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SEQUENTIAL SAMPLING 
TO MEASURE THE INFILTRATION RATE WITHIN 

RELATIVELY HOMOGENEOUS SOIL UNITS 

A. Stein, J. Bouma, S.B. Kroonenberg & S. Cobben, Wageningen 

Summary 

The statistical prediction techniques 
Trend Surface Analysis, Kriging and Co- 
kriging are regularly used to provide pre- 
dictive single-value soil maps. Kriging 
and Co-kriging perform well in situa- 
tions where regionally distributed vari- 
ables show clear spatial structure. If the 
amount of variation of the variables un- 
der study is relatively small, however, 
no gain in precision is gained by Krig- 
ing and Co-kriging, as compared with 
simply averaging over an area or by 
applying Trend Surface Analysis. This 
study was carried out on an older ter- 
race of  the Allier river in Central France 
where attention was focused on the in- 
filtration rate (Inf). Kriging log(Inf) val- 
ues did barely improve the predictions as 
compared with Trend Surface Analysis, 
whereas deleting part of  the observations 
did not result in serious changes of  pre- 
dictions. A satisfactorial first approach 
was obtained by regarding the observa- 
tions as being independent. To determine 
the sample size which provides sufficient 
information with respect to the soil char- 
acteristic under study use can be made 
of  the sequential t-test as is illustrated. 
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Application of this test resulted in eight 
measurements which represented a sav- 
ing of 70% as compared with the original 
standard scheme. 

I Introduction 

Introduction of environmental laws in 
various countries is associated with 
the need for quantitative expressions 
for environmental land characteristics. 
Whether or not certain normative lev- 
els are exceeded may be a crucial factor 
in court, where a quantitative statisti- 
cal analysis is bound to have a higher 
impact than a comparative qualitative 
assessment. More emphasis on measure- 
ment has, however, major implications 
for soil characterization programs to be 
executed in the field by soil survey per- 
sonnel. The associated costs may be 
prohibitively high and development of 
optimal sampling programs within par- 
ticular land units is therefore important. 
Recent literature suggests the need for a 
preliminary sampling program to estab- 
lish patterns of  spatial variability to be 
followed by the sampling program itself 
in which the number of  samples is opti- 
mized while one takes into account the 
obtained spatial variability structure and 
the required accuracy. Statistical pre- 
diction techniques, such as Kriging and 
Co-kriging can then be used to efficiently 
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predict values for any location in the area 
(e.g. CORSTEN 1985). 

However, even a preliminary sampling 
program can be rather time consum- 
ing when complex measurements are in- 
volved. This study is concerned with 
measurement of  the infiltration rate, a 
land characteristic for which measure- 
ments are rather complex and time con- 
suming. Rather than to proceed directly 
with the execution of a standard prelim- 
inary sampling program, which may re- 
quire at least some thirty measurements, 
we have explored the possibility ot use 
geological and pedological descriptions 
of  the land unit to be characterized, to 
possibly reduce the number of  measure- 
ments. As it turns out, fortunately, some 
land units have soils or soil horizons 
with a low spatial variability. Much is 
gained if this can be established with- 
out an extensive preliminary sampling 
program involving the uncritical applica- 
tion of a standard geostatistical sampling 
procedure. 

2 Study area 

The study was carried out on one of 
a flight of nine fluvial terraces of  the 
Allier river in the Limagne Graben in 
the French Central Massif. The sedi- 
ments of  the Allier river and its terraces 
comprise gravels, sands and clay, mainly 
of  granitic-gneissic and basaltic prove- 
nance ( K R O O N E N B E R G  et al. 1982). 
The terraces are numbered according to 
French usage from Fz (youngest) to Fs 
(oldest). The bulk of the terraces consists 
of  coarse gravel beds and sand lenses 
of  several metres in thickness, but the 
uppermost  1 or 2 metres are usually 
clayey to sandy. Weathering of the vol- 
canic components and progressive clay 
iiluviation lead to a substantial increase 

