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A b s t r a c t . The aim of this study was to evaluate the 
effect of thea digestate which originated fromon a widely cul-
tivated perennial crop (Miscanthus giganteus). Cchanges in the 
physicochemical properties of the soil, the abundance of soil 
microorganisms, and soil respiration were all assessed. Three 
types of digestate: fresh in the liquid form, processed – dried and 
pyrolysed, were tested and compared with mineral fertilization 
and an unfertilized control. Soil samples were taken in spring 
2014, summer 2015 and autumn 2016. In total, 14 variables were 
analysed: total carbon, hot water extractable carbon, total nitro-
gen, C/N ratio, phosphorus, magnesium, potassium, pH, bacteria, 
fungi, O2 intake, CO2 emission, total carbon mineralized after 
7- and 100-day-long respiration. Overall, regardless of the form 
of the digestate, the chemical parameters of the soil improved, 
although the extent of the improvement depended on the applied 
form of the digestate. The highest TC 12.79, N 1.29, K 257.95 and 
P 149.96 g kg–1 DM were determined in the plots fertilized with 
biochar. All digestate forms had a positive influence on the bacte-
rial DNA abundance, and biochar also affected the abundance of 
the fungal DNA and the potential carbon sequestration in the soil. 
Pyrolysed digestate may have a particular value in the fertilization 
of perennial industrial crops.

Keywords: digestate, soil chemical properties, soil respira-
tion, Miscanthus giganteus

INTRODUCTION

The growth in agricultural biogas production has stimu-
lated more intensive research into the rational management 
of digestate, including its use for fertilization purposes. The 
importance of digestate application to soil is being deter-
mined across the world (Nakamya et al., 2020; Castro et 
al., 2017; Roubík et al., 2018; Ogwang et al., 2021). The 
wide array of substrates that are processed in agricultural 
biogas plants produces a qualitative diversity of digestate. 
Depending on the substrate used, the physical and chemi-
cal parameters of the digestate are highly varied. Numerous 
studies have provided detailed information concerning the 
chemical composition of digestate and its impact on soil 
properties (Alburquerque et al., 2012; Battista et al., 2019; 
Bułkowska et al., 2012; Goberna et al., 2011; Jurgutis et 
al., 2021; Kaparaju and Rintala, 2008; Karimi et al., 2022; 
Odlare et al., 2008; Panuccio et al., 2021; Pranagal et al., 
2017; Siebielec et al., 2018; Smith et al., 2007; Tambone 
and Adani, 2017; Walsh et al., 2012).

Digestate may be applied directly to the soil either in an 
unchanged form or having been separated into two phases, 
solid and liquid (Akhiar et al., 2017; Battista et al., 2019; 
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Tambone and Adani, 2017). Currently, the latter digestate 
application method is gaining in importance owing to its 
beneficial effects on agriculture and the environment as it 
reduces the loss of nutrients through runoff or oxidation, 
and is capable of generating positive economic outcomes 
by limiting the costs of both storage and transporting the 
digestate to plantations (Battista et al., 2019; Nelissen et 
al., 2014; Zheng et al., 2013). However, despite increas-
ingly effective separation methods, the solid mass obtained 
from digestate still contains quite a large fraction of water, 
which favours the metabolic activity of microbiota and 
therefore the undesirable processes of organic matter deg-
radation. As a consequence, a longer storage period for the 
digestate may lead to a decreased fertilizing value and also 
create a possible threat to the environment (Baldé et al., 
2016; Bruun et al., 2011).

A prospective solution in terms of the direct fertilization 
use of fresh or composted digestate could be the conver-
sion of digestate solid mass to biochar using pyrolysis 
(Troy et al., 2013). During pyrolysis, biomass undergoes 
numerous chemical reactions, which lead to a change in 
the chemical composition of the substance so that the bio-
char acquires several new characteristics (Radawiec et al., 
2014). The most significant changes in the context of the 
soil application of biochar are connected with an increase 
in the total carbon concentration, including the fraction 
of bound/stable carbon, which has a direct influence on 
the carbon stability in soil. The fraction of stable carbon 
has either an aromatic or a heterocyclic character, which 
makes it highly tolerant to decomposition (Bornemann et 
al., 2008; Lehman et al., 2009). In turn, the labile carbon 
fraction in biochar is composed for the most part of carbon-
ates and organic compounds soluble in the soil solution. 
The proportion of the carbon fractions (stable and labile) 
conditions the degradability of the biochar and the rate of 
mineralization in the soil (Lehman et al., 2009). According 
to Bai et al. (2014) and Spokas (2010) the content of bound 
carbon has a fundamental effect on the stability of carbon 
in the soil environment, and therefore on effective carbon 
sequestration in the soil.

Biochar can have a positive effect on the properties and 
functions of soil in the environment, as proven by numerous 
studies (Blackwell et al., 2009; Burrell et al., 2016; Hardie 
et al., 2014; Lehmann et al., 2006; Ojeda et al., 2015; 
Razzaghi et al., 2020; Tryon, 1948). The high tempera-
ture at which biochar is produced results in the formation 
of a large inner surface area and a large cation exchange 
capacity (Jindo et al., 2014). Due to these qualities, bio-
char can play an important role in the remediation of soil 
pollutants, such as pesticides, heavy metals and polycyclic 
aromatic hydrocarbons, therefore it has a positive effect 
on the functioning of the soil and the entire environment 
(Beesley et al., 2011; Bornemann et al., 2008; Bruun et al., 
2011; Cabrera et al., 2011; Galvez et al., 2012; Lehmann, 
2007; Lehmann et al., 2011; Smith et al., 2007). Improving 

the physical properties of the soil and the remediation of 
harmful compounds in the soil are examples of the benefi-
cial influence of biochar on the environment. Research has 
shown that biochar can either directly or indirectly improve 
the fertility of soil, thereby improving the growth, devel-
opment and yields of crops. The adsorption of nutrients in 
the biochar structure contributes to the improvement in the 
availability of essential micro- and macroelements to plants 
(Galvez et al., 2012; Lehmann et al., 2006, 2011; Smith et 
al., 2007). The application of biochar to the soil results in 
the improved phytoavailability of phosphorus, potassium 
as well as total nitrogen and, to a lesser extent, of calci-
um and copper (Lehmann et al., 2011; Schulz and Glaser, 
2012). It has also been demonstrated that the application 
of biochar to acid soils raises soil pH (Topoliantz et al., 
2002). The improved fertility of the soil may also be a con-
sequence of the participation of biochar in the formation 
of humic substances, and the stabilization of humus and 
soil aggregates (Bai et al., 2014; Bornemann et al., 2008; 
Jining et al., 2014). Moreover, the improved availability 
of nutrients to plants stems from the direct application of 
nutrients to plants together with the biochar added to the 
soil, the increased retention of nutrients in the soil and their 
slower release, and from positive changes in soil micro-
biological dynamics. The porous structure of the biochar 
ensures physical protection while the inner surface of the 
pores with their ability to adsorb soluble organic matter 
provides a suitable environment for colonization and the 
development of soil microorganisms: bacteria, fungi and 
actinomycetes (Lehmann et al., 2011).

