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ABSTRACT 

Stein, A., Hoogerwerf, M. and Bouma, J., 1988. Use of soil-map delineations to improve (co-) 
kriging of point data on moisture deficits. Geoderma, 43: 163-177. 

Predictions of 30-year average moisture deficits (MD30) were carried out by means of kriging 
and co-kriging, using simulations for 500 point observations in an area of 404 ha of sandy soils in 
The Netherlands. From the above point observations 100 points were selected at random to func- 
tion as an independent test set. Attention was focused on improving the precision of kriged and 
co-kriged MD30-maps, as characterized by two error measures, the mean variance of the predic- 
tion error and the mean squared error of predictions. To do so the survey area was stratified by 
means of soil-map delineations according to soil type and water-table classes based on the ground- 
water table. In unstratified maps the standard deviation of the prediction error largely depends 
on the observation pattern. Stratification resulted in an increase of precision of predictions in 
strata with low MD30 variability and an apparent decrease in strata with high MD30 variability. 
Major soil-map delineations, as distinguished by a soil survey, had significantly different internal 
variability. Use of co-kriging resulted in an average increase of precision of MD30-maps of about 
10%. This study illustrates the use of available soil-survey information for stratifying a survey 
area so as to enhance precision of predictions when using kriging and co-kriging of point data. 

INTRODUCTION 

Kriging and  co-kr iging are becoming  well es tabl ished stat is t ical  predic t ion 
techniques  to produce  predict ive soil maps  ( M c B r a t n e y  and  Webster ,  1983; 
Yates and  Warr ick,  1987 ). The  ready  availabil i ty of  user-f r iendly  software and  
the  fact  t h a t  the  t echniques  are well founded  and  the  results can be clearly 
in te rpre ted  have made  it easy and  a t t rac t ive  to apply  them.  Obviously,  the  
qual i ty  of  the  results  ob ta ined  is direct ly related to the  qual i ty  and  the  varia-  
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bility of the basic data being used and to the selected pat terns of' observations. 
These can be regular grids with various configurations or pat terns with random 
components. Preselected grids usually do not take into account geological or 
pedological differences which form the basis for different delineations on the 
soil map. 

A basic question may be raised as to whether  soil-map delineations are of 
value in creating predictive soil maps. Much variation is likely to be found 
when a sampling grid is placed over an area with contrasting soil types using 
(co-)kriging. Webster (1985) recognizes this problem by stating: "The sam- 
pling scheme was deliberately designed to distinguish major geological forma- 
tions in the first stage, since it would have been foolish to have ignored such 
obvious features." Implicitly it may be postulated therefore that  sampling within 
major soil delineations would result in less overall variability as compared with 
a situation in which the sampling grid covers several delineations. So far, no 
soil-survey research has been reported covering this particular aspect. This is 
surprising because if indeed predictions would be more precise when applied 
within major soil-map delineations as a form of stratified sampling, a new use 
of existing soil maps would be introduced. The purpose of this study was to 
test the feasibility of using sample stratification in creating predictive soil maps 
on the basis of soil-map delineations. 

MATERIALS AND M E T H O D S  

T h e  survey  area 

In 1985 a detailed soil survey was made in the Mander  area in the eastern 
Netherlands by the Dutch Soil Survey Institute (Stiboka) to study the influ- 
ence of groundwater extraction on the production of grassland (WSsten et al., 
1987). The Mander area consists of sandy soils, which are classified as Hap- 
laquods, Humaquepts and Plaggepts (WSsten et al., 1987). Fluctuations of the 
groundwater table (Gt) are routinely characterized by Dutch soil surveyors in 
terms of mean highest (MHW) and mean lowest (MLW) levels (Van der Sluys 
and De Gruijter, 1985; Fig. lb, Table I). In the Mander  area water-table levels 
were recorded from 1953 to 1955 and in 1985. Simulated values with a 10-day 
interval were obtained by means of other data in the intermediate period. The 
groundwater classes in the area are based on the M H W  and the MLW as in- 
dicated in Table I. Lowering of water tables results in a change in production, 
e.g. of grassland, due to lower fluxes of water from the water table to the root 
zone. Farmers are financially compensated for production losses by municipal 
water companies. In the 404 ha study area, 500 soil borings were made. Hy- 
draulic conductivity and moisture retention data for major soil horizons were 
measured and averaged as described by WSsten et al. (1985, 1987). The com- 
puter simulation model LAMOS (Bouma et al., 1980a, b) was used to obtain 
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Fig. 1. Stratification of the Mander area according to Humaquepts, Haplaquods and Plaggepts 
(a) and according to Gt-classes 3 + 5 and 6 + 7 (b). 
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TABLE I 