in clay content from the soils of  the 
lower, younger terraces to those of  the 
higher, older ones (FEIJTEL et al. 1988). 
Variability of  the soil infiltration rate 
from one terrace to another, therefore, 
is mainly dependent upon soil age. Data  
on spatial variability of  infiltration rates 
within the youngest Fz terraces suggest 
a strong dependence upon soil texture, 
which is controlled in turn by sedimen- 
tation patterns. However, in the older Fv 
terrace segment, being studied here, little 
variability in soil texture could be de- 
tected in the field. As impeded drainage 
is one of the main limiting factors of the 
soils of  this terrace, spatial variability of  
infiltration rate was investigated in this 
study, using geostatistical methods. 

3 Sampling and statistical 
methods 

The sampling design used here was sim- 
ilar to stratified sampling (STEIN et al. 
1988). Different river terraces were dis- 
tinguished as major land unit by means 
of geological and pedological descrip- 
tions. Within land units a fixed sampling 
design was followed, which was deter- 
mined in advance. 

Infiltration rates were measured with 
the standard double-ring infiltrometer 
(FAO 1979). Measurements were con- 
tinued until a steady infiltration rate was 
reached for a period of at least one hour. 
A total of  twenty-eight measurements 
were made in the top of the Bt-horizon at 
a depth of  30 cm below surface following 
a pre-determined grid (fig.l). This num- 
ber was considered to be a compromise 
between the minimum number required 
to apply Kriging and Co-kriging and the 
maximum number that could reasonably 
be sampled in the available time. Four- 
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Fig. 1" Central part o f  the sampling scheme. 

teen measurements  were carried out in 
two directions on grid nodes with dis- 
tances that increased exponentially from 
the centre (2 m, 4 m, 8 m .. . . .  128 m). 
Fourteen addit ional measurements were 
carried out perpendicular  to these direc- 
tions at a distance o f  2 m from a 2 m 
node, at a distance o f  4 m from a 4 m 
node, etc. In all, therefore, a total o f  
twentyeight measurements  were obtained 
on two transects crossing with an angle 
o f  45 ° . 

Observations on infiltration rate 
(Inf) are reduced to their logari thmus 
(log(Inf)), to obtain a populat ion which 
is approximately normal  (fig.2). Co- 
kriging was not  considered, as the simple 
soil variables were only slightly corre- 
lated with infiltration rate (tab.l). 

The statistical prediction techniques 

Trend Surface Analysis (TSA} and Krig- 
ing are well described elsewhere (e.g. 
W A T S O N  1972; D E L F I N E R  1976). 
Two different measures are used to evalu- 
ate the quality o f  predictions o f  infiltra- 
tion rates for locations where no mea- 
surements were made:  

1. The Mean of  Squared Errors 
(MSE). Predictions ti (i = 1 ..... n) 
are carried out in each observation 
point  on the basis o f  the log(Inf) 
observations Yi at all the remain- 
ing ( n -  l) points. A measure o f  the 
quality o f  the prediction is given by: 

n 

= 1 / n * Z  ( t i -  M S E  yi) 2 

i~l  

2. The Mean Variance o f  Prediction 
errors (MVP). As t i (i = 1 ..... n) is 
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Fig .  2 :  Histogram of log(lnf) values. 

Log(Inf) cm/day 
Thickness Bt cm 
Bulkdensity Bt 
Relative height m 
Shearstress 
Fraction Mottles % 

Mean 

-.53 .59 
46 9.55 

1.86 .13 
1.02 .35 

71 20 
16 11 

Standard Deviation Correlation 

1.00 
-.05 
-.2l 
.32 

-.15 
.12 

T a b .  1" Mean and Standard deviation of different variables in the study, as well as 
the correlation coefficient with log(In f ) .  