Soil microorganisms play a decisive role in the decom-
position of soil organic matter carbon (SOC); they are also 
key regulators of the dynamics of SOC transformation in 
the soil. By constantly competing for nutrient substrates, 
fungi and bacteria have developed various mechanisms to 
adapt to the prevailing soil conditions. According to De 
Boer et al. (2005), fungi have adopted better to the decom-
position of complex and hardly degradable lignocellulose 
materials (including lignin), while bacteria utilize easily 
degradable organic compounds (such as sugars). Tian et al. 
(2015) maintain that organic carbon fractions play a sig-
nificant role in the shaping of the functional diversity of 
soil microorganisms. Likewise, the functional diversity of 
microorganisms in the soil, as measured by their catabolic 
potential, depends on the type of organic carbon available 
(Degens, 1998). The main consumer of organic matter can 
therefore influence the direction and intensity of decom-
position processes in the soil, thereby affecting the carbon 
cycle. The soil microbial community largely regulates 
the relative proportions of the different types of carbon 
fractions (Six et al., 2006). Changes in the structure and 
abundance of fungi in the soil induced by intensive soil 
use was found to determine the chemical composition of 
SOC on bamboo plantations (Li et al., 2017). The study 
conducted by Zhang et al. (2015) showed that the presence 
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of different microbiological taxa in the soil determines the 
carbon fractions. Thus, changes in the composition and 
functioning of the soil microbial community in response to 
different agricultural treatments should play an important 
role in the determination of the stability of the carbon frac-
tion in the soil (Zhang et al., 2015).

The chemical properties of fresh digestate and its influ-
ence on soil properties have been the subject of numerous 
studies. The time limitations of soil application have made 
it necessary to improve the methods of the "fixation" of 
digestate, thereby allowing it to be stored for a longer period 
without the loss of nutrients and environmental pollution.

The aim of the study was to assess the effect of the addi-
tion of processed digestate (biodrying, pyrolysis) to the soil 
on its physicochemical and biological properties, as well as 
the rate of degradation in the soil. The research was used to 
verify the research hypothesis that the greatest effect with 
regard to improving the physicochemical and biological 
properties of the soil will be demonstrated for pyrolysed 
digestate. Moreover, the pyrolysed digestate will show 
a greater resistance to decomposition in the soil as compared 
to the application of fresh digestate and dried digestate.

MATERIALS AND METHODS

The test plant was the giant miscanthus (Miscanthus 
giganteus). It is a perennial crop used in industrialized 
agriculture, it is grown for combined biomass production 
and the ecological restoration of contaminated and mar-
ginal land (Wang et al., 2020). Field experiments were 
carried out in 2013-2016, in the fields of the Teaching and 
Research Station of the University of Warmia and Mazury 
located in Łężany in Poland (53°967'N 21°133'E). The soil 
of the experimental field was classified as a Luvisol. The 
average air temperatures in the consecutive years of the 
experiment (January-December) and plant growing seasons 
(April-October) were similar, they ranged within 8.5-9.0°C 
and 13.4-14.2°C, respectively. Larger variations in rainfall 
were noted during the years of the study. While the average 
precipitation in 2014 and 2015 was similar for the whole 
year and also during the growing season: 550 and 572 mm 
in 2014 and 240 and 372 mm in 2015, respectively, the 
results were much higher in 2016, reaching 853 mm for the 
whole year and 642 mm for the plant growing period.

Five fertilization treatments were tested in the experi-
ment (factor A); fresh digestate in a liquid form (fresh 
digestate, Fd), the separated and dried solid fraction of the 
digestate (dried digestate, Dd), the separated and dried solid 
fraction of the digestate submitted to pyrolysis (pyrolysed 
digestate, Pd), and for reference – mineral fertilization with 
an ammonium salt (NPK) and an unfertilized plot (control 
treatment, Ct). Fertilization was applied in 2013, 2014 and 
2015, while the year 2016 was used as a source of reference 
data for testing the residual effects of fertilization. Soil sam-
ples were collected on three dates: spring 2014 (April 11, 
2014) (2014Sp), summer 2015 (August 17, 2015) (2015Su) 
and autumn 2016 (October 30, 2016) (2016Au) (factor B). 
The characteristics of the digestates are presented in Table 1.

Digestate was obtained from a pilot agricultural biogas 
plant located at the Teaching and Research Station of the 
UWM in Bałdy. The digestate used in that biogas plant was 
bovine manure with added maize silage. Fresh digestate was 
applied directly to the field. Dried digestate was obtained by 
dewatering fresh digestate using a screw separator equipped 
with a slotted filter, after which the solid fraction was bio-
dried. Pyrolysed digestate was produced by heating the solid 
fraction of digestate in a flow-through reactor at a tempera-
ture of 400°C. The doses of digestate were established with 
reference to a dose of nitrogen equal 85 kg N ha–1. Mineral 
fertilization was applied in the following doses: N 68.0, 
P 22.7, K 62.8 kg ha–1. Fertilization was performed in 2013, 
2014 and 2015. The soil studies commenced in the spring of 
2014 (in May, before fertilization) and they were continued 
in summer 2015 and autumn 2016.

The research was based on the results of laboratory 
analyses of soil samples with respect to the chemical, bio-
logical and respirometric properties of the soil. In total, 
14 variables were analysed, including: total carbon (TC), 
hot water extractable carbon (HWC), total nitrogen (TN), 
the C/N ratio, phosphorus available to plants (P), magne-
sium available to plants (Mg), potassium available to plants 
(K), pH, bacteria load (BL), fungi load (FL), O2 intake (O2), 
CO2 emission (CO2), total carbon mineralized after 7 days 
of respiration (TC-7) and total carbon mineralized after 
100 days of respiration (TC-100).

The content of total carbon was determined using a CHS 
500 analyser (Eltra, Germany). The fraction of labile carbon 
– hot water extractable – was determined according to the 
method described by Sparling et al. (1998) and the extracts 

Ta b l e  1. Characteristics of digestates

Fertilizer Solids
%

TN N-NH3 TC Cfixed Organic matter C/N P2O5 K2O MgO pH

g kg–1 DM

Fresh digestate (Fd) 5.45 71.56 33.58 420.0 185.4 689.7 5.9 23.85 66.06 12.84 8.24

Dried digestate (Dd) 58.23 35.79 1.19 480.0 240.7 764.3 13.4 12.65 31.60 2.05 9.03

Pyrolysed digestate (Pd) 84.17 24.83 0.41 520.0 412.4 820.5 20.9 15.33 26.02 8.79 8.86
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obtained were analysed using a Multi C/N 3100 analyser 
(Analityk Jena, Germany). The content of total nitrogen was 
determined with the Kjeldahl method using K435 miner-
alization and B324 distillation sets (BUCHI, Switzerland). 
The soil pH was determined according to ISO 10390:1997 
with a potentiometric method using a CPC-505 pH-meter 
(Elmetron, Poland), coupled with an IJ44A electrode 
(Elmetron, Poland). The content of plant available phospho-
rus and potassium were determined using the Egner-Riehm 
method, in accordance with this method, an SQ 118 (Merck, 
US) photometer was used with a Jenway PFP7 flame pho-
tometer (VWR, Germany). The content of plant available 
magnesium was determined using the Schachtschabel meth-
od with a GBC 932 Plus atomic absorption spectrometer 
(GBC Scientific Equipment Ltd, UK).

