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A b s t r a c t. Dehydrogenases are exclusively intracellular 
enzymes, which play an important role in the initial stages of 
oxidation of soil organic matter. One of the most frequently used 
methods to estimate dehydrogenase activity in soil is based on 
the use of triphenyltetrazolium chloride as an artificial electron 
acceptor. The purpose of this study was to compare the activity 
of dehydrogenases of forest soils with varied physicochemical 
properties using different triphenyltetrazolium chloride assays. 
The determination was carried out using the original procedure 
by Casida et al., a modification of the procedure which involves 
the use of Ca(OH)2 instead of CaCO3, the Thalmann method, 
and the assay by Casida et al. without addition of buffer or any 
salt. Soil dehydrogenase activity depended on the assay used. 
Dehydrogenase determined by the Casida et al. method without 
addition of buffer or any salt correlated with the pH values of 
soils. The autoclaved strongly acidic samples of control soils 
showed high concentrations of triphenylformazan, probably due 
to chemical reduction of triphenyltetrazolium chloride. There is, 
therefore, a need for a sterilization method other than autoclaving, 
ie a process that results in significant changes in soil properties, 
thus helping to increase the chemical reduction of triphenyltetra-
zolium chloride. 

K e y w o r d s: dehydrogenase activity, forest soils, triph-
enyltetrazolium chloride assays

INTRODUCTION

Dehydrogenases are exclusively intracellular enzymes, 
which play an important role in the initial stages of oxi-
dation of soil organic matter by transferring electrons or 
hydrogen from substrates through co-enzymes to accep-

tors. In aerobic conditions, O2 is the final electron acceptor 
(Camiña et al., 1998; Ross, 1971; Rossel and Tarradellas, 
1991; Wolińska, 2010). The activity of dehydrogenases 
is measured to evaluate the overall microbial activity in 
soil (Alef and Nannipieri, 1995; Beyer at al. 1993; Casida 
et al., 1964; Lenhard, 1956), which  plays a key role in 
organic matter dynamics, nutrient cycling, degradation of 
residues, and development of soil structure and aggregation 
(Paradelo and Barral, 2009). Soil enzyme activities are con-
sidered to be sensitive to pollution and have been proposed 
as indicators for measuring the degree of soil degradation, 
soil quality and soil health (Brookes, 1995; Gajda et al. 
2013; Trasar-Cepeda et al., 2000), revegetation of a post 
mining sites (Chodak et al., 2009;), and the effect of diffe- 
rent fertilization (Skawryło-Bednarz and Krzepiłko, 2009). 
Both soil moisture and physical conditions may influence 
biological activity by affecting the habitat and conditions 
for the life of microorganisms (Paradelo and Barral, 2009).

Dehydrogenase activity is measured by two methods 
based on the use of triphenyltetrazolium chloride (TTC) and 
iodonitrotetrazolium chloride (INT) substrate (Benefield 
et al., 1977; Friedel et al., 1994; Gong, 1997). TTC and 
INT have mainly been used as electron acceptors. How- 
ever, several disadvantages have been described for these 
compounds. TTC is toxic for microorganisms; it has low 
reactivity requiring long incubation times and is reduced 
by different microorganisms at different rates. More- 
over, TTC reduction is inhibited by O2 and only a small 
percentage of transferred electrons are recorded. The use 
of INT partly avoids these disadvantages because it is 
reduced more rapidly, less inhibited by oxygen, and less 
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toxic to microorganisms (Von Mersi and Shinner, 1991). 
However, INT is more expensive and less water-soluble 
than TTC and its reduction is sensitive to soil composition 
(Malkomes, 1996). Therefore, one of the most frequently 
used methods to estimate dehydrogenase activity in soil is 
based on the use of triphenyltetrazolium chloride (TTC) as 
an artificial electron acceptor (Alef and Nannipieri 1995; 
Brzezińska et al., 2001; Klose et al., 2006; Januszek et al., 
2007; Włodarczyk et al., 2002), generally called ‘the TTC 
method’. Investigations by Stevenson (1959) have shown 
a correlation between the reduction of TTC and O2 uptake 
in some Canadian soils.

Metal ions (eg Mn2+, Mg2+, Zn2+, Ca2+ or less frequently 
Co2+, Cu2+, Ni2+), or anions associated with protein (Cl-) 
may serve as enzyme activators, whose action is affected 
by environmental factors, such as moisture, temperature, 
and pH (Wolińska, 2010). Soils with different properties 
may not provide optimal conditions for estimating the 
dehydrogenase activity (Ross, 1971). For example, the re- 
duction of TTC is favoured by slightly alkaline conditions 
(Ross, 1971). In general, the optimal pH range for the 
activity of enzymes related to the redox reactions is 7.4-8.5 
(Trevors, 1984). Dehydrogenase activity clearly decreases 
with decreasing pH of soil samples from the initial value 
of 7.7. Very low activity was found below the pH of 6.6 
and above the pH of 9.5. The use of CaCO3 in the deter-
mination of DhA in forest soils as suggested by Lenhard 
(1956) using the procedure by Casida et al. (1964) or the 
use of a buffer as proposed by the Thalmann method (Alef 
and Nannipieri, 1995) did not provide the optimal pH for 
dehydrogenase activities (Januszek et al., 2007). The use 
of Ca(OH)2 and Na2CO3, instead of CaCO3, increased the 
formazan concentration, in the determination of dehydro-
genase activity of forest soil. Furthermore, sterilization of 
soil samples by autoclaving and successive incubation with 
TTC significantly increased the amount of formazan, indi-
cating chemical reduction of TTC (Januszek et al., 2007). 

The initial hypothesis proposes that the currently re- 
commended method for determining the activity of dehy-
drogenases in the soil by the TTC method on based on 
addition of buffers or salts to a soil suspension in order to 
obtain optimal pH for dehydrogenases is not adjusted (use-
ful) for determination of potential dehydrogenase activity 
in forest soil. 

