
A b s t r a c t. Aeration related properties of individual
soil layers of three Slovakian soil profiles (Calcaro-haplic
Phaeozem, Fluvi-calcaric Phaeozem and Calcaro-gleyic
Phaeozem) were characterised with the use of undisturbed
soil samples preincubated on water tension plates at 0, 63,
159 and 500 hPa at room temperature. The experiment
included measurements of air-filled porosity (Eg), relative
gas diffusion coefficient (D/Do), air permeability (k),
oxygen diffusion rate (ODR), redox potential (Eh), content
of Fe+2 as well as soil dehydrogenase and catalase activities.

The soils under investigation showed high resistance
to reduction processes. Despite O2 depletion following
2-days water saturation (expressed by the low values of
ODR, k, D/Do and Eg), the redox potential was still main-
tained on a high level and concentration of the reduced iron
was relatively low. A close relationship between aeration
parameters was found.

K e y w o r d s: agrophysics, soil aeration status, D/Do,
air permeability, Eh, ODR, dehydrogenase activity, catalase
activity, water tension, Slovakian soils

INTRODUCTION

Soils are inhabited by a vast array of micro-
bes, which are responsible for the breakdown of
organic matter and mobilisation of nutrients.
Thus, they play an important role in the cycling
of nutrients in nature [14]. Air-water conditions
strongly influence soil ecosystem, changing its
physical and physicochemical status and, as a
consequence, regulating the size of microbial
populations and their activities [13]. Soil enzy-
me activity is often used as an index of micro-
bial activity in the soils as well as their fertility.

Dehydrogenases are key enzymes in the oxi-
dation of soil organic matter. Catalases play a
function of protection of microbial cells against
toxic H2O2 [5].

The aim of the work was to characterise
aeration properties of three Slovakian soil pro-
files and to find interrelationships among them.
The study was performed in the frame of the
multilateral Austrian-Czech-Hungarian-Polish

-Slovak project on the “Assessment of Structure

in Agricultural Soils” sponsored by the Aust-

rian Ministry of Science and Research [3].

MATERIAL AND METHODS

Soils

The experiments were carried out with
three soils from �itny ostrov region (Slovakia).
Basic soil properties are presented in Table 1;
full description of soil profiles were published
by Èurlik and Houšková [7] and Gliñski [8].
The studied soils (with calcareous alluvial
sediment - medium textured - as the parent ma-
terial) are:
1. Calcaro-haplic Phaeozem (Macov 1),
2. Fluvi-calcaric Phaeozem (Macov 2),
3. Calcaro-gleyic Phaeozem (Zemianska Olèa =

Z. Olèa).
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Soils were cultivated by a cooperative farm
(Macov 1 and Z. Olèa) or as a research station of
Soil Science and Conservation Research Insti-
tute in Bratislava (Macov 2). All the soil profiles
were calcareous. The last vegetation before
sampling was wheat (Macov 1) and maize (Z.
Olèa). Macov 2 site was without vegetation
(soil after tillage).

Measurement methods

The study included aeration related soil
properties such as: air-filled porosity (Eg),
oxygen diffusion coefficient (D/Do), air perme-
ability (k), redox potential (Eh), concentration
of reduced iron (Fe2+) as well as dehydrogenase
and catalase activities under controlled air-
water conditions.

The undisturbed soil samples in 100 cm3

brass cylinders were collected in October 1991.
Aeration parameters were measured at soil
water tension (�) corresponding to 0 hPa
(capillary saturation), 63 hPa (pF 1.8), 159 hPa
(pF 2.2) and 500 hPa (pF 2.7). Four of the 5
undisturbed soil cores representing each
horizon after two-days capillary saturation were
equilibrated with individual soil water tension
levels on the kaolinite tension plates at room
temperature. D/Do and k values were measured
at each equilibrium. The fifth cylinder was used
before each subsequent equilibrium to determi-
ne ODR, Eh, Fe2+ content and the activity of
dehydrogenases and catalases. The D/Do mea-
surement method was performed according to
the unsteady - state method, using oxygen as a
diffusing agent [21-23]. The measurement of air
permeability was performed at 10 hPa air pres-
sure with a laboratory permeameter of the
LPIR-1 type manufactured by the Experimental
Department of Metallurgy in Cracow [13].
ODR was measured by an amperometric me-
thod with four 0.5x4 mm Pt wire electrodes
placed at the depth of 2 cm and polarized to -
0.65 V versus saturated calomel electrode for 4
min [16]. Eh measurements were performed
using four Pt electrodes of the same type, sa-
turated calomel electrode and a pH-meter as
described previously [13]. The content of Fe

