R & AT P4 R 6
HEE SOM & Ab T 55K F. SOM & &4 (Al 4 i A
5], BAKR ARSI ES.

,f{{ : i SoMgke)
HHHHHH 7 0 1360~<1.770

i 333338 « 1.770~<2.200

THEHE / 2200~ <2.990

it 2.990~<4.590
3 , < 4,590~ <7.020
it «7.020~9.170
_:_,-;_u_t/—"‘

0 20 40 km
L 1 I

B4 & SOM &2 = 5%

Fig.4 Spatial distribution of SOM content of Hailun city

51 Geoda B P i EREA AT I S 2 MR AE SOM &
BB AR S8R EY, FEA R Moran® s 1 4§
HOR 0779, ULHIREA £ SOM & & A71E B 2% 7] AR
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3.2 HMMERNF

bR BRI SRR MR ARAR . AR AT AN
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HESAFERENREZR TR FH SOM RN R
PEo 3 il s FH R 2R AH 56 SR BRI b FEER I 25 1H 5 SOM &
mH LA AR, B, MR T SEZER
Fh 2 G B 2R rp i 2 TR AR o [ [ AE S DA R SR B AR
(B P S o o 36 2 IS AR R S SOM & & B I AH 5%
PE. MK 2 W41, SOM & &5 NDVI. DEM 1 MAP £
EAHER R, 5 GDP Ml MAAT Sk R, [N,
SOM 45 DEM. MAP. NDVI. GDP L& MAAT 1
EIERIIAH MR R

*2 EERTERXMESN
Table 2 Analysis of correlation for continuous variables
AF 4 Variables HHIK &5 Correlation coefficient

#'7 2 Digital elevation model 0708+
Wi FE Slope 0.137%%*

T 5 % Topographic wetness index -0.038
A 1 Population -0.698%**
[ N A2 7= S H Gross domestic product -0.697*%*
A T~

Normalized difference vegetation index

P35 Mean annual air temperature -0.804%**
4E 4% /K & Mean annual precipitation 0.710%*

TE (Note) : “***' p<0.001; ** P<0.01; “** P<0.05.

22 3 NFEHIMAR B SOM & & 1) 25 (8] F 0 A6 36 45
R (@ . B, g gotEAZEE s REEEHE, RIES
KR IIAT 2 KFESE BB T SOM =4y 7. MK 3

AT, RHBRI RS Mg |
X SOM & &H L&,

=3

TR ST AN e R

Fil Rk =t

8] F R AR I 5 R

35

ERET
Table 3  Spatial heterogeneity test results for categorical variables
AR i 4 Variables g 18 g value
L H R HZEH Land use type 0.355%*
HiZi A Landform type 0.417%**
L3 Soil type 0.204 ***
T 27 Vegetation type 0.306 ***
Fit Clay soil 0.243 ***
Vb1 Sandy soil 0.205 ***
Je 1 Silt soil 0.178%**

3.3 SOM FLl+5 & 27

XA ] SOM Tl 458 84 33k 47 X Eb, &5 S an il 5 ffr o
EAFRFESE T, TPML. OK. RF. IDW 1 RFRK
#) MAE B34 2> 515 0.094. 0.777. 0.397. 0.409 Al
0.397 g/kg, RMSE [W341H 4379 0.127. 1.053. 0.577.
0.588 F10.577 g/kg, r BI¥IME 73 11 79 0.994.0.773.0.840.
0.836 Fi1 0.840, R*[fJ¥4I1H 4354 0.980+ 0.009. 0.700-
0.689 1 0.700. "MW, fEAFRFEZET, TPML
RZE MAE. RMSE. r Hil R? 4 MERUKS BEVEAN $6 4% |
HIZ BT RE. RFRK. IDW 1 OK 4 #J5i%k,
T 360 1 A A B S ML 88 52 2 7 VR I v v A A
B

