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Abstract. The following sites were investigated: 
Tisice (district Melnik, central Bohemia): An irrigation 
and agronomic experiment station of which some archive 

data were used as inputs to (and to test the outputs of) the 
CERES-Barley model. The irrigation and agronomic ex- 

periments have been conducted in Tisice since 1955 by 
the Research Institute of Irrigation Management in Bratis- 
lava and its predecessors, the Research Institute of Crop 

Production in Praha-Ruzyne and the Czech Hydrome- 

teorological Institute. Several additional infiltration meas- 
urements were made in 1995. 

Liblice (district Melnik, central Bohemia), about 10 

km aside from Tisice, on the boundary of a protected re- 
gion of natural water recharge (“The North Bohemian Cre- 

taceous’). Standard farm fields. Several sites, on various 

catenal soil forms developed on virtually the same parent 
rock (see below), were investigated using infiltration tests 

in 1993-1994. 
Horni Tresnovec (district Usti nad Orlici, East Bohemia, 

in a submountainous peneplain of the Orlicke hory moun- 

tains). A pilot experimental field for testing a whole-profile 

soil reclamation methods. Some treatments of the experi- 
ment were investigated using infiltration tests in 1994. 

The two latter sites were investigated within a re- 
search project on ‘Revitalisation of the agricultural and 

forest catchment’ (1993-1995), financed by the Ministry 
of Agriculture of the Czech Republic. The project was 

executed by the Research Institute for Soil and Water 
Conservation in Prague - Zbraslav. 

Keywords: soil physical conditions, CERES 
model, penetrometer, infiltrometer 

INTRODUCTION 

The ways in which soil structure affects 

other components of the abiotic and biotic en- 

vironment and is itself influenced by them are 

very complex. It is therefore desirable that seve- 

ral different approaches to the study of the soil 

structure and its functions be tried, even if some 

of them may seem inappropriate at first sight. 

A list of soil properties which characterize 

the soil structure or are otherwise related to it 

has already been formulated at the end of the 

previous multilateral project, ‘Assessment of 

soil structure in agricultural soils’ [16]. 

Among these, the hydraulic properties of the 

soil (such as the retention curve and the hy- 

draulic conductivity function) have been se- 

lected in the present project as the (almost 

universal) characteristics of the soil structure, 

having a distinct capability of being input into 

complex simulation models of crop growth, 

soil water and nutrient regime and other relevant 

processes. In this way, predictions of possible 

interactions between the soil structure and 

other elements of the environment (including 

the socio-economic factors) are made feasible. 

  

*The project was made with a collaboration with Czech Technical University, Faculty of Civil Engineering, Prague: Ing. 

Jana Vesela, Josefa Alexandrova and Research Institute for Soil and Water Conservation, Prague - Zbraslav: Ing. Mi- 
roslav Poruba, Ing. Pavla Klimova, Ing. Karel Voplakal, Dr. Mojmir Soukup and Dr. Miloslav Pycha, Assoc. Prof. 

Josef Simon, Jan Martinec, Widad Mutwakil Saadalla.
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Our contribution to the present project 

consists of following items: 

Using the complex simulation model CE- 

RES for demonstrating the influence of soil 

structure variations upon soil water and nitro- 

gen regime and crop growth. 

Exploring (partially) the relations between 

the CERES input parameters and the indepen- 

dently measurable soil and system properties. 

Testing and elaborating the Guelph per- 

meameter and disc infiltrometer methods for 
measuring saturated and unsaturated hydraulic 

parameters of a soil, for a twofold purpose: to 
obtain input parameters for complex simula- 

tion models and to characterize the soil struc- 
ture and its dynamics directly. 

Micromorphological analyses of the soil 

at the Tisice experiment station. This part of 

the study was made by the Research Institute 

of Soil Fertility in Bratislava, Slovakia, by Dr. 

Curlik and his collaborators. 

DESCRIPTION OF RESEARCH SITES 

Tisice 

The irrigation agronomy experiment sta- 

tion in Tisice is situated north of the village of 

TiSice (district Melnik) in the Labe lowland, 

beside the Kosatecky potok stream. The exact 

location of experimental plots has changed 

several times since the station foundation in 

1950. The present experimental area is located 

on the top of a quaternary fluvial terrace of 

gravel sand, overlain by permeable sand of ae- 

olian or fluvial origin and by loess. The relief 

on the terrace is virtually horizontal, slightly 

undulated. The terrace is surrounded by less 

elevated alluvial plains and lower terrace 

plains. The experimental field is divided into 8 

plots (blocks) 52 x 68 m. 

The site belongs to a warm region with 

dry moderate winter. The mean annual pre- 

cipitation is 518.8 mm, the mean annual tem- 

perature is 8.6°C. The latitude is 50.27° N, the 
altitude is 167 m. 

The soils of the site are rather heterogene- 

ous and difficult to classify. The soil types 

vary from Arenic Chernozem (according to the 

Czechoslovak morphogenetic system [14]) and 

Luvi-haplic Chernozem (on loess) to Eutric 

Regosol and Calcaric Fluvisol (the last three 

taxonomy unit are according to the FAO classi- 

fication [9,40]). The sandy-loamy topsoil of varia- 

ble thickness (20-80 cm) with about 2.5% of hu- 

mus and, on average, 15% of particles under 

0.002 mm is underlain by transitional horizons 

composed of sand or loamy sand with some 

loamy lenses. Permeable coarse sand occurs 

everywhere at depths of 120-150 cm. The 

ground water table is deep, about 4-5 m below 

the surface. 
We refer to previous reports for more de- 

tailed descriptions of the Tisice site. 

Liblice 

The research location Liblice lies north- 

west from the village of the same name in dis- 

trict Melnik. The location comprises several 

large field managed by an agricultural coop- 

erative in Liblice. The choice of this location 

was motivated by the fact that the Research 

Institute for Soil and Water Conservation was 

preparing a revitalisation study for a part of 

the catchment of the Kosatecky potok stream 

to which our research fields also belonged. 
The area is located just at the boundary of a 

protected region of natural water recharge 

“The North Bohemian Cretaceous’. 

The relief is composed of low hills and 

plateaux, interrupted by valleys and depressions 

in places where the upper cretaceous rocks 
were more susceptible to erosion. 

The climate is virtually the same as in 

Tisice. The elevations of measurement sites 

vary between 185 and 220 m. The latitude is 

about 50.35° М. 

Nine measurement sites were chosen on 

six different fields within this location. The 

sites are not situated on a single slope but, in 
fact, represent a catenal series of soil types de- 

veloped on different erosion forms of the same 
parent rock. 

The parent rock is created by weathered 

outcrops of the cretaceous, middle-Turonian 

Jizera formation containing siltstones and fine- 

grained sandstones with occasional layers of
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marlites or clayey limestones. This basic pa- 

rent rock is occasionally overlain by deluvial, 

deluvio-fluvial or aeolian quaternary sedi- 

ments of sandy or loessial nature. 

Geomorphologic and pedologic charac- 

teristiques of individual measurement sites are 

shown in Table 1. The crops grown on the in- 

vestigated fields are presented in Table 2. 

approximately characterized by data from the 
nearby weather station in Zichlinek at elevation 

of 360 m [4,35] average annual precipitation 

650 mm, average annual temperature 6.8 °C. 

The field is situated on a mild eastern 
slope within a submountainous peneplain of 

Orlicke hory (Adlergebirge) mountains. It has 

been drained with a system of underground 

Table 1. Geomorphologic and pedologic characteristics of individual measurement sites 

  

Site Geomorphology Soil 
  

l Upper part of a small valley without a water resipient Eutric Regosol, loamy sand, on quaternary deposits 

2,3 Middle part of a long mild slope 

4,5 Lower part of a long mild slope 

6,8,9 Top ofa hill 

7 Topofahill 

without stones 

Rendzina, sandy loam with stones, on products of 

weathering of siltstone and marlite, sometimes 

covered with a thin loess layer 

Phaeozem, loam with occasional stones, on colluvial 

quaternary deposits 

Rendzina, loamy sand, on products of weathering of 
siltstone and marlite 

Eutric Regosol, sand, on quatenary aelian deposits 
without stones 

  

Table 2. The crops grown on the investigated fields 

  

  

  

Site Crop grown 

1993 1994 

1 alfalfa alfalfa 

2,4 onion winter wheat 

3,5 sugar beet spring barley 
6,9 maize winter wheat 

7 spring barley not measured 
8 various vegetables rape 
  

Horni Tresnovec 

The research location lies west of the vil- 

lage of Horni Tresnovec, north of the town of 

Lanskroun, in district Usti nad Orlici. All 

measurements were carried out on a single 

field. The site was chosen because of a pilot 

field experiment, designed to test the so-called 

whole-profile method of soil reclamation. The 

experiment had been conducted on this field 

since 1989 by the Research Institute for Soil 

and Water Conservation. 

The elevation of the site is about 410 m, 

the latitude is 49.94° N. The climate may be 

pipe drainage. The pilot experiment consists 

of four plots of the size about 100 x 50 m 
each, denoted A, B, C and D. The rest of the 

field was considered as a zero treatment. 

The soil on the field is an Albo-Gleyic Lu- 

visol (in the sense of the FAO classification), 

loamy, on a thick loess loam layer covering a 

(crystalline or metamorphic) bedrock. The al- 

bic subsoil horizon, occurring at about 27 cm 

below soil surface, is very dense and acid and 

cannot be easily penetrated by the roots of 

common crops. 

A whole profile method of reclamation of 

soils with dense and acid subsoil horizons was 

suggested and tested in the Research Institute 

for Soil and Water Conservation by Damaska 

and his collaborators. The method was de- 

scribed in several reports and manuals [20-22]. 

