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Table 1 Descriptive statistics of topsoil sand content

B Ry fR/ME PN M i ifie 22
Samples Number of samples Min Max Mean Standard deviation
1o M bE 59 6.94 85. 47 30.91 15. 66
B HLEE 25 @ 59 3.97 83.33 33.67 16. 68
iR © 175 0.31 85. 47 31.98 17.27

(DMulti-grade representative sample sites, @ Random sample sites, 3All sample sites

R2 REMHNSESTHREEFHEXRY

Table 2 Correlation coefficients between topsoil sand content and environmental variables

AR BT E R . e B I 4 A
{EEiES (R [ES Yoz )
Annual average Annual average Topographic
Profile curvature Contour curvature Slope
precipitation temperature wetness index
Pearson #H 5¢ & %L
Correlation 0.27"" -0.49"" 0.26"" 0.11 0.44"" -0.03
coefficient r
B M Sig. 0 0 0. 149 0 0. 691

ook FRAE 0. 01 7K (M) B #E A Note: = * Correlation is significant at the 0. 01 level (2-tailed)
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1 18 B BRAE R 2 A AR FRE R AL S 3 JE BENLRAE B X L5 33
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Table 3  Statistical eigenvalues of original environmental factors and environmental factors of the sampling sites
. P
Diﬁﬁ:@ B 44 iﬁﬁf /M RO 25% MK B 75% Ak Hft
E Samples of points Min Max 25% Quartile Median 75% Quartile Mean
B B Slope i 4 i 687 887 0 64.26 0.7 1.8 5.09 4.38
Bt L RE 25 @ 59 0 24.36 0. 69 1.53 3.57 3.45
BB @ 59 0 26. 47 1.17 1.95 4.51 4.43
WO A T JECHA K O 687 887 4.21 26.24 7.75 9 11.42 10. 18
TWI B HLAE 15,2 59 6.23 23.74 8.27 9.97 11.82 11.02
P BB A @ 59 5.67 22.21 8. 04 8.9 11.01 9.95
wEmdh e E R © 687 887 -0.006 2 0.006 3 -0.000 1 0 0. 000 2 0.000 1
Profile curvature g pn g 1 @ 59 -0.000 4 0.002 9 0 0.000 1 0.000 3 0.000 3
P BB A @ 59 -0.000 4 0.001 8 0 0 0. 000 2 0.000 1
Wi RN 687 887 -0.31 0.41 -0. 004 0 0. 003 0
Contour curvature gy gt 7 @ 59 -0.015 0.117 -0.004 0 0. 005 0.003
1Rl @ 59 -0.025 0.023 -0.004 -0.001 0.003 0
AE YRR K J5ta e 687 887 1243.2 1799.9 1335.7 1389.8 1 454.7 1401.7
Annual average iy pf 5 @ 59 1 280. 64 1 567. 16 1 340.21 1 407. 97 1 462. 54 1 407. 57
precipitation . 4 b 4 ® 59 1 288. 67 1 663.78 | 347.75 1 393. 83 | 452. 44 | 402.25
AR 1R J5 B S 687 887 11.58 15.78 15. 07 15. 45 15.59 15.22
Annual average 5 g Bt i @ 59 13.38 15.73 15.11 15.47 15. 62 15.24
(emperature oo 4 b b i 59 13.38 15. 64 15. 15 15. 44 15. 52 15.25

(DOriginal data, @Random sample sites, 3)Multi-grade representative sample sites
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Fig. 4 Soil sand content maps based on two sampling strategies and two soil mapping methods with 59 sample sites

F4 AAYEREFEIMEEFENETERH(R) MEBERE R (Adjusted R*)

Table 4 R’ and adjusted R’ of regression models based on different size of samples

R 80 hE R B IE P E R AL
Number of samples R? AdjustedR?