The aim of the present study was to compare the activ-
ity of dehydrogenases of forest soils from southern Poland 
determined by the Thalmann method (Alef and Nannipieri, 
1995), the original procedure by Casida et al. (1964), and 
modifications of the latter method consisting in not using 
any buffer or using Ca(OH)2 instead of CaCO3, which pro-
vides pH closer to the optimum for dehydrogenase activity. 
In the method without addition of buffers and pH adjusting 
salts, dehydrogenase activity determination was performed 
under conditions of the natural pH of the soil. The deter-
mined dehydrogenase activities were correlated with the 

physical, physicochemical, and chemical properties of 
soils. A significant correlation between dehydrogenase 
activity determined by a given method with properties 
related to soil quality or absence of a correlation may be an 
indicator of correct determination of DhA. 

MATERIALS AND METHODS

Podzols, Endoeutric Cambisols, and Rendzic Leptosols 
(limestone soils) were sampled from the upper soil layer. 
Test samples were collected in summer 2010 from the 
upper horizons of the soils. The samples varied in terms of 
the particle size, pH, content, and quality of organic matter. 
Soils were sampled to provide fresh material. Immediately 
after soil sampling, the samples were divided into two parts 
(subsamples): one part was used for determining dehy-
drogenase activity and the other part for determining both 
physical and chemical properties. In the first case, the soil 
samples were sieved (< 2 mm) and stored until analysis (ie 
for up to two weeks) at 4°C. The samples to be analyzed 
for their physical and chemical properties were dried in 
the laboratory and sieved (<2 mm). During soil sampling, 
forest litter was excluded. 

Six Gleyic Podzols (WRB, 2006) samples were taken 
from sandy humus-eluvial AE horizons on six random-
ly selected sites in the Niepołomice Forest (50o1’4.14N 
20o14’13.48E). Four Albic Pozols soils were collected 
from AE levels on four randomly selected sites located 
in the Olkusz Upland (50o19’52.45N 19o34’50.34E). Ten 
Rendzic Leptosols (Calcaric Cambisols) were collected on 
10 randomly selected sites in the upland areas surrounding 
Zabierzow (50o6’54.12N 19o47’12.42E) near Kraków and 
in the Olkusz Upland from Ah mineral-humus horizons. 
The remaining 24 soil samples were taken in two series of 
12 samples each, from the Oh or Ah horizons of Endoeutric 
Cambisol and from the Ofh horizon of Albic Podzol soil on 
experimental plots located in spruce forests in the Western 
Carpathians (Wisła – 49o38’12.92N 18o58’56.36E; Ujsoły 
- 49o24’58.02N 19o10’18.18E), fertilized in 2008 with 
dolomite (D), magnesite (M) and serpentinite (S) at rates 
of 4 000 and 2 000 kg ha-1, respectively. A control plot (C), 
which was not fertilized, was also sampled.

Dehydrogenase activity (DhA) was determined by the 
following four assays:
 – Assay 1: the Lenhard method using the original proce-
dure by Casida et al. (1964); 40 g of field-moist soil were 
mixed with 400 mg of CaCO3. Five 6-g portions of the 
soil mixture were placed in Nessler flasks (50 cm3) and 
three of them were treated with 1 ml of a 3% aqueous 
TTC solution, while two 6-g weighed amounts of the soil 
mixture were treated with 1 ml of distilled water. Next, all 
flasks were treated with distilled water to obtain 2 mm of 
water above the soil after mixing. This method is referred 
to as the ‘DHA-CaCO3’ assay.
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 – Assay 2: the above procedure was modified by adding 
300 mg of Ca(OH)2 instead of 400 mg CaCO3 to 40 g of 
field-moist soil. Two 6-g portions of the soil were steri-
lized as control samples in the autoclave (121°C, 20 min, 
for three consecutive days) and both the 3 measurement 
samples and the 2 control samples were treated with 1 ml 
of a 3% aqueous TTC solution. This method is called the 
‘DhA-Ca(OH)2’ assay;

 – Assay 3: determination of DhA was carried out according 
to the Thalmann method (Alef  and Nannipieri, 1995) and 
this method is referred to as the “DhA-Th” assay;

 – Assay 4: an aqueous TTC solution with the concentration 
and amount as recommended in the Thalmann method 
(Alef and Nannipieri, 1995) was added to 6 g of field-
moist soil. The treatment was replicated three times. The 
same treatment was applied to the control samples after 
sterilization by autoclaving (121°C, 1 atmosphere, 20 min, 
for three consecutive days). The control was replicated 
twice. Distilled water was added to all samples to bring 
the water level at 2 mm above the soil. This assay is 
called the ‘DhA-wb’ since no buffer, CaCO3, or Ca(OH)2 
were added.

All incubations were carried out in flat-bottomed glass 
tubes (155 x 25 mm in diameter) with plastic stoppers. The 
incubation time for all the assays was 24 hours and the incu-
bation was carried out in the dark at 37°C (methods 1, 2 and 
4) and at 30°C (method 3: ‘DhA-Th’). The extraction of 
formazan was carried out under diffused light, with ethanol 
in samples analysed with the DhA determination methods 
Nos 1, 2 and 4 and with acetone in samples tested with the 
determination method No. 3: DhA-Th. Each extract con-
taining TPF was filtered through Whatman grade 5 filter 
paper. The amount of TPF determined in the control sam-
ples was subtracted from the amount of TPF determined in 
the measurement samples. In addition, each determination 
batch had 2 control reagent samples without soil, in which 
TPF (in most cases zero or trace amounts of TPF) was sub-
tracted from the contents determined in the measurement 
samples containing soil. 

In the samples of field-moist soils prepared for DhA 
determination, the moisture was determined using the dry-
weight method. All analytical results are expressed on the 
basis of dry weight of soil in μmol TPF kg of soil-1 h-1. Dry 
weight determinations were calculated after drying soil 
samples for 24 h at 105oC.

