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treatment with mineral fertilisation applied (MF), by 59 
and 77%, respectively. The significantly highest basal res-
piration value was determined in soil with 5 t DM ha−1 bio-
char. The application of poultry litter had significant effect 
on nitrifying bacteria activity (increase by 50%). Poultry 
litter biochar added to the soil in both doses contributed to 
an increase in nitrifying bacteria activity by 36 and 34%, 
respectively compared to MF treatment. Biochar had more 
adverse effect on soil microbial biomass and nitrifying bac-
teria activity than non-converted poultry litter, but it had 
significant effect on soil respiration activity.

Abstract The application of organic materials, such as 
poultry litter or poultry litter biochar, may lead to major 
changes in the structural and functional diversity of micro-
bial populations. The understanding of the relationship 
between microorganisms and environment is crucial to 
assess the effect of organic materials on soil. Therefore, 
the objective was to evaluate the influence of the addition 
of poultry litter (5 t DM ha−1) and poultry litter biochar in 
doses of 2.25 t and 5 t DM ha−1 on soil respiration activity, 
microbial biomass, and nitrifying bacteria activity. In soils 
with poultry litter biochar added in 2.25 t and 5 t DM ha−1 
doses, microbial biomass was significantly higher than in 
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Introduction

The effect of human agricultural and non-agricultural activ-
ity on soils is assessed mainly by determining the chemical 
properties of soil. However, this assessment should be sup-
ported by the analysis of biological parameters or by the 
application of bioindication methods [21], as they are much 
more sensitive to changes of environmental conditions 
compared to soil chemical and physical indicators. Addi-
tionally, biological indicators are considered to be more 
complex and difficult to interpret. Many authors underlined 
the importance of determining biological indicators of soil 
in order to comprehensively identify and assess present 
and future changes in soil. It is especially crucial if a solid 
product of thermal conversion of biomass, i.e. biochar, is 
applied to soil [2, 34, 47].

According to some authors, microorganisms play a key 
role in the transformation of biochar in soil [20, 34, 40]. 
It was shown that biochar applied to the soil increases 
the activity of soil microorganisms and activates dormant 
microorganisms. This, in turn, leads to an increase in soil 
respiration activity [46] which may result from biotic con-
sumption of nutrients introduced with an organic material 
[55], abiotic sorption of  CO2, or interaction between bio-
char and soil organic matter [37]. As stated by Steinbeiss 
et al. [36, 48], biochar applied to the soil may create perfect 

habitat for microorganisms, because the high surface area 
and porosity of biochar enable it to adsorb or retain nutri-
ents and water.

Qualitative changes in microbial populations have a sig-
nificant impact on the functional integrity of soil, whereas 
the microbial diversity of soil is fundamental for sustain-
able management of the natural environment. Soil micro-
organisms play a key role in many processes which are 
essential for the environment as well as ecological func-
tions of soil [47]. The appropriate condition of groups of 
soil microorganisms and, therefore, their adequate quantity, 
activity and diversity, are a prerequisite for the proper func-
tioning of terrestrial ecosystems [3, 47].

The application of organic materials, such as poultry lit-
ter or poultry litter biochar, may lead to major changes in 
the structural and functional diversity of microbial popula-
tions [1, 2, 34, 36]. Undoubtedly, this is due to the poten-
tial of microorganisms to react quickly to the introduction 
into their habitat of substances with different physical and 
chemical properties. Kuzyakov et al. [34] and Keith et al. 
[32] indicated that the application of biochar to soil results 
in the so-called ‘co-metabolic’ (or ‘co-oxidation’) decom-
position, which is the microbial response to the introduc-
tion of an additional source of C into the soil.

The term ‘co-metabolic’ describes the process in which 
microorganisms oxidise organic substances without being 
able to utilise the energy derived from oxidation to support 
microbial growth. Other materials may be more resistant to 
soil microorganisms as well as be more stable and durable 
[39]. This is why soil microorganisms are a sensitive and 
early indicator of the state of soil environment and toxic 
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substances present therein [41, 43]. High spatial and tem-
poral variability of microbial parameters results from the 
sensitivity of microorganisms to soil contamination. There-
fore, it is necessary to simultaneously assess both the bio-
mass and respiration activity of microorganisms, as well as 
chemical properties of soil.