46 RDI 0.55 MR 0.42 RDI 0.37 MR 0.19
RD2 0.57 RD2 0.40
RD3 0. 44 RD3 0.21

58 RDI 0. 40 RDI 0.22
RD2 0.42 MR 0.45 RD2 0.25 MR 0.29
RD3 0.41 RD3 0.23

59 RD 0.41 MR 0.45 RD 0.24 MR 0.29

VE:RD . BEHLAE & ,RD1 RD2 \RD3: B HLEE 5 19 =R B s MR . £ 90 £ M FE 55 Note: RD: random samples, RD1, RD2, RD3. three repli-

cates of random sampling sites; MR : multi-grade representative samples
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Fig. 5 Variation of RMSEs of validation sample sites in soil sand content with increasing number of sampling

sites using representative and random sampling methods

A Z A AE T B AR AR R AR S P A H] X
ZORG T XSRS T A
W FE XA RE 0 B 5 I T, b AR 2 G A P
AN T 7E S 1 AR 3 /0 3L S8R A5 R Y A G A 1Y
Ao X FEIEPY, UAEAS SCE 5T XA I 25 3R 8
AP ZHE M HEAT RN R Z 05, K2 N B
TE 32 B I, R - DR BE U A L 1Y 5 AR
IS P R W P S R R R NN TR R e S
— i P e M A A /N
HA NI 3 75 3 3 21 3] 4558 J5L (g — 281
A, 28 R AT 45 R T R B T 2R A B A 2
B, DT B AR A R A L 22— L
4.2 TEHIEFE

ARSCHEE T PRl D7 . i T AR X MR A
B SRR, HAE s (B — A 25 =4 )
B 46 .58 i1 59) , A SCIF A 3k B 5 22 1Y) v L
WARAETT 1% o

H b e SR 2 A0k 5 i P (181 4) WT LA, B
e 5 () — bR BRI, SR A 8] 9 4 1 ik P A &=
S T e P AN ] GG A 5 R LA A A L,
WA EFER . BT 2047 ik, 2 T3
SEEAR DL HE 1) ] P 505 P A - HE AR B T S 2 B A
RERRGIESEZ S S IR PSS & S (TR BUi L VAL T s
MR T7 A PE A 45 2R (B S) al U FEAR IR
P22 502 181 U3 07 3% LU 366 7 34 58 A AL RE % ) 1
ORGP Ry, AT AR P T AR AR Y Oy el R
GRS, 7 5 T PR AR AL B0 8l Pl 59 T e % 1)
PREEALEE 09 07 I WA £ Tk — itk (AT
PREEA L B ) P07 2 © A 2 A KBRS T A
Fi ot PRDRS 2, AR P — > BIF 5 % 407) ke 15 W1 G o 51 2%
AL S e I 5 At o P 7 ik A R i
D3RR B e AR S DR A G, TR 22 il

T WA B R TE I  E— 2 R T T, AR
ARSI BETE A

5 %% &

A ST LA 22 BOR HOIRAE 5T X R 3R 2 SR R
A R B 2 A AR R A S 02 BEPLR
FEREATXF FUAIE 5T, 36 R 5 & Hid 2908 59 A
AL T PE TR A P D7 3% AT 1 P R Rk S 56 T A
PEAT PR o SRR 1) T Rk H 2 o0 4tk [nl
J7 15 SR R T R AL B4 i D7 3 A TR AR R
B T F AR R P A5 L S RS B2 X 0 2
T A BEAUAE A58 15 1R ok %, O B A &
FRFEAERE AL (46 A>) TG RN L W W 2 & T
A Z B BEALEE 50 (59 AS) BT A% R IRDRT 2 52) B
A ACRNE B AR 3G 0, 8 i P ol PRRS JEE EAS
A — A TR AL B A A A Y
R e AR, o ) 2 ) P 2 T B 358 A AL i T
Trik o W, mTIA 22 45 G AR SR M D7 4k i — ol
AT DX A R A Y e ROCR AR T R L
JZEBEHLRE A FRE o

AR B IF TE L A 22 45 G AR SRR R T A A
B 2 DX A O T R L R T T T 1 2 ) SR R
Tik R

2 % x #t

[ 1] Webster R, Olivier M A. Statistical methods in soil and land re-
source survey. Oxford: Oxford University Press, 1990

[ 2] Webster R. Quantitative and numerical methods in soil classifica-
tion and survey. Oxford: Clarendon Press, 1979

[ 3] Trochim W. Research methods knowledge base. 3rd ed. Atomic
Dog Pub Inc. , 2006