+2

was determined in the extract of 0.05 M H2SO4

(2.5 g of the wet soil plus 25 ml of the sulphuric

acid solution, shaken for 5 min) with the use of

�, �‘- dipyridyl in acetate buffer solution of pH

4.5 [1].

Dehydrogenase activity was measured by

the method of TTC (2,3,5-triphenyltetrazolium

chloride) reduction to formazan during incuba-

tion for 20 h at 30
o
C, at pH=8.2, according to

procedure of Casida et al. [6]. Catalase activity

was determined by manganometric titration of

surplus H2O2 under acidic conditions according

to Johnson and Temple [15].

Water content (w/w) and all the analytical
results (triplicate samples) were calculated on
the basis of the oven-dry (105 o

C) soil mass.

Statistical analysis

The analyses of variance and regression
were used in the statistical data processing.
Linear (y=a+bx), exponential (y=ea+bx), logari-
thmic (y=a ln(x) +b) or multiplicative (y=axb)
models were used for the description of indi-
vidual relationships. The best fit model was se-
lected on the basis of the correlation coefficient.

RESULTS AND DISCUSSION

The results showing relationship between
soil water tension and the measured parameters
are presented in Figs 1-8.

Air-filled porosity values increased with
soil water tension in all the soil horizons (Fig. 1).
The maximum Eg values (about 0.30 m3 m-3)
occurred in the Ak and Ck horizons of the
Macov 1 profile (at 159 hPa water tension) and
in the Ak horizon of the Macov 2 profile (at 500
hPa water tension). The lowest value (about
0.02 m3 m-3) was exhibited in the Akp horizon
of the Macov 2 and Agkp of Z. Olèa at water
saturation (0 hPa). Generally, the surface hori-
zons showed lower air-filled porosity than the
deeper ones.

Gas diffusion coefficient versus soil water
tension is shown in Fig. 2. The highest D/Do,
equal to 0.09 was found for Z. Olèa (Agkp
horizon at 500 hPa water tension) and about
0.06 for Macov 1 (Akp horizon) and Macov 2
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Fig. 1.Air-filled porosity of the examined soil horizons of the profiles at different soil water tension levels (�).
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Fig. 2. Gas diffusion coefficient of the examined soil horizons at different soil water tension levels (�).
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Fig. 3. Air permeability of the examined soil horizons at different soil water tension levels (�).
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Fig. 5. Redox potential of the examined soil horizons at different soil water tension levels (�).
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Fig. 7. Dehydrogenase activity of the examined soil horizons of the profiles at different soil water tension levels (�).
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Fig. 8. Catalase activity of the examined soil horizons of the profiles at different soil water tension levels (�).
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(A/Cgk horizon at 500 hPa water tension). Dif-
ferentiation of the diffusion properties within
particular horizons was the highest in the Z.
Olèa profile and the smallest - in the Macov 2
profile. It should be emphasised that in the
Macov 1 and Z. Olèa profiles the highest diffu-
sion coefficient values characterise surface ho-
rizons and they decrease with depth. Different
situation was observed in the Macov 2, where
the highest diffusion coefficient values were ob-
served in the deepest soil horizon. There is not a
definite D/Do value, which is considered criti-
cal for aeration of the soil as it depends on the
soil respiration rate. Data from literature quote
D/Do = 0.005 as a lower critical value corre-
sponding to low respiration activities, and D/Do
= 0.02 as an upper one for the highest respiration
rates [13]. Applying those criteria here we can
conclude that the two deepest horizons of the
Macov 1 (Ck and Cgk) and the three deepest ho-
rizons of the Z. Olèa profile (Acgk, Cgc, Abgrk)
were characterised by the D/Do<0.02 in the
entire water tension range, while in the Macov 2
such values occurred only at the soil water
tension below 50 hPa. In turn, lower critical
value D/Do = 0.005, which seems more realistic
for these profiles, occurred only at water satura-
tion. The deepest (Abgrk) horizon of the Z. Olèa
was characterised by D/Do<0.005 in the entire
water tension range.