Groundwater classes and mean highest and mean lowest groundwater levels, occurring in the 
Mander area 

Class Groundwater level (cm) 

mean highest mean lowest 

3 < 40 80-120 
5 < 4 0  > 120 
6 40-80 > 120 
7 > 80 > 120 

the necessary quantitative expressions for the moisture deficits and the asso- 
ciated yields. Simulation calculations were made for each boring location for a 
30-year period. For this study attention was focused on the 30-year average 
value for the moisture deficit (MD30). To evaluate the predictions by kriging 
and co-kriging, 100 borings were selected at random from the data set to serve 
as a test set. Predictions were made for the test set using the calculated values 
for the moisture deficits of the remaining 400 borings (see: Statistical proce- 
dures). Attention was focused on the average precision obtained for the 100 
test locations. The two Gt-class strata contained 141 and 258 borings and the 
three soil strata contained 121 borings in Humaquepts, 227 in Haplaquods and 
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Fig. 2. Semi-variograms for MD30 (2a) and MHW (2b) and cross-variograms for MD30 with 
MHW (2c) according to different strata. 
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TABLE II 

Number  of observations of MD30 and the  correlation coefficient of MD30 with M H W  in different 
s t ra ta  

Number  Corr. 
coeff. 

All data 399 .587 

Humaquepts  121 .387 
Haplaquods 227 .453 
Plaggepts 51 .604 

Gt-class 3 + 5 141 .158 
Gt-class 6 + 7 258 .405 

51 in Plaggepts, respectively (Table II). The two Gt-class strata contained 47 
and 53 test borings and the three soil strata contained 42 test borings in Hu- 
maquepts, 47 in Haplaquods and 11 in Plaggepts, respectively. 

Statistical procedures 

In this study the statistical prediction techniques kriging and co-kriging are 
used to provide predictors for the values of the so-called predictand (MD30) 
in the test points. These predictors have certain favourable properties: they 
are unbiased, they depend linearly on the observations and they have minimal 
variance of the prediction error (Vauclin et al., 1983). Apart from the predic- 
tion itself, the variance of the prediction error is calculated, sometimes referred 
to as the 'kriging error' (see, for instance, Journel and Huijbregts, 1978), which 
gives an indication of the performance of the predictor. In this study we as- 
sumed that  soil variables are isotropic and obey the intrinsic hypothesis within 
soil strata. Thus use was made of semi- and cross-variograms. In co-kriging, 
the variable MHW was used as a co-variable, because of its high correlation 
with MD30 (correlation coefficient .587 ) and its clear spatial correlation (Fig. 
2c). For the prediction of MD30 in any point of the test set by kriging eight 
neighbouring observations of MD30 were used. In co-kriging the observations 
of the co-variable MHW in the prediction points concerned was used as well, 
to give more precise results than when it is left out (Stein et al., 1988). The 
predictions were afterwards compared with the observed values in the test set. 

Throughout this study stochastic variables are denoted boldface to distin- 
guish between a variable and the value which might be assigned to this vari- 
able. Two measures were used to obtain insight in the performance of the 
predictors, the Mean Variance of the Prediction Error (MVPE) and the Mean 
of Squared Errors of Predictions (MSEP).  They are defined as follows: 
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M V P E =  ( l / n )  ~ Var ( t i -Yoi )  (1) 
i = l  

n 

M S E P -  ( l / n )  ~ (ti-yi)2 (2) 
i = l  

where t~--the (stochastic) predictor provided by kriging or co-kriging in the 
ith test point; Yoi= the variable y when a prediction in the ith test point is 
being carried out; ti = the prediction in the ith test point; Yi--the observation 
in the ith test point; n = the number of observations in the test set. 

As we have for a single prediction point the well-known relation 

E(t-to )2 = Var ( t -  yo ) + { E ( t -  yo )}2 

and E(t-yo) 2 is estimated in the mean by: 

( l / n )  ~ ( t i - - Y i )  2 
i = 1  

averaging over the test set yields the equation: 

MSEP = MVPE + bias 

where the bias is due to model deficiency. This gives the connection between 
the MSEP and the MVPE. Taking square roots yields a comparison between 
the measures in units of the predictand. 