Measurements of respiration activity (basal respiration), 
microbial biomass, and soil nitrifying activity are one of 
the most frequently conducted microbiological analyses 
of soil. They are sensitive indicators to monitor biochemi-
cal processes in soil [47, 50]. Most studies published so far 
recognised the importance of soil microorganisms in the 
conversion and storage of carbon, as well as in the maximi-
sation of the potential benefits of biochar applied to the soil 
to stimulate its biological activity and increase the retention 
of nutrients introduced with fertilisers [4, 24]. However, 
these studies lack information on the biochar’s effect on 
soil respiration activity and, above all, nitrifying bacteria 
activity, which are one of the most sensitive indicators of 
changes in the soil environment. Since soil microorganisms 
are crucial for ecosystems, studies on their activity after the 
application of biochar are of great scientific importance and 
under constant discussion.

The understanding of the relationship between micro-
organisms and environment is crucial to assess the effect 
of organic materials on soil. Therefore, the objective of 
this study was to evaluate the influence of the addition of 
poultry litter and poultry litter biochar on the selected bio-
logical properties of soil, such as: soil respiration activity, 
microbial biomass, and nitrifying bacteria activity.

Materials and Methods

Preparation of Poultry Litter and Poultry Litter 
Biochar

The biochar used in the experiment was produced from 
poultry litter and adequately prepared as poultry litter 
(dried at 70 °C, 4 mm ground in the laboratory mill). Ther-
mal conversion was carried out using a station for gasifi-
cation of biomass, under a limited supply of air (1–2%) 
[22]. The rate of heating the combustion chamber was 
10 °C min−1. Temperature in the combustion chamber was 
300 °C, and exposure time was 15 min. The pyrolysis time 
and temperature were established on the basis of own pre-
liminary examinations and results reported in the literature 
[1, 17].

In order to identify the chemical composition of poultry 
litter before and after thermal conversion, dry matter con-
tent was determined after drying the materials at 105 °C 
for 12  h [30] (Table  1). Subsequently, the materials were 

ground in the laboratory mill and subjected to chemical 
analyses.

The contents of total carbon, nitrogen and sulphur were 
determined on the CNS analyser (Vario MAX Cube, Ele-
mentar) [15]. The total contents of macroelements and trace 
elements were determined after incineration of the sample 
in a chamber furnace (at 450 °C for 12 h) and mineralisa-
tion of the residue in a mixture of concentrated nitric and 
perchloric acids (3:2) (v/v) by inductively coupled plasma 
optical emission spectroscopy (ICP-OES) using the Perkin 
Elmer Optima 7300 DV instrument [42].

Specific surface area  (SBET) of organic materials, as 
well as pore volume and diameter were determined using 
the multifunction accelerated surface area and porosim-
etry analyser ASAP 2010 (Micromeritics, the USA). Spe-
cific surface area was determined by physical adsorption 
of nitrogen at liquid nitrogen temperature (77  °K) from 
the Brunauer–Emmet–Teller equation. Before measur-
ing specific surface area, the studied samples were sub-
jected to desorption at 105 °C in vacuum and rinsed with 
pure helium. Sample degassing time was 16  h. The sur-
face degassing state was controlled in automatic mode [6]. 
Selected chemical properties of organic materials used in 
the experiment are shown in Table 1.

Micro‑Plot Experiment Design and Soil Sampling

Micro-plot tests were conducted in April 2014 on ara-
ble land located in southern Poland (50°08.404′N; 
19°85.362′E). The soil from the tested area was classi-
fied as typical Eutric Cambisols with the granulometric 
composition of loamy sand (FAO World reference base 
for soil resources [53]. The experiment had a completely 
randomized block design (a latin square) with three rep-
lications that had the following treatments: C—con-
trol soil (non-fertilised); MF—soil + NPK fertilisers; 
PL—soil + NPK + 5 t  DM  ha−1 of poultry litter; PLB I—
soil + NPK + 2.25  t DM ha−1 of poultry litter-derived bio-
char and PLB II—soil + NPK + 5 t DM ha−1 of poultry lit-
ter-derived biochar (PLB II). The area of one plot was 1 m2. 
To create comparable conditions, the following doses of 
mineral fertilisers were added: 100 kg N ha−1, 40 kg P ha−1 
and 120  kg  K  ha−1. The dose of phosphorus was applied 
once under first crop in the form of enriched triple super-
phosphate. Potassium was introduced in the form of potas-
sium salt, and nitrogen in the form of ammonium nitrate. 
Assuming that three crops are to be harvested, doses of 
potassium and nitrogen were divided into three equal parts. 
The poultry litter was mixed, before and after thermal con-
version, with the topsoil (0–10  cm), and then a pasture 
grass mix was sown using 60 kg ha−1 of seeds.