In order to determine the abundance of microorgan-
isms in the soil microbial community, an assay of the 
genetic material was conducted using Real-Time PCR on 
a RotorgeneQ (Qiagen, Germany) Real-Time PCR. The 
analysis was carried out with TaqMan technology using 
a molecular probe (for total Bacteria) and SybrGreen (for 
total Fungi). Prior to the isolation of the genetic materi-
al, 0.5 g of the soil was homogenized in a TissueLyserLT 
homogenizer (Qiagen, Germany), after which the extrac-
tion of the total DNA was carried out using a GeneMATRIX 
Soil DNA Purification Kit (EurX, Poland), according to 
the manufacturer’s instructions. The determination of the 
total quantities of DNA was accomplished using a Qubit 
2.0 fluorometer (Invitrogen Life Technologies, USA), 
and the quality of the products obtained was verified with 
a NanoDrop 2000c spectrophotometer (Thermo Scientific, 
USA). The RealTime PCR reaction of the fragments of the 
gene encoding 16S rRNA of bacteria was conducted using 
specific starters BAC338F and BAC805R and a BAC516F 
probe (Martin and Rygiewcz, 2005). Amplification was 
conducted using the reaction mixture Maxima Probe qPCR 
Master Mix 2x (Thermo Fisher Scientific, Waltham, MA). 
In order to assess the quantities of fungi, a Real-Time PCR 
reaction was run on a fragment of the ITSI region with the 
starters NSI1 and 58A2R (Martin and Rygiewcz, 2005) and 
a reaction mixture of SYBR Green qPCR Master Mix 2x 
(Thermo Fisher Scientific, Waltham, MA).

The RealTime PCR reaction for bacteria comprised 
the following steps: preliminary denaturation at 95°C for 
10 min, then 45 cycles, followed by denaturation at 95°C for 
15 s, attachment of starters and elongation (60°C, 1 min). In 
turn, the RealTime PCR reaction for fungi consisted of these 
steps: preliminary denaturation (95°C, 10 min), 40 cycles, 
denaturation (95°C, 15 s), attachment of starters (52°C, 
30 s), elongation (72°C, 30 s) and collecting fluorescent data 
at 78°C for 15 s. The melting curve analysis comprised the 
steps of denaturation at 95°C for 15 s, elongation at 60°C 
for 1 min, and melting stepwise at 0.3°C intervals to 95°C 
for 15  s. A standard curve of amplification, which allows 

for the determination of the initial content of nucleic acids, 
was derived using the genomic DNA from pure cultures of 
Bacillus subtilis (Bacteria) and Fusarium culmorum (Fungi) 
respectively for the two domains. Determinations of the 
quantities of gene copies in the analysed samples were based 
on comparisons with the standard curves. The efficiency of 
the reactions was 0.99 and 0.98 for Total Bacteria and Total 
Fungi, respectively.

In order to estimate the intensity of the mineralization of 
fertilizers in the soil, respirometry analyses of the oxygen 
processes in the soil were conducted using a Micro-Oxymax 
respirometer (Columbus Instruments International, US). The 
tests consisted of a 100-day incubation period during which 
the amounts of absorbed O2 and released CO2 were recorded. 
The soil samples were placed in bioreactors with a capacity 
of 250 ml, and then secured against light with aluminium 
foil. The fresh mass of the soil in a pot was 200 g. The dry 
matter content determined in the soil was used to establish 
the water content using the weight method at a level of 20%. 
Two bioreactors were set up for each fertilization treatment. 
The soil samples prepared as described above were incu-
bated at a room temperature of 21°C for 100 days (Diochon 
et al., 2013). During that time, the cumulative amounts of 
CO2 produced and O2 consumed (μg g–1 DM of soil) were 
recorded. The results concerning CO2 emissions were then 
converted to the C content according to the molar mass.

The assumptions of a normal distribution and the homo-
geneity of variance of the results from the fertilization 
plots were tested for each variable. Next, a two-factorial 
analysis of variance was conducted in order to evaluate the 
significance of the influence of fertilization (factor A), sea-
son (factor B) and the interactions between these factors on 
soil properties. The following steps in the statistical pro-
cessing of post-hoc comparisons of means were performed 
using Tukey’s test (HSD) at a significance level of p<0.01. 
Pearson’s correlation coefficients were used to evaluate the 
mutual relationships between the variables, followed by 
a PCA (Principal Component Analysis). All statistical analy-
ses were carried out using the STATISTICA (StatSoft, Inc., 
2014, Poland) software.

RESULTS

The analysed soil variables along with the basic sta-
tistics as well as the F-statistics and the significance level 
for the fertilization x season interaction according to the 
ANOVAs of the chemical and biological soil parameters 
are given in the Supplement (Table S1 and S2). The soil 
tested in the experiment was characterized by a low total 
carbon content (9.5  g  kg–1 DM) and a low total nitrogen 
content (1.12  g  kg–1  DM). Conversely, it was found to be 
rich in macronutrients, especially phosphorus and potassium 
(89.9 and 36.9 g kg–1 DM, respectively). With respect to the 
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abundance of bacteria in the soil as well as its respiratory 
parameters, these characteristics were noted to be highly 
variable.

The fertilization x season interaction for all of the stud-
ied soil chemical and biological parameters was highly 
significant (Table S2) which indicates that the variation in 
parameters between seasons was specific to the fertilization 
applied.

