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A b s t r a c t. The research presents spatial characteristics of
water conductivity in the arable layer of Polish soils. It was found
that the lowest water conductivity is 0.00087 cm day–1 and the
highest – 5900 cm day–1. Due to the considerable differentiation of
water conductivity in the surface layer of the Polish arable soils,
comprehensive spatial characteristics with a division into high,
medium and low water conductivity was not possible.
K e y w o r d s. water conductivity, Polish arable soils
INTRODUCTION

Water retention and water permeability in both saturated and unsaturated zones not only shape soil water balance
but also decide the conditions for plant growth, development
and yield. They also determine water availability for the
plant root system and the transfer of water with chemical
compounds dissolved into deeper soil layers. The above
compounds are nutrients indispensable for plant growth and
all kinds of other chemical substances which pose a threat to
the environment. Water conditions in soil exerts a decisive
influence on the thermal and mechanical properties which
shape the temperature in the soil profile and conditions the
efficiency of the agro-technical mechanical treatments
applied. A knowledge of hydro-physical properties is necessary for the interpretation and forecasting of practically
all physical, chemical and biological processes which occur
in soil since the modelling of these processes requires
representative data on the soil hydro-physical characteristics [4–6,8]. The conductive properties of soils depend
greatly on texture and structure. At saturation, the most conductive soils are those in which large and continuous pores
constitute most of the overall pore volume, whereas the least
conductive are soils in which the pore volume consists of
numerous micropores. Thus, it is well known that a saturated
*Corresponding author’s e-mail: rwalczak@demeter.ipan.lublin.pl

sandy soil conducts water more rapidly than a clayey soil,
and a well-aggregated soil conducts more than a poorly aggregated or dispersed soil. However, the very opposite is
often the case when unsaturated conditions prevail. In soil
with large pores, these pores are quickly emptied and
become non-conductive as suction develops, thus steeply
decreasing the initially high conductivity. In soil with small
pores, on the other hand, many of the pores retain and conduct water even at appreciable suction, so that the hydraulic
conductivity does not decrease as steeply and may actually
exceed that of a soil with large pores subjected to the same
suction. Most processes involving soil-water interaction in
the field occur with the soil in an unsaturated condition.
Unsaturated flow often entails changes in the state and content of soil water, involving complex relations among such
variables as soil wetness, suction, and conductivity, whose
interrelations are further complicated by hysteresis. In recent decades unsaturated flow has become one of the most
important and active topics of research in soil physics and
hydrology, and this research has resulted in very significant
theoretical and practical advances [5,8,10,13].
Hydro-physical soil properties are difficult to measure
and require expensive specialist measuring equipment.
Measuring procedures are also time-consuming. Hence,
data bases on hydro-physical soil properties are scarce and
scattered. These are mainly the results of studies carried out
in individual research institutions. These results are difficult
to interpret due to the various methods of research applied.
The problem of creating a data bank of hydro-physical soil
properties is very important and has been undertaken by the
research commissions of the European Union [1,2,19–24,
30–32].
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The aim of this study was to present the spatial
characteristic of water conductivity in the surface (arable)
layer of Polish mineral soils.
MATERIALS AND METHODS

Characteristics of the soils
The assumed aim of the research has been the characterisation of the hydro-physical properties of arable soils on
the basis of their water conductivity for a representative set
of soil profiles from the whole of Poland reflecting soil
variability and diversity. The solution of the above problem
required a sensible compromise between the number of the
soil profiles studied and samples taken from them that would
fulfil statistical criteria.
Soil division into taxonomic elementary soil units used
in Polish soil systematics selects too many taxonomic units,
which makes this classification not appropriate in this
investigation [18]. For the above reason and also due to
economic and organisational reasons, it was decided to
collect samples that would allow characterisation of the
more important soils that exert a significant influence on
plant production conditions and are important for the
improvement of arable soils. A thousand representative
samples of the soil profiles located in Poland were selected
with a view to fulfilling the above condition adequately to
the variability and differentiation of the soil cover to be able
to evaluate them and present them cartographically on maps.
Data of the soil cover structure was taken from the numerical
presentations collected in the study called ‘Agricultural
production space of Poland in numbers’ [30]. On the basis of
the taxonomic division used in the above study, the arable
mineral soils were aggregated into 29 groups with similar
properties (Table 1). According to the FAO classification
they are: Nos 1–2: Rendzinas; No. 3: Phaeozems; Nos 4–19:
Cambisols, Luvisols and Podzols, Nos 20–22: Fluvisols,
Nos 23–24: Gleysols and No. 25: Histosols. The aggregated
soil groups are characterised by a differentiated area of their
appearance in Poland ranging from 380 to 40 980 km2. Due
to the above consideration, it was necessary to establish the
number of profiles to represent each of the aggregated
groups so that the appropriate proportions were observed.
The studies carried out showed that the minimum number of
samples in one population was 20, since with this amount of
profiles the coefficient of variability of the more important
properties of the selected soil units under studies became
stabilised.
The next step was to solve the problem of localisation of
the soil profiles studied. This required a knowledge of basic
attributes such as:
• cartographic mapping of the soil cover structure in the
form of a soil map,
• surface representation of the soil units in the structure of
the soil cover of Poland.

