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Abstract:  Objective Digital Soil Mapping is receiving more attention and becoming widely used. Its methods mainly include

* E R HRRIF AT H (42071062, 41771246)%5H) Supported by the National Natural Science Foundation of China (Nos. 42071062,
41771246)

+ M IRfE# Corresponding author, E-mail: sun_xiaolin@yahoo.com
fE# A WIRIE1997—), B, TN, BiLirsed, FENFHF - EH M. E-mail: haochk@mail2.sysu.edu.cn
Wk B 2021-07-29; BB MR H: 2021-11-08; 21 & HI (www.cnkinet): 2022-03-21

http://pedologica.issas.ac.cn



994 + e 2 i 60

environmental correlation-based models, spatial auto-correlation based models, and a mixture of these two kinds of models. The
mixed model is expected to be advantageous over the single models. A generalized linear geostatistical model (GLGM) is a kind
of mixed model. Compared with the commonly used mixed model, i.e., regression kriging (RK), GLGM has advantages such as
having random effects to account for the non-stationarity of soil variability. However, GLGM is seldomly used due to its major
disadvantages, i.e., complicated computation. ~ Method In this study, within a small hilly area (3.03 km?) in Gaofeng Forest of
Nanning, Guangxi, generalized linear mixed model (GLMM) and its combination with ordinary kriging (OK), i.e., GLGM, were
used to predict the spatial distribution of soil organic carbon (SOC), pH, clay and cation exchange capacity (CEC). Performances
of the two models were then compared with commonly used models, including multivariable linear regression (MLR),
geographically weighted regression (GWR), regression forest (RF), OK, RK and generalized additive model (GAM).  Result
The results showed that GLMM had higher accuracy in predicting clay, while GLMM and GLGM had medium accuracy in
predicting CEC. Further, GLMM and GLGM had lower accuracy in predicting SOC and pH. Conclusion Based on the adjusted
R of the linear regression model, nugget effect and global Moran’s 1, it is concluded that GLMM and GLGM are appropriate
when there is a low adjusted R? of linear soil-landscape regression (less than 5%), weak spatial auto-correlation of soil
(nugget-to-sill ratio large than 71%), and strong local spatial variability of soil (Moran’s I less than 0.09), e.g., clay in this paper.
Otherwise, GLMM and GLGM are not appropriate, e.g., for SOC and pH in this paper. For the high spatial heterogeneity and
multi-scale variability of soil, we think that GLMM and GLGM are promising for DSM, although more studies are needed to
improve the efficiency of GLMM and GLGM modelling.

Key words: Digital soil mapping; Pedometrics; Generalized linear geostatistical model
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Fig. 1 Digital elevation map of the study area and distributions of
sampling sites
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Table 1 Statistics of soil properties in the study area

FRfE 2 R REH% \
w/ME wKRE CFHE e it £ e iy NG A
Standard Coefficient
Min Max Mean Median Skewness Kurtosis Octile skew
deviation of variation
kB (FEAS n=110) Calibration dataset (n=110)
soc/ (gkg') 11.58 40.11 21.62 21.20 5.34 0.67 3.58 24.72 0.07
pH 3.95 5.10 4.41 4.41 0.20 0.49 3.80 4.55 -0.06
FkL Clay /% 28.00 52.00 38.74 39.00 4.56 —-0.08 2.70 11.77 -0.01
CEC/ (cmol-kg™!) 11.40 26.80 16.15 16.00 2.44 1.00 5.80 15.13 0.01

ISUEEE (FEAEL n=45) Validation dataset (n =45)

SoC/ (gkg!) 10.72 31.64 20.35 19.63
pH 4.01 5.04 4.42 4.41
ki Clay /% 25.80 52.00 37.26 36.80