The application of digestate, regardless of the form, 
affected the analysed chemical properties of the soil (except 
HWC), in addition to which it raised the pH and increased 
the soil content of nutrients. The effects which occurred 
in particular seasons depended on the type of digestate 
applied. Figure 1 shows the average values of the variables 
for the type of fertilizer x season interaction. The highest 
average concentration of carbon was determined for soil 

Fig. 1. Changes in the chemical properties of the soil in the seasons of spring 2014, summer 2015 and autumn 2016, depending on the 
type of fertilizer used (Fd – fresh digestate, Dd – dried digestate, Pd – pyrolysed digestate, NPK – mineral fertilizer, Ct – control treat-
ment). The use of the same letter indicates insignificant differences between means at p<0.01.

a) b)

d)c)

e) f)

g) h)
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amended with pyrolysed digestate (12.18 g kg–1 DM), 
and slightly lower ones were found for soil following the 
application of fresh digestate (10.08 g kg–1 DM) and dried 
digestate (9.41 g kg–1 DM). During the 3-year-long experi-
ment, the highest total carbon concentration in the soil was 
found in the plots fertilized with dry digestate and mineral 
fertilizer and occurred in the summer of 2015, whereas the 
TC concentration in the other plots increased gradually and 
peaked in the autumn of 2016. The content of labile car-
bon (HWC) decreased in all fertilizer plots. The average 
HWC value was highest in the plots fertilized using dry 
digestate (0.57 g kg–1 DM), and lowest (lower than in the 
NPK and the control treatments) in the ones fertilized with 
pyrolysed digestate (0.39 g kg–1 DM) and also the fresh one 
(0.30 g kg–1 DM). However, the plots fertilized with pyro-
lysed and fresh digestate were found to have the highest 
concentration of total nitrogen, i.e. 1.30 and 1.20 g kg–1 DM, 
respectively. With regard to the total nitrogen content, an 
increase was observed in the plots fertilized with fresh and 
dry digestate, while the soil supplied with mineral fertilizer 
and pyrolysed digestate was found to have the highest total 
nitrogen content in summer 2015. Similarly, pyrolysed, 
fresh and dry digestate contributed to the enrichment of the 
soil with elements essential to crops, such as phosphorus, 
magnesium and potassium, and the values obtained in these 
experimental treatments were much higher than the ones 
determined for the mineral fertilization and control treat-
ments. The highest average concentrations of phosphorus 
(143.43 g kg–1 DM), potassium (227.89 g kg–1 DM) and 
magnesium (55.74 g kg–1 DM) were achieved in the plots 
fertilized with pyrolysed digestate. Fertilization with diges-
tate also resulted in an increase in the soil pH. A neutral soil 
reaction was noted after the application of fresh digestate, 
while a slightly acidic one occurred in the variants ferti-
lized with pyrolysed and dried digestate.

All of the applied fertilization treatments produced 
a differentiated abundance of bacteria and fungi. The study 
demonstrated a significant increase in the abundance of 
fungal DNA in all fertilization treatments (Fig. 2a). The 
greatest increase relative to the soil samples taken for 
analysis in the spring of 2014 occurred after the applica-
tion of liquid digestate (a 2.5-fold increase) and pyrolysed 
digestate (a 2.2-fold increase), and the highest abundance 
of fungi was noted in summer 2015 following the applica-
tion of liquid digestate. In general, the abundance of fungi 
in the NPK fertilized and also in the control plots in spring 
and autumn was higher than in the plots fertilized with 
dried and fresh digestate. At the same time, the abundance 
of bacteria in autumn 2016 was lower than in spring 2014 
(Fig. 2b). The greatest decrease in the content of bacteria 
should be linked to the intensive rise in the abundance 
of fungi, which, through competition for nutrients are an 
antagonistic group of microorganisms towards bacteria. 
This is confirmed by a strong, negative correlation between 
the abundance of fungi and bacteria (–0.768) (Table 2). 

Overall, it may be assumed that – regardless of the form 
that the digestate is applied in – the abundance of fungi 
increased while the abundance of bacteria decreased. As 
for the plots with mineral fertilization and the control one, 
the course of the changes was the same, but the scale was 
smaller than among the plots fertilized with digestate.

An analysis of the results concerning soil respiration 
indicates that changes in absorbed O2 and released CO2 fol-
lowed a similar course during consecutive seasons: spring 
2014, summer 2015 and autumn 2016 (Fig. 3). The highest 
degree of intensity of the ongoing soil respiration pro-
cesses was noted successively in soil fertilized with liquid 
digestate, dried digestate, mineral fertilizer, and pyrolysed 
digestate. The amounts of CO2 released from these soils 
were much higher than in the control, in which the soil 
remained unfertilized. Moreover, in all of the fertilized 
soils the intensity of the uptake of O2 and the release of CO2 
increased in the subsequent years of the study. In the spring 
of 2014, the total amount of CO2 released from soil fertilized 
with liquid digestate was 1 703.26 μg CO2 kg–1 DM of soil, 
compared to 1 499.25 μg CO2 kg–1 DM when dried diges-
tate was applied, 1 505.92 μg CO2 kg–1 DM of soil treated 
with mineral fertilizer, and 1 430.25  μg CO2  kg–1 DM of 
soil when pyrolysed digestate was applied. In the third year 
of the study, in autumn 2016, these values were 5 540.99, 
5 414.06, 5 281.10, 4 625.17 and 3 415.65 μg CO2 kg–1 DM 
of soil, respectively.

Regardless of the form of fertilizer used, a high rate of 
O2 uptake and CO2 emission was noted in the first week of 
incubation, after which it declined in all of the analysed 
fertilization treatments. The amount of carbon mineralized 
in 7 days reflects the content of the most active fraction of 
easily available carbon (Table 3). The percentage of min-
eral carbon in the first 7 days was 1.64-2.59% TC in spring 
2014, 5.90-9.46% TC in summer 2015, and 9.26-14.94% 
TC in autumn 2016 (Table 3). The highest values were 

Fig. 2. Fungal load (a) and bacteria load (b) in the soil depend-
ing on the type of fertilizer and season (Fd – fresh digestate, 
Dd – dried digestate, Pd – pyrolysed digestate, NPK – mineral 
fertilizer, Ct – control).

a)

b)
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recorded for the plot fertilized with liquid digestate (spring 
2014, summer 2015) and with mineral fertilizer (autumn 
2016), while the lowest ones were determined in the plots 
treated with pyrolysed digestate, regardless of the year of 
the study. After 100 days, the amount of carbon which had 
undergone mineralization was 15.05-23.76% TC in spring 
2014, 33.89% TC in summer 2015, and in 43.39-78.79% 
TC in autumn 2016. The highest values were determined 
in the soil with mineral fertilization (spring 2014, autumn 

2016) and also in the soil fertilized with liquid digestate 
(summer 2015), while the lowest ones – as was the case 
after 7 days – were recorded in the soil fertilized with pyro-
lysed digestate.

An analysis of Pearson’s correlation coefficient 
(Table 2) revealed a significant, positive linear relationship 
between the total carbon content and the total nitrogen con-
tent, the available forms of macronutrients (K, P, Mg) and 
soil pH. The HWC content correlated negatively with the 

Autumn 2016

Summer 2015

Spring 2014

a) b)

c) d)

e) f)

Fig. 3. The emission of CO2 and the uptake of O2 during the incubation of the soil, depending on the type of fertilizer used and the 
season (Fd – fresh digestate, Dd – dried digestate, Pd – pyrolysed digestate, NPK – mineral fertilizer, Ct – control) (a, b – spring 2014, 
d, e – summer 2015, e, f – autumn 2016).