In the samples dried at room temperature and sieved 
through a sieve with the 2 mm mesh, the following charac-
teristics were determined (Lityński et al., 1976):
 – granulometric composition using the Casagrande aero-
metric method as modified by Prószyński;

 – soil pH in H2O and in 1M KCl with the potentiometer 
while maintaining the soil solution rate of 1:2.5 (in mi- 
neral soils and humus-mineral soils) and 1:5 (in organic 
soils);

 – hydrolytic acidity (total acidity – HT) using the Kappen 
method in the extract of 1 M of calcium acetate;

 – total C and N using the CNS 2000 Leco elemental ana-
lyser with calculation of the C:N ratio;

 – exchangeable forms of calcium (Ca2+), magnesium 
(Mg2+), potassium (K+), and sodium (Na+) in the extract 
of 1M of CH3COONH4 with pH 7.0, determined on the 
spectrometer with inductively coupled plasma ICP OES 
iCAP 6000 Thermo Scientific Series, with calculation of 
the sum of base cations (S) and sorption capacity (T = S 
+ HT) and the degree of base saturation of the sorption 
capacity V% (V% = S/T *100).

The relationships between the DhA level estimated with 
the use of the applied assays and individual physicochemi-
cal and chemical properties of the collected soil samples 
were described using Pearson correlation matrix. The PCA 
method was used in order to reduce the number of variables 
in the statistical data set and visualise the multivariate data 
set as a set of coordinates in a high-dimensional data space. 
The PCA method was also used in order to interpret factors 
depending on the kind of the data set. The multiple forward 
stepwise regression method was used to develop models 
describing the relationship between estimated values of 
DhA and soil characteristics and select those soil proper-
ties that have a considerable influence on DhA values. The 
significance of individual independent variables in multiple 
regression equations was tested using the t test at a sig-
nificance level of α=0.05. Before including the independent 
variable in the model, its redundancy was estimated by cal-
culating the variance inflation factor (VIF). 

21/1 jj RVIF −=                                  (1)

where: R2
j is the adjusted coefficient of determination 

between the independent variable j and other independent 
variables.

The accuracy of the developed models was analyzed 
using the adjusted coefficient of determination (R2

adj) and 
the root mean square error (RMSE). Homoscedasticity and 
the distribution of residual values against values predicted 
according to the models were both analysed graphically and 
tested using the White test. The homoscedasticity assump-
tion means that the variance around the regression line does 
not vary with the effects being modelled. In the case of the 
absence of homoscedasticity, logarithmic and square root 
data transformations were used. Statistical analysis of the 
result was done using the StatSoft (2011).

RESULTS

Grain size, physicochemical properties, and moisture 
of the examined soil samples are summarized in Tables 1 
and 2, and the chemical properties in Table 3. Based on 
the conducted PCA analysis, among the examined physi-
cal, physicochemical, and chemical properties of the soil 
samples adopted as active variables, three main factors 
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T a b l e  1. Moisture and percent of soil fraction (mm) of soils

Soil type/ Soil horizons Statistic 
parameters

Number of 
repetitions

Soil moisture 
(% w/w)

Percent of soil fraction (mm)

2.0-0.05 0.05-0.002 <0.002

Gleyic Podzol 
AE

minimum

6

10.33 89 2 3

maximum 33.89 93 5 7

average 20.42 91 4 5

Albic Podzol
AE

minimum

4

4.58 92 1 3

maximum 7.86 95 4 4

average 6.28 94 3 3

Calcaric Cambisol
Ah

minimum

10

10.55 66 4 5

maximum 37.97 91 14 20

average 24.73 81 7 12

Endoeutric 
Cambisol
Oh, Ah

C

minimum

3

43.54 62 10 22

maximum 60.56 63 15 28

average 50.20 62.5 12.5 25

D

minimum

3

37.78 59 13 25

maximum 52.57 59 16 28

average 44.54 59 15 27

M

minimum

3

39.63 63 12 24

maximum 47.39 63 12 25

average 43.63 63 12 25

S

minimum

3

40.41 61 12 27

maximum 5.00 61 12 27

average 49.23 61 12 27

Albic Podzol
Ofh

C

minimum

3

68.12

n.d.

maximum 76.49

average 71.40

D

minimum

3

66.95

maximum 74.63

average 70.54

M

minimum

3

63.14

maximum 74.00

average 68.51

S

minimum

3

69.68

maximum 72.22

average 70.97
D, M, and S – mean soils after dolomite, magnesite, and serpentinite fertilization, C – control, n.d. – not determined. 
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T a b l e  2. Characteristics of selected physicochemical properties of soils 

Soil type/ Soil horizons Statistic 
parameters

Number of 
repetitions

pH in HT S T
V (%)

H2O KCl (mmol(+) kg of soil-1)