The authors recognized that the dense and acid 

subsoil could be an impenetrable barrier for 

plant roots even in the soils which had been 

fertilized and limed abundantly, but in which 

the nutrients and the lime remained in the top- 

soil. Therefore, the method of reclamation
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relies on a combined effect of deep loosening 

of the soil (subsoiling), intensive application 

of lime, phosphorus and potassium, ploughing 

and subsequent growing of deep-rooting 

crops. The subsoiling should be carried out at 

an instant when the previous crop has been 

harvested and the soil is rather dry. The fertili- 

zers and the lime, both applied immediately 

before the subsoiling and mixed with the top- 

soil due to subsequent ploughing, are allowed 

to leach by natural rainfall into the cracks in 

the subsoil produced by the subsoiling. This 

will improve the nutrient status and pH of the 

subsoil so that the plant roots can penetrate 

into it and survive there. If a suitable crop ro- 

tation is then applied comprising deep-rooting 

crops (such as alfalfa or clover) and the use of 

heavy machinery is minimised, the loosened 

structure of the subsoil will be stabilised and 

can persist for several years. After this period, 

the reclamation procedure is to be repeated, 

using less fertilizers than in the first case or no 

extra fertilizers at all. A possible drawback of 

this reclamation method is the risk of leaching 

of potassium, lime and maybe nitrates into 

ground water. 

The pilot experiment aiming to test the 

whole-profile reclamation method described 

above was established in Horni Tresnovec in 

autumn 1989. The treatments were as follows: 

Q- Zero treatment, outside the rectangular 

test plot, 

A - Subsoiling, 

B - Subsoiling and liming, 

C - Subsoiling and application of P and, 

D - Subsoiling, liming and application of P 

and K. 

The doses applied were 170 kg P/ha, 300 kg 

K/ha and 3500 kg Ca/ha. The subsoiling reached 

to the depth of about 40 cm. Clover, sown into 

spring barley, was a reclamation crop. 

The reclamation was repeated in autumn 

1993 on the lower halves of the test plots. The 

treatments were as follows: 

0- Zero treatment, outside the rectangular 

test plot, 

A - Subsoiling, 

B,C,D - Subsoiling and liming. 

No extra fertilizers were applied (in addi- 

tion to those required for standard farming). 

The dose of lime was 3000 kg Ca/ha. No spe- 

cial reclamation crop was used. 

The crop rotation was: 

1990 - spring barley with clover as undercrop, 

1991 - clover, 

1992 - winter wheat, 

1993 - maize for silage, 

1994 - winter wheat. 

The sites for infiltration measurements 

were selected as follows: 
1) Treatment D - subsoiling, liming and P + K 

application in 1989, subsoiling and liming 

in 1993, 

2) Zero treatment - west of the experimental 

plot, 

3) Treatment A - mere subsoiling in both 1989 

and 1993, 

4) Zero treatment - south of the experimental 

plot, 

5) Treatment B - subsoiling and liming in both 

1989 and 1993, 

6) Treatment C - subsoiling and P + K applica- 

tion in 1989, subsoiling and liming in 1993. 

METHODS 

A modelling exercise to analyse the role 

of soil structure in crop production 

The CERES-Barley model [24] of crop 

growth and soil water and nitrogen regime, a 

component of the DSSAT v. 2.1 [15], was used 

for an example simulation study of the influence 

of soil structure variations upon soil water ba- 

lance, soil nitrogen regime and crop growth. 

The actual results of experiments from the 

Tisice station (cf. above) were taken as input 

data. These data comprised, in particular: 

- true daily weather data measured in Tisice 

in 1986, 

- true average soil properties of the block VII 

in Tisice, 

- true data on nitrogen application (100 kg 

N/ha), tillage and management related to 

the non-irrigated treatments of spring barley 

on the block VII in Tisice in 1986,
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- CERES genetic coefficients for the cultivar 
‘Bonus’ of spring barley, estimated prima- 

rily by Kren and his collaborators in the Ag- 

ricultural Research Institute Kromeriz Ltd. 

and calibrated secondarily in order to make 

the CERES-Barley model approximate the 

observed yields, phenology and results of 

growth analysis of spring barley in Tisice. 

This basic set of data (denoted as ‘ave- 

rage’) was used to derive two other sets (re- 

ferred to as ‘high’ and ‘low’), differing from 
the ‘average’ set only in the values of field ca- 

pacity (DUL), wilting point (LL), saturation 
moisture content (SAT = [porosity + DUL]/2) 

and the initial moisture content (SW = SAT) 

in the top three layers of the soil (Table 3). 

Table 3. Moisture content in the top three layers of the 
soil 

  

  

  

Layer Moisture content (% vol.) 

(cm) . 
average high low 

at DUL 

0-5 0.199 0.282 0.164 
5-15 0.201 0.287 0.172 
15-30 0.227 0.283 0.216 

at LL 

0-5 0.111 0.120 0.096 
5-15 0.107 0.114 0.094 
15-30 0.112 0.128 0.100 

at SAT=WP 

0-5 0.255 0.307 0.233 
5-15 0.259 0.300 0.239 
15-30 0.276 0.310 0.261 
  

The ‘high’ and ‘low’ cases were designed 

to represent the possible limits of natural vari- 

ations of soil structure (both texturally deter- 

mined and caused by soil management) to be 

encountered within an experimental plot 

(block) no. VII in Tisice. The ‘high’ case 

should typify a well structured and texturally 

heavier topsoil of higher retention capacity 

while the ‘low’ case should illustrate the pro- 

perties of a structureless, texturally lighter top- 

soil with low retention. The profiles of the 

wilting point (LL), field capacity (DUL) and 

the initial (saturated) moisture content SAT 

for the three cases studied are depicted in Fig. 1. 
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Fig. 1. Vertical profiles of average (a) and maximum and 

minimum (b) input values of the wilting point (LL), field 
capacity (DUL) and saturation moisture content (SAT) for 

the CERES-Barley simulations. The data for depths >=50 

cm were taken as the averages of the measured values on 
block VII in Tisice in 1986. In the three uppermost soil 
layers, the profiles of LL, DUL and SAT bifurcate, indi- 

cating the really possible maxima and minima of the cor- 
responding values. In the simulations, there were used to 
exemplify the “average” structural state (=average water 

retention capacity) of the soil, the values (coincinding in 
depths >= 50 cm) were used to exeplify two extreme 
structural states of the soil, characterised by “high” and 

“low” water retention capacity of the topsoil, respectively 
(b). The graph is biased in the sense that the values of LL, 
DL AND SAT are plotted against the depths of bottom of 

the layers which they represent. 

All other inputs were the same for all 

computational runs. We emphasize the fact 

that even the soil water flow parameters were 

the same. These parameters were, in particular: 

- the upper limit of the first-stage soil evapo- 
ration, U (mm);
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- the soil water drainage constant, SWCON 

(a'), playing in the model a role similar to 

that of the saturated hydraulic conductivity 

of the soil; 

- the SCS curve number CN2, expressing the 

infiltration capacity of the soil; 

- the coefficients of exponential dependence 

of the soil moisture diffusivity DBAR upon 

the volumetric moisture content THETA; 

this dependence reads ([17 p. 61]; con- 

firmed also by the inspection of the source 
code of CERES-Barley): 

DBAR = 0.88 exp(35.4 THETA) (1) 

1. e., the coefficients (0.88 and 35.4) are hard- 

wired in the program code. 

The results of simulation runs using the 

above mentioned three sets of input data ( ave- 

rage’, ‘high’ and ‘low’) were compared with 

each other and the differences were discussed. 

Relations between some CERES 

input parameters and measurable 

soil hydraulic properties 

Most of the input parameters of the CERES 

type of complex simulation models (in par- 

ticular the parameters listed above, which are 

also conceivable as quantitative characteristics 

of soil structure) are not measurable in an in- 

dependent way. The only direct way how to 

estimate them is to compare the measured soil 

water regime with the results of simulation, 

provided that all other CERES input parame- 
ters used in the simulation correspond to the 

measured case with sufficient accuracy. As 

this procedure may be prohibitively laborious 

and lengthy, it is worth trying to study the re- 

lations between these parameters and the 

physical quantities measurable or assessable 

independently. This was undertaken by W. M. 
Saadalla, a student of the International Post- 

graduate Hydrology Courses at the Depart- 

ment of Engineering Hydrology, University 

College Galway, Ireland, under supervision of 

F. Dolezal [33]. 

The CERES input parameters investigated 

by Saadalla [33] were the parameters of the 

Ritchie’s [31] theory of evaporation: 

- the upper limit of the first-stage evapora- 

tion, U (mm), 

- the parameter A (mm d ”), a charac- 

teristique of the second-stage evaporation, 

according to the equations: 

1/2 

ES=E0S for ZES<U 

ZE-U=A(T-T)'* forZES>U (2) 

where ES and E0S (mmd"!) are the actual and 

potential rates of soil evaporation, respec- 

tively, & ES (mm) is the sum (integral) of the 

actual soil evaporation ES during a rainless 

period, starting from the instant when water 

content of the uppermost soil layer was at field 

capacity, T(d) is the time and T„(d) is the time 

instant when 2 ES = U. 

The parameter U is an input variable of 

the CERES model, while A is given in the 

standard CERES code a constant value of 3.5 

шт 41. ЗаадаПа [33] changed the program 

code in order to make A a variable input pa- 

rameter. The CERES-Maize program (an older 

version published by Jones and Kiriny [17]) 

was used in this study because of inaccessibi- 

lity, at that time, of newer source codes. 

A more detailed and physically more cor- 

rect numerical model of soil water movement 

S_1D [38] was employed to investigate if the 

Ritchie’s [31] theory of bare soil evaporation 

is adequate and to estimate the values of A and 

U from measurable hydraulic properties of the 

soil. The measurable soil hydraulic properties 

(the retention curve and the hydraulic conduc- 

tivity function), needed as inputs to S_1D, 

were represented by the van Genuchten’s [37] 

set of empirical equations: 

0,—0, 
0,+ —h<0 

6 (h)= l + (-ah)" | (3) 
0, h>0 

к 150 © 

where:
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k,=sif-(-sin| © 

0 —0 = r 6 5. 6.6. (6) 

and: 

m=1-1/n; L=0.5 (7) 

and where 0, 0, and @, (dimensionless) are the 

instantaneous, residual and saturated volume- 

tric moisture contents of the soil, respectively, 

h is the soil water pressure head (cm, negative 

if suction), S, (dimensionless) is the relative 

moisture content and K, (dimensionless) is the 

A large extent of computation would be 

needed if the two functions of six variables: 

U= U(68,0,K,n a, EOS) (8) 

(9) 

were to be described with sufficient accuracy 

over sufficiently wide intervals of all their ar- 

guments. Therefore, a set of the standard va- 

lues of arguments was established (correspon- 

ding to an average loamy soil and a hot sum- 

mer weather) and, in turn, each one of the ar- 

guments was allowed to vary (acquiring, in 

addition to its standard value, a minimum and 

a maximum value) while the other arguments 

were kept standard. 