CATENA An Interdisciplinar~ ,Journal of SOIL SCIENCE HYDROLOGY GEOMORPHOIOGY 



Sequential Sampling Infiltration Rate 95 

the (stochastic) predictor in the i th 

observation point Y-0i (i = 1, ..., n) of  
the log(Inf) value if it would have 
been measured, the MVP is defined 
a s  

n 

M VP = 1In * E var(_ti - Y_0i) 
i=1 

where var(t_i-Yoi ) is given by the for- 
mula for the prediction error vari- 
ance under the prediction model be- 
ing used, i.e. Kriging or TSA. 

Two ways were chosen for investigat- 
ing the differences in prediction perfor- 
mance by the two methods. 

i) Values in the observation points were 
predicted disregarding the log(Inf) 
observations in those points and 
yielding the MVE Afterwards differ- 
ences between prediction and mea- 
surement were used to calculate the 
MSE. 

ii) Predictions were carried out for 100 
randomly located points within the 
sample area and the standard devi- 
ation of prediction error, being the 
square root of  prediction error vari- 
ance, was calculated. 

Observation density was changed as 
follows. The complete set of  28 observa- 
tions was reduced by four observations 
at a time, beginning from the centre, un- 
til the four outermost observations re- 
mained. A neighbourhood consisted of 
the observations in the reduced observa- 
tion set, so its size changed proportional 
to the changing observation density. 

A question we wanted to answer con- 
cerned the number  of  observations neces- 
sary to reach a predetermined precision. 

This question was reformulated as: if af- 
ter, say, m measurements some hypothe- 
sis is formulated concerning the distribu- 
tion of the variable under study, is there 
any need to continue sampling, or can 
we stop. To investigate the need for ad- 
ditional observations in carrying out a 
pilot study, use was made of  the sequen- 
tial t-test (WALD 1948, K E N D A L L  & 
STUART 1973, see Appendix). In this 
test, a hypothesis concerning the distri- 
bution of the variable under study has 
to be formulated, which after some mea- 
surements is accepted or rejected. In this 
study we hypothesized the mean /~ of  
the log(Inf) values to be equal to some 
value kt0. This hypothesis is rejected if 
l/z--p0[ > 61 *a .  Here a is the stan- 
dard deviation and al is some value to 
be determined in advance. The value of 
or1 depends on the allowed tolerance of 
the soil characteristic under study. In 
this case, the standard deviation is un- 
known in advance, so a slight modifi- 
cation of the sequential t-test was used. 
The method is considered to be an alter- 
native to nested sampling (WEBSTER 
1985). 

When Kriging was applied, general- 
ized increments were used to determine 
the degree of the trend and to obtain es- 
timates for the coefficients of  the gener- 
alized covariance function (STARKS & 
FANG 1981). Three cases were consid- 
ered: a 0 th order polynomial trend with 
generalized covariance function g(h) = 
o0 + ~ * h, a 1 st order polynomial 
trend with generalized covariance func- 
tion g(h) = ~0 (a pure nugget effect) and 
a 1st order polynomial trend with gener- 
alized covariance function g(h) = cq * h. 
Higher order trends were not taken into 
account because of  the supposed homo- 
geneity of  the terrace segment, other 
models for the generalized covariance 
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Degree trend Estimated coefficients Mean rank 
~ - - 0  e - I  e - 3  

0 0.2778 -1.244 - -  40.54 
1 0.4136 0 0 41.75 

0 -5.339 0 45.21 

Tab. 2: Estimated coefficients ~[" 
the generalized covariance func- 
tion .['or a 0 th cmd a 1 ~t order 
trend and the mean rank of  the 
.squared increments. 

nr. obs. 

28 
24 
20 
16 
12 
8 
4 

.67 . 36  

.72 .31 

.70 .38 

.77 .47 

.95 .62 
1.16 .93 
.77 .57 

MSE MVP 
Kr TSA Kr TSA 

.31 .47 

.33 .47 

.35 .47 

.39 .48 

.43 .49 

.52 .51 

.84 .60 

Tab. 3: MSE and M VP values obtained 
by Kriging ( Kr ) and Trend Surface Anal- 
ysis ( TSA ), respectively, for the 28 obser- 
vations used as a test set. 