Gleyic Podzol 
AE

minimum

6

3.86 3.04 53.48 3.59 57.76 5.40

maximum 4.32 3.38 124.65 11.00 131.75 10.60

average 4.09 3.23 84.22 6.72 90.94 7.45

Albic Podzol
AE

minimum

4

4.66 3.78 17.48 1.30 18.78 5.80

maximum 5.11 4.03 52.58 15.18 67.76 22.40

average 4.84 3.89 31.24 5.48 36.72 11.65

Calcaric Cambisol
Ah

minimum

10

5.15 4.34 9.41 112.12 146.53 44.30

maximum 7.41 7.04 140.85 520.90 555.14 96.70

average 6.86 6.52 30.51 298.03 328.53 89.35

Endoeutric 
Cambisol
Oh, Ah

C

minimum

3

4.00 3.16 307.28 48.21 357.82 13.00

maximum 4.32 3.49 468.08 87.13 555.21 15.70

average 4.18 3.34 365.93 61.96 427.89 14.27

D

minimum

3

4.66 3.74 138.90 70.13 295.13 23.80

maximum 5.12 4.11 326.32 185.17 506.44 57.10

average 4.85 3.87 230.07 145.14 375.21 38.83

M

minimum

3

4.68 3.68 238.80 83.90 346.10 24.20

maximum 5.14 3.86 285.98 172.94 415.91 42.00

average 4.87 3.76 262.33 128.92 391.25 32.47

S

minimum

3

4.30 3.38 214.20 85.23 345.44 19.50

maximum 5.00 3.89 363.22 131.24 455.84 38.00

average 4.57 3.56 309.40 103.03 412.43 25.93

Albic 
Podzol

Ofh

C

minimum

3

3.84 2.79 727.70 54.20 790.72 5.70

maximum 3.99 2.99 978.60 66.23 1044.83 8.00

average 3.91 2.87 869.67 61.15 930.82 6.67

D

minimum

3

5.42 4.59 381.60 337.19 747.06 39.20

maximum 5.74 5.26 523.80 430.42 884.02 48.90

average 5.56 4.89 453.00 377.69 830.69 45.60

M

minimum

3

4.69 3.63 434.40 204.71 684.01 23.10

maximum 5.33 4.36 681.60 340.63 886.31 39.20

average 5.10 4.09 548.00 264.98 812.98 32.93

S

minimum

3

4.15 3.19 711.00 107.98 856.18 12.60

maximum 4.39 3.38 748.20 163.28 894.08 18.30

average 4.31 3.30 730.00 143.42 873.42 16.40

HT – total acidity, S – sum of base cations, T – sorption capacity, V – degree of base saturation (%). Other explanations as in Table 1.
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T a b l e  3. Characteristics of selected chemical properties of soils

Soil type/
Soil horizons

Statistic 
parameters

Number of 
repetitions

Total C Total N
C:N

Ca2+ Mg2+ K+ N+

(%) (mmol(+) kg of soil-1)

Gleyic Podzol 
AE

minimum

6

1.15 0.05 18.60 2.23 0.59 0.55 0.09

maximum 3.43 0.17 25.60 8.69 1.30 0.93 0.16

average 2.08 0.10 22.07 4.90 0.94 0.77 0.11

Albic Podzol
AE

minimum

4

0.41 0.02 16.90 0.77 0.16 0.22 0.05

maximum 1.52 0.09 22.80 12.98 1.42 0.71 0.07

average 0.80 0.04 19.28 4.49 0.53 0.40 0.06

Calcaric Cambisol
Ah

minimum

10

1.53 0.11 11.00 76.30 25.73 1.13 0.19

maximum 10.70 0.61 18.00 362.16 154.93 6.59 0.44

average 4.65 0.30 15.12 229.65 64.58 3.51 0.28

Endoeutric 
Cambisol
Oh, Ah

C

minimum

3

8.36 0.49 17.10 37.19 5.68 4.84 0.49

maximum 17.61 0.76 23.10 69.29 10.03 7.05 0.75

average 11.70 0.58 19.57 48.22 7.49 5.60 0.64

D

minimum

3

6.49 0.38 15.90 43.47 18.58 3.40 0.62

maximum 15.44 0.72 21.60 160.63 41.09 5.35 0.67

average 9.53 0.50 18.40 112.61 27.42 4.47 0.65

M

minimum

3

8.03 0.43 17.80 28.92 49.98 3.99 0.51

maximum 12.52 0.58 21.70 89.56 71.00 11.30 1.09

average 9.86 0.51 19.33 62.39 59.24 6.59 0.70

S

minimum

3

7.07 0.44 15.90 42.22 19.00 3.46 0.44

maximum 14.81 0.65 24.40 105.41 37.99 6.37 0.95

average 12.21 0.57 21.07 70.32 27.40 4.63 0.67

Albic 
Podzol

Ofh

C

minimum

3

27.33 1.12 23.50 36.61 8.07 5.85 0.54

maximum 40.54 1.49 27.10 50.89 8.98 7.91 0.90

average 33.42 1.33 25.00 45.23 8.57 6.63 0.72

D

minimum

3

26.98 1.06 25.20 201.59 129.33 5.72 0.56

maximum 31.58 1.23 28.00 266.97 156.66 6.12 0.67

average 29.88 1.14 26.23 231.60 139.56 5.91 0.62

M

minimum

3

24.99 1.02 24.50 37.03 158.54 6.05 0.40

maximum 33.88 1.37 25.20 51.15 296.68 7.16 0.74

average 30.13 1.21 24.80 42.15 215.74 6.48 0.62

S

minimum

3

27.61 1.04 23.90 36.77 64.51 6.23 0.48

maximum 34.20 1.42 26.50 50.44 109.57 7.74 0.67

average 30.97 1.25 24.80 44.17 91.58 7.10 0.57

Explanations as in Table 1.
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(components) were selected that have a significant total 
impact (91.6%) on the variances of the variables. Factor 1, 
which explains 50.1% of the variation, is strongly nega-
tively correlated with the moisture of the samples (Wh), 
total acidity (HT), and cation sorption capacity (T) (Fig. 1a). 
Factor 2 is strongly negatively correlated with properties 
such as the sum of base cations (S), content of exchangeable 
calcium, the degree of base saturation (V%), and the values 
of pH in KCl. This factor explains ca. 33% of the variance 
of the examined properties (Fig. 1a). Factor 3 is positively 
correlated with the values of the C:N ratio and the content 
of exchangeable magnesium (Mg2+) and negatively corre-
lated with the content of exchangeable potassium (K+) and 
sodium (Na+); it explains 8.5% of the variance of active 
variables (Fig. 1b). The relationships between the main fac-
tors identified and the dehydrogenase activities determined 
using the applied assays are discussed below.

The average values of dehydrogenase activities in the 
examined soil types and varieties are summarized in Table 4.