Stratification can be expressed in terms of the partitioning of an area. After 
stratification the total area A is partitioned into, say, p disjoint non empty sub- 
areas or strata, A1, A2, . . . ,  Av, with AlwA2w...wAy=A, Ai(~Aj=¢) for i#j 
and Ai # ~ for all i. On each stratum Ai the k soil properties are being described 
by k regionalized variables y ~) (x), j = 1 , . . . ,k ,  depending on the location vec- 
tor x, here in two dimensions. Within each stratum every variable is considered 
to follow the intrinsic hypothesis, that  is for all i and for all j: 

E{y/°) (x)IxeAi} =m/~) (constant) 

Var{y °~ ( x + h ) - y / ° )  (x)lx+hen~andxen~}<oe 
The isotropy of the variables implies that  the variance depends solely on I hl, 
the length of the vector h, and not on its direction. Predictions in the entfre 
region have to be carried out with respect to the stratified area; that  is for every 
point in the test set the predictor has to be entirely based on observations 
belonging to the same stratum. 

Stratification of the region was based upon groundwater classes (Fig. la)  
and upon soil types (Fig. lb) ,  which are routinely determined during soil sur- 
vey. Every observation was assigned to one particular stratum. In stratification 
according to groundwater classes, classes 3 and 5 were combined as well as 
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classes 6 and 7 to have sufficient observations per s tratum to yield reliable 
estimates for semi- and cross-variograms. 

In order to investigate the significance of' the encountered differences, a test 
was developed, which incorporates the spatial dependence structure of the 
variables within the distinguished strata (see Appendix).  As the sample sizes 
for the individual strata were too large to be handled by personal computers, 
random selections of 50 observations per stratum were used, 

For every stratum the appropriate variograms were estimated and used in 
the predictions. In general, the MVPE and the M S E P  were expected to change 
after stratification had been carried out. As the variance of the prediction error 
depends on the pat tern of the observations, the MVPE is likely to increase 
when stratification is being carried out, because the observation points to be 
used in the predictions in general are located further away from the point where 
an MD30 prediction is being made. On the other hand, as the determination 
of the variograms is also based upon individual strata, a general decrease of the 
MVPE may also be expected as well as a decrease within areas with low vari- 
ability. Due to the fact that  observations from outside the predefined strata no 
longer were used, the M S E P  was expected to decrease after stratification. 

For the semi- and the cross-variograms a linear model without sill, 
g ( h )  =. a + bh, was fitted by means of weighted least squares; weights were based 
upon the number of pairs of points in a distance class (Table III, Fig. 2). Pre- 
dictions are based on the eight nearest  observation points of MD30, and in the 
case of co-kriging also on the eight nearest  observation points of MHW.  

Statistical calculations were carried out with the computer  package LAND- 
STAT on personal computers at the Agricultural University Wageningen; re- 
sults were displayed with the computer  package SURFER,  which is a release 
of Golden Software, Inc., Golden, Colorado. 

TABLE III 

Es t imated  coefficients of a l inear model wi thout  sill for semi- and  cross-variograms for MD30 and  
M H W  in different s t ra ta  (see also Fig. 2 ) 

MD30 M H W  M D 3 0 - M H W  

a b a b a b 

All data 75 84 587 1520 12 

Humaquepts  41 21 396 60 58 
Haplaquods 48 114 323 411 68 
Plaggepts 74 115 3300 5550 46 

Gt-class 3 + 5 3 2 53 20 0 
Gt-class 6 + 7 104 137 1100 2460 0 

295 

7 
98 

549 

4 
375 
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RESULTS 

Stratification 

The strata differ with respect to moisture deficits as estimations for the 
mean values and standard deviations around the mean within the strata are 
different (Table IV). The calculated significance at the 0.001 level of all dif- 
ferences obtained (according to chi-squared testing) should however be inter- 
preted with care, because the sampling scheme is based on well-known soil- 
landscape relations, which implies that the estimators for means and standard 
deviations were necessarily biased. 

The strata also differ according to the fitted variograms (Fig. 2) as intercept 
(the nugget effect) and slope differ between different strata. For instance, when 
comparing the stratum defined by Gt-class 3 and 5 with the stratum defined 
by Gt-class 6 and 7, the semi-variogram for MD30 has a lower intercept (3 and 
104, respectively) and a less strong slope (2 and 137, respectively) (Fig. 2a). 
Differences among MD30 values within areas occupied by Humaquepts are 
relatively small. Increasing the sampling density in Humaquept areas has a 
minor effect on decreasing the standard deviation of the prediction error of 
MD30 predictions. Increasing the sampling density in Haplaquod and Plag- 
gept areas, however, more strongly decreases the standard deviation of the 
prediction error of MD30 predictions (Fig. 2a). 
The MVPE and the MSEP resulting from the predictions of MD30 for the test 
set are presented in Table V as averages for the entire test set and for the 
different strata. The MVPE decreases from 9.30 to 72.8 after stratification 
according to Gt-class and from 93.0 to 79.8 after stratification according to soil 
type. The MSEP decreases from 68.1 to 56.4 after stratification according to 
Gt-class and increases to 75.6 after stratification according to soil type. This 
clearly indicates that an overall increase of precision is obtained. Table V also 