Ta b l e  2 . Pearson’s correlation coefficients for the chemical, biological and respirometric properties of soil (n = 15)

Variable TC HWC TN C/N pH P Mg K FL BL TC-7 TC-100
HWC –0.458 1
TN 0.910** –0.469** 1
C/N 0.818** –0.299* 0.507 1
pH 0.750** –0.499** 0.877** 0.363* 1
P 0.840** –0.282 0.703** 0.743** 0.443** 1
Mg 0.911** –0.481** 0.901** 0.656** 0.869** 0.681** 1
K 0.792** –0.568** 0.761** 0.566** 0.458** 0.793** 0.685** 1
FL 0.334* –0.766** 0.187 0.431 0.096 0.152 0.212 0.440 1
BL 0.172 0.409** 0.312* –0.074 0.429** 0.254* 0.301 –0.083 –0.793** 1
TC-7 0.109 –0.806** 0.091 0.105 0.113 –0.016 0.154 0.333 0.833** –0.657** 1
TC-100 0.053 –0.719** 0.086 0.002 0.114 –0.126 0.131 0.261 0.785** –0.651** 0.970** 1
CO2 0.404 –0.816** 0.399 0.297 0.375 0.150 0.462 0.519** 0.844** –0.557** 0.910** 0.924**

Significant at: *p<0.05 and **p<0.01.
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content of potassium, the abundance of fungal DNA and 
soil respirometry parameters. A negative correlation was 
shown between the abundance of the bacterial and fungal 
DNA, with a higher fungal DNA abundance correlating 
with a more intensive soil respiration process, while a high-
er bacterial DNA correlated with a decreased intensity in 
the soil respiration process.

The PCA analysis identified four significant com-
ponents (Table 4). The cumulated R2X(cum.) = 0.826 
indicates that PCs summarize the total variance very well. 
The global goodness of fit and the predictive quality of the 
model measured by Q2X were significantly improved by 
the inclusion of PC2 and the next PCs did not increase the 
general utility of the model.

When analysing the loadings in Fig. 4, we can see that 
the first two PC coordinates classify variables into four 
distinctive groups, i.e. variables associated with seasons 
2014Sp (I group), 2015Su (II group) and 2016Au (III 
group) as well as those associated with biochar application 
(IV group).

In the first group of variables that were highly correlated 
with PCs, the labile carbon (HWC) and bacteria abun-
dance (B) were correlated with the first season of the study 
(2014Sp). This confirms the results presented above which 
found that in spring 2014Sp before fertilizer application 
but after fertilization in the previous year (2013) the soil 
was rich in labile carbon and contained a high abundance 
of bacteria. The second group of variables is composed of 
the intermediate season 2015Su and the associated fertili-
zation treatments Ct, NPK, Dd and Fd. The variables are 
weakly associated with the first two PCs. The third group 
closely correlates the last season of the 2016Au study with 
a high abundance of soil fungi and the intensive processes 
of respiration and CO2 emission. It should be noted that no 
fertilization was applied in 2016, thus it represents the fol-
low-up effect of different types of mineralization and their 
associated emissions. In the fourth group, there was a set 
of chemical properties closely correlated with the applica-
tion of pyrolysed digestate (Pd), which caused a higher pH 
value and content of total carbon, total nitrogen, phospho-
rus, potassium, magnesium and C/N ratio.

Ta b l e  3. Amount and percentage of mineralized carbon relative to the initial amount of total carbon in the bioreactor after 7 (TC-7) 
and 100 (TC-100) days of incubation

Season Fertilizer
Carbon initial Carbon mineralized

TC HWC HWC 100/TC TC-7 TC-100
g kg–1 DM soil % % TC

Spring 2014 

Fd 9.24 0.52 5.63 2.59 22.12
Dd 7.89 0.70 8.87 1.73 22.77
Pd 11.40 0.65 5.70 1.64 15.05

NPK 7.61 0.81 10.64 2.30 23.76
Ct 7.35 0.78 10.61 1.96 16.03

Summer 2015 

Fd 10.04 0.26 2.59 9.46 51.02
Dd 10.63 0.61 5.74 6.24 44.78
Pd 12.35 0.30 2.43 5.90 33.89

NPK 9.24 0.44 4.76 7.54 50.68
Ct 7.39 0.42 5.68 6.87 40.62

Autumn 2016 

Fd 10.95 0.13 1.19 10.83 60.73
Dd 9.71 0.39 4.02 11.58 66.90
Pd 12.79 0.23 1.80 9.26 43.39

NPK 8.04 0.33 4.10 14.94 78.79
Ct 7.80 0.29 3.72 11.19 52.56

Ta b l e  4. Summary of the four significant PCs

Principal component R2X R2X(cum.) Eigen values Q2 Limit Q2(cum.)
PC1 0.376 0.376 7.904 0.180 0.116 0.180

PC2 0.258 0.634 5.412 0.273 0.123 0.403

PC3 0.109 0.743 2.285 –0.007 0.132 0.399

PC4 0.083 0.826 1.752 0.064 0.141 0.438
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DISCUSSION

In comparison with mineral fertilization and the con-
trol, fertilization with digestate had a positive effect on 
most of the analysed soil chemical parameters (except for 
HWC). The effect of an increase in the total carbon con-
tent following soil enrichment with a large load of organic 
matter contained within the digestate has been well docu-
mented in the literature (Beni et al., 2012; Fernández-Bayo 
et al., 2017; Nabel et al., 2014; Nabel et al., 2016). Also, 
an increase in the soil content of nitrogen induced by diges-
tate fertilization has been demonstrated by Alberquerque et 
al. (2012), Bachmann et al. (2011), Lošák et al. (2012), 
Nabel et al. (2014, 2016), Risberg et al. (2017). Moreover, 
the research results show that the application of fermented 
fertilizer may bring about better effects as opposed to the 
direct use of natural fertilizer. A rise in the mineral nitrogen 
concentration by 36% after three years of soil fertilization 
with cattle slurry, as compared to the application of swine 
manure, has been reported by Möller et al. (2008). Although 
some researchers (Barłóg et al., 2020) have reported the 
lack of any significant improvement in the key soil fertility 
parameters and have only determined a positive tendency 
for changes after the application of digestate, they attribute 
these results to the insufficiently long duration of the exper-
iment. Mineral fertilization can lead to the mineralization 
of soil organic matter, and consequently to some depletion 
of SOC in the soil (Menšík et al., 2008). Our study also 
demonstrated a distinct increase in the total carbon content 
in summer 2015 and its decrease in the autumn of 2016 in 
NPK fertilized plots. As expected, the application of pyro-
lysed digestate, owing to the high carbon concentration in 
this fertilizer, produced the highest increase in the total car-
bon content in the soil. Numerous papers have confirmed 

that with its high carbon content, including stable carbon, 
biochar contributes to the improvement of the carbon bal-
ance in the soil (Galvez et al., 2012; Ginebra et al., 2022; 
Mohan et al., 2014; Sigua et al., 2014).