The values of formazan determined in the examined 
soil samples using the ‘DhA-CaCO3’ assay ranged from 
0.05 to 130.75 μmol TPF kg of soil-1 h-1 (Albic Podzol – AE 
and Ofh – D, respectively) (Table 4). The highest concen-
trations of formazan were detected in the samples from the 
Ofh horizons of Albic Podzol soil after fertilization with 
dolomite (D): an average value of 123.23 μmol TPF kg 
of soil-1 h-1. Slightly lower TPF concentrations were found 
in the samples from the Ofh horizons of Albic Podzol 
after fertilization with magnesite (M): the mean value was 
86.14 μmol TPF kg of soil-1 h-1, and with serpentinite (S): 
an average concentration of 68.40 μmol TPF kg of soil-1 h-1 
(Table 4). The lowest TPF concentrations (the mean value: 
47.29 μmol TPF kg of soil-1 h-1) were found in the samples 
from the Ofh horizon of Albic Podzol soil without fertili- 
zation (Table 4). At lower doses of the applied fertilizer 
(2 t ha -1) on the plot with Endoeutric Cambisol, there were 
no apparent differences in DhA depending on the type of 
the fertilizer used; the indicated TPF concentrations ranged 
in the samples from 9.63 to 25.36 with an average value of 
17.64 μmol TPF kg of soil-1 h-1 (Table 4). In the samples 
obtained from the Ah horizons of Calcaric Cambisols, the 
determined TPF concentrations ranged from 10.94 μmol 
TPF kg of soil-1 h-1 to 98.66 μmol TPF kg of soil-1 h-1, with 
the mean concentration of TPF at the level of 46.67 μmol 
TPF kg of soil-1 h-1 (Table 4). The lowest concentrations of 
TPF determined using the ‘DhA-CaCO3’ procedure were 
detected in the samples from the AE horizons of Albic 
Podzols with an average activity of 2.58 μmol TPF kg of 
soil-1 h-1 (Table 4).

The results of the multiple regression analysis show 
that the TPF concentration values determined using the 
‘DhA-CaCO3’ assay were significantly affected by such 
characteristics as the content of exchangeable magnesium 
(Mg2+) and calcium (Ca2+), cation sorption capacity (T), 
and the content of total C (Ctot). The model describing the 

Fig. 1. Projection of variables (vectors marked with solid lines and 
circles) on the factor-plane: a – 1x2, b – 1x3, c – 2x3 with DhA 
estimates as additional variables (vector marked with dotted lines 
and squares), ○ active variables, ■ additional variables.

a

b

c
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T a b l e  4. Characteristics of dehydrogenase activities of soils

Soil type/
Soil horizons

Statistic 
parameters

Number of 
repetitions

Methods of determination

DhA-CaCO3 DhA-Ca(OH)2 DhA-wb DhA-Th

(μmol TPF kg of soil-1 h-1)

Gleyic Podzol 
AE

minimum

6

0.77 191.79 0.00 0.415

maximum 16.99 535.25 0.03 7.06

average 5.43 292.12 0.01 2.634

Albic Podzol
AE

minimum

4

0.05 63.89 0.00 0.164

maximum 8.60 325.75 0.20 2.444

average 2.58 156.43 0.07 0.799

Calcaric Cambisol
Ah

minimum

10

10.94 42.38 1.21 0.000

maximum 98.66 262.61 54.77 17.307

average 46.67 152.70 29.60 6.270

Endoeutric 
Cambisol
Oh, Ah

C

minimum

3

10.74 36.37 0.00 1.449

maximum 25.36 60.34 0.33 2.055

average 17.11 46.37 0.12 1.770

D

minimum

3

9.63 35.79 1.37 0.951

maximum 23.72 63.60 3.21 3.690

average 15.90 45.22 2.05 2.211

M

minimum

3

12.05 22.12 0.28 1.492

maximum 20.58 41.37 0.71 2.289

average 17.24 34.39 0.56 1.755

S

minimum

3

16.72 44.22 0.00 0.860

maximum 23.28 53.57 1.46 2.070

average 20.29 49.40 0.53 1.642

Albic Podzol
Ofh

C

minimum

3

38.87 88.72 0.00 0.860

maximum 59.77 126.42 0.71 2.070

average 47.29 108.10 0.24 1.642

D

minimum

3

113.89 221.65 75.26 32.000

maximum 130.75 245.19 98.89 64.573

average 123.23 232.20 84.10 46.143

M

minimum

3

67.79 102.72 3.46 5.101

maximum 111.71 356.85 29.90 22.813

average 86.14 203.67 20.08 14.167

S

minimum

3

57.36 135.83 2.91 3.068

maximum 81.67 200.26 4.50 4.961

average 68.40 162.71 3.87 4.171
Explanations as in Table 1.
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dehydrogenase activity of the examined soils determined 
using the ‘DhA-CaCO3’ assay as a function of the above 
variables explains over 90% of the variance (R2

adj = 
0.901964, Eq. (2).

DhA-CaCO3 = -0.120889+0.216105 Mg2+ -  

0.088257 T + 0.196234 Ca2+ 3.590365 Ctot              (2)

where: DhA-CaCO3 – μmol TPF kg of dry soil-1 1 h-1, , Mg2+ 

and Ca2+  – exchangeable magnesium and calcium content 
in mmol(+) kg of soil -1, T – cation sorption capacity in 
mmol(+) kg of soil -1, Ctot – the content of total C in %.

Dehydrogenase activities determined using the DhA-
CaCO3 assay were correlated both with factor 1 and 2, and 
slightly less correlated with factor 3 (Fig. 1).

The values of formazan determined in the examined 
soil samples using the ‘DhA-Ca(OH)2’ assay were the high-
est in comparison with the amount of TPF determined with 
the other assays, and ranged from 22.12 to 535.25 μmol 
TPF kg of soil-1 h-1 (Endoeutric Cambisol – M and Gleyic 
Podzol – AE, respectively). The highest average concen-
trations of TPF were determined in the samples from the 
AE horizons of Gleyic Podzols, while the lowest levels 
were found in the samples from the Oh and Ah horizons of 
Endoeutric Cambisol after fertilization with magnesite (M), 
with the mean concentration of 292.12 and 34.39 mmol 
TPF kg of soil-1 h-1, respectively (Table 4).

The multiple regression analysis indicates that the 
dehydrogenase activity determined by ‘DhA-Ca(OH)2’ is 
correlated with the amount of exchangeable magnesium 
(Mg2+) and sodium (Na+). The model (Eq. (3)), however, 
explains only ca. 30% of the variation of dehydrogenas-
es determined with the ‘DhA-Ca(OH)2’ method (R2

adj = 
0.2982).

