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Abstract: [Objective] As an important indicator of soil quality, black soil layer thickness plays an irreplaceable
role in sustainable soil development, food security and ecological functions. However, analyses based on soil
profile survey data are often based on small sample sizes and small regional scales, and most of them are based on
point data statistics only. However, the studies lacked spatial variability prediction analyses, hence, there is an
urgent need for rapid surveys of the thickness of the black soil layer and high-performance spatial prediction
methods. [ Method] In this paper, a series of sample data of black soil thickness at 357 sample points in
Heilongjiang Province were obtained by the rapid acquisition method of “shallow excavation + deep soil drilling"
for black soil thickness at multiple burrows in newly constructed sample points. The spatial variability of black soil
thickness and its uncertainty were predicted through the optimisation of parameters of the Random Forest
Prediction Model (RPFPM). The impacts of the different burrow observations and their mean samples on the
optimization of the model's prediction accuracy and stability were analyzed, and the spatial prediction potentials of
the model were evaluated. [Result] The predicted average thickness of the black soil layer in the arable land in
the study area was 53.42 ¢cm, and the new method of rapid acquisition and prediction of black soil layer thickness
was effective and can be used as an alternative to the profiling method. The spatial variation explanatory power R?
of the optimized random forest model for predicting black soil thickness reached 60%, which could finely depict
the spatial differentiation of black soil thickness. Also, the randomness of a single observation burrow at a sample
point could change the importance value of the covariates predicted by the model, and affect the spatial prediction
of the distribution of the black soil thickness. Compared with the spatial prediction on the mean value of several
observations, the spatial prediction on a single observation had lower accuracy for uncertainty assessment of the
spatial distribution and significantly reduced prediction performance. Interestingly, the cross-validation metrics
and scatterplot analyses indicated that the optimized Random Forest model had a stable spatial prediction potential
of the black soil thickness. [ Conclusion] This study provides a new perspective and new ways for high-precision
and rapid investigation and prediction of black soil layer thickness.
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Fig. 1 Study area location and sampling point distribution
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Fig. 2 Map of the distribution of observation points in the field survey sample sites
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27 Style FEFx Norm  ffiik Descriptions

http://pedologica.issas.ac.cn



+ 5 2 R
Acta Pedologica Sinica
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VI AL RIS $L Transform the vegetation index, sqrt(NDVI+0.5)
biNANS AH LA A5 Analytical Hillshading
Topographic ASP Y17 Aspect
factors cs VA Catchment Slope
CNBL S IHE M 28 F: A2 Channel Network Base Level
CND 338 /4% B 25 Channel Network Distance
Cl R4 T3 Convergence Index
CON T % Convexity
cc it % 432 Curvature Classification
DAH H % [m 5 M n#4 Diurnal Anisotropic Heating
DC N3 i = Downslope Curvature
EAFH BRI EE Effective Air Flow Heights
FPL Wish#E K Flow Path Length
Fw BT Flow Width
GEO HiJ5i 45 Geomorphons
HEI =1 Height [Mean of Upslope Area]
LF HbJ¥ Landform
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Table 2 Descriptive statistics of black soil layer thickness at soil sample sites (n=357)
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Minimum Median Maximum  Average  Standard Variation Skewness  Kurtosis Confidence
value values value deviation  coefficient/% level/ (95%)
FE RSP
; 0 49.33 100 55.56 30.95 55.71% 0.23 -1.45 3.22
Sample point average/cm
AL A
} ) 0 50 100 55.52 3141 56.58% 0.24 -1.45 3.27
Observation point A/cm
L B
- ; 0 50 100 55.29 31.33 56.67% 0.23 -1.46 3.26
Observation point B/cm
AL C
0 50 100 55.86 31.12 55.70% 0.21 -1.45 3.24

Observation point C/cm

RIFETEAATENTET EEFIRRFELEREITFHE
Table 3 Statistical characteristics of the results of a rapid survey of black soil layer thickness in soil samples of

major soil types

s S 2 ks L ; e - . N (1 7N
L B b L ST T mt me o kmk gk RCHIEEL

. . e . : . . . . rown coniferous
Soil types Dark brown soil ~ Virginsoil ~ Meadow soil ~ Black calcium soil ~ Dark soil ~ Paddy soil ~ Marshy soil forest soils
JFi%E‘ & 39.52¢ 34.4c 63.43ab 41.58bc 68.06a 66.42ab 56.72abc 47.33*

Average thickness/cm
g
i 83 20 81 28 112 8 24 1

Number of sample points

e ARNGFECGEAR LR R A R EMEER (P<0.05) ; * BRE I ARINRARE A, AT ERS . FiE.
Note: Different letters indicate significant differences among these soil types at P<0.05; * the soil of brown coniferous forest is a single
sample, and its difference analysis is not carried out. The same as below.