—RF - TPML ——RFRK -+-IDW - OK
1 0.95
0.8L oo . I e S HE .
9 [ o 0.95 0.75 . -
s 2 _ 0.9 0.55
igo 4= DDOGW a o
12-] X WEO4 O'SSMQOSS
n =
S0.2 E 02 _ 0857 _ . 0.15
. X S et ) X N .
50 100 200 300 400 500 50 100 200 300 400 00 *7%50 100 200 300 400 500 005 T 00 200 300 400 500
PEAK R Sample size FEAK i Sample size FEA B R Sample size FEAK i Sample size
a. PILRTRE b. HIRZE c. TR 5 B SAE 2 [ (FAH R R 2 d. e R

a. Mean Absolute Error (MAE) b. Root Mean Square Error (RMSE)

c. Correlation coefficient between d. Coefficient of determination (R?)

predicted and true value ()

A5 REAEA SOM TR E 1F4E

Fig.5 Accuracy evaluation of different models for SOM prediction

B

=

PALREA S & 300 I ESESE oG] (B 6) , &%
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Academy of Geological Sciences, Langfang 065000, China; 5. Ministry of Ecology and Environment Center for Satellite Application on
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Abstract: An accurate prediction of the spatial distribution of Soil Organic Matter (SOM) is of great importance for precision
agriculture, farmland quality construction, ecological environment protection, and soil carbon sequestration. However, the
accuracy of prediction dominates by the heterogeneity of SOM spatial distribution and its relationship with auxiliary variables.
Taking Hailun City, Heilongjiang Province (126°14'-127°45" E, 48°58'-47°52' N) of northeast China as the study area, this
study aims to accurately and rapidly predict the SOM spatial distribution using a Two-Point Machine Learning Method (TPML)
with the climate, topography, socio-economic, and spatial location as the auxiliary variables. The spatial location and auxiliary
variables were also integrated to effectively deal with the heterogeneity of SOM spatial distribution and the heterogeneity of its
relationship with auxiliary variables. The performance of TPML was then evaluated using the Random Forest (RF), RF
regression kriging, inverse distance weighting, and Ordinary Kriging (OK) models. The performances of the models with
samples of different sizes were also evaluated using the Mean Absolute Error (MAE), Root Mean Square Error (RMSE),
correlation coefficient between the predict and true value (r), and the coefficient of determination (R?). The results reveal that:
1) The SOM was predicted to range from 1.775 to 7.188 g/kg in the study area, with an average value of 3.179 g/kg. The
spatial distribution of SOM spatially varied, with a trend of the high in the east and the low in the west. Meanwhile, the SOM
content was positively correlated with the normalized difference vegetation index (NDVI), digital elevation, and mean annual
precipitation, whereas, negatively correlated with the gross domestic product, mean annual air temperature, and topographic
wetness index, particularly significantly related to the land use, landform, vegetation, and soil type. 2) The TPML presented
the highest accuracy of prediction under different sample sizes, with the lowest MAE (0.088-0.097 g/kg) and RMSE
(0.116-0.139 g/kg), while the highest 7 (0.992-0.996) and R’ (0.971-0.985). The MAE and RMSE of the TPML model were
improved much more than 0.7 g/kg, while the 7 and R’ were improved by more than 0.2, and 0.9, respectively, compared with
the most frequently-used OK. 3) There is a similar spatial pattern between the standard deviation of prediction errors
(theoretical errors) and the actual errors, indicating that the TPML provided reasonable uncertainty estimates for the prediction.
Consequently, the TPML can be expected to employ spatial autocorrelation and attribute similarity at the same time for higher
spatial prediction accuracy. Anyway, the TPML spatial prediction of variables is feasible for the resource and environment
with a certain degree of spatial autocorrelation and available auxiliary data.

Keywords: soils; organic matter; random forest; spatial distribution prediction; spatial auto-correlation; attribute similarity;
two-point machine learning
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