DhA-Ca(OH)2 = 209.149 + 0.657 Mg2+ - 220.203 Na+   (3)

where: DhA = Ca(OH)2 in μmol TPF kg dry soil-1 h -1, Mg2+ 
and Na+ – exchangeable magnesium and sodium content in 
mmol(+) kg of soil –1.

Dehydrogenase activities determined using the DhA-
Ca(OH)2 procedure were correlated with factor 3 and not 
correlated with factor 1 and 2 at all (Fig. 1).

Dehydrogenase activities determined using the DhA-
wb assay ranged from zero values in samples from the 
AE horizons of Albic and Gleyic Podzols, the Oh and Ah 
horizons of Endoeutric Cambisol without fertilization (C) 
and fertilized with serpentinite (S), and the Ofh horizons of 
unfertilized Albic Podzol (C) to 98.89 μmol TPF kg of soil-

1 h-1 in the sample from the Ofh horizons of Albic Podzol 
fertilized with dolomite (D) (Table 4). The lowest average 
activity of dehydrogenases was determined in the samples 
obtained from the AE horizons of Gleyic Podzols (0.01 
μmol TPF kg of soil-1 h-1), while the highest average values 

were determined in the samples from the Ofh horizons of 
Albic Podzol fertilized with dolomite (84.10 μmol TPF kg 
of soil-1 h-1, Table 4). 

The results of the regression analysis show that the TPF 
values determined using the DhA-wb assay were signifi-
cantly conditioned by the values of pH in 1M KCl, the sum 
of base cations (S), and the C:N ratio. These independent 
variables explain ca. 89% of the variance (R2

adj = 0.8866) 
of dehydrogenase activity of the examined soils determined 
using the ‘DhA-wb’ assay (Eq. (4)).

DhA - wb = e-26.203 (pH in KCl)6.408 (S)0.967 (C: N)4.4358   (4)

where: DhA - wb - in μmol TPF kg of dry soil-1 h-1, e – the 
base of the natural logarithm, S – the total of exchange-
able base cations in mmol(+) kg of soil-1 determined in 1M 
ammonium acetate solution, C:N ratio - the ratio of the con-
tent of total C to total N.

Dehydrogenase activities determined using the DhA-
wb assay were strongly associated with factor 2 and 3, and 
very weakly correlated with factor 1 (Fig. 1).

Dehydrogenase activity values determined by the 
‘DhA-Th’ method were lower from values obtained using 
the DhA-Ca(OH)2 and DhA-CaCO3 assays and a little lower 
from values obtained with the DhA-wb assay in soils with 
light acid or neutral reaction of soil. However, they were 
a little higher from values obtained with the use of the 
DhA-wb assay in soils with very acid soil reaction. The 
determined activities ranged from zero values (Calcaric 
Cambisol) to 64.57 μmol kg of soil-1 1 h-1 (the sample 
from the Ofh Albic Podzol soil fertilized with dolomite). 
The lowest average values of DhA were noted in samples 
from the AE horizons of Albic Podzol as well as the Oh 
and Ah horizons of Endoeutric Cambisol fertilized with 
serpentinite (S) with the mean values amounting to 0.799 
and 1.642 μmol kg of soil-1 1 h-1, respectively. Higher 
average values were observed in samples from the Ah hori-
zons of Calcaric Cambisol and the Ofh horizons of Albic 
Podzol fertilized with dolomite (D), with the mean va- 
lues amounting to 6.270 and 46.143 μmol kg of soil-1 1 h-1, 
respectively (Table 4).

On the basis of the regression analysis, it was found 
that the DhA-Th values were significantly conditioned by 
the sum of base cations (S), the value of the C:N ratio, and 
the content of exchangeable sodium. The share of variance 
explained by the model describing the dehydrogenase activ-
ity of the examined soils determined with the ‘DhA-Th’ 
method as a function of S, C:N and Na+ is approximately 
69% (R2 = 0.6941, Eq. (5)):

DhA - Th = e-13.7680 (S)1.0327 (C : N) 3.0995 (Na+)-1.0119       (5)

where: DhA-Th in μmol TPF kg dry soil-1 h-1, S – the 
sum of exchangeable base cations in mmol(+) kg of soil-1 
determined in 1M ammonium acetate solution, C:N ratio – 
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A linear relationship was found between the values of the 
determined concentrations of TPF in CSS when determin-
ing the DhA-wb and the values of total acidity (Fig. 2). 
On the basis of the multivariate regression analysis, it 
was found that over 78% (R2

adj = 0.7844) of the probable 
chemical reduction of TTC when determining the DhA-wb 
is explained by means of a simple linear regression model 
where the total acidity is the independent variable (Eq. (7), 
Fig. 2).

TPFDhA-wb = 0.017781 + 0.000102 HT          (7)

where: TPFDhA-wb concentration of TPF determined by the 
DhA-wb assay in mg ml-1 of the extract, (HT) – total soil 
acidity in mmol(+) kg of soil-1.