CEC/ (cmol-kg ') 10.20 20.40 15.52 15.40

4.18 0.55 3.56 20.54 0.38
0.22 0.63 3.69 4.97 0.09
6.39 0.38 2.53 17.16 0.05
2.54 -0.13 2.26 16.34 0.02
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Table 2 MLR models for soil properties
T )m M MLR J5 2 E REL TR E BB
Soil property MLR formulae R’ Adjusted R
SOC/ (gkg") SOC =31.41-0.04 x [ +83.88 x I [l 0.092" 0.075
pH=4.79-4.55x 103 x i —3.35 x FHE R —4.30 x FHihZ +
pH 0.227 0.189
5.81 x 107°x FRULSREEFEEL — 0.05 x LR EEHE AL
Bk Clay /% Clay = 38.55 - 1.79 x {wdtH5%k 0.058" 0.049
CEC / (cmol-kg ") CEC =16.44 +0.89 x {RZR$84L +49.29 x V-1 0.193™ 0.178

e T R EEMIKE RN 0.05, 7

the 0.05 level, ™ represents significant at the 0.01 level,

MLR 5 AU i ] B e o REG 0 2.0% . 20% F11
9.8%. FI UL, HTASCZA A T 20 A HUJE 751 FE A5
ARSI, SOC, pH FIBRLAY MLR A& f) 4
B BT R | RS AIRRAR . Lai U7
WFoE R, [E—ABIFFE DX A [ 1) 4 R A
SIS MR R RO 5 TR A - g T Y R

fii 4% 3 JE M MLR BA b il PR A B3 ST
% A GWR B8, Zf/ AIC iE4E, B34 AW
GWR BEARY BRI v 3 mil Ak T 266~880 m
538~1143 m. 415~1012m, 787~1 799 m X &)
Bl . A SE s TN ZRBEME s i /MR (4 m)
S KIAHE (2 652 m) Z 8], ERLE) R* 435104 0.293
( P<0.001 ). 0.343 ( P<0.001), 0.126 ( P<0.001) #
0.222( P<0.001 ), P #& PesE 2535124 0.280.0.311,
0.118 F1 0.208.

fii LT A PR B AR LA T 4% 3R P 1Y) RF AL,
ZELERW], SOC. pH. Zhkifil CEC A RF #EAIHY R
Sk 0.564 ( P<0.001). 0.540 ( P<0.001). 0.536
( P<0.001) #1 0.542 ( P<0.001 ), % g 2500 7
7 0.499. 0.471. 0.466 F1 0.475,

i b, XA 3R, MLR. GWR I RF
LAY LG 1 I R e e RAECHEF 8 RF>GWR>
MLR, Ut BIEL AR A R L TR, H
JrF I A P 2 PR A AR UL R B AL T 4 JR) [l U A 4
B X SR E S RF BIM R BOR T
BT ( Stepwise linear regression, SLR ).
X A O ST GWR B TR g R BOK T MLR
EMEE R —3
2.2.2 OK Fll RK ##H SOC. pH. ZhkiFl CEC
W2 T7 0 BT R, SN 41.9% .

TR BEMKFEN 001,

FoR K 0.001, FIAl, Note: " represents significant at

" represents significant at the 0.001 level. The same as below.

71.3%. 100%F1 0%, FRABRFRISL, FHofh = Fh 415
JE A A AR L AR RIAR SR Y A [R) HAE G PE
T ZRLAS ELAT 25 (8] A AHOCHE . AP SOC., pH Mg
LI 2y 22 (R G RN A R TF L ANTF IR T
MU ESE (BN h 19.3% ., 85.8%H1 91.1% ).
WHTATIE, X B R A SRS 2 M T
20 AT PR AR AT . 7E Sun RIS, 1R[]
— DX IR N AR [R] SRR S SR b Sy 2y R B
NN GRS