Air permeability versus soil water tension,
presented in Fig. 3, shows the highest k values in
the range of 30-60 µm2 only for the upper
horizons of the Macov 1 and the Z. Olèa profiles
and in two deeper horizons of the Macov 2
profile. It should be also noted that in two
horizons (Akp from Macov 2 and Abgrk from Z.
Olèa profiles) it was not possible to measure the
k value due to shrinking of the soil cores at the
highest soil moisture tension, which caused
falling of the cores out of the cylinders.

In the three profiles values of oxygen
diffusion rate versus soil water tension (Fig. 4)
show a sharp decrease of ODR at soil water
tension below 63 and increase above 159 hPa,
reaching maximum value (280 µg m-2s-1) for
the Macov 2 profile at 500 hPa water tension.
The critical ODR value which is usually consi-

dered to be about 30 µg m-2s-1 [13,20,22] oc-
curred in the upper horizons of all the profiles at
the soil water tension below 63 hPa.

In all the horizons of three profiles the
values of redox potential for soil water tension
>50 hPa were above 400 mV (Fig. 5). Only for
Akp, Ck and Cgk horizons, i.e., Macov 1 and
A/Cgk horizon of the Macov 2 profile a decrea-
se of Eh below 390 mV at capillary saturation
after two days was observed. This suggests a
quite high redox buffering capacity of the soils.
It should be noted that the Eh values at full
saturation are related to a 2-day period of ke-
eping the cores at capillary saturation, and that
would decrease with the extension of that
period. A similar situation was observed for
some Hungarian alluvial soils in which 7-day
saturation of the soil with water was not suf-
ficient to cause a decrease of redox potential
below 400 mV [24]. The intensity of reduction
processes of the soil under condition of oxygen
depletion is connected with the t300 index, de-
fined by Gliñski and Stêpniewska [10] as the
time needed to lower soil redox potential under
flood conditions at fixed temperature to a level
of 300 mV. For Polish mineral soils t300 ranged
from 0.1 to 18 days [19].

Reduced iron content (Fig. 6) increased
under conditions of excess of water. The highest
Fe2+ concentration showed Z. Olèa profile in
the upper (Agkp) and deepest (Abgrk) horizons
(about 16 mg kg-1 and 12 mg kg-1, respec-
tively). All the three horizons of the Macov 2
profile showed lower Fe+2 concentration at the
same level of water saturation (8-11 mg kg-1).
Macov 1 profile showed lowest concentration
of Fe2+, also at full soil saturation with water.

Dehydrogenase activity (Fig. 7) decreased
in all the profiles with an increase of soil water
tension. This increase was drastically high for
the Macov 2 profile, which surface horizon
(Akp) showed higher activity (0.133 nmol for-
mazan g-1 min-1). It is a general tendency in de-
creasing dehydrogenase activity with the depth
of all soil profiles.

Catalase activity (Fig. 8) was not so dif-
ferentiated in the investigated soils as dehydro-
genase activity. It tended to show a slight

334 Z. STÊPNIEWSKA et al.



increase with the soil moisture tension for all the
three soil profiles. The maximum activity was
about 100 µmol KMnO4 g-1 in the surface ho-
rizons of the Z. Olèa (Agkp) and the Macov 2
(Akp) profiles, and about 90 µmol KMnO4 g-1

for the Macov 1 (Ak) profile. Catalase activity
decreased with soil depth similarly to dehydro-
genase activity.