DISCUSSION

Dehydrogenase is considered an indicator of overall 
microbial activity because it occurs intracellularly in all 
living microbial cells. The use of dehydrogenase activity 
as an index of overall microbial activity has been suggested 
by many authors (Alef and Nannipieri, 1995 Casida et al., 
1964; Lenhard, 1956; Nannipieri et al., 1990). It can be 
assumed that the quality of the soil corresponds to the soil 
microbial activity. Therefore, one can expect a relationship 
between the activity of dehydrogenases and the physico-
chemical properties of soils, which determine their quality, 
such as pH, sorption capacity, degree of base saturation, 
etc. In the present study, the TPF values determined using 
the DhA-wb assay were significantly positively correlated 
with properties such as: pH in H2O and 1M KCl, the sum 
of base cations, the degree of base saturation, the content 
of exchangeable Ca and Mg forms, and significantly cor-
related with cation sorption capacity (T). Contrary to the 
expectations, dehydrogenase activity values indicated by 
means of the DhA-Ca(OH)2 and DhA-Th assays were not 
correlated with each other. Dehydrogenase activity values 
determined using the DhA-CaCO3 procedure were corre-
lated to a slightly lesser extent with the pH values  of the 
samples. Among all the samples analysed with the multiple 
regression analysis, a significant effect of pH in the solution 
of 1M KCl was demonstrated on the values of dehydro-
genase activity identified solely with the DhA-wb assay. 
Similar results were obtained in Mediterranean forest soils 
in which the use of the multivariate regression analysis 
demonstrated the pH as the best indicator (predictor) of 
dehydrogenase activity (Quilchano and Marañón, 2002). 
On the basis of the relationships identified in this study 
between the determined DhA values with the pH values of 
the examined soil samples, it may be assumed that the prop-
erty which determines the level of dehydrogenase activity 
most efficiently is the pH of the examined soils. The most 
surprising, unexpected results in the experiments were the 
highest values of dehydrogenase activity obtained using the 
DhA-Ca(OH)2 method in the samples from the AE horizons 
of podzol sandy soils, strongly acidic, with low sorption 

the ratio of the content of total C to the content of total N, 
Na+ – the content of exchangeable sodium in mmol (+) kg 
of soil-1.

Dehydrogenase activity determined using the DhA-Th 
assay was related to both factor 2 and 3, but slightly less 
correlated with factor 1 (Fig. 1).

The TTC solution was added to the control soil samples 
(CSS) for determination of dehydrogenase activity with the 
DhA-Ca(OH)2 and DhA-wb assays. Higher TPF concen-
trations were determined in CSS using the DhA-Ca(OH)2  
assay; they ranged from 0.001 (Endoeutric Cambisol, Ah, 
M) to 3.720 mg TPF ml-1 (Gleyic Podzol, AE) with the 
mean concentration of 0.329 mg TPF ml-1 for all tested 
samples. Higher TPF concentrations were determined in 
strongly acidic sands (Albic and Gleyic Podzol), with the 
mean concentration of 1.3045 mg TPF ml-1; lower con-
centrations were noted in the remaining samples with an 
average of 0.0422 mg TPF ml-1. On the basis of the multiple 
regression analysis, it was found that the value of probable 
chemical reduction of TTC in the determination of DhA-
Ca(OH)2 depends mainly on the soil moisture content (Wh) 
and on the C:N ratio, while the model of probable chemical 
reduction of TTC in the determination of the DhA-Ca(OH)2 
can be described by means of equation 6 (R2

adj = 0.6018):

TPFDhA-Ca(OH)2
 = e-9.70078 (C : N)4.48791 Wh-1.81381       (6)

where: e – base of natural logarithm, C:N – the ratio of total 
C to total N, Wh – moisture in weight %.

When determining the DhA-wb in the control soil sam- 
ples (CSS), lower TPF concentrations were detected rang-
ing from 0.007 to 0.137 mg TPF ml-1 (Albic Podzol AE 
and Ofh without fertilization, respectively). Lower TPF 
concentrations were found in sand CSS, with an average 
of 0.0211 mg TPF ml-1 while higher ones were found in 
CSS of strongly acidic organic soil samples (samples from 
the Ofh horizon), with an average of 0.0813 mg TPF ml-1.  

Fig. 2. Relationship between reduction of TTC in control soil 
samples (mg TPF ml-1) and total soil acidity (mmol(+) kg of soil-1) 
in analyzed soil samples by the DhA-wb procedure.

Total soil acidity – HT (mmol H+ kg -1)
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capacity (samples 1-10), while the values of dehydroge-
nase activity determined by the other procedures in these 
samples were the lowest (Table 4). When determining dehy-
drogenase activity using this assay (Januszek et al., 2007), 
the highest content of TPF was recorded in highly acidic 
sandy soil and a lower content in less acidic samples of silty 
and clayey soil. The pH measurements of the suspensions 
used for determination of the activity of dehydrogenases 
show that the soil suspensions prepared with Ca(OH)2 had 
a higher pH, closer to the optimum pH values for activity 
of dehydrogenases, than the suspensions containing CaCO3 
(Januszek et al., 2007). 72 to 100% of bacterial colonies 
and actinomycetes and only 5% of fungal colonies in diffe- 
rent Indian soils were capable of using TTC as an electron 
acceptor (Praveen-Kumar and Tarafdar, 2003). In light of 
the study results, the low dehydrogenase activity deter-
mined by the DhA-wb assay in the examined strongly 
acidic soils seems to be justified in view of the likely domi-
nance of fungi in these soils, which has been confirmed by 
the results of studies on the relationship of fungi to bacteria 
in strongly acidified soils (Rous et al., 2010).

The neutral or slightly alkaline pH of the sandy soil 
samples probably created conditions favourable for the 
growth of microorganisms in 24 hours of incubation, which 
may explain the high values of dehydrogenase activity 
determined using the DhA-Ca(OH)2 assay. An additional 
cause of the high values of dehydrogenase activity in the 
samples of the AE levels of podzol soil determined using 
DhA-Ca(OH)2 could be the presence of large quantities of 
calcium cations, derived from dissociation of Ca(OH)2 as 
an activator of dehydrogenases, as demonstrated by Karr 
and Emerich (2000) using the example of the NADP+-
dependent isocitrate dehydrogenase from Bradyrhizobium 
japonicum.

Dehydrogenase activity results obtained using the 
DhA-Ca(OH)2 procedure allow a conclusion that this meth-
od is not suitable to assess the activity of dehydrogenases 
in acid soils with low sorption capacity, ie the sandy soils 
analysed in this case (samples Nos 1-10). This procedure 
can be useful for highly buffered soils and for a shortened 
time of incubation with TTC, which prevents microbial 
growth and guarantees pH closer to the optimal value for 
dehydrogenases; it only allows determination of the DhA 
of microorganisms that are active and able to reduce TTC 
in a given soil.