A RAG ) & 1P B R R EE/INT Zhang S5E0SIZE /NS SRl 7 1 2 1P
TRERE (80cem) , {Him T “ &7 WERTHEE (40cm) P, JEREFHITX LK
B R EREHE TR ZE S . AT IO TIRRERE o B H e B2, o “ =87

(PEEME) #E LA E DR ARNBRLZ, 18 CYE A SN Z oA e k28,

MMTAL Ay By C HIMIMIRZES(s) 7N 4.94. 4.02. 4.74 cm, 7372 FE R 3
8.91%. 7.24%. 8.53%; HH17UNL A IR RZERCR, SRR iR K.

% AL B 2 R R DR B 52 0 ) T SRR R 2 R R R A — B (y=0.9517x+
3.1252), Wi AR EORARANRME L 0.9744,  JUE R% R2O4 0.9494, UL A /%
W, BAWATE, AT RLEARHI i A AR,

22 FENHFHER SRR SR

CLIALSMEAE AR S IAE, >R A boruta J7ykARiE 15 4N F 22 L2 B RE T 1 348 858
Rl F A, T RN R T 52 3L 2R RS 5N, 2 (A B B A8 i T 3 T T
B, Hodr, AT 54 WIERTF 74 RREET 24 BERT 1A NARTR
ek, REDNHEH B R A B B ER L 4 R (" D,
R 288 B Al E R BT RS . AN, MIUXAL AL B C 433IFRELT 17, 15,
BANWER T E.

DL IS AE e SIE, 484883k RMSE /T 25.25 ~ 27.96 cm 2 [d], “FHE N
26.71 cm; MAE /T 21.28 ~ 24.36 cm 2 Ji], “F¥J{EN 23.09 cm. 424N RMSE 1 MAE
(RTS8 SR 9T X B 4 2 5 R S MR ) 48.11%F1 41.59%;  Zhang 2161k 2 [ WL AR bk 22 ol ()
1.39 km2 b/ 4 2 R E I, 4S84 RMSE (5 s 22 4 2 T 5 5 46.85%, ik
BH B LA IS AR R A R B R U WA, AL B. C 4841MidE RMSE “Ti{H
43514 26.87 cm. 27.37 cm. 26.92 cm, MAE “F¥J{E 4> 54 23.19 cm. 23.72 cm. 23.10 cm.

PAIAEEEAE A SOWIIME, R I BE L AR AR S A2 S0l (mtry = 15 F1 nodesize =
4) 5ERIMER S H (mtry = 2 Fil nodesize = 5)FH L, FAUB SEUE A M AE R2. RMSE.
MAE 75325 T 5.22%- 4.60%- 5.42%, FIAMEBRIN SHOAMR, e mEi g
T PERE . (ERABAL R, 10 548 XIGHIE R2 A4 0.60, B S 4 J2 5 B 2 ) AR (b fif R 114 3]
60%, W& T Liu SFRINHARIE (L IX 14 75705 TR0 L BER BRI /1 (R2=0.59) . LAk,
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ML Ay By C BENLARR S AAL Y S HUE 53 518 A(mtry = 17 F1 nodesize = 3). B(mtry =
13 1 nodesize = 4). C(mtry = 13 1 nodesize = 3).