[ 4] Oliver M A, Webster R. Combining nested and linear sampling

http : //pedologica. issas. ac. cn



36 S - 52 %
for determining the scale and form of spatial variation of regional- Sampling of remote sensing data. International Journal of Applied
ized variables. Geographical Analysis, 1986, 18, 227—242 Earth Observation and Geoinformation, 2013, 21 301—310
[ 5] Grinand C, Arrouays D, Laroche B, et al. Extrapolating regional [17] Bezdek J C, Ehrlich R, Full W. FCM: The fuzzy c-means clus-
soil landscapes from an existing soil map: Sampling intensity, tering algorithm. Computers & Geosciences, 1984, 10(2/3):
validation procedures, and integration of spatial context. Geoder- 191—203
ma, 2008, 143 180—190 [18] Razakamanarivo R H, Grinand C, Razafindrakoto M A, et al.
[ 6] Pringle M J, Allen D E, Dalal R C, et al. Soil carbon stock in Mapping organic carbon stocks in eucalyptus plantations of the

[8]

[10]

[11]

[12]

[13]

[14]

[15]

the tropical rangelands of Australia; Effects of soil type and graz-
ing pressure, and determination of sampling requirement. Geo-
derma, 2012, 167/168; 261—273

Brus D J. Improving design-based estimation of spatial means by
soil map stratification. A case study of phosphate saturation.
Geoderma, 1994, 62(1/3) : 233—246

van Groenigen J] W, Stein A. Constrained optimization of spatial
sampling using continuous simulated annealing. Journal of Envi-
ronmental Quality, 1998, 27 1078—1086

Sacks J, Schiller S. Spatial designs//Gupta S S, Berger J O.
Statistical decision theory and related topics IV, vol. 2. New
York: Springer Verlag, 1988 385—399

Webster R, Oliver M A. Sample adequately to estimate vario-
grams of soil properties. European Journal of Soil Science, 1992,
43(1): 177—192

Simbahan G C, Dobermann A. Sampling optimization based on
secondary information and its utilization in soil carbon mapping.
Geoderma, 2006, 133 345—362

Brus D J, Heuvelink G B M. Optimization of sample patterns for
universal kriging of environmental variables. Geoderma, 2007,
138 86—095

Minasny B, McBratney A B. A conditioned Latin hypercube
method for sampling in the presence of ancillary information.
Computers & Geosciences, 2006, 32; 1378—1388

Zhu A X, Yang L, Li B L, et al. Purposive sampling for digital
soil mapping for areas with limited data//Hartemink A E,
McBratney A B, Mendonga-Santos M L.
with limited data. New York: Springer-Verlag, 2008 ;. 233—245

Digital soil mapping

Yang L, Zhu A X, Qi F, et al. An integrative hierarchical step-
wise sampling strategy and its application in digital soil mapping.
International Journal of Geographical Information Science, 2013,
27(1):1-—-23

Mulder V L, de Bruin S, Schaepman M E. Representing major

soil variability at regional scale by constrained Latin Hypercube

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

central highlands of Madagascar; A multiple regression approach.
Geoderma, 2011, 162 335—346

Selige T, Bohner J, Schmidhalter U. High resolution topsoil map-
ping using hyperspectral image and field data in multivariate re-
gression modeling procedures. Geoderma, 2006, 136 235—244

Shi X, Zhu A X, Burt J E, et al. A case-based reasoning ap-
proach to fuzzy soil mapping. Soil Science Society of America
Journal, 2004, 68 885—894

RKUBC . TR A A PR SR 0 I B - e ) 5 s F
7% . dbat: dbsTIfE k2%, 2010, Liu J. Mapping soil proper-
ties using individual representativeness of samples over large area
(In Chinese). Beijing: Beijing Normal University, 2010

Wen W, Wang Y I, Yang L, et al. Mapping soil organic carbon
using auxiliary environmental covariates in a typical watershed in
the Loess Plateau of China: A comparative study based on three
kriging methods and a soil land inference model (SoLIM). Envi-
ronmental Earth Sciences, 2014, DOI.10. 1007/s12665 - 014 -
3518 -9

XHL, KRBT, GRIRAS, 55 . B TR AR AR TR A R
TR R R Ty v . R R, 2013, 50(1) 0 12—20. Liu
J, Zhu A X, Zhang S J, et al. Large-scaled soil attribute map-
ping method based on individual representativeness of sample
sites (In Chinese ) . Acta Pedologica Sinica, 2013, 50 (1):
12—20

Zhu A X, Band L E, Vertessy R, et al. Derivation of soil proper-
ties using a soil land inference model ( SoLIM). Soil Science So-
ciety of America Journal, 1997, 61 523—533