The influence of soil water tension on the
air-water status is summarised in the form of the
analysis of variance in Fig. 9 where the average
values of the tested parameters of all the
horizons of the three soil profiles are presented
against soil water tension. A decrease of water
in the soil improved soil aeration status by
increasing the air-filled porosity available for
the diffusion of gases, thus contributing to an
increase of aeration parameters as compared to
the initial saturated conditions. Consequently,
the values of Eg, k, D/Do, ODR and Eh si-
gnificantly increased with an increase in water
tension from 0 to 500 hPa. Enzyme activity
showed a insignificant tendency to decrease
(dehydrogenases) or to increase (catalases) with
an increasing soil water tension (Fig. 9).

Application of the methods used in this
study allowed to characterise satisfactorily ae-
ration related properties of the tested Slovakian
soils. Aeration parameters followed typical
changes in the soil water content at particular
tension levels and, as a consequence, individual
indices correlated with others. Table 2 shows
correlation coefficients calculated for adequate
relationships (all the data included). Some of
the relations were not significant statistically,
especially when they were calculated against
water content or a simple aeration parameter
like air-filled porosity.

Oxygen diffusion rate, characterising mi-
crodiffusive oxygen [20], was positively cor-
related with air permeability (Fig. 10), D/Do
and Eg, but negatively with water content
(Table 2), as excess of water evidently makes
the flow of O2 in the soil system difficult.

In turn, redox potential reflects the conse-
quences of water excess, as the measure of ele-
ctron activity in the soil solution. It is a very use-

ful parameter of soil aeration after oxygen de-
pletion, when the values of other indices drop
down to zero but Eh can also take on negative
values. A high level of redox potential of the
studied soils, as well as a narrow range of the Eh
values (about 100 mV only) for the entire range of
water tension levels (0-500 hPa) indicates that a
two-day period of keeping the cores at the
capillary saturation was insufficient to reduce
these levels in the soils. The ODR values drop-
ped down to 15 µg m-2s-1 (Fig. 10), suggesting
depletion of oxygen in the soil conditioned at
0-63 hPa water tension, but the corresponding
values of Eh were relatively high (above 360
mV). Other Phaeozems studied by the authors [4]
showed redox potential as low as - 50 mV after
14-day conditioning at water saturation at 20 oC
and even - 150 mV when preincubated at 30 oC.

The range of redox potential values, obser-
ved for the Slovakian soils (360-460 mV) is
considered to reflect the well aerated soil state,
assuming the Eh equal to 300 mV (indicating
Fe+3 reduction) is a border between oxygenated
and reduced soil [13,19]. In fact, the studied
soils showed a relatively low level of reduced
iron content (Fig. 10). Fe2+ concentration of in-
creased (up to 18 mg kg-1at the maximum) with
increasing water content (in the range of 15-38
% H2O, by mass). A possible explanation of this
phenomenon would be the presence of oxyge-
nated nitrogen and manganese forms in the
soils, as nitrates and Mn (IV) are the first steps
of soil reduction [2,9,13,18] (neither of these
forms was not established in this study).

The values of Eh showed a significant
positive relations also with k and D/Do while
Fe+2 correlated only with water content and Eg
(Table 2).

Gas diffusion expressed by D/Do coeffi-
cient characterises soil ability to exchange gases
on a macroscale [21,22]. It can be observed
(Fig. 10) that the higher the D/Do value, the hi-
gher catalase activity. Catalases are enzymes re-
lated to aerobic respiration and are not produced
by anaerobic microorganisms. This fact is one
of the reasons why anaerobes are not capable to
exist in the presence of oxygen. A positive
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bars represent 95% LSD confidence intervals.
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relation between catalase activity and aeration
status, expressed by ODR and Eh, were found
by Gliñski et al. [11,12]. It is evident that the
relations between catalase activity and Fe+2

concentration (as well as between catalase acti-
vity and water content) for the highly reduced
soils would be negative. However, these rela-
tions were positive since the tested Slovakian
soils were not completely reduced and their
conditions were still appropriate for facultative
anaerobes to exist even at short saturation.