RK (2P 2250 Wi a5 %W, SOC. pH. Zhki
Ml CEC £33 MLR 48l 22 J5 , 5525 i B 42 24007 43 Jil)
g 44%. 80%. 100%F1 0%, 43 BA h
RES . TCAARSR Y 25 8] [ AHCHE . Hoh SOC 5 pH
1) RK AR 7 e 42 5007 AR 6 T OK 3945 # /=i, B SOC
5 pH )55 [A] 48 S3E A MLR b G i 11 SR
CEC 1) RK H4: 300 5 OK M A8 fk, & CEC
(23 () 25 S AN TE S MLR Rl S5 3 A4 IR 4 i A
(L EiVN8
2.23 GAM g GAM MR RIBA 25 AN 3
fiis. Hoi CEC B9 GAM AR A77E 3 A~ HHE N
1 AEwm, Bl s (ARTEE0 ). s CRFAES ) Fil s
PR ) (% 3), KX 3 EHEI0HE T2k
T, &2 L SOC 1) GAM AU Fr3it /3l 1 151 g 431]
ST 3w S R AR B R R M TR
fE/NT 180 m &b, SOC H5EBEMAHLKR, lHE
RN LR RALE, BUKKRZ, mYAK
FERE, AR, T SOC &t — A s s BEE I
WItE, BUKW/D, SRS hie mRIZL, Y
AR 2E, HAR AL, P SOC & &R L; FiE
RS T 2 180 m~200 m Ak, SOC HEfEs
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Table 3 GAM models for soil properties
+ 5 E GAM Jif2 e R TP E REL
Soil property GAM formulae R? Adjusted R
21.62+s (FfE, 6.07) +s (BB, 11.34) +5 (WA, 12.73) +
SoC/ (gkg') 0.625™" 0.610
s (Flmihz, 6.32)
441 +s (MR, 3.04) +s (IRILEE, 4.97) +s (FlmliR, 1.64) +
pH 0.422" 0.400
s (HIBIREFE%L, 4.73)
FhkL Clay /% 38.74 + s (fmdb¥5%k, 13.01) 0.273™ 0.266
16.15+s (B, 12.94) +5 (IRARFEEL, 1.00) +s ( KFHES, 1.00) +
CEC/ (cmolkg ™) 0.6317 0.610

s (FImEhE, 6.24) +s CFmEMZE, 1.00) +s (RRMETEE, 12.27)

e s () Fom GAM BERIFPROEH I, 55 AEF SRR O BT A B, B 1 RN IR G B4, (BRI
£ TR B 3 i K . Note: s () represents smooth terms within GAM formulae. Numbers in the bracket represent the estimated degree of
freedom ( EDF ) of the smooth term. When EDF is close to 1, it indicates that the curve is close to a straight line. The larger the EDF,

the more flexible the curve.

15 - > 15 5 151 3
10 - 10- 104
7 E E
s § s -
£ = s
w2 w2 w2
B -5 B -5- B 51
g g gz
101 R _10- R _0d
15 - 154 154
150 200 250 0 20 40 60 80 0 50 100 150

i FE Elevation /m

YiHE Slope /%

i 4< ¥ Easternness/°

K2 SOC i) GAM KERIPERIMSEII. [ a-c BIfETE A HEEMHh 6.07. 11.34, 1273, W3 35 BRI F L1 Al
T+ 2 fFbn 2R L
Fig. 2 Some smooth terms of GAM for SOC. The degree of freedom in a-c are 6.07, 11.34 and 12.73, respectively, as shown in Table 3. The
shaded area represents two times of standard deviations.

IEAHGCR, FIRRRE R BRARE B G 2hig s /),
fiff £ 383 37 (AR PR, PR SOC & &4 T 7t
Bt 5 R AR S T & 200 m~260 m 4b, SOC 5
BEMMECR, WTRREE: MEBKRET, 1T
KRN, KRR, AR 2,

IHIR A, AT SOC & A BE& ik 4k 2 Tt
FAEKRT 260m 4k, SOC HEfREEMIEIER, 1
B Ky - VIR P S AT, AR BAS AR B ks
P A R F SOC 1y RFRY, 3% 3 i # e e R4k
FK U GAM FLAL S | BEfi#BE SOC. pH. Zfikifll CEC
2[R SR 61% ., 40%. 27% . 61%, 4K TFXF R Y
MLR #i8 , 3X F B GAM iR b 4% + 1 1 5 H P