A=A (0, 0., K, n, a, EOS) 

Table 4. The values of the arguments used in Eqs. (8) and (9) 

  

  

6 9 К n a EOS 
r 5 5-1 -1 -1 (cm d ) (cm ) (cm d ) 

min. 0.00 0.32 0.4 1.01 0.004 0.1 
stand. 0.01 0.4525 300 1.19 0.0197 0.5 
max. 0.2 0.7 500 2.0 0.1 1.0 
  

relative hydraulic conductivity. The variable 

parameters are O,, 6,, the saturated hydraulic 

conductivity K, (cm dn), the empirical exponent 

n (dimensionless), and the coefficient a (cm'!, 

the symbol a being used here instead of the 

van Genuchten's a to prevent collision with 

the Gardner's [10] a appearing below in rela- 

tion to the disc infiltrometer measurements). 

Various sets of the S1_D soil parameters 

(6,, 0,, K., a and п) together with various po- 

tential soil evaporation rates EOS, were input 

into S1_D runs simulating a short (20 days) 

rainless period of evaporation from a bare soil 

column, initially at field capacity, with the po- 

tential soil evaporation rate EOS kept constant 

during a single run. 

The resulting course in time of the actual 

evaporation rate was compared with that pre- 

dicted by the Ritchie’s theory. The corre- 

sponding values of the Ritchie’s parameters U 

and A were estimated by regression. In this 

way, the dependence of U and A upon @,, 0, 

K,, a and n and EOS could be derived. 

The methods of field infiltration 

measurements 

It was agreed at the first meeting of the 

project in Wien (February 1994) that the pro- 

ject participants would measure the soil hy- 

draulic conductivity in the field using preferably 

the Guelph permeameters and the disc infil- 

trometers. We adhered to this agreement. 

The Guelph permeameter method 

The Guelph permeameter method [28], 

1.e., the method of quasi-steady borehole infil- 

tration, was applied in Tisice, Liblice and 

Horni Tresnovec. Some experience obtained at 

other sites is also discussed below. The infil- 

trometers used were manufactured by the Fa- 

culty of Civil Engineering of the Czech 

Technical University and by the Research In- 

stitute for Soil and Water Conservation. 

The methodology used in Tisice was as 

follows [41]: 54 shallow boreholes (8 cm in 

diameter) were arranged horizontally in a 

rectangular grid with the mesh size 7.5x7.5 m
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covering a single block of the Tisice experi- 

mental area. Fodder grass (Dactylis glomerata 

L.) had been grown on the block for five con- 

secutive years before the measurement (car- 

ried out in spring 1989). 46 of the boreholes 
were 15 cm deep, the remaining 8 boreholes 
were 20 cm deep. Water level in the boreholes 

15 cm deep was maintained at 10 cm above 

the borehole bottom. A single Guelph per- 

meameter measurement, consisting in deter- 
mining the quasi-steady infiltration discharge 

Q (113571), was only carried out in each of the 

15 cm deep boreholes. The remaining 8 bore- 
holes, 20 cm deep, were used to determine the 

quasi-steady infiltration discharges at two dif- 

ferent positions of the water table, namely at 

10 and 15 cm above the borehole bottom. 
The results were evaluated using the pro- 

cedures suggested by Reynolds and Elrick 

[28]. Their basic formula is: 

Qn H* K y+ Cra” K y+2n H Omg = CO 

(10) 

where K, (m s'1) is the field-saturated hydrau- 

lic conductivity, © (m? s'!) is the quasi-steady 
infiltration discharge required to maintain a 

constant water level in borehole, r = 3.14159 

..., H (im) 1s the height of water table above the 

borehole bottom, a (m) is the borehole radius, 

C (dimensionless) is a shape coefficient de- 
pendent upon the ratio E=H/a and upon se- 

veral other variables, and ®,,, (m?s"!) is the 

matrix flux potential at saturation, given by: 
0 

Фто = K[8(0)|d (11) 
where 0 (dimensionless) is the volumetric 

moisture content, @ (m) is the matric head (al- 

ways non-positive, equal to water pressure 
head in the unsaturated soil and to zero in the 

saturated soil), ©, (m) is the initial matric 

head, 0(@) is the retention curve and K(0) is 
the hydraulic conductivity function. The values 
of C, depending upon E=H/a, can be read from 

a family of graphs obtained by detailed numeri- 

cal computations and given, e.g., by Reynolds 

and Elrick [30]. In particular, we worked with 

a graph labeled ‘Guelph loam’. The authors 

recommend this graph for general use. 

The Reynolds and Elrick’s basic formula 
given above imposes only one condition upon 

two unknowns, Ky and ©,„,. The authors sug- 

gest to overcome this problem either by ne- 

glecting one of the unknowns or by processing 

simultaneously two or several measurements 

made in the same soil but using two or more 

different values of H and/or a. In the former 

case, if the third term on the left-hand side of 

the basic formula is neglected, the formula re- 

arranges aS: 

_ со 
2л Н?+ Сла? (2) 

and is referred to as ‘Laplace analysis’ (to ex- 

press that the flow of water out of the borehole 

is regarded as saturated and the capillary pull 

is neglected). If, inversely, the first two terms 

on the left-hand side of the basic formula are 

neglected, the formula becomes: 

Кд 

_ co 
Pmo = on A 

and is called *Gardner analysis” (to symbolize 

that only the unsaturated flow is considered 

and the influence of gravity is neglected). 

The other alternative, consisting in simul- 

taneous evaluation of two (in a deterministic 

way) or more (by the least squares method) 

measurements, is called ‘Richards analysis’. 

In our case, all three ‘analyses’ were ap- 

plied to the data measured in Tisice. The 

Richards-analysis could only be used for the 8 

deeper boreholes in which the infiltration 

measurements were made at two different 

water heights. 

The field-saturated hydraulic conductivity 

obtained in Tisice by the Guelph permeameter, 
Ку» were compared with the standard doubler- 

ing ponding infiltrometer measurements car- 
ried out on the same site half a year earlier, 

and with the laboratory measurements of the 
saturated hydraulic conductivity, K.,,.. made 

on undisturbed core samples taken vertically 

from the same soil at the depth of about 5 cm 

during the Guelph permeameter measurements. 

The diameter of the inner ring of the double-ring 

(13)
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infiltrometer was 35.7 cm. It was driven to the 

soil to the depth of 10-20 cm. The water level 

was maintained in the ring at about 1-3 cm 

above the soil surface. The field-saturated hy- 

draulic conductivity, Kin? was obtained from 

the double-ring infiltration measurements with 

the help of the Brutsaert equation [2,19]. 

A slightly different procedure was used in 

Liblice and Horni Tresnovec. On each site of 

measurement and at each date of measure- 

ment, two parallel boreholes, about 2 m apart, 

40 cm deep and 9 cm in diameter, were inves- 

tigated in an identical way: the water level in 
the borehole was maintained gradually at 30, 

20, 10 and 2 cm below the soil surface and the 

corresponding quasi-steady discharges, O (m? 

sl), were estimated. The results were proces- 

sed assuming that the soil was homogeneous 

and isotropic, using the Glover formulae: 

  c K,= 
B29 H? 

2 1/2 

— arosinh F-l(L 1 C=argsinh E (2) „i + 

_H E=— (14) 

where Ki (ms'"") is the field-saturated hydrau- 

lic conductivity, O (m*s'1) is the quasi-steady 

infiltration discharge required to maintain a 

constant water level in borehole, л=3.14159 

... H (m) is the height of water table above the 

borehole bottom, a (m) is the borehole radius, 

and C (dimensionless) is a shape coefficient. 

Another useful formula is: 

ar gsinh E=In [+ (Е? +) | (15) 

The Glover formulae given above were 

suggested for use by Doleżal and Poruba [7] 

who concluded that the tendency to overesti- 

mate the field-saturated hydraulic conductivity 

Ki, inherent to the Glover formulae, is more 

or less counterbalanced by the physical effects 

acting in the opposite direction (like, e.g., 

smearing of the borehole walls or incomplete 

soil saturation during the experiment). More- 

over, large random measurement errors, e.g., 

due to soil heterogeneity, may make the use of 

more complicated formulae and procedures 

[27,28] meaningless. 

A controversy between the assumption of 

soil homogeneity, adopted by the Glover’s 

theory, and the fact that the real soils investi- 

gated in Liblice and Horni Tresnovec were 

systematically heterogeneous in the vertical 

direction, has not yet been fully solved. As a 

matter of fact, we regarded the soil as homo- 

geneous for the purpose of evaluating any sin- 

gle measurement (at a certain position of water 

table in the borehole). Therefore, the resulting 

hydraulic conductivity Ky can be regarded as 

an average property of the soil layer lying be- 

tween the level of the water table and the level 

of, say, 10 cm below the borehole (50 cm be- 

low the soil surface). We denote this value as 

Крот» © signify that the assumption of soil ho- 

mogeneity was used in its derivation. 

The disc infiltrometer method 

Working principles of the disc infiltrome- 
ter method and some designs of the infiltrome- 

ter itself have been described, e.g., by Perroux 

and White [26]. In this study, two different in- 

filtrometer types were used. At first, we used a 
Soil Moisture Equipment Corp. infiltrometer, 

with a plastic membrane of higher air entry 

value (about 30-40 cm) and of smaller diame- 

ter (about 21 cm), borrowed from the Depart- 

ment of Engineering Hydrology, University 

College, Galway. Later, another infiltrometer 

was purchased for the purpose of the present 
project, manufactured by the Soil Moisture 

Systems Inc., with a synthetic textile mem- 

brane of lower air entry value (only about 15 

cm) and of larger diameter (about 24 cm), a 

version without the pressure transducers. In 
both cases, a good hydraulic contact between 

the soil surface and the infiltrometer mem- 

brane was established via a thin (1-2 cm) cake 

of fine sand (grain size 0.1-0.2 mm) laid be- 

forehand onto the soil surface. The lower air 
entry value of the latter infiltrometer (SMS) 

required the membrane to be placed onto a
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pre-wetted sand cake while the SME infil- 

trometer could be put on a dry sand. 