After the end of the growing season, soil samples were 
collected from each plot from the 0–10 cm soil layer using 
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a stainless steel sampler. For chemical analyses, soil sam-
ples were air dried at the room temperature and 1  mm 
sieved. Samples for biological analyses were thoroughly 
mixed, 2  mm sieved, and stored at 5 ± 2 °C. Soil samples 
were analysed within 3 days after sampling. All biological 
determinations were performed in fresh soil samples. The 
study presents the results of the second year of the experi-
ment (18 months after the application of organic materials).

Meteorological Conditions During the Micro‑Plot 
Experiment in 2015

The weather conditions (precipitation, temperature) dur-
ing the experiment are shown in Fig.  1. The highest pre-
cipitation (103.9 mm) was observed in May, and the lowest 
(7.1 mm) in December. The highest monthly mean air tem-
perature (17–21 °C) was recorded from June to September.

Table 1  Selected properties 
of poultry litter and biochar 
produced from this material 
and used for a field experiment 
to assess its effect on soil 
microbial parameters

Each value represents the mean of three replicates ± standard deviation

Determination Unit Poultry litter (PL) Poultry litter 
biochar (PLB)

pH  H2O – 7.53 ± 0.02 8.10 ± 0.02
Electrical conductivity (EC) µS cm−1 49.1 ± 12.4 91.5 ± 2.60
Dry matter g kg−1 445 ± 1 986 ± 0
Ash g kg−1 DM 312.6 ± 0.66 420.5 ± 0.43
Ctotal g kg−1 DM 323 ± 0.30 377 ± 0.30
Dissolved organic carbon (DOC) g kg−1 DM 13.9 ± 0.21 9.15 ± 0.01
Ntotal g kg−1 DM 24.9 ± 0.74 26.2 ± 1.10
Organic nitrogen g kg−1 DM 23.2 ± 0.21 –
N-NH4 g kg−1 DM 1.44 ± 0.08 –
Stotal g kg−1 DM 0.16 ± 0.02 0.18 ± 0.02
Ptotal g kg−1 DM 18.3 ± 2.20 27.6 ± 2.90
Ktotal g kg−1 DM 29.9 ± 0.66 36.7 ± 1.81
Cdtotal mg kg−1 DM 0.37 ± 0.01 0.54 ± 0.07
Crtotal mg  kg−1 DM 12.4 ± 0.33 15.8 ± 1.68
Nitotal mg kg−1 DM 8.24 ± 0.41 11.6 ± 0.93
Cutotal mg kg−1 DM 42.0 ± 1.50 64.5 ± 7.80
Pbtotal mg kg−1 DM 3.29 ± 0.54 4.42 ± 0.94
Zntotal mg kg−1 DM 243 ± 11.0 358 ± 77.0
Specific surface area  (SBET) m2 g−1 1.83 ± 0.22 2.76 ± 0.29
 Pore volume cm3 g−1 0.006 ± < 0.01 0.011 ± < 0.01
 Pore diameter nm 14 ± 2 18 ± 3

Fig. 1  Monthly sums of 
precipitation (mm) and monthly 
mean air temperature (°C)
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Determinations of Soil Properties

The following parameters were determined in soil samples 
dried at room temperature and 1 mm sieved: pH—by poten-
tiometric method—in the suspensions of soil and water, and 
soil and 1 mol dm−3 solution of KCl (soil:solution = 1:2.5); 
electrical conductivity (EC)—by conductometric method 
[16, 26]. The contents of total nitrogen and sulphur were 
determined on the CNS analyser (Vario MAX Cube, 
Elementar) [15]. The soil organic carbon content was 
determined by the Tiurin’s method. The total contents of 
selected trace elements were determined after incineration 
of soil organic matter in a chamber furnace (at 450 °C for 
8 h) and mineralisation of the residue in a mixture of con-
centrated nitric and perchloric acids (3:2) (v/v) [33]. The 
contents of the studied elements in the obtained solutions 
were determined by the ICP-OES method using the Perkin 
Elmer Optima 7300 DV instrument [42].