P H AR PR A 54T

2.2.4 GLMM FI1 GLGM ### GLMM [ 45 H4 5
WS RANFR 4 PR o W PUE R AR GLMM AR
43 REMRRE SOC \pH FhKi A1 CEC 25 [A] 48 5 1) 40%
51%. 30%. 67%, ¥JRT XA MLR #i8, JfH,
Bk SOC Z4h, GLMM [ i# e R KT GAM
BLRL, SOC () GLMM FiALE GAM iR HA A1 [F] (1)
AR B (H GAM FLRIFEAE 2 A4S A i EE>10 O35S
AL, 1 GLMM B8 rPORAETE 3 B EE>10 (A5 AR
i, B 1 AR EEm., Wik, SOC 1
GLMM #E A& GAM IR, eI 2R Ay i
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Fz4 FIIEEMH GLMM EE!
Table 4 GLMM models for soil properties
+ 38 GLMM J7 2 e R TR PE R
Soil property GLMM formulae R? Adjusted R
19.99 +5 (EfR, 5.88) +s (P, 7.62) +s (HIAHIE, 5.13) +0.02 x
Soc/ (gkg!) 0.422" 0.399
TR
459 +s (FE, 3.64) +s (fmdbfE, 4.87) +s (FIHEMZE, 6.27) +
pH 0.532"" 0.509
s (HITEIREHE S, 6.74) —3.48 x 107 x B
32.20+s (FEHE, 3.68) +s (Jill, 9.42) —58.39 x fLFE4l— 66.60 x
FhRL Clay /% ) 0.328"" 0.302
il 2R
1624 +s (Y, 13.14) +s (HEim, 4.56) +s (FHEAHFE, 6.45) +
CEC/ (cmolkg ™) 0.682"" 0.667

s (R EIEE, 12.52) +41.68 x Fih =

T s () % GLMM BB DGR, 355 BT RRZOLETIAMGTT A R, 308 1 R MEIBRIEIE B, ERRR
B Hh £ T2 AR B9 % 3l iR . Note: s () represents smooth terms within GLMM formulae. Numbers in the bracket represent the estimated degree
of freedom ( EDF ) of the smooth term. When EDF is close to 1, it indicates that the curve is close to a straight line. The larger the EDF, the

more flexible the curve.

Zi b, XA L8 E MR MLR, GWR ., RF,
GAM Fl GLMM #i8, #KFH GLMM 185k
ERBEK, HIKJE RF. GAM #l GWR, MLR #
AN, Rt SAELMESE G IR A AR B
FLPR AR AT | 2 M UL G R B IR

WRT AR, GLGM A GLMM & #5in -
GLMM #8221 OK #fif. i FHihi7E GLMM £fil
Je AR 22 7S (8] FAH DGR 55, U RB ST i H 4 30
FJr 22 Rk, PRI RE ST BRI GLGM BLAY
HoAts =Fh - B PE GLGM BB {4 He 42 2508 43 5]
H84% . 96% F 4.0% , X = 4 ¢ 8 M AE
GLMM B2 J5 5% 22 43 i HAG AR 55 . AR 55 AR %
fZs 8l {HARSEPE . T H, X =FF R R GLGM
R Y B 4300 Y% RK A OK i, W] GLMM 5
T ALK 4+ I SR PR AR
2.3 TEGIE SRR

AR SOC, pH. FRiA1 CEC fY=s[H]
ARG 3 iR o MLR T T 38 E v S5 i
T T Z [ 4 5 Z2, DR 70 00 ) 4 S e T A
¢ X Hp T A b R 7 0 A . i, SOC 1 MLR
FREPMA T SR (£ 2), HmEmES DEM
(& 3a). BT pH AY MLR B8 b i Fl] T8 £ )
B BT (3 2), BRI 30l 1 ) b % PR 43 A7 1)
WA S (F 3b). GWR fifi48 &5 MLR
—3, HEBIEMEAHM, His RN GWR
i P ([ 3e~ & 3h )5 MLR A8 (%5 R AL (R

3a~&l 3d), (HAE SR XA 5 S ik
L7 [B) 2130 =2 18] 1) AR FL 8 R SF- 1 o RF 118 F0000 [
Won T OB A, AR TR T A HIE BT
ek, FHUk RF 00 E S HOE B 50 A0 19 220
BCMLR K, JF HAN 5, (B0 AT HA
PRI A (P 3i~ & 31), OK WYF P, (B 7R
fbi GWR WoRFH, H . R0 2 E R
g3, BT IR A KBS S (E 3m~ &
30). RK I F454 T MLR 5 OK, K B 5z e T Hb
TEHFoAmany, MM T £ 385 M A [ A et 45
F KRB A ds )=y (&l 3p~ 3r ),