Two parallel measurements, about 2-3 m 

apart, were made on each site. During each 

measurement, four different pressure heads 

were gradually maintained at the membrane of 

the infiltrometer, namely, -12, -7, -3 and +1.5 

cm (negative values mean suctions). The cor- 

responding infiltration discharges were measu- 

red. Each measurement on a certain spot was 

started with the highest suction (-12 cm) and 

finished with a small overpressure (+1.5 cm). 

This seems to be more logical than the oppo- 

site procedure, used by Ankeny et al. [1], who 

started with a zero pressure head and pro- 
ceeded with gradually increasing suctions. We 

think that the procedure by Ankeny ef al. [1] 

makes the soil beneath the infiltrometer too 

wet at the beginning. This, beside bringing about 

some hysteresis of soil water (due to backward 

sucking of water from the soil into the in- 

filtrometer in which the suction has suddenly 

increased) may be a cause for too low (or even 

zero) infiltration rates at higher suctions. Our 

methodology of measurement developed gra- 

dually. Different values of pressure heads 

were used during first measurements and the 

infiltration under overpressure was not always 

measured. True average diameter of the sand cake, 

rather than the membrane diameter, was used 

to characterize the effective infiltration area. 

As the measurements were not always 
long enough to attain a steady-state infiltra- 

tion, the quasi-steady discharges were esti- 

mated by linear extrapolation of the measured 
data in the coordinates of discharge (O=dV/dt) 

vs. reciprocal cumulative infiltrated volume 

(1/V): the quasi-steady discharge was assumed 

to correspond to 1/V = 0 (i.e., to the infinite 
infiltrated volume). This procedure is formally 

based on the Green-Ampt type infiltration 

equation [3,12]: 

H ,A@ | 
i 

di di -x|i + 

where K is the hydraulic conductivity, Hy 15 

the effective suction head at the wetting front, 

  (16) 

i is the cumulative infiltration depth and AQ is 

the soil moisture content increment due to in- 

filtration. However, the Green-Ampt-equation 

was originally suggested to describe a one-di- 

mensional vertical infiltration. Therefore, its 

application to our case (with V instead of i, the 

quasi-steady QO instead of K, and Hy AO un- 

specified) can only be understood as a formal 

extrapolation tool, probably without a deep 

physical sense. 

For evaluation of the disc infiltrometer 

measurements, we used a method suggested 

by Doleżal and Poruba [7], which is based on 

the classical Wooding’s [39] analysis and pre- 

sents a slight generalization of the procedures 

suggested by Reynolds and Elrick [29,30]. The 

hydraulic conductivity of the soil, K (ms7!), is 

assumed to depend upon the pressure head h 

(m) according to the generalized Gardner’s 

[10] formula: 

K(h) = K, exp (ah) for h<0 

K(h)=K, forhz0 (17) 

where a (m'") is a slope parameter, expressing 

the speed of hydraulic conductivity decrease 

with the increase of suction (decrease of h), K, 

(ms b is the saturated hydraulic conductivity 

(including the effect of macropores) and К, 

(ms'1) is the upper limit of the unsaturated 

hydraulic conductivity for h approaching 

zero from the left (excluding the effect of 

macropores). 

The method consists, first, in plotting the 

logarithm of the quasi-steady discharge, /n(Q), 

vs. the pressure head maintained at the infil- 

trometer membrane, h,, for all (usually three) 

measurements during which h, was negative 

(i.e., a suction). This plot is then approximated 

by a straight line (using the least squares re- 

gression) of a slope @ and an intercept U. Ha- 

ving determined a, we can estimate the upper 

limit of the unsaturated hydraulic conducti- 

vity, K,, employing the formula: 

K,=exp U=In (xr*)— infi+ | (18)



EVALUATION OF SOIL PHYSICAL CONDITION 53 
  

where r (m) is the radius of the infiltration 

area and z = 3.14159 ... . Then, using the dis- 

charge Q, obtained at a small positive value of 

the pressure head at the membrane, h,, we can 

also estimate the saturated hydraulic conduc- 

tivity K, as follows: 

4rK, 

K da (19) 
j nr” + 4rh, 

  

K, should normally be higher than or equal to 

K,. If this does not happen (because of the 
measurement errors), we put K, = K,. 

It should be specifically noted that the 
procedure just described assumes the soil to 

be initially dry enough to render the initial un- 

saturated hydraulic conductivity negligible. 

RESULTS AND DISCUSSION 

Results of the modelling exercise using 

CERES-Barley 

The results are presented in graphical 

form in Figs 2 to 4. As expected, the soil mois- 

ture content in the uppermost, 5 cm thick soil 

layer, as well as the total extractable soil water 

(i.e., the soil water above wilting point) were 

highest in the ‘high’ case and lowest in the 

‘low’ case during the whole season (Figs 2a 

and 3a). The same pertains to the third layer 

(between 15 and 30 cm of depth, Fig. 2b), ex- 

cept for the last peak (on about the 180th day), 

when the water content rose more in the ‘ave- 
rage’ and ‘low’ cases than in the ‘high’ case; 

this is because the available water capacity of 

the ‘high’ case was high enough to store most 

of the rainfall in the overburden layers, releas- 

ing less water to the third and deeper layers. 

Rather paradoxically, the cumulative ac- 

tual transpiration was highest in the ‘low’ case 

and lowest in the ‘high’ case (Fig. 3b). This 
however becomes understandable if we realize 

(in view of Fig. 2b) that the plant water uptake 

also takes place from the deeper soil layers; 

these layers were least supplied with water in 

the ‘high’ case, because most water was in this 

case retained in the upper layers. The follow- 

ing figure (Fig. 3c) confirms this view: the 

physical soil evaporation, which only takes 

place from the uppermost layer, was highest in 

the ‘high’ case and lowest in the ‘low’ case. 

In our example, the nitrogen fertilizer was 

applied into the uppermost soil layer. There- 

fore, the deeper soil layer could only receive 

nitrogen from the fertilizer if they received 

water percolating from the surface. Less water 

percolation into deeper layers means less 

available nitrogen from the fertilizer in the 

deeper layers and more nitrogen left in the up- 

per layers. Indeed, the concentration of nitrate 

in the uppermost layer was highest in the 

‘high’ case (Fig. 4a) but the same concentra- 

tion in the third layer was highest in the ‘low’ 

case, except for a short period between, approxi- 

mately, the 150th and 160th day (Fig. 4b) when 

some of the surplus nitrogen retained in the over- 

burden layers (in the ‘high’ case) was washed out 

and transported into the third layer. 

Correspondingly, the root density in the 

uppermost layer was highest in the ‘high’ case 

and lowest in the ‘low’ case (Fig. 5a) while 

quite an opposite trend is observable in the 

third layer (Fig. 5b) where the highest scarcity 

of water and nitrogen in the “high” case in- 

cited the highest depression of the root density. 

On the total, this lack of water and nutrients in 

deeper layers in the ‘high’ case resulted in 

lower biomass production (Fig. 6a), lower ni- 

trogen uptake (Fig. 6b) and lower yields. 

When interpreting this computational ex- 

ercise, we must be careful not to overestimate 

the meaning of the results. One must bear in 

mind that the flow and transport charac- 

teristics of the soil did not have to be de- 

scribed properly by the CERES model. Also 

of importance might be the prescribed poten- 

tial root density distribution with depth, which 

was the same in all three cases, postulating a 
potential maximum of root density to occur in 

the second and third soil layer rather than in 

the uppermost layer. This potential root den- 

sity distribution was ‘approved’ by the cereals 

specialists in the Agricultural Research Insti- 

tute Kromériz Ltd. but has not been suffi- 

ciently corroborated by experiments.
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Fig. 2. The course in time, during the growing season of spring barley, of the soil moisture content of the uppermost soil 
layer (0-5 cm) (a) and third soil layer (15-30 cm) (b), obtained from CERES-Barley simulations with the input data cor- 
responding, respectively, to the “high”, “average” and “low” retention capacity of the soil in Tisice.
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Fig. 3. The course in time, during the growing season of spring barley, of the total plant-extractable water amount in the 
soil (a), barley of the cumulative actual plant transpiration (b), of the cumulative soil evaporation (c) obtained from CE- 
RES-Barley simulations with the input data corresponding, respectively, to the “high”, “average” and “low” retention ca- 
pacity of the soil in Tisice.
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Fig. 3. Continuation. 

With the above reservation, we can pre- 

liminarily conclude that, in light soils, the 

seemingly better soil structure (i.e., the one 

with higher available water capacity and 

higher field capacity) may result in slightly 

lower plant production if the precipitation (or 

irrigation) is insufficient to permeate the bulk 

of the root zone and to transport the superfi- 

cially applied nutrients to the plant roots in 

deeper soil layers. 

On a more general level, this example il- 

lustrates the potentialities of complex simula- 

tion models (e.g., of the CERES type) to 

detect problems and intricacies which could 

hardly be envisaged by the common sense. 

Relations between the Ritchie’s bare 
soil evaporation parameters, the van 

Genuchten’s soil hydraulic parameters 

and the potential evaporation rate 

The results of the Saadalla’s [33] example 

calculations are presented in Figs 7 to 10. It 
follows from then that: 

a) The Ritchie’s U, i.e., the cumulative water 

depth representing the first stage of evapo- 

ration (occurring at the potential rate): 

aa) decreases with increasing residual soil 

moisture content 6,, 
is high at very low as well as at very 

high saturated soil moisture contents 

0, and acquires a minimum at interme- 

diate 0,, 
decreases with increasing van Genuch- 

ten’s parameter a, 

is low at very low as well as at very high 

values of the van Genuchten’s n and 

acquires a maximum at intermediate n, 
increases with increases saturated hy- 

draulic conductivity K,, 
decreases with increasing potential 

evaporation rate EOS. 

b) The Ritchie’s A, i.e., the parameter expres- 

ing rate of soil evaporation in its second 

stage: 

ba) decreases with increasing residual soil 

moisture content 6,, 

ab) 

ac) 

ad) 

ae) 

af)
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Fig. 4. The course in time, during the growing season of spring barley, of the nitrate nitrogen concentration: in the upper- 
most soil layer (0-5 cm) (a); in the third soil layer (15-30 cm) (b), obtained from CERES-Barley simulations with the in- 
put data corresponding, respectively, to the “high”, “average” and “low” retention capacity of the soil in Tisice.