Determination of the Microbial Parameters

The basal respiration (BR) was determined according to 
ISO 16072 [25] method. Field-moist soil subsamples of 
20 g (moisture of 60%) were placed in 900 cm3 gas-tight 
jars and incubated at 20 ± 2 °C for 24 h. The released  CO2 
was absorbed in 0.05 M solution of NaOH and precipitated 
as barium carbonate by adding 0.5  M solution of  BaCl2. 
The non-consumed sodium hydroxide was titrated with 
0.1 M HCl in the presence of phenolphthalein as indicator, 
and then the amount of  CO2 was calculated [25].

Microbial Biomass

The microbial biomass  (Cmic) in soil samples was meas-
ured by the substrate-induced respiration method—SIR 
[27]. SIR was determined by the quantification of the car-
bon dioxide evolution shortly (6 h) after addition of glucose 
(aqueous solution equivalent to 10 g glucose per kg of soil). 
 Cmic was calculated from the substrate-induced respiration 
rate using the following equation [27]:

where R is given in  mm3  CO2 g−1 h−1.

Respiratory‑Activation Quotient and  Microbial Coeffi‑
cient Finally, respiratory-activation quotient (QR) and 
microbial coefficient  (Cmic/Corg) were calculated. QR was 
calculated by dividing the BR rate by the SIR rate according 
to ISO 17155 [29]. Microbial coefficient was calculated as 
a ratio between microbial biomass  (Cmic) and soil organic 
carbon  (Corg), as proposed by Insam and Domsch [23].

Cmic

(

�gg−1
)

= 40.4 ⋅ R + 0.37

Nitrifying Bacteria Activity in  Soils For determina-
tion of nitrification potential in soil samples, ISO 15685 
method [28] was applied with some modifications. The 
detailed description of this procedure was given in Mal-
iszewska-Kordybach et  al. [38]. Field-moist soil subsam-
ples of 25 g (moisture of 60%) were mixed with a mineral 
medium to form slurry. The mineral medium contained 
1.5 mmol dm−3 of  (NH4)2SO4 as a substrate, 1 mmol dm−3 
of potassium phosphate buffer  (KH2PO4 and  K2HPO4) and 
5.625 mmol dm−3 of  NaClO3 (to prevent further oxidation 
of  NO2

− to  NO3
−). Soil slurries were mixed for 24 h on a 

shaker at approx. 125  rpm and at 25 ± 2 °C. After incuba-
tion, 5  cm3 of 4 mol dm−3 KCl were added to the slurry, 
and the suspension was filtered using 390-grade filter paper. 
Then, the filtrate was transferred to a glass flask filled with 
deionised water and the colour reagent containing sulpha-
nilamide and N-(1-naphtyl)ethylene diamine dihydrochlo-
ride. After 60  min, the amount of  NO2—formed in the 
nitrification process was determined spectrophotometrically 
(Lambda 45 UV–VIS spectrophotometer, Perkin Elmer, the 
USA) at λ = 543 nm, and expressed as µg  NO2

−·g−1 of soil.
All microbial parameter determinations were done in 

triplicates for each of the replicate soil samples, and the 
final results were given as an arithmetic mean of nine 
measurements. Each series of measurements included con-
trol samples without soil material. The results of this study 
were compared to the MF treatment to show the real impact 
of organic materials (poultry litter and poultry litter bio-
char) on microbial parameters of analysed treatments.

Statistical Analysis Mean values were taken from each 
triplicate data set. The differences between each object and 
the control as well as between objects were evaluated using 
a one-way analysis of variance (ANOVA) followed by Dun-
can’s post hoc test. All statistical analyses were performed 
using Statistica PL 12.5 software with a level of confidence 
of p ≤0.05. Variation within objects was determined by cal-
culating the values of standard deviation (±SD).