The analysis carried out showed that the only available
source of information for working out the location layout of
the soil profiles studied, was a previous paper by Witek [30].
It included a surface structure of the aggregated soil groups
according to the complexes of agricultural usability in the
areas of individual districts (according to the administrative
division of Poland before 1975). Hence, the structure of the
spatial distribution of the profiles studied was created from
the indications of which soil unit samples should be taken
from individual districts, and the number of profiles which
should represent them. Due to the morphological diversity
of the soil profile structures and differentiated sequences of
soil levels, their cartographic presentation of properties was
based on the division of the soil profile into three levels for
the sake of uniformity in the method of map preparation:
– a level defined as a surface level referring to the arable –
humus level,
– a level defined as a subsurface level (sub-arable) that can
be distinguished by the predominance of mineralisation
processes of the organic matter which gets into it,
– a level defined as subsoil, with predominating natural
features of the mineral soil substrate.
Following the above methodological assumptions,
field experiments were carried out and documented: the
location of the soil profile studied on the topographical
map, morphological description of the soil features, soil
samples with an undisturbed structure were placed into
cylinders with a capacity of 100 cm3 and a height of 5 cm
from the more significant diagnostic levels in the surface
layer (arable), subsurface layer (sub-arable) and from the
subsoil. The documentation and soil material so-obtained
was then used for setting up a bank of soil samples
[3,11,12,17,26]. Two hundred-and-ninety profiles were
then chosen out from the soil samples collected in the bank.
The profiles chosen represented generalised soil units
subjected to the testing of hydro-physical soil properties, in
particular, water conductivity of the surface layer as
conductive properties of this layer are decisive for the water
balance of the whole soil profile and surface outflow as well
as on the mass and energy exchange in the continuum
soil-plant-atmosphere [14–16, 27–29].
Measuring methods
Determination of water conductivity coefficients was
carried out by a method of instantaneous profiles based on
the measurements of humidity and water potential in the
chosen layers of the soil sample by means of a measuring
TDR set in the process of its drying [9,25]. The measurements were carried out in standard cylinders filled with
soil in which holes were drilled at heights of 1, 2.5 and 4 cm
from the bottom and TDR humidity measuring probes
together with micro-tensiometers measuring soil water potential were installed. The soil samples were saturated with
water till full water capacity was reached and then left under
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T a b l e 1. Parametrization of the water conducivity for generalized soil units

Water conductivity (cm day–1) in value intervals at chosen soil water potentials
Generalized soil units
1

pF 0

pF 2.2

pF 3

2

3

4

1.

Rendzinas pure

>1000

0.05–0.1

0.0005–0.001

2.

Rendzinas mixed

5–500

0.05–0.1

0.001–0.005

3.

Chernozems

500–1000

0.1–0.5

0.001–0.005

4.

Brown, rusty and podzolic soils
derived from weakly loamy sands
and loose sands

>1000

0.05–0.1

0.001–0.005

5.

Brown, rusty and podzolic soils
derived from weakly loamy sands
and light loamy sands

5–500

0.1–0.5

0.001–0.005

6.

Brown and pseudopodzolic soils
derived from loamy sands

500–1000

0.1–0.5

0.005–0.001

7a.

Brown soils derived from loamy
sands lying on heavier substrate

500–1000

0.1–0.5

0.001–0.005

7b.

Pseudopodzolic soils derived from
loamy sands lying on heavier
substrate

500–1000

0.1–0.5

0.001–0.005

8a.

Brown soils derived from light loam

5–500

0.1–0.5

0.001–0.005

8b.

Pseudopodzolic soils derived from
light loam

>1000

0.1–0.5

0.005–0.01

9a.

Brown soils derived from medium
loam

500–1000

0.05–0.1

0.001–0.005

9b.