58 V. KURAZ, F. DOLEZAL 
  

Ro
ot
 
de
ns
it
y 

(e
m/

cm
?)

 
in 

up
pe
r 

5 
cm
 

Ro
ot

 
de
ns
it
y 

(c
m/

cm
*)

 
in 

15
-3
0 

cm
 

  

Tisice, 1986, barley 

  
  

  

  

  

  

100 110 120 130 140 150 160 170 180 190 200 210 

Julian day 

—8- avg —— high —*— low 

Tisice, 1986 barley 
7 - 

бе р ни 

Baa mił --- М. 
4 JE gt 
pk PE e 
2 p A 

1 оф ен ------------- 

100 110 120 130 140 150 160 170 180 190 200 210 

Julian day 

  

ES avg — high —%— low 
  

Fig. 5. The course in time, during the growing season of spring barley, of the root length density: in the uppermost soil 
layer (0-5 cm) (a); in the third soil layer (15-30 cm) (b), obtained CERES-Barley simulations with the input data corre- 
sponding, respectively, to “high”, “average” and “low” retention capacity of the soil in Tisice.
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Fig. 6. The course in time, during the growing season of spring barley: of the cumulative total biomass (a) and the total 
nitrogen content in the vegetative organs and in the grains of barley (b), obtained from CERES-Barley simulations with 
the input data corresponding, respectively, to the “high”, “average” and “low” retention capacity of the soil in Tisice.
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bb) increases with increasing saturated 

soil moisture content 0,, 
decreases with increasing van Genuch- 

ten’s parameter a, 

is low at very low as well as at very 

high values of the van Genuchten’s 

parameter 1 and acquires a maximum 
at intermediate n, 

bc) 

bd) 

be) increases with increasing saturated hy- 

draulic conductivity K,, 
bf) increases with increasing potential 

evaporation rate EOS. 

The graphs in Figs 7 and 8 also provide 
tools for semi-quantitative assessment of the 

values of U and A, if the van Genuchten’s soil 

parameters (0,, 0,, K,, a and n) and the ave- 

rage expected potential evaporation rate EOS 

are known. In particular, it appears that the 

Ritchie’s parameter A for the second stage of 

evaporation is not constant and, even for the 
same soil, depends on the potential evapora- 

tion rate. This dependence should be incorpo- 

rated into future versions of CERES. 

a 
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Results obtained with the Guelph 
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The attempt to apply the so-called 

Richards-analysis (cf. above) failed because of 

too high random fluctuation of the measured 
data. Six boreholes of the total number of 
eight in which the Richards analysis could be 

tested gave negative values of the field-satu- 

rated hydraulic conductivity Ky; seven of 

them produced negative values of the matrix 
flux potential at saturation, ®,,. This effect 

was more or less expected: Reynolds and El- 

rick ([28] and elsewhere) themselves report 

many cases of negative hydraulic conductivi- 

ties obtained in this way. Philip [27] showed 

that the system of equations from which Ki 

and ©,, are calculated in the course of the 
Richards analysis is ill-conditioned and unstable. : 

Hence, the Laplace-analysis could only be 

meaningfully used for evaluating the field - 
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Fig. 7. The dependence of the upper limit of stage-1 evaporation depth, U (mm), upon the van Genuchten soil parameters 
9. (а), 0, (b), a (van Genuchten a) (c), n (d), К, (e) and the potential evaporation rate EOS (f). The points were obtained 
from the S_1D simulations (cf. Fig. S1.1) and are interpolated linearly.
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saturated hydraulic conductivity Ky. The 

Gardner-analysis was similarly used for esti- 

mating the values of the matric flux potential, 

©, The basic statistica of the results is given 

in the Table 5. 
The values of Ky and ©, were, of 

course, highly correlated to each other. The 

reason for this becomes obvious if we com- 

pare the formulae used for the Laplace and 

Gardner-analyses (Table 5); according to these 

formulae, the ratio of Ky, to ©, obtained in 

this way has to be: 

Kp _ 2H 

©, 2Н?+Са? 
  (20) 

which is constant as long as the flow geometry 

is constant. In view of this fact and of the un- 

reliability of the Richards-analysis, we can 

conclude that it is of no practical use to evalu- 

ate the matrix flux potential or other unsatu- 

rated soil parameters derived from it. It seems 

reasonable to consider the Guelph permeame- 

ter solely as an instrument to measure the 

field-saturated hydraulic conductivity Ky. 

STUDY $1: SOIL EVAPORATION BY $1_D 
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The field-saturated hydraulic conductivi- 

ties Ki obtained from the Guelph permeame- 

ter measurements as described above are 

compared, in the following Table 6, with the 

analogous values K,,,- from the double ring in- 
filtrometer and with the laboratory-measured 

saturated hydraulic conductivities K,,_.. 

All three methods yield values of similar 

order of magnitude which are nevertheless sig- 

nificantly different. The t-tests (assuming, in 

this case not very correctly, that the distribu- 

tion of the compared quantities is normal) re- 

ject the null hypothesis (stating that the two 

compared sets of quantities belong to the same 

population) on the 99 % level of significance. 

The fact that the Guelph permeameter in 

Tisice gives lower hydraulic conductivities 

than the double-ring infiltrometer seemingly 

contradicts to the statement given below that, 

in Liblice and Horni Tresnovec, the Guelph 

permeameter hydraulic conductivities are 

higher (about three times) than the corre- 

sponding saturated hydraulic conductivities K, 

resulting from the disc infiltrometer experi- 
ments. There are, however, several possible 

explanations of this effect:
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Table 5. Values of field-saturated hydraulic conductivity (K fy) and matrix flux potential at sturation (BP) obtained 
from Gardner-analyses) 
  

  

  

  

  

Property No. obs. Mean St. dev. Skewness 

K; (ms'') 54 2.68E-6 3.32E-6 2.57 

Фто 54 3.04Е-7 3.76Е-7 2.58 

Table 6. Values of the field-saturated hydraulic conductivity obtained by three different methods 

Property (m s'') No. obs. Mean Std. dev. Skewness 

К, 54 2.68Е-6 3.32Е-6 2.57 
К», 70 5.84E-6 4.13E-6 1.39 

2.63E-6 1.32 
core 

a) The Laplace-analysis formula used in 

Tisice gives systematically lower hydraulic 

conductivities than the Glover-formula used in 
Liblice and Horni Tresnovec. 

b) The grassland soil in Tisice was anisot- 

ropic in the opposite sense than the arable 

soils in Liblice and Horni Tresnovec. In other 

words, the horizontal hydraulic conductivity 

(prevailingly indicated by the Guelph per- 

meameter) was lower in Tisice and higher at 

the other two sites, in comparison with the 

vertical hydraulic conductivity indicated by 

the infiltrometers (either of the double-ring or 

of the disc type). This hypothesis is supported 

by two fact: first, the laboratory-measured hy- 

draulic conductivities, K,,„„, which are verti- 

cal conductivities, are higher than the 

(prevailingly horizontal) values of K, and, 

secondly, the unbiasedness of the disc infil- 
trometer values K, is partly confirmed by a 

single rain simulator measurement of infiltra- 

tion carried out in Liblice (see below). 

c) The obstacles to flow occurring on the 

infiltrating surface may play a non-negligible 

role in determining the infiltration rate. They 

can eventually turn the result of an infiltration 

test into a mere artifact. Such obstacles can be, 

e.g., the clay smear on the walls of the bore- 

hole during the Guelph permeameter test and 

(probably to a higher degree) the fine sand 

cake used to put the disc infiltrometer into 

contact with the soil surface (the saturated hy- 

draulic conductivity of the fine sand we used 

was about 13.5 m 4\). 

51 3.43E-6 

Many other researchers report about similar 

comparisons of various methods of hydraulic 

conductivity measurements [13,18,25]. A main 

problem of such comparisons seems to be the 

lack of a standard method for hydraulic con- 

ductivity evaluation. All what we can do is to 

compare the results of different methods and 

estimate the statistical parameters of the data 

sets, not knowing which of the two compared 

methods is more correct. In other words, we 

can to some degree describe the random com- 

ponent of the measurement error but cannot 

say much about the possible systematic error 
of a method. As an example of the variability 

inherent in the hydraulic conductivity meas- 

urements, one can mention the results of Mo- 

hanty et al. [23]. They compared five methods 

(Guelph permeameter, disc infiltrometer, fall- 

ing head field permeameter, double-tube 
method and laboratory constant head method). 

The results differ from each other by two to 

three orders of magnitude. The lowest average 

K values and their highest variance was ob- 

tained for the Guelph permeameter. The 

authors explain this observation by the argu- 

ments related to the sample size, smearing of 

walls and air entrapment. 

Liblice and Horni Tresnovec 

Altogether, 376 elementary measurements 

(i.e., the measurements of the quasi-steady dis- 

charge at a certain level of water table in a cer- 

tain borehole) were made in Liblice and Horni 

Tresnovec in altogether 94 boreholes on 15
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different measurement sites. The Table 7 gives 

an overview of the measurements, together 

with brief names of the periods of measure- 

ment which are frequently referred to in the fol- 

lowing text and in some of the figures. 

This is rather an integral representation of 

the vertical hydraulic conductivity profile. Its 

differentiation should ideally give us a de- 

tailed vertical profile of the horizontal hydrau- 

lic conductivity of the soil. However, the 

Table 7. Overiew of measurements made in Liblice and Horni Tresnovec 
  

  

Location Measurement sites Brief name of the period Dates of measurement 

Liblice 1-9 autumn 93 12-26.08.93 

Liblice 1-6, 8-9 spring 94 4.05-02.06.94 
Liblice 1-6, 8-9 summer 94 20-25.07.94 

Liblice 1-6, 8-9 autumn 94 14.09-04.10.94 
Horni Tresnovec 1-6 spring 94 10-26.05.94 
Horni Tresnovec 1-6 summer 94 13-14.07.94 
Horni Tresnovec 1-6 autumn 94 22-25.08.94 
  

The Guelph permeameter measurements 

provided us with a relatively detailed picture 

of spatial and temporal distribution of the 

horizontal field-saturated hydraulic conductiv- 

ity. A symbol K, „is used further on for this 

hydraulic conductivity, to underline the fact 

that it is an average value characterizing a cer- 

tain layer of the soil; this layer (more exactly: 

the whole flow domain) is considered homo- 

geneous in the theory. However, a soil hetero- 

geneity in the vertical direction is admitted by 

allowing different K, „, in different (even par- 

tially overlapping) soil layers. 