23 REIBEEEZESHEATHEN

TIRRE R R R TN 4% AR G R AR, AR, R, B AR
CEE AR R R R R TR I (s, s BBk KRR HEELRE
TRMME R E AR, (HEAZERAK (R 3—4) . AT, BERLTEEE
R A, AR LR BRI TNE AR, 5 Sebrilings R AA — Bk,

ik — BEAES kb A, KR EEEE<30 om & CNHER T, AT 30
~ 60 cm IRy EE L, >60 em NEE R AFFEIX R SAE 2 (A i) R R R
BME 7y 51.73 cm, Hrh BV B2 E RN 53.42 cm, Ak R H B SRR IEY) &
(B 3) , “FHEHIX B2, LB REERK. 2R B MERET
JEMZTEFIR, B R AR RG220 . /P22l DL AR T L, 2 JB R o A A /N %
ZUR IR R R IX DA AR T L PG X (] 3d) o ST TT AL T ILAR N S RO AR R P DR
THUAEVR, BB R, BREEEE . A, AR SR A,
EWIRICER W HERR, B R R AR

BAEREE AR R R, LT E R R EEESRE (K 3b) ; Al
wERFE, mEltREEREERESEE (K30 .

®A4FTETREAN S ETREETE TN REIHHE

Table 4 Statistical characteristics of the results of spatial prediction of black soil layer thickness at sample sites of

major soil types

R ek At LA Bt kRE WEE R
Soil types Dark brown soil ~ Virginsoil ~ Meadow soil ~ Black calciumsoil ~ Dark soil ~ Paddy soil ~ Marshy soil forest soils
jFigE F’? 45.15c¢d 36.27d 60.05abc 50.55bcd 67.12a 64.17ab 55.03abc 57.42*
Average thickness/cm
PR 83 20 81 28 112 8 24 1

Number of sample points

e AFRVNG FRARARFE RN B BE M ZER (P<0.05) 5 * AREEHH LA S, AFATZERMT. Note:
Different lowercase letters represent significant differences between soil types (P<0.05); * Brown coniferous forest soils are single sample

points and were not analysed for differences.
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a)

B+EEE/em

Black soil layer thickness/cm

0
L 1
d) - €) s
RERENE AN e PR
Black soil layer thickness Uncertainty index
B ;)2 Thin layer ki
[1 # Middle layer | B
JEJZ Thick |

- e — Low: 0

0 0

L 1 1

Pl 3 2R 2 5 P T R ANAf M 2 8] 43 A
Fig. 3 Spatial distribution of black soil layer thickness prediction and uncertainty

BRI A A E AR B U EDON 213, @R e R Eeh 5 4,
R LA EME TN (AN € PER B AR BAR (B 3e) o i ANBE PEFR BCE 2L A fE e L
KRB JBHR/AIN 2 LS R R L, — D5 1 3t PR 2 R R, A AR ek i
TR Z RS o3 — 2 T U A A S, R R E AR D AR E PESR B>
ATE=ATP IR RO R FATETT RIS CL R AT X, X2 Xt 55 0T e AV i, Bkt
SAERFER, ST EERE. S5 RLEEREAWENSRAEL, BLREER
T AR SO M -

3 e

31 HRIMRAIN RN EEEEEZ MM

HFARE R OME, 383E boruta $FAEIR T IHIREL 15 MRS AR, AFEPAFAS RN ]
TREFEETMNEEAHEER (K 4  METIRA A By C U3 AI3RE 17, 15,
13 LA (& 4b~1& 4d) , HALFRIMIMAEIAEA 134>, HENE BRI AR K
AL
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PLOAAMEAE AR s e, B+ 2R EERN ) E &R GNDI. PRE. MRV. BAI.
CND. MCA. SOIL. HH1, GNDI. BAI REEKRF T, 77l ik 7 B TLE M a2
PEH AT SRR IR 2 AR, BAL BRRTR BURER RS T BRR AR B I Wi A E ) 2R B . A2 B8,
TR B S5 (R A b DX el B R AR AR R X Mk b B 1 2 SR FE A, Zhao Z5B8-SOF FTAR 4
WiIE T BAIl 5 HR B L2 EE F WL E. PRE KRR T, Yog 7Bt
FEMIKAGEAE, A LI RE XA, WG FRED A, AL A R
OYRATRLHO, HE— DR B L R R . SOIL AU L3 1, o382 ik 1 HL
SERIRHE, SETEBREEEEMX, BRENBELERE. BN R L ERENM, MRV,
CND. MCA RREMILH T, FEXETRELZE R, Ko ARESLFESE, K
oy BERAEBACHUE AR B, RS AL, AE 1B BC R I e 3K T b