Pseudopodzolic soils derived from
medium loam

500–1000

0.1–0.5

0.001–0.005

10.

Brown and pseudopodzolic soils
derived from heavy loam

>1000

0.01 -0.05

0.001–0.005

11.

Brown and pseudopodzolic soils
derived from shallow loam on light
substrate

>1000

0.01–0.05

0.001–0.005

12.

Brown and pseudopodzolic soils
derived from gravel

>1000

0.05–0.1

0.001–0.005

13a.

Brown soils derived from silts of
water origin

>1000

0.1–0.5

0.001–0.005

13b.

Pseudopodzolic soils derived from
silts of water origin

5–500

0.1–0.5

0.005–0.01

14.

Brown and pseudopodzolic soils
derived from loess and loesslike
materials

>1000

0.1–0.5

0.001–0.005

15.

Brown and pseudopodzolic soils
derived from clays

>1000

0.01–0.05

0.001–0.005

16.

Brown and pseudopodzolic soils
derived from lithic rocks-loamy and
skeleton-loamy

>1000

0.1–0.5

0.001–0.005

17.

Brown and pseudopodzolic soils
derived from lithic rocks-loamy

500–1000

0.05–0.1

0.001–0.005
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T a b l e 1. Continuation
Water conductivity (cm day–1) in value intervals at chosen soil water potentials
Generalized soil units
pF 0
1

pF 2.2

pF 3

2

3

4

18. Brown and pseudopodzolic soils
derived from lithic rocks-clayey

>1000

0.01–0.05

0.001–0.005

19. Brown and pseudopodzolic soils
derived from lithic rocks-silty

5–500

0.05–0.1

0.001–0.005

20. Heavy alluvial soils

500–1000

0.01–0.05

0.001–0.005

21. Light and very light alluvial soils

500–1000

0.1–0.5

0.001–0.005

22. Light and medium alluvial soils

>1000

0.01–0.05

0.001–0.005

23. Black earth

>1000

0.05–0.1

0.001–0.005

500–1000

0.1–0.5

0.001–0.005

>1000

0.1–0.5

0.001–0.005

24. Black earth derived from sands
25. Moorsh soils

cover for 24 h in order to reach a state of thermodynamic
equilibrium. Then the samples were uncovered and their humidity level and soil water potential was monitored during
evaporation. The TDR gauge was linked to a PC which made
automatic measurements possible, and the values of humidity and water potential taken were recorded on the computer carrier. The measurements of the dynamics of soil profile
humidity levels and the soil water potential levels obtained,
rendered possible the coefficient of water conductivity,
among other things.
Assuming that the process of water movement is onedimensional and takes place in isothermal conditions, the
one-dimensional Darcy equation can be used for the
calculation of the water conductivity coefficient [5,7,8]:
æ¶Y( z , t) ö
q( z , t) =-k(Q)ç
- 1÷
÷,
ç
ø
è ¶z

(1)

and the equation that make calculation of fluxes from the
experimental data possible:
z ¶Q( z , t )

q( z , t) =-ò
0

¶t

dz.

(2)

Comparing the above equations, we arrive at a relation
that makes determination of water conductivity possible:
z ¶Q( z , t )
ò
dz
¶t
0
(3)
k(Q) =
¶Y ( z , t )
-1
¶z
where: q(z,t) – water flux running in a given time through a
selected surface of a soil sample (cm day–1); k(Q) – water
conductivity coefficient (cm day–1); Q(z,t) – water content

in the chosen layer of the soil sample in the selected time
period (v/v); Y(z,t) – soil water potential in a chosen layer of
soil sample within a selected time period (cm H2O).
RESULTS