TABLE IV 

Estimations for mean and standard deviation of the mean based on spatial structure of MD30 in 
the different strata 

Mean S.d. of 
the mean 

All data 10.1 3.2 

Humaquepts 9.9 3.4 
Haplaquods 4.9 1.3 
Plaggepts 25.1 5.5 

Gt-class 3 + 5 1.8 0.1 
Gt-class 6 + 7 16.3 4.5 
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TABLE V 

Results of the test that no significant differences exist between the strata 

7' Degrees Significance 
of freedom 

Between Gt-classes 22.4 1 < 0.001 
Between soil types 716.0 2 <0.001 

Haplaquods-Humaquepts 24.2 1 <0.001 
Haplaquods-Plaggepts 540.8 1 <0.001 
Humaquepts-Plaggepts 410.1 1 <0.001 

~ (k~l ~ i~  
Fig. 3. Co-kriged MD30 map of the Mander area in a three-dimensional presentation. This map 
is of uniform precision, with decreasing precision only at the borders, as indicated by Fig. 4. 

indicates  t h a t  separa t ion  of  the  two Gt-classes  has  been  quite  meaningful ,  be- 
cause M V P E  and  M S E P  values were very  low for the  re la t ively  homogeneous  
Gt-class  3 and  5 and  very  high for the  relat ively he te rogeneous  Gt-class  6 and  
7. Th i s  means  t h a t  the  two s t r a t a  con ta in  two di f ferent  MD30  popula t ions .  
Dif ferences  are also observed  among  the  th ree  soil s t ra ta .  T h e  M S E P  value for 
Plaggepts  is re la t ively high, due to  the  high m ean  value of  MD30  wi th in  the  
Plaggept  s t ra tum.  

By  crea t ing  s t r a t a  f rom a s t anda rd  soil map,  var iabi l i ty  can  be a l located to  
areas where  it na tu ra l ly  belongs. W h e n  s t r a t a  are ignored,  average M V P E  and  
M S E P  values are ob ta ined  t h a t  mask  the  fact  t h a t  var iabi l i ty  is charac te r i s t -  
ically lower in cer ta in  s t r a t a  and  higher  in others .  
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"~ (k~) Lot itu~- 
Fig. 4. Map of the standard deviation of the prediction error of the co-kriged MD30 map in a 
three-dimensional presentation. 

"~ (k~) lot it°~ 
Fig. 5. Co-kriged MD30 map of the Mander area based on stratification according to soil type in 
a three-dimensional presentation. This map is not of uniform precision, as indicated by Fig. 6. 

v ~ ' ~ i ~  ~ ",~+~d e • 

~ (k~/ ~0 ~ 
Fig. 6. Map of the standard deviation of the prediction error of the co-kriged MD30 map after 
stratification according to Soil type. Sharp boundaries exist between the different strata. The 
pattern is comparable with the pattern of soil types (Fig. lb). 
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'FABLE VI 

The MVPE and MSEP values according to kriging and co-kriging for the region stratified ac- 
cording to soil type (soil-strat.) and groundwater classes (Gt-strat.); the values for the MVPE 
and the MSEP for the unstratified region as well as within different strata are included 

MVPE MSEP 

kriging co-krig, kriging co-krig. 

Unstrat. 93.0 90.7 68.1 61.2 

Soil-strat. 79.8 68.3 75.6 70.0 
Humaquept 101.3 97.3 48.6 48.2 
Haplaquods 67.3 48.5 53.6 57.3 
Plaggepts 51.5 41.9 273.0 207.6 

Gt-strat. 72.8 72.0 56.4 50.2 
Gt-class 3 + 5 3.7 3.7 4.1 4.2 
Gt-class 6 + 7 134.2 132.6 102.8 91.0 

Co-kriging 

Co-kriging generally resulted in more precise predictions than did kriging 
(Table V). The increases in precision ranged from 0 to 25%. Some MSEP 
values were larger for co-kriging than for kriging. This may be due to numerical 
instability (rounding), caused by the fairly small size of the test set for the 
individual strata. The combination of stratification and co-kriging was nearly 
always succesful, in that the MSEP decreased from 61.2 to 50.2 after stratifi- 
cation according to Gt-class but increased to 70.0 after stratification according 
to soil type, probably due to the fact that observation points used in the pre- 
dictions are located further away. The MVPE value decreased from 90.7 to 
72.0 after stratification according to Gt-class and to 68.3 after stratification 
according to soil type. 