[25,40]

ke i-F 4 Sample point average b)/X fiObservation point A
GDVI DVI
PRE DVI\\IE
MBR AVI PRE
BAI
CND SOIL
MCA TPI
SolL gg;
T"Evla GEMI
TEM
SAVI vD
CMR SAVI
RSP EAFH
MRV
Bli\ll': CMR
TDVI
TPI T T T T 1 t r T T 1
0 20 40 60 80 100 o 20 40 60 80 100
Y4 Importance M E M Importance
c)/X fiObservation point B d)/< fiiObservation point C
GDVI DVI
BAI PRE
Sal"é BAI
TDVI RSP
PRE CND
MCA CMR
TPI SAVI
CND TPI
TEM MRV
s"f‘z VI
CMR TEM
DAH SOIL
MRV DAH
1 T T T ] T T T T ,
0 20 40 60 80 100 0 20 40 60 80 100
M4 Importance W4 Importance

B 4 SRR B EESEAELL . (@QFF AP ()AL As (c) Wl 7AL Bs (d) MIN5XAE C
Fig. 4 Importance ranking of environmental covariates: (a) sample point average; (b) observation point A; (c)
observation point B; (d) observation point C

BT WRE T AURE T R R R R R A Sy 37.37%.
38.52%. 17.97%. 6.14%, KT A& = EMEFIME S M 7.47%. 5.50%. 8.99%.
6.14%, i BMHUE K 75 AR E AR TR R R R R R i (B 4a) o HFH
PEAE AN DL 7O P 2 ) AR S 1 ) A B o PR AE 7 A 1 BRI (18] 4b~1&] 4d) , R
A A FIRERET . R, SR DEEFREEEERES A 2.12%.
8.14%. 7.13%. 1.11%; /Ufi B HI& T2 E /M09 13.67%. 11.19%. 8.94%. 6.46%:
FAL C F TR BN 12.45%. 7.7%. 0.92%. 5.67%. i, /i B AR EE
TR, X5 WA UL BEA K.

3.2 HERMM7AIx R LR EE BTN 5 AT
T REAARIRA Ay By C BIIME ST B 70 ) 28 )2 B R =S Rl A (18] 5a~[&]
5c; & 3a) AAWIRZESR, KU THER LA BENLYE, Srem iR+ R RS
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[R]  Af TN o

DA B R A0 22 XL M TN B0 R 2 B el A (] 3a) AR TR L, Bkt i
AFEBITAL Ay By C PRI AT HMHIFA0T . XIS RRNT, MMIAL A S5 X
BRI BRI T 0.64 om, FERASCTBEPU R LR = V0P FE IR R, AR RN 220
NN T UL R R LB AR ™ B Al TR AR O A O X R A (1] 5a, 1 BdD
XA BT E (K 5b, & 5e) , BAJRVHEREEER T 0.95 cm, FERMCOFEDIE . /)
PV R Al TERACT R RO R T L U 4 B A o BRI NAL C T
MHFF R RS (B 5e) #2m 1 0.14 cm, ERMECF IR RS2 T/ 22 4 i 25
e fli, FEARCTBRDU R . =P SR AR RS L Al (1B 5P .

B FERAFALRE S T R LR R AR 225, B R R R il Bt R
A BEHLE

100
90
80

Thickness of black soil Thickness of black soil Thickness of black soil

a) 7CBTA M |22 )5 fem b) RAIBIE )2 )5 B /em ¢) FALCHE |- JZ 5 & fem
layer at point A/cm layer at point B/cm layer at point C/cm

d) AL AL R 51 3 e
Average difference between
oint A and sample point/cm

@) 7B Ff 2111 Z Af e
Average difference between
point B and sample point/cm

) AABECL K T Zff/e
um, Average difference between
' int C and sample point/cm 10

A 5
0
-5
-10
0
| I— | I—| | I— s

Pl 5 J -2 WL A 5 R AR 10 8 2 T 2 () T 43 A 22
Fig. 5 Differences in the spatially predicted distribution of black soil layer thickness based on each observation site
and the survey sample sites