100points 
nr. obs. Kr TSA 

28 .40 .47 
24 .40 .47 
20 .40 .47 
16 .41 .48 
12 .41 .49 
8 .44 .51 
4 .56 .56 

Tab. 4: M VP values obtained by 
Kriging (Kr  ) and Trend Surface Analy- 
sis (TSA ), respectively, .for 100 randomly 
located points in the study area. 

function did not lead to an admitted so- 
lution. The trends were compared by 
average ranks of the squared increments 
obtained with converged coefficients. 

4 Results and discussion 

The log(Inf) values are on the average 
-0.53, with an individual standard de- 
viation of 0.59. This corresponds with 
an infiltration rate of about 4 mm/day, 
which is a very low value. 

The lack of variability in infiltration 
rates in this terrace segment may be the 
result of strong clay illuviation, as well 
as of a decrease in the textural contrast 
between sandy and clayey parent mate- 
rials due to profound weathering of the 

volcanic components in the sands. 

For log(Inf) the squared increments in 
the observation points were calculated. 
A 0 th order trend fitted slightly better 
than a 1 ~t order trend, as the mean rank 
increased from 40.54 to 41.75, when the 
0 th order trend is compared with a 1 st 
order trend and a pure nugget effect as a 
generalized covariance function (tab.2). 

Using the overall mean of the log(Inf) 
observations as a prediction for the val- 
ues in the 28 observation points yields a 
value for the MSE equalling 0.61. Predic- 
tions obained by Kriging are somewhat 
better, but differences are small (tab.3). 
The MSE values increase t¥om .36 to 
.93 when the number of observations de- 
creases from 28 to 8. 
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Fig. 3" Changes in log(Inf) mean and standard deviation as a.function oJ the number 
of observations. 

The change in the variance of the pre- 
diction error in the hundred randomly 
located spots is given in tab.4. No mea- 
surements were taken in these spots, so 
the MSE could not be calculated. The 
mean variance of the prediction error in- 
creases from .63 to 1.06 when the number 
of  observations decreases from 28 to 8. 

As these changes in MSE and MVP 
values are considered small, the practical 
question must be raised now as to how 
an unnecessarily expensive exploratory 
survey of 28 measurements of infiltration 
rates can be avoided. Firstly, a geologi- 
cal and pedological analysis of the area 
to be studied is to be made, leading to a 

stratification of the area (here: the flight 
of terraces). For every stratum (terrace) a 
step by step increase in observation den- 
sity can be made, where the observations 
are considered to be independent. Next, 
if a clear spatial structure in the soil vari- 
ables can be distinguished and modelled, 
we can turn to the more advanced sta- 
tistical prediction techniques as Kriging 
and Co-kriging. 

Starting with the four outermost ob- 
servations and the assumption that the 
observations were independent, the num- 
ber and the density of observations was 
increased. It was noted that estimates 
for the mean and the standard devia- 
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Fig. 4: Testing the hypotheses Ho • p = 0 (after the fourth measurement) and 
Ho " # = - 0 . 4  (after the eight measurement). Between the Ho-acceptance line and the 
Ho-rejecting line, applying to both hypotheses, (san intermediate zone. 

tion only slightly change (fig.3). For the 
first four measurements we formulated 
the hypothesis H0 that the mean value 
/~ was equal to 0, a hypothesis to be 
tested with error probability levels 0.05 
for incorrectly deciding in favour o f  H0 
as well as for incorrectly rejecting H0 in 
favour o f  the value 61 depending upon a 
feasible different value o f  the mean. In 
this case, a value o f  6l = 1 seemed to be 
appropriate,  as a soil with an infiltration 
rate higher than 3 cm per day (log(Inf) 

1) was judged to be different f rom the 

hypothesized 1 cm per day (log(Inf) ~ 0) 
from a practical point  o f  view. Al though 
at first the null hypothesis was likely to 
be accepted (fig.4), as soon as another  
measurement  was taken the test value fell 
between the H0-acceptance line and the 
H0-rejecting line. In all 22 observations 
would be needed to finally reject/40. Af- 
ter eight measurements  were taken, H0 
was revised, leading to the hypthesis that  
/~ be equal to -0.4 instead o f  0. This hy- 
pothesis was confirmed from the start, 
leading to the conclusion that with only 

CATENA An Interdisciplinary Journal  of SOIL SCIENCE H Y D R O L O G Y  G E O M O R P H O L O G Y  



Sequential Sampling Infiltration Rate 99 

eight observations enough information 
was obtained to decide in favour of H0. 