We assumed that the flow of water out of 

the borehole 40 cm deep was significantly in- 

fluenced by the hydraulic conductivity in the 

soil layer between the level of the water table 

and the level of 10 cm below the borehole bot- 

tom (i.e., 50 cm below the ground surface). In 

the graphs, we plot the corresponding values 

of K,,„ with respect to the vertical coordi- 

nates of the geometrical midpoints of the lay- 

ers which are as follows: 

If the water table then the midpoint 

in the borehole of the layer of influence 

is at the depth lies at the depth (cm): 

of X (cm): (50 + X)/2 

30 40 

20 35 

10 30 

2 26 

operation of differentiation appeared to be un- 

stable, very sensitive to random fluctuation of 

the measured integral values of K, „. There- 

fore, we refrained from the differentiation. It 

is only the integral values, K, „, which are 

discussed in this report. 

The soil hydraulic conductivity on both 

sites (Liblice and Horni Tresnovec) is primar- 

ily determined by the grain size distribution of 

the soil. The measurement sites can be qualita- 

tively ranked into five grain size categories 

with gradually decreasing hydraulic conduc- 

tivity: 

1) Sands or loamy sands on the top of the hill 
in Liblice (measurement sites No. 6-9). 

Loamy sands in the small valley without a 

water recipient in Liblice (measurement 

site No. 1). 

Sandy loams in the middle part of a long 

mild slope in Liblice (measurement sites 

No. 2 and 3). 

Loamy soils at the bottom of a long mild 

slope in Liblice (measurement sites No. 4 

and 5). 

Loams or clay loams, with the dense 

gleyic subsoil, in Horni Tresnovec (all 

measurement sites). 

The distribution of the K,,„ values, in- 

cluding all depths and boreholes on individual 

measurement sites, is given in Fig. 9. Influ- 

ence of the grain size distribution upon the 

value of the mean K,,,,, is well-defined in Lib- 

lice (Fig. 9a) where different measurement 

2) 

3) 

4)
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Fig. 9. Distribution of values of the horizontal field-saturated hydraulic conductivity K, _, measured by the Guelph per- 
meameter, for individual measurement sites in Liblice and Horni Tresnovec. Included are all boreholes, all dates of 

measurements and all depths.
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sites were located on soil of different granu- 

lometry. On the contrary, there is no system- 

atic difference visible between individual 

measurement sites in Horni Tresnovec (Fig. 

9b), simply because all sites were situated on 

granulometrically the same soil. 

Within a single measurement site, the hy- 

draulic conductivity K,,,, depends upon the 

depth below the soil surface. In most cases is 

Куот at maximum in the upper topsoil. How- 

ever, the shape of the K, „, profile in deeper 

soil layers is different in different soils. K, 

either declines gradually downwards (this is 

the case of virtually all profiles in Horni Tres- 

novec, Fig. 13) or displays a local minimum 

corresponding to the man-induced compaction 

of upper subsoil. The latter situation occurs 

frequently in Liblice and seems to be particu- 

larly typical for loamy sands and sandy loams 

with permeable subsoil (e.g., the measurement 

sites 1, 2, 3 and 6; Figs 10a and b). 

The two above-mentioned main factors 

(i.e., the grain size distribution and the depth) 

explain a part (probably a major part) of the 

hydraulic conductivity variation. What re- 

mains 1s: 

a) the random variation of K,_„ in space, as 

testified by the differences between K, 

values obtained in two parallel boreholes 
at the same time and depth, 

b) the variation of K,,, in time, which is 

mostly systematic; it is caused by tillage 

operations, by activity of living organisms, 

by spontaneous mechanical settling of the 

topsoil in the course of the season and by 

other mechanisms (causing, e.g., a spontane- 

ous recovery of the topsoil structure dur- 

ing winter). Some of these processes can 

be described quantitatively or semi-quanti- 

tatively and have already been embodied 

in some of the complex simulation models 
(e.g., in the EPIC model; [34] p. 60-62). 

In Liblice, where the measurements were 

more frequent and the soil variability was 

more pronounced, we were able to identify the 

periods during which the hydraulic conducti- 

vity was at its minimum or maximum (exclud- 
ing the erratic extremes) (Table 8). 

Table 8. Periods of minimum and maximum of hy- 
draulic conductivity values obtained for Liblice 

  

  

Measurement Period of Period 

site min. К, тах. К 
от hom 

1 spring 94 autumn 94 
2 spring 94 autumn 94 
3 autumn 93 summer 94 

4 spring 94 summer 94 

5 spring 94 summer 94 

6 autumn 93 spring 94 
7 not evaluated not evaluated 

8 spring 94 autumn 93 
9 summer 94 autumn 94 
  

The vertical profiles of K„,„ for the 

‘minimum’ periods are flat, i.e., the hydraulic 

conductivity does not vary much in the verti- 

cal direction and is primarily dependent upon 

the grain size distribution of the soil (cf. Figs 

lla and b). This state of the topsoil can be 

taken as a reference. 

On the contrary, the ‘maximum’ profiles 

reveal high variability of K,,,, in the vertical 

direction. It is in particular the upper part of 

the topsoil which become much more permeable 

in these periods (cf. Fig. 12a and b). There are 

probably two main mechanism which may 

cause a rapid increase in hydraulic conducti- 

vity of the topsoil: the man-induced loosening 

of the soil by tillage operations and the sponta- 

neous cracking of the surface soil due to drying 

and shrinking. Our measurements were not de- 

tailed enough to allow proper distinction be- 

tween these two mechanisms. 
The measurements in Horni Tresnovec 

were less frequent and the soil properties va- 

ried little among the measurement sites. The 

hydraulic conductivity, K,_,,. Show a tendency 

to increase in time during the spring and sum- 

mer parts of the winter wheat growing season. 

The state of the soil in spring can be, with 

some reservation, denoted as a reference state, 

roughly corresponding to the ‘minimum’ state 

of the soil in Liblice. 
We can see on Fig. 13 that the hydraulic 

conductivity K,,,, at the midpoint depth of 40 

cm, in Horni Tresnovec, is considerably lower 

(by about one order of magnitude) on the 

measurement sites 2 and 4 than on the other
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Fig. 10. Vertical profiles of the average horizontal field-saturated hydraulic conductivity K hom measured by the Guelph 
permeameter, for the more permeable measurement sites (Nos 1 and 6-9) and for the less permeable measurement sites 
(Nos 2-5) in Liblice. The averages include all boreholes and all the dates of mesurement. Each value of K, is plotted 

against the depth of midpoint of the soil layer to which it pertains.
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Fig. 11. Vertical profiles of the typical minimum horizontal field-saturated hydraulic conductivity K om measured by the 
Guelph permeameter, for the more permeable measurement sites (Nos | and 6-9) and for the less permeable measure- 
ment sites (Nos 2-5) in Liblice. Each value of K, om 1$ Plotted against the depth of midpoint of the soil layer to which it 
pertains and is actually an average of two measurements (in two parallel boreholes) on a given date. The meaning of the 
legend: P93=autumn 1993, J94=spring 1994, L94=summer 1994.
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Fig. 12. Vertical profiles of the typical maximum horizontal field-saturated hydraulic conductivity K hom Measured by 
the Guelph permeameter, for the more permeable measurement sites (Nos | and 6-9) and for the less permeable meas- 
urement sites (Nos 2-5) in Liblice. Each value of K, om 18 Plotted against the depth of midpoint of the soil layer to which 
it pertains and is actually an average of two measurements (in two parallel boreholes) on a given date. The meaning of 
the legend: P93=autumn 1993, J94=spring 1994, L94= summer 1994, P94=autumn 1994.
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om 

permeameter, for all measurement sites (Nos 1-5) in Hori Tresnovec. The averages include all boreholes and all dates 

of mesurement. Each value of K, „is plotted against the depth of midpoint of the soil layer to which it pertains. 

measurement sites. The reason for it was that 

the sites 2 and 4 were located on the zero 

treatment plots which had not been subsoiled. 

This is probably the only explicit effect of the 

whole-profile soil improvement method which 

we could observe with our instruments. 

Figs 14a and b show the dependence of 

the hydraulic conductivity K,,,, upon the soil 

moisture content (in per cents of the maximum 

capillary capacity, 1.e., roughly, in per cents of 

the field capacity) at the same time in the 

same soil and at approximately the same 

depth. The correlation is very loose but a 

slight tendency of K,,,,, to decrease with in- 

creasing moisture content is observable. This 

trend can be explained if we realize that the 

soil probably shrinks and becomes. cracked 

when its moisture content decreases. There- 

fore, the field-saturated hydraulic conductivity 

increases with a decrease of the soil moisture 

content and vice versa. 

Other measurements 

The Guelph permeameter was used to de- 

termine the hydraulic conductivity of two rela- 

tively homogenous sandy profiles of artificial 

infiltration tanks in Karane (at the confluence 

of the Jizera and the Labe rivers) which re- 

charge the Prague’s main groundwater source. 

The data were processed using the Laplace 

analysis described above. The results show 

very good reproducibility in all layers of the 

profile without exception. They also agree well 

with a previous measurement made by the ver- 

tical infiltration method about 20 years ago. 

We can therefore conclude that most of 

the discrepancies between hydraulic conduc- 

tivities obtained by various infiltration me- 

thods (including the Guelph permeameter 

method) are caused by the attributes which 

make the inert sand mass dissimilar to the real 

agricultural soils. These attributes are, e.g., the 

presence of humus and clay, presence of
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Fig. 14. Dependence of the horizontal field-saturated hydraulic conductivity K hom 01 topsoil and shallow subsoil in Lib- 
lice and Horni Tresnovec measured by the Guelph permeameter, upon the soil moisture content in the corresponding 

depth. Every point corresponds to a single measurement. The soil moisture contents are expressed in percent of the maxi- 
mum capillary capacity (MKK), approximately equal to the field capacity. The results obtained at the depth of water 
level in the borehole equal to 30, 20, 10 and 2 cm below the soil surface correspond to the soil moisture sampling depth 
40, 30, 20 and 10 cm, respectively. The boreholes were 40 cm deep.
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macropores and other preferential flow paths, 

anisotropy, heterogeneity, etc. It seems essen- 

tial that one always measure the hydraulic 

properties (and, thereby, the soil structure) of 

agricultural soils by several different methods, 

rather than by a single method. 