Results and Discussion

Soil Properties Before and After 2 Years of Experiment

When assessing the stability of biochar and its influence 
on soil, it is important to know the physical and chemical 
properties of biochar, which, in turn, have a direct impact 
on the biological properties of soil. Literature data show 
that due to the complex, specific, and resistant-to-micro-
bial-decomposition structure (presence of condensed aro-
matic structures), biochar is a “difficult” source of nutrients 
for soil microorganisms [36]. Kuzyakov et  al. [34] esti-
mated that the rate of biochar decomposition in soil is very 
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low and ranges from 0.0013 to 0.05% per day. However, 
despite its structure, biochar may create suitable conditions 
for the growth and development of soil microorganisms, as 
it improves the physical and chemical properties of soil [3, 
31, 34, 40].

The soil on which the experiment was set up had a 
slightly alkaline reaction  (pHH2O = 6.46) and natural 
contents of heavy metals (Table  2). The content of total 
nitrogen in soil before setting up the experiment was 
1.28  g  kg−1  DM, and the content of total organic carbon 
was 9.80 g kg−1 DM.

The application of organic materials to the soil resulted 
in no statistically significant changes in the soil pH values 
in comparison to the value determined in MF treatment 
(Table 3). Moreover, in objects with organic materials, the 

electrical conductivity value was considerably higher (by 
138% on average compared to EC determined in soil before 
the experiment). It is likely that the increased amount of 
ions (as measured by EC) available in the soil due to the 
presence of biochar benefited the plants with increased 
uptake of nutrients, increased microbial activity, and better 
water retention. Unfortunately, the EC soil property inter-
actions are not easily identified, since the magnitude of the 
reactions regulating soil EC levels is complex and dynamic. 
Thus, it is important to investigate the changes on EC in 
soils treated with different organic materials, because EC 
reflects the sum of salts and ions in the soil solution, the 
levels of which are regulated by the type, composition and 
amount of organic materials added to the soil [18, 35, 37].

This study’s findings indicated that organic materials 
applied to the soil caused no significant increase in the con-
tents of nitrogen and carbon, which are key nutrients for 
soil microorganisms (Table  3). The lowest C and N con-
tents were determined in the control soil (C) and the high-
est in the soil fertilised with poultry litter (PL). However, 
these differences were not statistically significant, which 
probably resulted from a relatively low dose of the material.

The lowest value of the analysed C:N ratio was found in 
soil with the addition of 5 t DM ha−1 of poultry litter bio-
char (PLB II)—and the highest—in soil with poultry litter 
(PL) applied in the same amount. Ameloot et  al. [3] also 
indicated the relevance of the C:N ratio value and changes 
in the soil pH after the application of biochar. The above 
authors emphasised that these parameters play an essential 
role in stimulating and reducing the activity of microorgan-
isms responsible for the mineralisation of soil organic mat-
ter. Also Schomberg et al. [45] and Jones et al. [31] demon-
strated a strong positive correlation between the increase in 
C:N value in soil and microbial biomass.

Effects of Poultry Litter Biochar on Soil Microbial 
Biomass

The effect of organic materials introduced into the soil on 
biological properties has repeatedly been a matter of debate 
between scientists [36]. However, the results of studies on 

Table 2  Selected soil properties (0–10 cm) before setting up the field 
experiment

Each value represents the mean of three replicates ± standard devia-
tion

Determination Unit Value

Sand % 73
Silt % 15
Clay % 12
pH  H2O – 6.46 ± 0.02
pH KCl – 5.59 ± 0.01
Electrical conductivity (EC) µS cm−1 22.0 ± 0.00
Organic carbon(Corg) g kg−1 DM 9.80 ± 0.05
Ntotal g kg−1 DM 1.28 ± 0.02
Stotal g kg−1 DM 0.17 ± 0.00
Ptotal g kg−1 DM 1.13 ± 0.14
Ktotal g kg−1 DM 1.23 ± 0.01
C:N ratio – 7.66
Cdtotal mg kg−1 DM 0.63 ± 0.01
Crtotal mg kg−1 DM 7.05 ± 1.37
Cutotal mg kg−1 DM 5.84 ± 0.42
Pbtotal mg kg−1 DM 25.5 ± 0.65
Nitotal mg kg−1 DM 4.20 ± 0.82
Zntotal mg kg−1 DM 138.5 ± 5.33

Table 3  Selected soil 
properties (layer 0–10 cm) after 
18 months of field experiment