The mass of fresh digestate added and its various deriva-
tive forms can result in an increase in the soil content of 
phosphorus, potassium and magnesium. The positive effect 
of the phosphorus contained in the fertilizer on the soil con-
tent of phosphorus has been proven in experiments by Beni 
et al. (2012), Bachmann et al. (2011), Fernández-Bayo et 
al. (2017), Koszel and Lorencowicz (2015) and Nabel et al. 
(2016). The improved soil richness with regard to potassium 
following the application of digestate has been demon-
strated by Fernández-Bayo et al. (2017) and by Koszel and 
Lorencowicz (2015). The impact of digestate application 
on the soil content of available magnesium was not unam-
biguous. An increase in the content of magnesium in the soil 
in response to the application of digestate has been shown 
by Koszel and Lorencowicz (2015), and by Barłóg et al. 
(2020), in contrast to the findings of Krzywy-Gawrońska 
(2013), who reported a decrease thereof. However, many 
scholars have emphasized that digestate may be an alterna-
tive solution to mineral or organic fertilization. Beni et al. 
(2012) showed that digestate can fulfil the demand of crops 
for potassium better than organic-mineral fertilizer, and may 
lead to a smaller loss of available magnesium in the soil than 
mineral or organic-mineral fertilization. Nabel et al. (2016) 
demonstrated that potassium concentrations in soil fertilized 
with digestate can be higher than in soil from the control 
plots or from plots treated with mineral fertilizer. Grigatti 
et al. (2019) proved that digestate can be used as an alter-
native to mineral fertilization in terms of soil enrichment 
with available phosphorus. Barłóg et al. (2020) analysed 
the results of a 4-year experiment and showed a significant 
increase in the concentrations of phosphorus and potassium 
in plots fertilized with digestate relative to the control, min-
eral fertilization and cattle slurry, in which the content of 
phosphorus was balanced at an identical level. As with those 
reported in the literature, the results presented in this article 
confirm that the application of digestate as a source of P, K 
and Mg is well-founded. Regardless of its form, digestate 
can be successfully used as a substitute for mineral fertili-
zation in terms of supplying phosphorus, magnesium and 
potassium with the exception of dried digestate. Attention 
should be focused on the highest increase in the content of 
available phosphorus, potassium and magnesium after the 
application of pyrolysed digestate in comparison with the 
other forms of digestate.

The soil pH is a determinant of the soil microbiologi-
cal activity and the bioavailability of mineral ingredients to 
plants. The regulation of soil pH through the use of organic 
fertilizers, which act as a buffer, is an important aspect of 
the research on fertilization. Digestate can also contribute to 
the lowering of soil acidity. A significant increase in soil pH 
after the application of fresh digestate or the solid fraction 

Fig. 4. The first two principal components in the classification of 
soil related variables (blue circle points – seasons: 2014 – spring, 
2015 – summer, 2016 – autumn; black circle points – chemical 
variables; yellow diamond points – biological variables; gray tri-
angle points – respirometry variables).
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of digestate has been demonstrated by Bachman et al. 
(2016), with the effect being more pronounced when fresh 
digestate is used. A slight increase in soil pH following the 
application of digestate has been demonstrated by Brod et 
al. (2015), Koszel and Lorencowicz (2015), and Nabel et al. 
(2016). In our study, all of the tested forms of digestate had 
an alkaline reaction, but a particularly high increase in soil 
pH was achieved when fresh digestate was added to the soil, 
this may be explained by the high dose of digestate used in 
that case, which resulted from balancing the nitrogen dose.

The abundance of bacteria and fungi in the soil was 
determined using the quantitative PCR method and is an 
important manifestation of the changes in the biological life 
of the soil induced by agronomic treatments, including fer-
tilization. In considering the competition for nutrients and 
habitats between these two groups of microorganisms, and an 
evident quantitative prevalence of fungi over bacteria shown 
in this experiment, it may be concluded that fungi adapt bet-
ter to soil conditions modified by the application of organic 
matter, and to the use of nutrients contained in digestate (de 
Boer et al., 2005). The quantitative prevalence of fungi over 
other groups of microorganisms, such as bacteria, may also 
be a consequence of fungi being able to utilize both organic 
and mineral forms of nitrogen (Kucharski and Wałdowska, 
2001). Moreover, as highlighted by Jia et al. (2020), nitrogen 
forms are an important factor influencing the response of soil 
microbes and soil microbial characteristics after nitrogen 
enrichment. NH4

+ and mixed NH4
+ with NO3

− enrichment 
had positive effects on bacterial and fungal biomass, while 
urea enrichment increased the bacterial biomass (Jia et al., 
2020). In addition to the direct effect of increasing the avail-
ability of nitrogen in the soil, nitrogen fertilization indirectly 
affects the level of biodiversity and the composition of the 
bacterial and fungal communities by acidifying the soil and 
changing the plant communities (Guo et al., 2019; Jia et al., 
2020; Wang et al.,2016; Zeng et al., 2016).

Despite the overall decreasing trend in the abundance of 
bacteria, the plot fertilized with pyrolysed digestate stood 
out among all of the fertilized plots by having the high-
est counts of bacteria as well as fungi. The considerable 
abundance of soil microorganisms in the plot fertilized with 
pyrolysed digestate seems to be linked to the high degree 
of porosity of the fertilizer and the high specific surface 
area of such materials, this is because they provide a suit-
able environment for colonization by soil microorganisms 
(Lehmann, 2007; Lehmann et al., 2011). Relative to the 
control treatment and the one treated with mineral fertilizer, 
all digestates promoted the development of bacteria. The 
majority of papers dedicated to this research subject showed 
the positive influence of organic fertilization on the counts 
of soil bacteria (Ndubuisi-Nnaji et al., 2011; Zhong et al., 
2010). The beneficial influence of organic fertilization on 
the growth in the overall abundance of soil microorgan-
isms has been reported by Gong et al. (2009), Mandic et 
al. (2012), Sapp et al. (2015), Zhang et al. (2015) and Zhen 

et al. (2014), and the extent of this effect resulted from the 
content of organic matter in the fertilizer. Nevertheless, 
a study by Wolna-Maruwka et al. (2017) showed a lack of 
any significant increase in the total abundance of bacteria 
following the application of sewage sludge.

The pertinent literature delivers ambiguous research 
results concerning the influence of organic fertilizers, 
including digestate, on soil colonization by fungi. The 
absence of any significant effect of organic fertilization on 
the counts of fungi in the soil has been shown by Cwalina-
Ambroziak and Bowszys (2009), Lazcano et al. (2013), 
Pratt (2008), Wolna-Maruwka et al. (2017). By contrast, 
a rise in the abundance of soil fungi due to the application 
of digestate to the soil was demonstrated by Ndubuisi-
Nnaji et al. (2011). Likewise, a higher content of soil fungi 
after the application of fresh digestate relative to the control 
and only slightly higher than that in the mineral fertilization 
plot were shown by Walsh et al. (2012). Moreover, accord-
ing to Cwalina-Ambroziak and Bowszys (2009) as well as 
Cwalina-Ambroziak and Wierzbowska (2011), organic fer-
tilizers have a positive effect on the structure of the fungal 
community in the soil, this is manifested by a lower abun-
dance of pathogenic fungi than in the plots with mineral 
fertilization or without fertilization.