Results obtained with the disc 

infiltrometer 

Tisice 

Two test measurements with the disc infil- 

trometer were only made in Tisice in 1995. 

The purpose was to make a preliminary com- 

parison between two slightly different struc- 
tural states of a soil which is texturally 

identical. The two measurement sites were 

about 4 m apart. They were both located in a 

part of the experimental area which was textu- 

rally lightest and therefore most permeable. 

The site 1 was shortly after the sowing of 

soybeans. The plant had not yet emerged, the 

soil surface was compacted a little with a 

roller and covered with a soft but compact 

crust created by a previous rain. 
The site 2 was covered by a low, young 

canopy of spring wheat. The plants were about 
7-8 cm high. The soil surface was loose, not 

touched with a farm implement since the sow- 

ing date. A soft but compact crust created by a 

previous rain coated the soil surface similarly 

as on the site 1. 

Values of soil hydraulic parameters were 

obtained by evaluation of the disc infiltrome- 

ter measurements (Table 9). 

The values of a were virtually identical 

on both sites (the only purpose of providing 

six decimal places in them is to show that they 

are not exactly identical). The values of K, 

and K, behave in a manner which is intuitively 

Table 9. Hydraulic parameters obtained for Tisice 

  

  

Site a Ко К, 

(m'') (m s") (m s'') 
1 20.165439 2.039E-6 8.736E-6 

2 20.165599 9.257Е-7 1.233Е-5 
  

understandable: the looser soil on the site 2 

contains probably more large pores (macro- 

pores) and less medium pores. Therefore, the 

saturated hydraulic conductivity K,, including 

the effect of macropores, is higher on the 
looser site 2 and lower in the more compacted 

soil of the site 1. The opposite is true for the 
upper limit of the unsaturated hydraulic con- 

ductivity, K,, which does not include the con- 

ductive contribution of macropores. However, 

these trends were not confirmed by measure- 

ments on the other sites (see below). 

Liblice and Horni Tresnovec 

Altogether, the disc infiltrometer measure- 

ments were carried out on 35 spots at alto- 

gether 11 measurement sites in Liblice and 

Horni Tresnovec. Three or four elementary 

measurements (the quasi-steady discharge es- 

timation at a certain value of pressure head at 

the membrane) were made on each spot. 

The Table 10 contains an overview of the 
measurements. 

The disc infiltrometer measurements were 
made less frequently than the Guelph per- 

meameter measurements. Some of the conclu- 

sions stated above in relation to the Guelph 

permeameter also pertain to the disc infil- 

trometer, in particular: 

a) the values of the obtained hydraulic pa- 
rameters are to some degree controlled by 

the soil granulometry (except, probably, 

for the parameter a), as can be seen from 

Figs 15 and 16 (for Liblice), 

Table 10. Overview of measurements made in Liblice and Horni Tresnovec 

  

  

Location Measurement Brief name of the period Dates of measurement 

sites/apparatus 

Liblice 3.5/SME spring 94 05.05.94 
Liblice 6.9/SMS summer 94 02.06.94 
Liblice 1-6.8-9/SMS autumn 94 18.07-18.08.94 
Horni Tresnovec 1-3/SME spring 94 18.04-11.05.94 

Horni Tresnovec 1-3/SMS autumn 94 24-26.08.94 
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Fig. 15. Distribution of values of the vertical saturated hydraulic conductivity K, and the upper limit of vertical unsatu- 
rated hydraulic conductivity K_ of the soil surface layer measured by the disc infiltrometer, for individual measurement 
sites in Liblice. Included are all infiltration spots and all dates of mesaurement. 

b) all three hydraulic parameters provided by 

the disc infiltrometer (a, K, and K,) tend 

to decrease when the soil moisture content 

increases (cf. Figs 17 to 19). 

Since the measurements were only made 

on the soil surface, we cannot say anything 

about the vertical distribution of the hydraulic 

parameters a, K, and K, in the soil profile. To 

overcome this shortage, we recommend that in 

future the disc infiltrometer measurements are 

also made on undisturbed bottom surfaces of 

shallow pits of different depths. 

All three parameters (a2, K, and K,) are 

mutually correlated (cf. Figs 20 to 22). The 

square of the correlation coefficient varies be- 

tween 0.2 and 0.8. The degree of correlation is 

highest between @ and K,. This may indicate 

that the disc infiltrometer measurements, made
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Fig. 16. Distribution of values of the exponential parameter a, expressing the speed of decline of vertical unsaturated hy- 
draulic conductivity of the soil surface layer with the decrease of the soil water pressure head, for individual measure- 
ment sites in Liblice. @ was measured by the disc infiltrometer. Included are all infiltration spots and all dates of 

measurement. 

in the way as we made them, do not provide 

enough information for estimating three inde- 

pendent parameters. The measuring procedure 

should therefore be supplemented by other 
measurements (e.g., using a portable ‘quick- 

draw’ tensiometer) which would provide the 

missing information. 

The positive correlation between K, and 
K, contradicts to the preliminary observation 

made in Tisice (see above) which indicated a 

negative correlation between them. 

We also tried to compare the horizontal, 

field-saturated hydraulic conductivity K, 

obtained from the Guelph permeameter mea- 

surements for the shallowest layer of topsoil, 
with the vertical saturated hydraulic conduc- 

tivity K, provided by the disc infiltrometer at 

approximately the same time. A relation be- 

tween both is given in Figs 23a and b. Even 

though the number of observation is insuffi- 

cient, we can say that K,,,,, and K, are posi- 

tively correlated to each other. However, K, is 

on average by about a half order of magnitude 

less than K„,,„. This trend in opposite to the 

one observed in Tisice (see above) where the 
double-ring infiltration tests gave the vertical 

field-saturated hydraulic conductivity King 

about twice as high as the Guelph permeame- 

ter horizontal field-saturated hydraulic con- 

ductivity, K,,,, Some possible reasons for this 

paradoxical behaviour are discussed above in 

the section on the Guelph permeameter mea- 

surements in Tisice. 

The infiltration measurements were ac- 

companied by taking disturbed and undis- 

turbed soil samples in the field in order to 

estimate moisture content, bulk density and 

other physical properties of the soil. Some of 

the undisturbed core samples were taken di- 

rectly from the infiltration area, immediately 

after the end of an experiment on a certain 

spot, i.e., after removal of the disc infiltrome- 

ter and the fine sand cake. Other cores were 

taken before a measurement from a spot which 

preserved the initial moisture content of the 

soil. All core samples were then processed in 

the laboratory. Among others, they were satu- 

rated by capillarity and weighed. The volu- 

metric moisture content which they possessed 

at that instant is sometimes referred to as the 

‘maximum capillary soakability”. The total po- 

rosity was also determined on all core sam- 

ples. Figs 24a and b provide some results of 

these analyses. The volumetric moisture content
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Fig. 17. Dependence of the vertical saturated hydraulic conductivity K, of the soil surface layer, measured by the disc in- 
filtrometer in Liblice and Horni Tresnovec upon the average moisture content before the measurement. The soil moisture 
content is averaged over the depth interval 0-6 cm and is expressed in per cent of the maximum capillary capacity 
(MKK), approximately equal to the field capacity. The figures at the points of the graph denote the measurement sites.
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Fig. 18. Dependence of the upper limit of vertical unsaturated hydraulic conductivity of the soil surface layer K , measu- 
red by the disc infiltrometer in Liblice and Horni Tresnovec upon the average soil moisture content before the measure- 
ment. The soil moisture content is averaged over the depth interval 0-6 cm and is expressed in per cent of the maximum 
capillary capacity (MKK), approximately equal to the field capacity. The figures at the points of the graph denote the 
measurement sites.
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Fig. 19. Dependence of the exponential parameter a, expressing the speed of decline of vertical unsaturated hydraulic 
conductivity of the soil surface layer with the decrease of the soil water pressure head, upon the average soil moisture 
content before the measurement. The values of a were measured by the disc infiltrometer in Liblice and Horni Tres- 
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measurement sites.
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Fig. 20. Relation between the upper limit of vertical unsaturated hydraulic conductivity of the soil surface layer, K , 
measured by the disc infiltrometer in Liblice and Horni Tresnovec and the vertical saturated hydraulic conductivity of the soil 

surface layer, K , obtained from the same measurement. The straight line denotes the least squares regression.
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Fig. 21. Relation between the exponential parameter a, expressing the speed of decline of vertical unsaturated hydraulic 
conductivity of the soil surface layer with the decrease of the soil water pressure head, and the vertical saturated hydrau- 

lic conductivity of the soil surface layer, K, both obtained from the same disc infiltrometer measurement in Liblice and 

Horni Tresnovec. The straight line denotes the least squares regression.
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Fig. 22. Relation between the exponential parameter @, expressing the speed of decline of vertical unsaturated hydraulic 
conductivity of the soil surface layer with the decrease of the soil water pressure head, and the upper limit of vertical un- 
saturated hydraulic conductivity of the soil surface layer, K,, both obtained from the same disc infiltrometer in Liblice 
and Horni Tresnovec. The straight line denotes the least squares regression.
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Fig. 23. Relation between the vertical saturated hydraulic conductivity of the soil surface layer, K, measured by the disc 
infiltrometer, and the horizontal field-saturated hydraulic conductivity K hom’ measured by the Guelph permeameter and 
characterizing average properties of the soil layer between 2 and 50 cm of depth, in Liblice and Horni Tresnovec. Each 
point represents the average values of K, and K, _ for a single measurement site, with the averages being made over all 
boreholes or infitration spots and over all dates of measurement.
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Fig. 24. Relation between the total porosity of the soil surface layer, its maximum capillary soakability (full squares) and 
its volumetric moisture content before (S) and after (M) the disc infiltrometer measurements in Liblice and Horni Tres- 

novec. All values were determined in laboratory on 100 cm? core samples taken from the depth of 1-5 cm. This graph il- 
lustrates the fact that the surface soil layer does not become saturated during the infiltration experiment.
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at the instant of sampling and the ‘maximum 

capillary soakability’ are plotted in these fig- 

ures as functions of the total porosity. The 

moisture contents at sampling are denoted by 

the letter S (= dry) if the core was taken from 

a spot uninfluenced by the infiltration or by 

the letter M (= wet) if it was taken from the in- 

filtration area immediately after the measure- 

ment. We can see that the ‘maximum capillary 

soakability’ is on average virtually equal to 
the porosity of the same sample, while the 

volumetric moisture contents at sampling, 

even for most of the M - cores (= wet cores), 

are considerably less. This demonstrates that 

the soil beneath a disc infiltrometer does not 

become saturated during the measurement, 

mainly because of preferential flow of water 

in the soil along more permeable zones and 

macropores, accompanied by the phenomenon 

of air entrapment in the soil pores. 