Each value represents the mean of three replicates ± standard deviation; *mean values marked with the dif-
ferent letters differ significantly according to the Duncan’s test at p ≤ 0.05; factor: fertilisation

Determination Unit C MF PL PLB I PLB II

pH  H2O – 6.75a*±0.52 6.56a ± 0.27 6.60a ± 0.26 6.49a ± 0.12 6.57a ± 0.18
pH KCl – 5.70a ± 0.31 5.34a ± 0.10 5.49a ± 0.34 5.59a ± 0.26 5.46a ± 0.09
Electrical conductivity µS  cm−1 40.7a ± 0.00 45.0a ± 0.00 46.6a ± 0.01 37.4a ± 0.01 48.8b ± 0.00
SOC g  kg−1 DM 10.3a ± 0.75 10.4a ± 2.04 11.8a ± 1.57 11.0a ± 1.00 10.4a ± 0.86
Ntotal g  kg−1 DM 0.94a ± 0.01 0.96a ± 0.04 0.98a ± 0.06 0.94a ± 0.05 0.97a ± 0.06
C:N ratio – 11.0 10.8 12.0 11.7 10.6
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the microbial response to the presence of biochar in the soil 
are often ambiguous and inconsistent. Bruun et al. [7] and 
Luo et  al. [37] proved that thermally unconverted poultry 
litter and poultry litter biochar added to the soil causes an 
increase in microbial biomass. The authors believed that 
this results from the introduction into the soil of labile 
carbon compounds with these materials. In our study, the 
highest, statistically significant microbial biomass values 
were determined in the soil with the addition of poultry lit-
ter (53.6 µg g−1 DM soil), and the lowest, in the MF treat-
ment (27.2 µg g−1 DM soil) (Fig. 2). In objects with poultry 
litter biochar added in 2.25 t and 5 t DM ha−1 doses,  Cmic 
was significantly higher than in the MF object, by 59 and 
77%, respectively.

Our results are partially confirmed by the observations 
of Ameloot et  al. [3], who stated that biochar produced 
from poultry litter at 400 °C and applied into the soil caused 
no significant increase in  Cmic as compared to the control 
soil. The above authors also demonstrated that the intro-
duction into the soil of biochar obtained from poultry litter 
at higher temperature (500 °C) reduced microbial biomass 
by more than 30% in comparison with the control soil.

The opposing view on the effect of poultry litter biochar 
on soil microbial biomass was expressed by Castaldi et al. 
[8] and Zavalloni et al. [54]. These authors noted that the 
application of poultry litter biochar to the soil had no effect 
on microbial biomass, since the exogenous organic mat-
ter such as biochar is resistant to microbial decomposition. 
Dempster et al. [13] suggested that the reduction of micro-
bial biomass after the application of biochar to the soil may 
result from the toxicity of the material. On the other hand, 
Cross and Sohi [11] and Ameloot et  al. [3] informed that 
biochar is not inert when added to the soil and undergoes 
a biphasic mineralisation in it. The first phase includes a 
relatively fast mineralisation of labile carbon compounds 
present in biochar, which may, in a short time, intensify 
biological parameters of soil. The next phase of biochar 
decomposition has a much slower rate, and its effects may 
be difficult to assess due to their distribution in time.

As stated by Hofman et  al. [21] and Chodak and 
Niklińska [12], when assessing the environmental effect, 

a much better parameter than microbial biomass is a ratio 
between carbon concentration in microbial biomass  (Cmic) 
and the content of total soil organic carbon  (Corg). The 
ratio may be interpreted as the availability of substrates for 
soil microorganisms. The resulting coefficients  Cmic/Corg 
showed no significant differences between objects (Fig. 2). 
The highest availability of nutrients for microorganisms 
was observed in the soil with the addition of poultry litter 
(PL) and in the soil with 5 t DM ha−1 dose of poultry lit-
ter biochar (PLB II). These objects were also noted for the 
highest values of microbial biomass.