Characteristics of water conductivity in the surface
layer of the Polish arable soils
The values obtained for water conductivity in soil samples belonging to individual soil units were subordinated to
three-percent intervals. Such a subordination of the study
results helped to carry out comparative analysis of the
property studies both in relation to water conductivity and
recognition of factors conditioning its variability and differentiation. The above analysis proved that water conductivity showed a considerable differentiation in relation to
soil units ranging from 0.00087 to 5900 cm day–1.
The water conductivity of the arable layers was investigated at various moisture levels expressed as soil water
potential with the following values:
– 0.1 kJ m–3 (pF 0) – water saturation,
– 16 kJ m–3 (pF 2.2) – field water capacity,
– 100 kJ m–3 (pF 3) – beginning of plant growth inhibition.
The k coefficient reached the following values for the
arable layer of the soils studied:
– for 0.1 kJ m–3 (pF 0) – above 5 cm day–1,
– for 16 kJ m–3 (pF 2.2) – from 0.01 to 0.5 cm day–1,
– for 100 kJ m–3 (pF 3) – below 0.01 cm day–1.
Values of the k coefficient were divided into three
intervals (representing the above mentioned soil water
potential levels). The above results as well as the results of
water conductivity measurement were then related to
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generalised soil units. The results of subjecting soil units to
individual intervals have been presented in Table 1. The
analysis of data obtaned did not point to any correlation
between the k coefficient and such soil properties as
granulometric distribution, humus content and type of parent material.
At water saturation of the arable layer, the predominant
part of the soils showed the highest level of water conductivity (k > 1000 cm day–1). Rendzinas (pure), soils derived
from loose sands and weakly clayey sand or clays, moorsh
soils also belong to the above group. The lowest water
conductivity (5 < k < 500 cm day–1) was also characteristic
of soils with extremally different granulometric composition and other properties. The soil derived from weak clayey
sands and light clays as well as pseudopodzolic soils derived
from silts of water origin also belong to this latter group.
Whereas brown soils derived from the same formation
(parent material) are characterised by the highest values of
this coefficient ( k > 1000 cm day–1).
At the soil water potential representing field water
capacity (pF 2.2), most of the soil units are also characterised
by the relatively highest values of the coefficient k (0.1 < k <
0.5 cm day–1). Most often these are soil units different to
previous cases. For example, light and medium alluvial soils
as well as clayey soils at saturation level (pF 0) had the
highest values of the water conductivity coefficient, and at
pF 2.2, the lowest obtained values. The lightest soils derived
from loose sands and weak, clayey sands are characterised
by a similar property. Whereas brown loess soils, moorsh
soils are characterised by the highest water conductivity at
both values of the soil water potential.
At the soil water potential (pF 3) representing the beginning of the inhibition of plant growth, a predominant
number of soil units fell into a group with 0.001 < k < 0.005
cm day–1. Only one soil unit (pure rendzinas) is characterised by the lowest k coefficient value in this soil humidity condition, and three soil units are characterised by the
highest value of this coefficient.
Cartographic presentation of soil water
conductivity in the arable layer
The variability and differentiation of water conductivity
at individual water capacity levels which represent soil
water potential expressed in the pF units, have been
presented in maps (Figs 1–3). The maps were prepared by
computer technology combining research results on the k
coefficient with the content of arable soil map in a scale of
1:1 000 000. The soil-cartographic data base contains a
digital record of the map [11,12].
Analysis of the maps enclosed proved that the highest
variability and spatial differentiation was found in the case
of water conductivity of that arable layer at saturation. The
lowest variability of the k coefficient was observed at field
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water capacity (pF 2.2). On the background of areas with
increased k values, the mountain region of the Karpaty range
with medium values of the water conductivity coefficient
can be distinguished and the river valleys of the Vistula and
the Odra Rivers with their inlets characterised by the lowest
values of this coefficient. In the case of water capacity representing water potential pF 3, the cartographic presentation
of the distribution of soils with various values of k forms a
two-element structure with the highest homogeneity in the
southern sub-mountain and mountain regions of Poland.
Due to the fact that at various values of soil water potential, the coefficient of water conductivity of the same
soils belongs to different groups of water conductivity, it
was impossible to carry out a comprehensive characterisation of the soils and divide them into soils with high, medium or low water conductivity.
CONCLUSIONS

On the basis of the studies presented and maps constructed on their basis, it is possible to draw the following
conclusions:
1. Water conductivity coefficients of the surface layer of
the arable Polish soils show a considerable differentiation in
relation to soil units ranging from 0.00087 to 5900 cm day–1.
2. Water conductivity of the surface layer of the Polish
soils was characterised by the highest spatial variability and
differentiation at saturation level, and the lowest variability
of the water conductivity coefficient at FWC.
3. No relation was found between the values of the water conductivity coefficient and such properties of the surface soil
layer of the Polish soils as: granulometric distribution, parent material, humus content and specific surface area.
4. Due to a significant differentiation of water conductivity at various soil water potentials in the surface layer of
the Polish soils, its comprehensive spatial characteristics
with a division into areas of high, medium or low water conductivity was not possible.
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Fig. 1. Map of water conductivity coefficients at pF 0 (surface horizon).

SPATIAL CHARACTERISTICS OF WATER CONDUCTIVITY

Fig. 2. Map of water conductivity coefficients at pF 2.2 (surface horizon).
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Fig. 3. Map of water conductivity coefficients at pF 3.0 (surface horizon).
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