The examples cited above indicate that a relationship 
exists between the development soil microorganisms and 
the type of organic matter added to the soil. They also point 
to a significant relationship with soil pH. Long-term min-
eral fertilization, especially with large doses of nitrogen, 
by producing a strong acidifying effect on the soil induces 
a more intensive development of fungi, which are more 
tolerant to unfavourable conditions. As is the case in our 
experiment, a rise in the content of fungi in plots treated 
with mineral fertilizers was demonstrated by Zhong et al. 
(2010). This result was also confirmed by a simultaneously 
lower abundance of fungi in plots fertilized with liquid 
digestate, where the soil pH was highest.

The discussion above concerning our research results 
reveals that some of reported scientific findings are contra-
dictory. The results obtained from our experiment confirm 
that the development of soil microorganisms is closely 
dependent on the type of fertilizer applied and its properties.

The respiration processes in soil are connected with the 
activity of microorganisms and the quantities of nutrients 
available in the soil (Stenberg, 1999). Soil microorganisms 
play a key role in the biodegradation of organic matter by 
decomposing complex organic compounds to simpler ones. 
Measuring the amount of released CO2 provides an impor-
tant indicator of the intensity of the mineralization processes 
known as soil respiration. The soil samples analysed in our 
study showed a high rate of O2 absorption and CO2 release in 
the first weeks of incubation, after which the emission rate in 
all of the analysed treatments slowed down. The more inten-
sive mineralization rate in the early incubation period was 
associated with the use of the labile carbon fraction from 
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organic matter. Likewise, an initially high mineralization 
rate was demonstrated by Diochan et al. (2013). Moreover, 
regardless of the form of fertilization, the volume of soil 
respiration (both CO2 emission and O2 absorption) increased 
gradually; it was much higher in autumn 2016 than in spring 
2014 and occurred in parallel to the increasing abundance of 
soil microorganisms, especially of fungi.

Regardless of the date of soil sampling, the propor-
tion of the CO2 emissions in the experimental treatments 
was similar – from the highest value for the fresh diges-
tate, followed by the dried digestate, NPK fertilization and 
pyrolysed digestate, to the lowest in the control treatment. 
The high counts of both bacteria and fungi in soil fertilized 
with pyrolysed digestate, with the simultaneously high total 
carbon content, were not reflected in the intensity of soil 
respiration, which was lower than in soil fertilized with liq-
uid and dried digestate. The low CO2 emission indicates 
the low level of mineralization of this digestate. It also sug-
gests that the added organic matter, which was previously 
subjected to thermal conditioning (pyrolysis), shows sig-
nificant resistance to decomposition in soil due to its higher 
content of stable carbon. Schmidt and Noack (2000) also 
demonstrated the lower decomposability of these types of 
materials. Lower CO2 emission from soil under the influ-
ence of biochar application has also been demonstrated 
by Marchettti et al. (2012), Kuzyakov et al. (2014) and 
Konobluch et al. (2011). The presence of stable carbon 
which is resistant to decomposition may contribute to the 
long-term enlargement of the carbon pool by participating 
in what is commonly known as carbon sequestration.

In addition, many authors point to the inhibition of the 
mineralization of organic matter, including the native frac-
tion in the soil, under the influence of biochar, which is 
referred to as a negative priming effect (Liu et al., 2018, 
Zheng et al., 2018). The application of biochar together 
with another source of organic matter in the form of unpro-
cessed digestate resulted in lower emission in comparison 
with the application of digestate alone (Marchetti et al., 
2012). Studies carried out with the use of labelled carbon 
showed that the addition of biochar decreased the inten-
sity of soil organic matter mineralization by 21±3% over 
a 21-day-long incubation period (Jones et al., 2011). The 
inhibition of CO2 release from the soil following the appli-
cation of biochar has also been demonstrated by Liang et 
al. (2010). Moreover, research has proven that biochar can 
lower the emission of CO2 as well as the release of nitrous 
oxide (N2O) and methane (CH4) from the soil (Ameloot 
et al., 2015; Ginebra et al., 2022; Nelissen et al., 2014). 
In our study, however, no inhibition of CO2 emission was 
observed. The emission of CO2 from soil amended with 
pyrolysed digestate was higher than that from the control 
soil. A slightly higher soil emission of CO2 from soil fer-
tilized with pyrolysed digestate than from unfertilized soil 
has been shown by Jones et al. (2011), and Liu et al. (2018), 
the higher degree of CO2 emission from soil fertilized with 

pyrolysed digestate was a consequence of the low content 
of labile carbon in the biochar. The size of the labile car-
bon fraction in biochar depends on the type of substrate 
used and the parameters set for the production of biochar, 
such as residence time and temperature (Jindo et al., 2014). 
Jones et al. (2011) emphasized that the carbon loss was 
very minor relative to the total carbon content in the bio-
char itself (about 0.1%), and that the short-term release of 
carbon should not compromise the ability of biochar to be 
utilized for the long-term sequestration of carbon in the soil 
environment. These findings were confirmed by Keith et 
al. (2011), who proved that biochar affects the intensity of 
the decomposition of native organic matter, and that both 
the direction and the scale of the changes depend on the 
type of soil and biochar. However, there are other studies 
in the literature which indicate that biochar may increase 
the rate of mineralization, soil microbial abundance, and 
enhance the activity and structure of soil microorganisms, 
this is referred to as a priming effect (Hardy et al., 2019; Yu 
et al., 2018). The scale of the effect is conditioned by the 
type of substrate and the temperature of the biochar produc-
tion process (Fang et al., 2015; Yu et al., 2018). Moreover, 
under specific conditions, the priming effect may be driven 
by a combination of several mechanisms and shown to be 
related to the properties of both biochar and soil (Luo et al., 
2011; Wang et al., 2016; Yang et al., 2022).