A large rain simulator was used, only 

once, in Liblice, near to the measurement site 

2, in autumn 1993. The infiltration area was 

about 16 m”, the artificial rainfall intensity 
was about 20 mmh'!. The surface runoff 

started at 7 minutes after the beginning of the 

rain. After an hour of (artificial) rainfall, the 

surface runoff rate was about 15 mm hl 1.е., 

the infiltration rate was approximately 5 mm 

hl! or 0.12 md'!. This is less than the satu- 

rated hydraulic conductivities K, provided by 
the disc infiltrometer on the same measure- 

ment site approximately at the same time (the 

values of 0.29 and 1.10 md'! were obtained 

from two parallel measurements). This may 

indicate that, probably, the disc infiltrometer 

values of K, are not systematically biased 

downwards due to the hydraulic resistance of 

the sand cake. 

CONCLUSIONS 

We explored the possibility of using a 

complex simulation model of soil water, nu- 

trients and plant growth, such as CERES, for 

investigating the interactions between the soil 

structure and other components of the environ- 

ment, with the perspective of future exploitation 

of similar models for decision support in envi- 

ronmental control and sustainable agriculture. 

The results of our effort show that, in 

principle, the complex simulation models 

could and should be used for this purpose. 

Some of the model input parameters can serve 

as indicators of the structural state of the soil. 

Hence, we are able to ‘inform’ the model 

about the structure of the soil. The model pa- 

rameters relevant from this point are primarily 

the hydraulic and hydrological properties of 

the soil. Of course, one can expand the notion 

of soil structure to include also the physico- 

chemical properties of the soil, such as the cat- 

ion sorption capacity. This aspect is however 

beyond the scope of this study. It might be in- 

vestigated in future. 

In a particular case of the CERES model, 

the input parameters capable of carrying cer- 

tain information about the soil structure com- 

prise a) the properties of the soil surface, such 

as the bare soil albedo, the SCS curve number 

or the parameters of the Ritchie’s bare soil 

evaporation theory, and b) the properties of 

the soil interior. Within the latter group, one 

can distinguish the static parameters (such as 

wilting point, field capacity or saturation 

moisture contents of individual soil layers) 

and the dynamic parameters, which govern the 

movement of water in the soil and out of the soil. 

These are, in particular, the soil water drainage 

constant (SWCON), playing in the CERES se- 

ries of models a role similar to that of the satu- 
rated hydraulic conductivity, and. the soil 

moisture diffusivity function, which is how- 

ever hard-wired in the CERES program code. 

Unfortunately, most of these parameters 

are not directly measurable. Therefore, it 

seems useful to investigate the ways in which 

these parameters could be derived or estimated 

from the basic, directly measurable soil pro- 
perties such as the retention curve, the hydraulic 

conductivity function, the grain size distribu- 

tion, etc. In this study, we suggested a method 

of estimating the Ritchie’s bare soil evaporation 

parameters from the retention curve and from the 

hydraulic conductivity function. In addition, 

it was found that the Ritchie’s parameters
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depend upon the potential evaporation rate. 

This dependence should be incorporated into 

future versions of CERES. 

We also carried out a set of example cal- 

culations demonstrating how the hydrostatic 

soil parameters (the wilting point, the field ca- 

pacity and the saturation moisture content) in- 

fluence the soil water and nitrogen balance 

and the crop growth. Rather surprisingly, we 

found that a soil with higher retention capacity 

for water (believed to exemplify a soil in a 

good structural state) may produce lower 

yields than a comparable soil of which the 
available water capacity is low. The simula- 

tion results suggest that this may occur if the 

water supply (due to rainfall and irrigation) is 

insufficient and the nitrogen fertilizers are ap- 

plied on the surface or into the shallow surface 

layer of the soil. Under these conditions, the 

plant roots in the deeper soil layers may suffer 

from shortage of both water and nitrogen if 

these have been retained in the upper layers. 
These simulation results must however be han- 

dled with caution. One should always realize 

that the amount of input information processed 
by a simulation model is limited and that the 

model only takes into account a limited 

number of factors and processes, namely those 

which were regarded as most relevant by the 

authors of model. Other factors, ignored by 

the model, may be relevant or even dominant 

in reality. Despite of this reservation, we think 

that the complex simulation models can predict 

real phenomena with an accuracy and com- 

plexity inaccessible to the common human 

sense. This is particularly true if the situations 

to be predicted are unusual. We even think that 

the results of our particular set of simulations 

as described above may be correct and should 

be proved or disproved by experiments. 

The soil hydraulic and hydrological pro- 

perties which are needed as inputs to the com- 

plex simulation models or from which the 

model input parameters can be derived have to 

be measured systematically and reliably. For 

this purpose, we investigated the feasibility of 
using the Guelph permeameter and the disc in- 

filtrometer. 

The Guelph permeameter, 1.e., the method 

of quasi-steady borehole infiltration into an 

unsaturated soil profile, appeared to be a ver- 

satile tool which can rapidly provide values of 

the field-saturated horizontal hydraulic con- 

ductivity of both topsoil and subsoil. How- 

ever, assessing any meaningful information 

about the unsaturated soil hydraulic properties 

from the Guelph permeameter measurements 

alone seems impossible. The so-called matrix 

flux potential, which is sometimes suggested 

as being derivable from these measurements, 

does not in fact carry much new information, 
in addition to that contained in the field-satu- 

rated hydraulic conductivity. We therefore 
suggest that the Guelph permeameter is used 

as a tool for measuring the field-saturated hy- 

draulic conductivity only. For this purpose, 

one can use the classical Glover (1953) formu- 

lae which, on one hand, express quite cor- 

rectly the shape factor and, on the other hand, 

being predisposed to overestimate the hydrau- 

lic conductivity, are able to counterbalance the 

tendency of the borehole infiltration method to 

underestimate it (due to various physical rea- 

sons). The Guelph permeameter, beside its 

ability to produce large set of data useful as 
inputs to the complex or partial simulation 

models, can also be used to indicate directly 

the more permeable or less permeable zones in 

the soil profile. In this way, we can, for exam- 

ple, find out if the upper subsoil has been 

compacted by agricultural machinery, or, in- 

versely, quantify the favourable effect of sub- 
soiling and its duration in time. 

The way in which we used the Guelph 

permeameter, measuring the quasi-steady dis- 

charge at several water table positions in the 

same borehole, suffers from the lack of proper 

theoretical background if the soil 1s systemati- 

cally heterogeneous in the vertical direction. 

Therefore, it may be more advantageous, even 

if more laborious, to measure the discharges in 

several parallel boreholes of different depths, 

maintaining the height of water above the 

borehole bottom constant in all cases. 
The disc infiltrometer is an instrument ca- 

pable of giving to the observer an insight into



86 V. KURAZ, F. DOLEZAL 
  

the unsaturated hydraulic properties of the soil 

near saturation. We can also use the disc infil- 

trometer to specify, to some extent, the hy- 

draulic role of soil macropores. Several 
measurements of the quasi-steady infiltration 

discharge have to be carried out on the same 

spot at different pressure heads maintained at 

the infiltrometer membrane. One of the mea- 

surements should be made with a small over- 

pressure at the membrane. We also suggested 

a modified method for evaluation of the disc 
infiltrometer measurements, allowing to ex- 

press the influence of soil macropores explicitly. 

In view of these findings, we can recommend 

the disc infiltrometer for use as one of the ba- 

sic tools for testing the structural state of the 

topsoil. The disc infiltrometer can also be used 

on horizontal undisturbed bottoms of shallow 

pits in order to measure the hydraulic proper- 
ties of deeper soil layers (we however did not 

yet test this procedure). 

The theoretical background on which the 

Guelph permeameter and disc infiltrometer 

measurements are based is still insufficient 

and should be further developed, to be able to 

allow for soil heterogeneity and anisotropy, 

for the influence of macropores, for high and 
non-homogeneous initial moisture content, 

proximity of the groundwater table, etc. To de- 
cipher more complicated situations, one may 

need to supplement the Guelph permeameter or 

the disc infiltrometer by other instruments (e.g., 

tensiometers) providing additional information. 

In general, we recommend that the field 

researchers do not confine themselves to using 

a single instrument or a single method for 

measuring the soil hydraulic properties or for 

testing the structural state of the soil. The 

comparisons of several methods, either made 
by ourselves or published in the literature, 

show that much more reliable information can 
be obtained if several methods are combined. 

We found that in light and medium soils, 

especially those developed on the sedimentary 

rocks of the North-Bohemian Cretaceous (e.g., 

on the research site Liblice), the soil hydraulic 

properties are to a great extent texturally con- 

trolled. For such soils, we were also able to 

identify periods during which the hydraulic 

conductivity of the topsoil was at spontaneous 

minimum (without being influenced by artifi- 

cial compaction). Particularly in this state of 

the soil the hydraulic properties are texturally 

controlled and, therefore, predictable and in- 

terpolable. 

On the research sites of Liblice and Horni 

Tresnovec, we found that the three hydraulic 

parameters obtainable by our evaluation method 

from the disc infiltrometer measurements, i.e., 

the saturated hydraulic conductivity K, the 

upper limit of unsaturated hydraulic conduc- 

tivity K, and the Gardner’s exponential pa- 

rameter a, are correlated to each other. This 

contradicts to our previous preliminary con- 

clusion, based on measurements in Tisice, that 

K, is high and K, is low if the soil structure is 

loose and vice versa. 
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