Effects of Poultry Litter Biochar on Microbial Soil 
Respiration

The metabolic activity of microorganisms referred to as 
‘soil respiration’ is a parameter which depends on the 
physiological condition of soil microorganisms and envi-
ronmental factors. Despite the high variability of soil con-
ditions, such as: humidity, soil pH, temperature, nutrient 
availability, or soil structure, it is believed that soil respira-
tion activity constitutes a very sensitive parameter, closely 
connected to other biological properties of soil [19]. Basal 
respiration (BR) determined in our study showed low vari-
ability in the analysed soils (Fig.  3). Further, significant 
differences in the parameter values were observed in soils 
with distinct changes in microbial biomass (Fig. 2). Com-
pared to the MF soil, the highest and statistically signifi-
cant increase of the BR value (by 50%) was determined in 
the soil with 5  t DM ha−1 dose of biochar (PLB II). This 
suggests that decomposition of organic matter was the most 
intensive in the object with PLB II. On the other hand, basal 
respiration in the soil amended with poultry litter and lower 
dose of poultry litter biochar (2.25  t DM ha−1) caused no 
significant increase of BR values in comparison to the MF 
treatment. The highest reduction of the BR parameter (by 
19% in relation to the control soil (C)) was reported in the 
MF treatment (Fig.  3). According to Spohn [47], reduced 
respiration activity of soil microorganisms may result from 
not only lower amount of biomass, but also reduced value 
of C:N ratio in soil.

Fig. 2  Effect of PL biochar on 
microbial biomass  (Cmic) and 
microbial coefficient  (Cmic/Corg 
ratio). Each value represents the 
mean of nine replicates ± stand-
ard deviation *mean values 
marked with the different letters 
differ significantly according to 
the Duncan’s test at p ≤ 0.05; 
factor: fertilisation
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The addition of a substrate (glucose) to the analysed soil 
samples caused a considerable increase (even up to 8 times) 
in the respiration rate (Fig. 3). This is due to the introduc-
tion of a source of easily accessible carbon into the micro-
organism habitat. Additionally, it can be concluded that 
there were no inhibitory substances in these soil samples or 
they were present in concentrations which had no inhibiting 
effect on the life processes of dormant soil microorganisms. 
The greatest increase of the SIR parameter was determined 
in objects with PL and PLB II (Fig. 3), characterised by the 
highest activity of biomass of heterotrophic aerobic micro-
organisms (Fig. 2). The lowest microbial respiration activ-
ity was reported in the MF treatment, in which basal and 
induced respiration values were reduced by 19 and 33%, 
respectively. Many authors confirmed the beneficial effect 
of biochar produced at temperatures from 250 to 400 °C on 
soil respiration activity [11, 31, 51]. In turn, Zimmerman 
et al. [55] and Dempster et al. [13] demonstrated a reduc-
tion of the parameter value after applying biochar produced 
at >525 °C. According to these authors, the reason for this 
phenomenon lies in the toxic effect of biochar and adsorp-
tion of the labile organic matter fraction by this material.

The respiratory-activation quotient (QR) calculated 
in our study, which represents the number of dormant or 
active microorganisms, ranged from 0.13 to 0.25. As stated 
by Eisentraeger et  al. [14], the value of respiratory-acti-
vation quotient between 0.1 and 0.3 is low and indicates 
a large amount of biomass of inactive microorganisms. In 
addition, the value may suggest low bioremediation rate 
in the presence of any toxic substances in soil. Given the 
microbial biomass criterion, it is believed that high value 

of basal respiration (BR) is the most desirable for soil. Tak-
ing into account observations of the above authors, the low-
est values of microbiological parameters (BR, SIR) were 
noted for MF treatment (Fig. 3). In our study, the highest 
and statistically significant QR values, compared to the 
object with MF, were determined in the soil with poultry 
litter (PL) and in the soil with 2.25 t DM ha−1 dose of poul-
try litter biochar (PLB I) (Fig. 3). On the other hand, [36] 
and Ameloot et al. [2] concluded that the beneficial effect 
of biochar on the increase of population and activity of soil 
microorganisms should be attributed not only to the supply 
of nutrients, but also retention of water (which is a medium 
for nutrient transportation) in biochar pores.