GAM T T ARG i, PR A A T 5
MR AL AN o R, RN S e T R Y )R
AR5 (Kl 3s~K 3v). T pH 5 CEC i GAM
BRI T A M ERGET 1 B3, L —F A GAM
FAU TR B4 R T IS B . RZ, SOC 5&hkL
1 GAM P P b P A7 89 S B A W f . GLMM
5 GAM @7 2L, B 1 T P e 28 e
{HH T SOC 1 pH ) GLMM 5 GAM #EEIAH I, ifif
FRLAI CEC /) GLMM 5 GAM 5 22 fil 5k,
It SOC #1 pH ) GLMM 5 GAM 1§ il [ 5 AH 3T
iM%k A1 CEC ) GLMM 5 GAM T [ 22 5 5 K .
AN, BT SOC. pH Y GLGM Hr 4 3% v 5 1
1M CEC [ GLGM H¥e a0 84K, KM SOC. pH
1) GLMM 5 GLGM il [ 22 A K, i CEC )
GLMM 5 GLGM Tl [ W) 2 531 5 K
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p) r) RK
SOC/(gkg™) CEC/(cmol-kg™)
p327 §265
Hise b

s) GAM u) V) GAM
SOC/(gkg™) FHRL Clay/% CEC/(cmol'kg™)

§ 420 pd4s8 760 5
uy 340 b9

w) GLMM y) z) GLMM
SOC/(gkg™) FRi Clay/% CEC/(cmolkg™)
L] 36.0 ] 48.8 3 ] 69.6
b .0 LEx

aa) GLGM ac) GLGM
SOC/(gkg™) CEC/(cmolkg™)
§37.6 696 :

Bl 3 BT ARRBRBH % R My 23 18] 43 Al . (a~d) MLR; (e~h) GWR; (i~1) RF; (m~o) OK; (p~r)
RK; (s~v) GAM; (w~z) GLMM; (aa~ac) GLGM
Fig. 3 Spatial distribution of soil properties simulated using different models: (a~d) MLR; (e~h) GWR; (i~1) RF; (m~o0) OK; (p~t1)
RK; (s~v) GAM; (w~z) GLMM; (aa~ac) GLGM
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T i DX A S ] Pl w4 i 1003

FLTF 45 ABEYLITEARE &S0 T 25 S A R
LS INGR 5 i . TR A — 20t 5 B R b
FiEmt. YL SOC K], RMSE 3B, FIGHEAA

RF, R GAM, {H CCC £, Uik
OK, fZ=RiAlk MLR, #R#E Khaledian 1 Miller!??!
481, RMSE 5 ME #1 MAE #H{Yl, i CCCHE&T

x5 FREIEBFNIGIESE LIREIERERE

Table 5 Accuracy of soil property prediction models based on the validation dataset

3 IR
ME MAE RMSE cce R?
Soil property Model
SoC/ (gkg') ZeMmIH (MLR ) 1.36 3.73 4.86 -0.11 0.035
HEMAL B (GWR) 1.20 4.00 5.05 -0.099 0.016
A #RbK (RF) 1.51 3.56 434 0.059 0.030
W3 v AR (OK) 1.32 3.68 4.62 0.086 0.013
B3 5 A% (RK) 1.29 3.60 4.63 0.058 0.0063
J7 ORI (GAM) 1.91 451 5.81 —0.0053 3.65x107°
JU YR AR (GLMM ) 1.94 4.42 5.52 —0.041 0.0025
I RS (GLGM ) 1.97 4.54 5.72 -0.021 5.75%x107*
pH Z It EIH (MLR) —0.012 0.159 0.21 0.137 0.046
B AL ENE (GWR ) ~0.0096 0.163 0.221 0.10 0.023
B9 7%k (RF ) 0.0018 0.170 0.222 —0.012 0.0013
JE e LA (OK) -0.026 0.168 0.220 0.0022 8.98x107°
8l )5 52 LA (RK) —0.0153 0.15 0.218 0.139 0.039
J7 XA A ( GAM ) 0.0084 0.18 0.25 0.031 0.0012
I XELMEIRA A (GLMM) 0.0148 0.1960 0.2637 0.0034 1.34x107°
7 XL SRR (GLGM) 0.013 0.1958 0.2642 0.0041 1.93x10°°
FRi Clay /% ZoegtmH (MLR ) 1.39 525 6.23 0.097 0.10
H AL B (GWR) 1.44 5.19 6.21 0.109 0.11
[BH 2Rk (RF) 1.54 5.26 6.20 0.111 0.17
3 5 AR (OK)
[E1)3 5 HA% (RK)
J7 SO AR (GAM) 1.70 5.62 6.60 0.088 0.023
JT X HER AR (GLMM ) 1.48 4.89 5.73 0.35 0.24
I” RS (GLGM)
CEC/ (cmolkg™) ZIugk kRIS (MLR ) 0.97 2.111 2.703 0.13 0.043
P AL EE (GWR ) 0.99 2.105 2.702 0.14 0.047
A #RBK (RF) 0.81 2.016 2.49 0.15 0.126
W3 v AR (OK) 0.59 1.86 2.41 0.23 0.134
B3 5 A% (RK) 0.77 1.89 2.55 0.28 0.12
J7 ORI (GAM) 0.79 2.16 2.74 0.39 0.17
JU YR AR (GLMM ) 0.60 2.01 2.58 0.450 0.22
J7 RS (GLGM) 0.48 2.023 2.64 0.445 0.21
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GWR>MLR>GAM; 7E CEC I, HE/FH OK>RK.
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#W, GLMM 5 GLGM FE&i ki b RIS, £ CEC
LRBPAE, #E SOC. pH LRI, i GAM #
RFII T 2%
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TN T 45 M R AR A AT r ) IR e R HIORIT R
RN, DA K 32 B HER FE 58 ARn——RMSE Il CCC.
MLR R 8 e g RECITE 0.2 LUIT, Pl X £
- 58 M 4 23 () AR F A D BB 4 e A R R — 2k
PERERIf R, [, MLR AR ) i m B — e 2%,