3.3 RIS R LR B = BN A i E M RS2

XFEC AR RS FEI G AL Ay By C WLINME 5 1 S48 R B 73 M 10 3 2 T2 82 5 ) o3 A
AR E (B 6a~& 6c; 18 3e) ZIAIMIZE5, FREIRE A8 AL It 2 5 2 [ Tt
AWHENE . LA TR 52 22 XL A TN F0 38 2 J8 R 2 (] AN E Ak Fe o A (B 3e) 1EN
XHRREL, 7L A TN 0 X 3808 R R FEANE PR BOT 2B FRR T 0.18 (& 6d) , Bil
PAOCAL A T 3 2 5 R 25 ) oAt AR BT R g, 1 BEARBILAE K 2 M1/ 22
W YA A B M X 3 1T R R R R RO S B 2 TR A ] A AR A
EK. FRE, ETAL B FIN0EFL X 2 2 R A e e ECFE (B 6b) FRET
0.22 (& 6e) , F&AK 7 AAMCT 5 8 12 B R R A fl Btk , M0 7 RN 22U L /D422l
DA S 75 Lt ) B 2 SR R s () oy A R . P FRAE C s (K 6¢, Bl 6f) , BLEE
FEATEMARECT A T T 016, SRAE MR TRES, 7F AP R 8- 2 E
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ANt R 1 FiE R ) A R AN R B
B RERURERA I 25 T ) 28 R R AN E MR B AR 2 5, AN sE 1k
FEINANT e B BRI BEALE -

a) FALAANHE TR 5T b) SUAIB AN PR AL ) FALC AN TEFE L

Point A uncertainty Index Point B uncertainty Index Point C uncertainty Index =8 7

6

i

4

3

2

1

0

) AMA DT E e) JXRB R H 2 e 0 SNALC B 0PI A 2

2 Difference between point A Difference between point B - Difference between point C 15
.~ and sample point average . and sample point average -+ and sample point average .
i 3 i >
! 1
A
0
--0.5
-1
0 230 km 1.5

2

Bl 6 =TS0 7L R A RE A I 2B k2 R R (R AN i PR o A 2
Fig. 6 Difference in the distribution of spatial uncertainty indices of the thickness of the black soil layer based on
each observation point and the survey sample sites

N T T AN 7 P VPl O AERA MK F- 2 TNMELAE T X 18] 69 5 BE il AR 1:1
2, RIFINIX 18] o S HUN G EE PICP (EAH =, SR B R 4 2 5 R 2 8] S0 AN A o2 P A HE R PR K
R TR R SOLIIE B P X TA] o 4 0 ~ 0.5 2 JA], MEGAIKT 1:1 4k, Wi
7 ) AN 8 1 AR VE A BIARAL B FT0 DX 1) B FEAH LG T Tt g 72 s ZEFRUIX 8] o A
T 05 ~ L Z AN G 11 28, A5 (AN PE AR K T s . /AL A ZE TR X ) o /1
T 0 ~ L[ 11 GRAHaE, = (A ANAf e ARE BE e s, FLHERA AT BB BARA, . 1oL
B B 1:1 Zefwizt, 3N 8 VeIV It KT A, B0 X JB) 6 PR, AN e
PERE JIHARAS o 7L CAETIIN X 8] o /T 0 ~ 1 Z [RLSARBEAR T 11 28, =S AHf PR HE
PR AP A AT A

S, BT ERE ST R UL AR B0 2 1) 000 AN 52 1k B HERA P K N B, T T
LGRS LU FHEIN P = 1) AN 5 1k RO VR A P AP SRR A, BRI R C AR TR A,
BE— AT IRAL B

3.4 HERMMANANEL R EE T EFUNEE AR

BT TL. T20 T3 =M XIGAE 7% 4 FREARSWE S R I BEHLAR bR 2 18] T
K FE 22 5%, FRWARE 2.2 XD VLI AT AT B AT ) R A AL UK FE vy (R 5D, TN
DU AR BEE B 1 RE 5522 AL (R BEPE . WidE T A8 SCIRAIE 592 R, MI/AL AL By C Af
EE T4 AP RMSE B 20 5042 5 1 30.11%.  32.19%. 30.80%, MAE {EJHE &, R2F#iR
BIROR, MRORPRAC 7R TIRS B2 . FIAE, 78 T2, T3 & XERUFT7 v T 3915 A 4G
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BAR, ZINALHE I B SRR UM, REV A R R R TS B, 45 2 5 kR A 2R
J2 B E 2 8] 734
2 XA PR AR s M, REARGRAWURTE A 38 2 J8 R AR, T Ay
L0 ) 3 BE e W Al Bl 9 2R A RSB KCT ASREACR IS IR A KT RIS AL R34
SEREAE T AEMIAR AT AR, YE 5 PME A BC S B B8 S RS PR A AE R . DL, AR
RS E b, 2 7 DRRs ] 2 3R HURE n B VR TR B o
® 5 ZMRXIIETS AR 4 M AREH AR IR NS EE