The procedure now can be generalized 
as follows. If, for different reasons, a low 
degree of variabili ty is expected to occur 
within a stratum, observations are taken 

and  sequentially followed, working from 
a low to a high observat ion density, by 
reducing the distances between observa- 
tions step by step. At ten t ion  has to be 
focused on a hypothesis concerning the 
dis t r ibut ion of  the soil characteristic un- 

der study. Locations for measurements  
are to be selected in advance, for instance 
randomly,  or on predetermined transects 
or grids. T h e  test value of the sequential  
test is calculated after each new measure- 
ment. As soon as the pre-defined limits 
based on confidence levels are reached, 
measurements  are stopped, otherwise ad- 
di t ional  measurements  have to be taken. 

For our  study, working from outside 
to the centre, eight measurements  would 
have sufficed to yield estimates of  infiltra- 
t ion rates that would not  have been sig- 

nificantly different from results obtained 
by using the s tandard,  exploratory sur- 
vey of  28 measurements.  The value of  
the s tandard  deviat ion reduces from 1.18 
to .60. Both values are equivalent  from a 
practical point  of  view, considering val- 
ues for infi l tration rate. The alternative 
procedure, discussed in this paper, which 
includes a geological and a pedological 
analysis before measurements  are made, 
reduced costs by an estimated 70%. 
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Appendix 

The sequential probability ratio test 

The Sequential Probability Ratio Test (SPRT) is designed to decide between two 
simple hypotheses. Suppose a random variable z has a distribution f (z ,#) ,  and we 
wish to test the hypothesis H0 that # = #0 against the alternative hypothesis H, 
that # = #x. The test constructed decides in favour for either #0 or #1 on the basis 
of observations zl,z2 .... ; we will suppose that if H0 is true, we wish to decide for/4o 
with probability with at least (1 - ~ ) ,  while if H,  is true, we wish to decide for Ha 
with probability at least (1 - /3) .  We calculate the likelihood ratio Lm as 

L m  
Probability of observed values givenH, 

Probability of observed values givenH0 

f ( z i , # l )  
[ I  im= l - -  

f(zi,#o) 

The procedure to follow is: continue sampling as long as B < L,, < A. Stop 
sampling and decide for H0 as soon a s  Lm ( B and stop sampling and decide for 
H, as soon as Lm > A. It can be proven that A ~ (1 --fl)/~ and B ~ fl/(l -~ ) .  

As the standard deviation is unknown, we have to deal with a composite hypoth- 
esis, which is based upon weight functions. It is therefore reasonable to impose the 
following structure. For all # satisfying I ( # -  #0)/al < a0 it is preferred to accept 
the hypothesis H0, and for all # satisfying I ( # -  #0)/ol > al it is preferred to reject 
this hypothesis. We therefore specify three regions in the space (#, ¢x), two in which 
H0 is accepted and rejected, respectively, 

Rejection if I # - # 0 1 / o  > ~51, 

Acceptance if # = #0 

while the remainder is an indifference region. 
The likelihood ratio with appropriate weight functions can be formulated as 

1/2 [~o ~ l e x p { ~  ~ = l ( z i -  #0 - Jlcr)Z}da + ~ :  ~exp{  ~ ~mi=, (zi - #o + 6,a)2}d or] 
Y0 1 1 m '~ ~exp{  ~2 Z i = l ( Z i  - -  #0)2}do " 

where m is the number  of  observations. The integrals appearing above were solved 
by means of a numerical integration routine. 
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