As for the remaining types of digestate, in a liquid and 
dried form, the organic matter they contained underwent 
more rapid mineralization, which was reflected by the high-
est intensity of CO2 emission and, simultaneously, a lower 
concentration of total carbon (Fd, Dd) and labile carbon 
(Fd) in the soil relative to Pd. The labile form of organic 
carbon, due to its high rate of biodegradation, is an impor-
tant source of CO2 emission from the soil (Gregorich et 
al., 2003; Kim et al., 2012). The lowest average content of 
labile carbon (HWC) and the highest abundance of bacteria 
in soil fertilized with liquid digestate indicates that by using 
the easily available carbon as a source of energy, bacteria 
induce a high rate of soil respiration and the mineralization 
of organic matter within the soil. The effects of the applica-
tion of organic matter in the form of digestate such as an 
increase in the emission of CO2 from soil has been described 
by Alburquerque et al. (2012), and Marchetti et al. (2012). 
An increase in the intensity of the respiration processes in 
the soil after the application of organic fertilizer, includ-
ing digestate, has been demonstrated by other researchers 
(Abubaker et al., 2012; Abubaker et al., 2015; Odlare et al., 
2008). The differences that were determined in the intensity 
of CO2 emission from soil treated with different forms of 
digestate confirm the varied sensitivity of various materials 
to microbial decomposition. The higher CO2 emission from 
soil with added organic fertilizer (with no thermal process-
ing) than from soil with added biochar has been proven by 
Kulczycki et al. (2020), and Liu et al. (2014).
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The intensity of respiration can also be expressed as 
a percentage of mineralized carbon relative to the initial, 
total carbon content, as measured after 7 and 100 days of 
incubation. In soil fertilized with biochar, it can range from 
0.02 to 1.9 g C kg–1 of soil, and 1.5% of the total carbon 
content in the soil (Diochon et al., 2013; Robertson et al., 
1999). A small fraction, which amounts to less than 1% of 
the content of the active fraction of the total carbon under-
going mineralization during a 7-day laboratory incubation 
has been reported by Schwendenmann et al. (2007). In our 
experiment, the percentage of carbon mineralized in the first 
seven days of incubation was 1.64-2.59% TC in 2014Sp, 
9.26-14.94% TC in 2016Au, with Pd being the lowest by 
a significant margin, at 1.64% TC and 9.26% TC, respec-
tively. The amount of carbon mineralized over a long period 
of time – in a 100 day period – reflects the pool of labile 
carbon, but with relatively slow turnover, and can range 
from 0.03 to 18.19 g C kg–1 of soil, and 15% of the total 
carbon in soil with added biochar (Diochon et al., 2013). 
Another study, by Bruun et al. (2011), showed that 3-12% 
of the added biochar was emitted as CO2 during 115 days 
of incubation, of which, 90% of CO2 losses occurred in the 
first twenty days. The CO2 emission achieved in the case 
of pyrolysed digestate which was higher than that reported 
in the literature may be explained by the applied tempera-
ture of pyrolysis and the type of substrate used. At the same 
time, there is a significant relationship between the afore-
mentioned parameters and the properties of biochar, which 
has been proven in numerous studies (Zhao et al., 2018; Tan 
et al., 2017; Meng et al., 2018; Lee et al., 2013). The results 
obtained in this experiment, namely that the smallest share 
of mineralized carbon as a proportion of the total carbon 
content was determined in soil amended with pyrolysed 
digestate, this may suggest that the application of biochar, 
of all the tested forms of digestate, can play a significant 
role in the sequestration of carbon in the soil.

The PCA results justified the categorization of 4 groups 
of variables in a system where two first principal compo-
nents explained 53.4% of the total variance. The first and 
third group of variables were connected with the soil samples 
that were taken in spring 2014 and autumn 2016 and attest 
to the relationship between the development of a chosen 
group of microorganisms with the type of available nutri-
ents in fertilizers. In the spring of 2014, the soil was rich in 
labile carbon and therefore contained a large abundance of 
bacteria. As the source of easily available carbon was being 
depleted, the abundance of bacteria was gradually decreas-
ing, while the abundance of fungi able to decompose and 
use more complex substrates increased. Moreover, the 
third group comprised variables correlated with the inten-
sive processes of respiration and emission of CO2 and with 
a high abundance of the DNA of soil fungi. As no fertiliza-
tion was carried out in 2016, the PCA results confirm the 
differentiation in the intensity of mineralization depend-
ing on the sensitivity of the substrate to decomposition 

and the resultant emissions. The second group of variables 
encompassed different forms of the applied fertilizers, with 
a relatively weak correlation between the first two principal 
components. The fourth group was composed of variables 
closely correlated with the application of biochar, which is 
significant in the context of soil fertility improvement (pH, 
TC, P, K, Mg, C/N).

CONCLUSIONS

1. The application of digestate leads to an improve-
ment in the chemical properties of the soil, such as the 
concentrations of total carbon, total nitrogen as well as in 
the macronutrients: P, K and Mg, and the extent of such 
changes depends on the applied form of the digestate. The 
effects obtained after the application of digestate are more 
pronounced than after mineral fertilization, which means 
that digestate can be both a valuable organic fertilizer and 
a substitute for mineral fertilizer.

2. The high content of nutrients in the digestate stimu-
lated a rise in the abundance of soil microorganisms and 
their activity (soil respiration). All forms of digestate cause 
changes in the abundance of soil microorganisms.

3. The differences in the intensity of CO2 emission between 
different forms of digestate confirm the varied vulnerabilities 
of digestates to decomposition, including microbial break-
down. The intensity of soil respiration depends on the type 
of digestate applied, and more particularly on the availability 
of nutrients, including solid carbon, than on the abundance of 
bacteria and fungi. Digestate in the form of biochar appears 
to be more resistant to decomposition in the soil.

4. When digestate from a biogas plant is applied to the 
soil, it is a significant factor which is capable of improv-
ing soil fertility by supplying plants with easily available 
nutrients and by stimulating the microbiological activity of 
the soil. The positive effects derived from the application 
of digestate to the soil suggest that this material can sustain 
the richness of soil, in addition to which biochar can con-
tribute effectively to the sequestration of carbon.
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SUPPLEMENT

Ta b l e  S 1. General statistics for chemical, biological and respirometric soil parameters

Variable Symbol Unit Min Max Mean Standard 
deviation

Total carbon TC g kg–1 DM 7.24 12.87 9.50 1.79
Hot water extractable carbon HWC g kg–1 DM 0.10 0.81 0.46 0.21
Total nitrogen TN g kg–1 DM 0.87 1.42 1.12 0.14
C/N ratio C/N – 7.19 10.19 8.44 0.74
Phosphorus available to plants P g kg–1 DM 61.46 155.03 89.9 29.1
Magnesium available to plants Mg g kg–1 DM 8.08 66.69 36.9 18.4
Potassium available to plants K g kg–1 DM 100.66 260.05 163.6 46.3
pH pH – 3.68 7.11 5.02 1.28
Bacteria load BL μg DNA g–1 DM 0.89 9.24 3.48 2.42
Fungi load FL μg DNA g–1 DM 4.55 23.49 16.04 6.02
O2 uptake O2 μg O2 kg–1 DM 1159.09 6335.8 3005.54 1733.29
CO2 emission CO2 μg CO2 kg–1 DM 981.09 5540.99 3301.8 1592
Carbon mineralized after 7 days TC-7 % 1.64 14.94 6.94 4.25
Carbon mineralized after 100 days TC-100 % 15.05 78.79 41.54 19.21

Ta b l e  S 2. The F-statistics and significance level for fertilization x season interaction according to ANOVAs of chemical and biologi-
cal soil parameters

Chemical and biological soil parameters
TC HWC TN C/N pH P Mg K BL FL

F-value 180.82 6.75 10.17 18.44 245.08 14.12 3.39 15.88 22.69 8.11
p <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.007 <0.001 <0.001