L0 & sk pes 2B Adjusted R

1 48 Nugget-to-sill ratio
0.8 x RMSE
e CCC

.

_02_ T T T T T T T T
MLR GWR RF OK RK GAM GLMM GLGM
A Model
1.0+ 4 THAEYLE 2B Adjusted R?
1 B4R Nugget-to-sill ratio
0.84 x RMSE
1« CCC
g 06—
2
S 041
@ -
0.2 1
00l & '
-0.24

T

T T T T T T T
MLR GWR RF OK RK  GAM GLMM GLGM

F57 Model

UAE pH A GOV R ( BIAAR A2 8] 3 AH
Ktk ) FLVA AR pe i Z B K 8 B At 1) 1
JE . OK BRI G0 R, SOC Fil CEC A
WRyZsal { AR SEME, 1 pH AYSSTA] A AR G PR .
Hit, OK 7E SOC F1 CEC |- AUAERM 84, TiAE
pH A MER A% . [MBE, AT LRSS H H AR R 7
ANTA] B M P b o B R s 22 R I .
RF 7E SOC bRk REE s, HIMHAE SOC iy
LT R

SR, AN RESE MR A 45 .
B4, GAM 7E DU~ - 48 & - 2 LA A i ) e e
FERE, (RO BRI,
1o S A AR ) S B 2 S SRR [ B R A K
JuHE GWR ., GAM ., GLMM Hl GLGM % US55 75
AR A AT R AR AR, B A e S - 4
23 ) AR S (AR X SRS TR — g ELAT B AT I U R
¥ (GLGM B A5 GLMM —FEfy ik E 2%80), (HE
MR —2 B B A MERR L o 1 R A 3k Sl Y
Ko EA, SERIRIBIUZE R PR FIEAHER .
B, GAM ¥ i A s EALI, PR 5 5

L0 4 i s R Adjusted R b
T He3UN Nugget-to-sill ratio

0.84 « RMSE

1. CCC

g8
S 0.4
Ef‘ 4
0.24 /4"4\%\
0.0+ .

T T
MLR GWR RF

=

OK RK GAM GLMM GLGM

% Model

1.0 & AL E R B Adjusted R d)
7 B4 5400 Nugget-to-sill rétio
0.8 x RMSE
P 0.6:
S 041
t:E -
0.2
0.0
—0.2

T T T T T
OK RK  GAM GLMM GLGM

Fi Model

T T T
MLR GWR RF

K4 2% T3 PRI f 1R R e R AR A 3400 5 =R HERR AR : (a) SOC; (b) pH; (c¢) Fiki; (d) CEC.
RMSE £ 0~ 1 ML AL %4
Fig. 4 Accuracy indices with fitting adjusted R* and the nugget-to-sill ratio for soil properties: (a) SOC, (b) pH, (c¢) clay, (d) CEC. RMSE
has been standardized by MinMax normalization
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