Table 5 Three cross-validation methods to obtain four-sample random forest model accuracy values

) PR JUAL A JhL B AL C
LoaTlVeRFS Sample point average Observation point A Observation point B Observation point C
Validation methods ™o, pvsE  MAE R RMSE MAE R RMSE MAE R RMSE MAE
T1l/cm 0.60 21.59 19.28 0.24 28.09 2463 0.18 2854  23.98 0.16 2824  23.27
T2/cm 0.61 21.58 19.31 0.23 2820 24.70 0.18 28.61 23.94 0.16 2821  23.26
T3/cm 059 2157 19.33 025 2794 2448 0.18 2854  24.04 0.17  28.07 23.09

35 ETKENHFMRENETREEETEFTUNEERE M

BT m I E B AR R A2 SIS UE /i N BB SRS M Z R (R 5D, il
AR RUARO AR, RIS B A 5 iy 25 Rl T vE e . L RMSE il FEACEIIM 10 #7758
XEHIE (T B3 XEE (T2) 2 5% 10 #7538 X3k (T3) , HAEM 21.59 cm %
21.58 cm Fi 3] 21.57 cm, FEARE. R, MIMAL A By CLEAFERE EHIE 7% T 11
DRSS BB tE. W8 T1. T2, T3 =R WIGIE T ELE 4 FREA T A TNME 55
MHEZ s E (B 7D, SEUHSREE B F A N AR A SCIGAIE 5 B ES
Bk Rt R BURFF— 5. R RHIE RS 3 B B L AR MRS B 545 e o 1 2 1) Tt e o
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e ETREACTMNE: (@) T1, (b) T2, (c) T3; FET /AL AMMIE: (d) TL, (e) T2, () T3; FEFUhr BAMMIE: (g) TL,
(h) T2, (i) T3; =T/ CMMME: () T1, (k) T2, (I) T3. Note: Based on sample mean observations (a) T1, (b) T2, (c) T3; based
on point A observations: (d) T1, (e) T2, (f) T3; based on point B observations: (g) T1, (h) T2, (i) T3; based on point C observations: (j) T1,

(K T2, (1) T3.
7 ZMOANIRI 7 1258 SRR,
Fig. 7 Cross-validation of scatterplots by three different methods
4 4

(D &3 TREFSREZEEREZ U “REZREHRE L PURBSH i, K
e RR, SHRIMERI BB EEREA S, WAL E] 94.94%, nf LB ARH i 2
Jiike  (2) FETFES R MTERT T 2 7AW R} 2t Je A B o JR PRIAE T - 438 55
IR A AR A AE AR S e, BRI U B L AR 7 B AR A i o A, B T B2
JELFEZS [ AT TR AH LTI B RE A 22 7 P S B IR S0, 386 B oA W0 DAL P T
FERE R TR, AwE v HER M E R RS, (3) M AL BENLARME R, BATE
SE MR L2 B S A T A . E AR R BRI R VTS . RS EORM SR,
SE T FEALARAR IR AT . BEALAR AR SRR Y 5 BRUE U AR b, B AR M B R An R2 32 T
5.22%, RMSE. MAE 7} [T 4.60%. 5.42%, M-+ 5545 )48 Sk /1 R2 ik 3
60%. Xf T [FIFE A SR LE A R RS 1) 8 b 2 R R A ) 00, Bl LR PR Y LA A R AR e
o (4) T IHERE S PG T 1) 2 57 B RV P B B R R 45 55.56em Fi
51.73 cm, FRMIBHH P B+ EEE A 53.42 cm. Hb, EERE B+ F BRI =10
JRAPE R AN CE IR, PR R AR RNl . NI DL R R E i, 2 2 AR TE
AN FR T B X DL M A R L G A X . SR R R R S (R A M R, R T A s
TR AFERRAE . SRR L PR ORI SR LR K
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