When one creates a predictive MD30 map, the average standard deviation 
of the prediction error will be 9.5 without stratification and will range from 7.2 
to 10.1 in the case of stratification according to soil type. The predictive MD30 
soil map obtained without stratification is of more or less uniform precision 
(Figs. 3 and 4). As is well known, precision only decreases in the parts of the 
area which are less densely sampled, such as near the border of the area. A 
predictive soil map obtained with stratification, however, does not show uni- 
form precision (Figs. 5 and 6). Strata showing high spatial variability are the 
less precise parts of predictive soil maps as compared with the strata which 
show low spatial variability. 
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DISCUSSION 

There are interesting consequences for soil survey by analyzing the above 
results. When a specific degree of accuracy of predictions is required it is fea- 
sible to decrease the number of observations in strata showing relatively low 
variability and to increase the number of observations in strata showing rela- 
tively high variability. The variograms (Fig. 2) allow a quantitative analysis 
which relates the accuracy of predictions obtained to distance between obser- 
vation points. In this study, an existing soil map was used for stratification 
purposes. Thus, available soil survey expertise was used in an innovative man- 
ner. In many countries systematic soil surveys are completed. One possible 
future activity would be to determine the internal variability of existing major 
land units so as to allow statistically founded quantitative predictions of rele- 
vant land qualities rather than qualitative estimates based on the properties 
of "representative" profiles. This study has demonstrated that existing map- 
ping criteria can be relevant to define effective strata for (geo-)statistical 
analysis. 

When no soil maps are available, it would be advisable to distinguish major 
land units by means of common soil survey techniques, including remote sen- 
sing, and to focus further variability studies on these units rather than on the 
landscape as a whole with random observations. Continued research is needed 
to determine which characteristics are most promising for use in stratification 
and by which criteria they are to be selected. One of the criteria is that the 
number of data points available to estimate the variogram must be large enough 
to give reliable estimates. Stratification therefore has to be carried out on the 
basis of units containing at least 30 to 40 data points. As indicated in Table 
VI, stratification according to the two Gt-classes was slightly more succesful 
than stratification according to the three soil types. Different results are likely 
to be obtained if different land units and land qualities are considered. 

Application of co-kriging gives more precise results than ordinary kriging. 
In this study use could be made of a co-variable (MHW) which was rather 
highly correlated with the predictand {MD30). Search for such variables is of 
crucial importance in succesful application of co-kriging. 

Both stratification and co-kriging are valuable in geographic information 
systems, becoming common tools in soil science. Maximizing the accuracy of 
predictions and, at minimum cost, dealing with variability aspects as a func- 
tion of different land units is an important task for soil scientists in the future. 
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APPENDIX 

A test was developed to investigate the significance of the differences in mean values between 
strata when the observations of a regionalized variable are (spatially) related. Suppose p strata 
are investigated, from every stratum it is known that the spatial dependency structure is given by 
the correlation function ci(r) for r>O, i= 1 .. . .  ,p. As an estimator for the mean and the variance 
within the ith stratum we have: 

l ' .C~ly l~nGils/ 1'~F~15/ 
g-i- l 'C[-l l , ,  1' G211, - l',~F-I 1,~ 

where the matrix C~ contains values of the covariance function within the ith stratum, the matrix 
Gi contains values of the semi-variogram in the ith stratum and the matrix Fi contains values of 
the generalized covariance function between observations in the ith stratum. Of course, Ci, Gi and 
F, depend also on the variable under study. The variance of the mean is equal to: 

1 
Var(~,.)=(l'.C~-11,,) I = - ( I ' . G F ~ I . ) - ~ = - ( I : , F i - ~ l n ) - I = :  - 

gi 

The null hypothesis Ho that no differences exist between the different strata and the alternative 
hypothesis H1 can be formulated as: 
Ho: pi=#2 . . . . .  lt~, 
Hi: at least one #j differs from the other/~i's, i # j  
When the spatial structure is known, this hypothesis is tested with the test statistic 

"7 ()/() T= gif-Jm~- ~ gi~i ~=lgi 

which has under Ho a chi-squared distribution w i t h p -  1 degrees of freedom. Of course, in practical 
studies the spatial structure has to be estimated from the data. As the test value will only slightly 
change, the same chi-square distribution was being used. 
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