Dehydrogenases are enzymes active in ae-
robic and anaerobic microorganisms [5]. How-
ever, energetic efficiency of anaerobic respi-
ration is much lower than that of aerobic re-
spiration. This is probably the main reason for a
close relations between dehydrogenase activity
and soil aeration status found by Gliñski et al.
[11,12], Okazaki et al. [17], Brzeziñska et al.
[4]. Table 2 shows that dehydrogenase activity
of the Slovakian Phazeozems was significantly
and positively correlated with such aeration pa-
rameters as Fe+2 concentration and water con-
tent, but negatively with ODR and Eg (Fig. 10).
Correlation between this activity and redox
potential was not significant probably because
of the specific redox status of the studied soils.

Similar high redox potential was observed
for the six Hungarian soils [24]. Eh values did
not drop there below 300 mV even in the soils
saturated with water for 2-7 days. However, the
range of Eh in these Hungarian soils was bro-
ader (from 300 to 560 mV) and the corres-
ponding reduction of iron was more advanced
than in the case of the Slovakian soils (Fe+2

content reached values up to 200 mg kg-1).
Air permeability correlated only with

D/Do, and air-filled porosity - with water con-
tent (Table 2, Fig. 10). Some of aeration indices,
used in this experiment, showed a significant
relationship with physical parameters such as
bulk and particle densities (Table 2).

Summarizing, it should be stated that the
investigated soils showed high resistance to re-
duction processes. This property is beneficial
for agricultural soils. Despite O2 depletion (at
63 hPa or a 2-day water saturation), expressed
by low values of ODR, k, D/Do and Eg, the
redox potential was maintained still on a high
level and the concentration of reduced iron was
relatively low. The experiment showed that
complex analysis of the soil could satisfactorily
characterise its aeration status, even if the soil
reduction was incomplete.
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Catalases Fe2+ Eh ODR k D/Do Eg Water
content

d �

Eg -0.83***
L

-0.35*
L

n.s.

D/Do n.s. n.s. n.s. -0.39**
L

k 0.90***
L

n.s. n.s. n.s. -0.31*

ODR 0.61***
L

0.53***
E

0.46**
L

-0.49***
E

n.s. n.s.

Eh 0.36**
Ln

0.32**
L

0.38**
L

n.s. n.s. -0.31*
L

n.s.

Fe2+ n.s. n.s. n.s. n.s. -0.48***

L
0.49***
L

n.s. -0.36*
L

Catalases 0.37**
L

0.49**
E

n.s. 0.42**
L

0.49***
L

n.s. 0.44**
L

-0.36*
L

-0.66***

L
Dehydro-
genases

0.66***
E

0.37**
L

n.s. -0.29*
M

n.s. n.s. -0.57***

Ln
0.41**
L

n.s. -0.68***

E

n.s. - not significant, *, ** and *** - significant at P=0.05, 0.01 and 0.001, respectively. L, E, Ln and M - model linear
(y=a+bx), exponential (y=exp(a+bx), logarhytmic (y=a ln(x)+b) and multiplicative (y=axb), respectively.

T a b l e 2. Correlations between the indicators of aeration status under study
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Fig. 10. Some examples of the relation between aeration parameters of the examined soil profiles (all the horizons of the
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against D/Do, ODR and k versus D/Do; Eg versus water content; dehydrogenase activity against Eg.
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CONCLUSIONS

Aeration related properties of the represen-
tative Slovakian soils (Calcaro-haplic Phaeo-
zem, Fluvi-calcaric Phaeozem and Calcaro-
gleyic Phaeozem) allow us to draw the follow-
ing conclusions:

1. Values of aeration parameters such as Eg,

k, D/Do, ODR and Eh significantly increased
with an increase of water tension from 0 to 500
hPa.

2. Close interrelationships between aeration

parameters were found.

3. The studied soils showed high resistance
to reduction processes.
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