The low concentrations of TPF determined with the 
DhA-wb and DhA-Th assays in the sandy samples may also 
result from the use of too low a temperature, not optimal for 
the activity of dehydrogenases, as well as from the non-opti-
mal TTC concentration. The results of research by Ghaly 
and Mahmoud (2007) showed that the optimal conditions 
for determination of dehydrogenase activity of Aspergillus 
niger active cells were the incubation temperature of 55°C 
and pH 9, and TTC concentration varied depending on the 

age of the colony of Aspergillus niger. Friedel et al. (1994) 
suggest that the optimum concentrations of TTC should be 
determined individually for each soil.

The addition of TTC or INT to sterilized control sam-
ples allows detection of formazan from chemical (abiotic) 
reduction, which is not caused by soil microorganisms 
but by organic and mineral substances present in soil. 
This eliminates the errors to which the tested methods are 
subject (Shaw and Burns, 2006; Stępniewska, 1987). The 
higher concentrations of formazan recorded in the auto-
claved rather than in the non-autoclaved samples in the 
case of the DhA-wb assay may result from changes in both 
organic and mineral substances during the autoclaving of 
soil samples. Changes in physical and chemical properties 
of soils under different methods of sterilization are reported 
by Berns et al. (2008). As a result of soil autoclaving, the 
authors noted substantial changes in the particle size, lead-
ing to an increase in their outer surface, a drastic increase 
in soluble, non-purgeable organic carbon, and a decrease 
in pH due to the release of organic acids from soil organic 
matter. Released into the solution, soluble organic com-
pounds of carbon may be electron donors, thus contributing 
to the reduction of TTC. A higher chemical reduction of 
TTC in the autoclaved samples of soils with low microbial 
activity prevents determination of TPF reduced biochemi-
cally and, hence, low levels of dehydrogenase activity. 
Thus, dehydrogenase activity was not determined using 
the DhA-wb assay in many sandy, highly acidic soil sam-
ples. Berns et al. (2008) conclude that there is a need for 
other forms of sterilization of control samples than auto-
claving; the authors state that less intense changes in the 
physical and chemical properties of soil samples follow 
from sterilization by gamma radiation. Research carried 
out by Stępniewska (1987) shows that adding toluene to 
soil control samples does not solve the problem because 
the addition of toluene caused an increase in TTC chemi-
cal reduction. The higher values of TPF determined using 
the DhA-Ca(OH)2 assay may result from more effective 
reduction of TTC at higher pH values, particularly in soils 
with low sorption capacity (Gleyic and Albic Podzol). The 
pH values were higher in the sandy soil and lower in soil 
samples which were more buffered after adding the same 
amount of Ca(OH)2 (Januszek et al., 2007).

In light of the results obtained, the statement by Beyer 
et al. (1993) that ‘without simultaneous studies of other 
microbiological parameters (such as microbial biomass, 
ATP level, enzyme activity), measurement of dehydroge-
nase activity creates confusion and may inhibit important 
ecological comparisons of soils’ is particularly true in the 
case of poor forest soils, strongly acidified with domination 
of fungi. In this type of soils, there are in fact the biggest 
differences in dehydrogenase activity resulting from the 
assay used.
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Microbial activity plays an important role in regulat-
ing soil quality. The microbiological processes taking 
place in soil are at the centre of many ecological functions 
(Nannipieri et al., 1990). Therefore, development of a uni-
versal method that will make it possible to identify clearly 
DhA activity in forest soils is a very important task in the 
field of soil science.

CONCLUSIONS

1. Values of dehydrogenase activity of forest soils 
depend on the assay used. Among the methods used for 
determination of dehydrogenase activity in the examined 
soil samples, the assay that best reflects the characteristics 
of the analysed soils appears to be the modified procedure 
by Casida et al. without the addition of buffer or pH adjust-
ing salt. The DhA-wb values obtained with this method are 
correlated strongly with the properties governing soil qual-
ity, such as pH, degree of base saturation (V%), the sum of 
base cations (S), the value of the C:N ratio, and the concen-
tration of the exchangeable form of Ca2+ and Mg2+.

2. The modified assay by Casida et al. with the addition 
of Ca(OH)2 instead of CaCO3 for determination of DhA 
distorts the image of microbiological activity in soils with 
low sorption capacity, probably due to the more optimal 
pH for microbial growth during the 24 h incubation. 
However, this method may be useful for evaluation of the 
activity of dehydrogenases in strongly buffered soils, when 
using a short incubation time.

3. Determination of dehydrogenase activity requires 
assessment of the degree of chemical reduction of TTC 
in analysed samples. In the autoclaved control samples 
with strongly acidic and acidic reaction, TPF had higher 
concentrations than in the measurement samples, indicat-
ing chemical rather than biochemical reduction of TTC. 
Therefore, it is necessary to use other methods of soil 
sterilization than autoclaving, a process that results in sig-
nificant changes in soil properties. Due to the possibility of 
chemical reduction of TTC, it is more secure to compare the 
activity of dehydrogenases in soils with similar physico- 
chemical properties. 

4. Among the studied physicochemical and chemical 
properties of the soil, the soil reaction affects soil dehy-
drogenase activity most efficiently. The highest activity 
regardless of the assays used (except DhA-Ca(OH)2) was 
recorded in the soils with the neutral or weakly acidic 
reaction.

5. The autoclaved strongly acidic samples of control 
soils showed high concentrations of TPF probably due to 
chemical reduction of TTC, which was proportional to the 
total acidity of soil. There is, therefore, a need for sterili-
zation other than autoclaving, ie a process that results in 
significant changes in soil properties, thus helping to 
increase the chemical reduction of TTC. 

6. Assessment of microbial activity based on the deter-
mination of DhA by sofar recommended methods using 
TTC in strongly acidic forest soils, which are dominated 
by fungi, seems to be controversial in the light of the pre-
sent research findings as well as the results obtained by 
Praveen-Kumar and Tarafdar (2003).
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