Effect of PL Biochar on Soil Nitrifying Bacteria 
Activity

Another very sensitive parameter which reflects the 
response of soil microorganisms to environmental changes 
is the soil nitrification potential (NIT) [36, 44]. The nitri-
fication potential enables determination of the potential 
activity of a specialised group of autotrophic bacteria—
ammonia-oxidising bacteria dominated by two genera 
Nitrosomonas and Nitrosospira—responsible for the first 
phase of nitrification. The second phase of nitrifica-
tion (oxidation of  NO2

− to  NO3
−) is possible mainly due 

to bacteria of Nitrobacter genus [5, 52]. The nitrification 
process is of great importance in maintaining the balance 
between various nitrogen forms, acting as a link between 
ammonification and denitrification. According to Wang 
et al. [52], the soil pH value, the number of ions  NH4

+, soil 

Fig. 3  BR—Basal respiration, 
SIR—substrate induced respira-
tion, QR—respiratory activation 
quotient of control and amended 
soils. Each value represents the 
mean of nine replicates ± stand-
ard deviation *mean values 
marked with the different letters 
differ significantly according to 
the Duncan’s test at p ≤ 0.05; 
factor: fertilisation
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temperature, and the organic matter content have a critical 
impact on the number of nitrifying bacteria. The addition 
of biochar into the soil may also reduce the emission of 
 N2O from soil [9], have no effect on it [49], or increase the 
emission of  N2O from soil [44].

Our study proved that the addition of poultry litter had 
significant effect on nitrifying bacteria activity. Compared 
to the MF treatment, nitrifying bacteria activity in the soil 
of that object was higher by 43% (Fig. 4). Significant posi-
tive effect of the addition of thermally unconverted poul-
try litter (PL) is probably the result of ammonia nitrogen 
load present in the material and content of DOC (Table 1). 
In the case of thermally converted poultry litter (PLB I 
and PLB II), we observed no significant effect on the NIT 
parameter values compared to the soil with MF. Neverthe-
less, the application of poultry litter biochar in doses of 
2.25 t and 5 t DM ha−1 contributed to an increase in nitrify-
ing bacteria activity by 36 and 34%, respectively compared 
to the object with MF. Given the fact that the analysed soil 
samples had comparable physical and chemical proper-
ties (Table 3), it is possible that the observed activity was 
related to the number of nitrifying bacteria in the organic 
materials. On the other hand, observations of Wang et  al. 
[52] suggested that 3 and 5% additions of biochar to the 
soil affected and inhibited the nitrification process.

The results of our study indicate that the lowest nitrifica-
tion potential was observed in the MF treatment in which 
nitrifying bacteria activity was reduced by 26% compared 
to the control soil (Fig. 4). This may reflect the availability 
of less favourable conditions for the development of nitrify-
ing bacteria, as confirmed by Clough et al. [10] and Wang 
et  al. [52]. Study conducted by these authors proved that 
the application of biochar to soil may inhibit the activity 
of soil microorganisms due to the presence of phenolic 
compounds (PHCs) and polycyclic aromatic hydrocarbons 

(PAH) in the material, which were formed during its 
production.

Weather conditions, and in particular the amount and 
distribution of precipitation could be an important factor 
with a direct effect on the biological activity of the soil in 
the study. Precipitation influences the formation of air and 
water conditions in the soil and the availability of nutrients 
for microorganisms, as well as the intensity of their bio-
chemical reactions. A large variation in precipitation was 
observed between individual months of the second year of 
the experiment (Fig. 1). The second year of the experiment 
was characterised by lower precipitation and lower temper-
ature values compared to the values recorded for the year in 
which the experiment was set up [40].

Conclusions

In objects with biochar added in 2.25  t and 5  t  DM  ha−1 
doses, microbial biomass  (Cmic) was significantly higher 
than in the MF treatment, by 59 and 77%, respectively. 
The significantly highest basal respiration value was deter-
mined in soil with 5  t DM ha−1 biochar. Basal respiration 
in the soil amended with poultry litter and lower dose of 
poultry litter biochar (2.25  t DM  ha−1) caused no signifi-
cant increase of BR values in comparison to the soil with 
mineral fertilisation (MF). The application of poultry lit-
ter had significant effect on nitrifying bacteria activity 
(increase by 50%). Nevertheless, the application of poultry 
litter biochar in doses of 2.25 t and 5 t DM ha−1 contributed 
to an increase in nitrifying bacteria activity by 36 and 34%, 
respectively compared to MF treatment. Basal respiration, 
microbial biomass and nitrifying bacteria activity are sensi-
tive tools for rapid verification of the effects of changes in 
the environment and monitoring of soil quality.
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