Qin CZ, Zhu A X, Pei T, et al. An approach to computing top-
ographic wetness index based on maximum downslope gradient.
Precision Agriculture, 2011,12(1) : 32—43

Qin CZ, Zhu A X, Pei T, et al. An adaptive approach to selec-
ting a flow-partition exponent for a multiple-flow-direction algo-
rithm. International Journal of Geographical Information Science,

2007, 21(4) ; 443—458

http : //pedologica. issas. ac. cn



1 4] Yo AR LR R 2 A GAUR MR AR 5 23 R B AL R AL 9 0 L AT 5T 37

A COMPARATIVE STUDY OF MULTI-GRADE REPRESENTATIVE SAMPLING
AND STRATIFIED RANDOM SAMPLING FOR SOIL MAPPING

Yang Lin'  Zhu A-Xing'*?*"  Zhang Shujie' An Yiming'"’
(1 State Key Laboratory of Resources and Environmental Information System , Institute of Geographical Sciences and Natural Resources Research ,
Chinese Academy of Sciences, Beijing 100101, China)
(2 Jiangsu Center for Collaborative Innovation in Geographical Information Resource Development and Application, Nanjing 210023, China)
(3 School of Geography, Nanjing Normal University, Nanjing 210023 , China)
(4 Department of Geography, University of Wisconsin-Madison, Madison, WI 53706, USA)
(5 University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract Sampling design has long been a key issue of concerns in the study of Soil Geography. How to take samples
efficiently is now an important problem that investigators or researchers are tackling. As more and more synergic environmen-
tal data become easily available, they can also be used to assist designing of sampling so as to improve sampling efficiency.
For that end, a multi-grade representative sampling method is developed. Using this method, investigators can catch patterns
of soil spatial variability at different scales through designing different representative grades based on the relationship be-
tween soil and its environmental covariates. This method has been testified as an effective sampling method in a case study of
watershed scale soil mapping. However, the application of this method is very limited, especially for mapping regional soil
with more complicated pedogenesis. It is also unknown how it is when comparing with classic sampling methods, such as
stratified random sampling. In this paper the multi-grade representative sampling method is compared with the stratified ran-
dom sampling method in regional scaled soil property mapping, in the following two aspects: 1) designing of sampling sites,
and result and accuracy of mapping; and 2) variation of accuracy of mapping with increased number of sampling sites.

The case study was laid out in Xuancheng of Anhui Province, China, covering an area of 5900 km’. Seven environ-
mental variables were selected, i. e. parent material (rock), slope gradient, profile curvature, contour curvature, topo-
graphic wetness index, annual average precipitation, and annual average temperature. The data of parent rock was used to
stratify the study area. For representative sampling, FCM was employed to cluster the environmental variables of each stra-
tum for designing representative sampling sites. Consequently a total of 59 sampling sites featuring three representative
grades were defined. For random sampling, the number of sampling sites in each stratum was proportional to its area and
also a total of 59 sampling sites were marked out. The two sets of sampling sites were sorted separately into three groups,
each consisting of 46, 58 and 59 sites. For representative sampling, the first group of sampling sites was the highest in
representativeness grade. The second group was the first group adding the sampling sites with the second highest represent-
ative grade. And the third group was the total sample set. For random sampling, the first group of sampling sites was 46
sampling sites picked out randomly from the set. The second group was the first group adding 12 sampling sites randomly
drawn from the remaining (59 —46) samples. And the third group was the total sample set. Soil surface layer sand content
maps were plotted using two different soil mapping methods, i. e. multivariate linear regression and similarity-based map-
ping. The resultant soil maps were evaluated with independent validation sites and RMSE as evaluation index.

Results show: 1) no matter which mapping method was used, in the case of the same sampling size, the representa-
tive sampling method was lower than the random sampling method in RMSE and even the former with fewer sampling sites
(46) was lower than the latter with more sampling sites (59) ; 2) with increased number of sampling sites that were lower
in representativeness, RMSE displayed a basically declining trend, while in random sampling method, increased number
of sampling sites would aggravate the fluctuation of RMSE. It is, therefore, held that the multi-grade representative sam-
pling method is more efficient and stable than the stratified random sampling.

Key words Soil mapping; Soil sampling; Multi-grade representative sampling; Stratified random sampling; Re-

gional scale
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