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Abstract
Purpose The recent literature indicates that, depending on the feedstocks and pyrolysis temperature, biochar can be a good source
of nutrients. On the contrary, some biochars are not good sources of available carbon and other nutrients, but their porous
structure seems to be a suitable microenvironment for microbial colonization. We investigated the response of soil biological
parameters, microbial biomass carbon and nitrogen (MBC and MBN), in relation to mobile N species.
Material and methods Five different biochars were produced at different temperatures (300, 350, 400, 450, and 500 °C) from the
same feedstock (woodchips). The physicochemical and morphological characteristics of the individual biochar samples were
described, and incubation was carried out with the application of 2% biochar to two different soil types (luvisol and fluvisol).
Results and discussion The addition of 2% biochar did not change the pH in the slightly acid soils used in the experiment, in spite
of the alkaline character of biochar. The increasing amounts of total and nitrate-available nitrogen during the experiment are
probably related to changes in soil microbial activity. The amount of soluble carbon was constant during the experiment,
confirming its stability in the soil, most likely because of the high amount of lignin in the feedstock. The influence of biochar
on the soil microbiomewas determined on the basis of the concentrations ofMBC andMBN.Microbial biomass was increased in
both soils treated with biochar produced at lower temperatures.
Conclusions The physicochemical characteristics of the biochar as well as the sorption behavior of N-NO3

− and N-NH4
+ indicate

that at a pyrolysis temperature of 400 °C, biochar properties change substantially. However, these findings are only valid for
biochar produced from woodchips, and the long-term effects of biochar application on soil properties need to be investigated in
further studies.

Keywords Biochar . Soil amendment . Microbial biomass . Nitrogen

1 Introduction

Biochar is a carbon-rich material, the result of the thermo-
chemical decomposition of organic matter in the absence of
oxygen. The production of biochar is analogous to the tradi-
tional production of charcoal, but the term “biochar” is related
to the material being intended for soil applications (Lehmann
and Joseph 2009). Biochars are one of the most intensively
and extensively investigated soil additives in terms of their
production, application, and fate in the soil due to their bene-
fits such as increasing soil quality and fertility (Zhang et al.
2018). The detailed technological aspects as well as the char-
acteristics of the individual products were already reviewed
for instance by Novotny et al. (2015), Kan et al. (2016), and
Tripathi et al. (2016). The pyrolysis temperature in the
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reviewed studies varied from 100 to 1000 °C, with a heating
rate ranging from 3 to 20 °C min−1. However, the mild
pyrolysis of biomass at the temperatures between 200 and
300 °C is the so-ca l led tor re fac t ion, where the
devolatilization and carbonization rates depend on the bio-
mass composition (Bates and Ghoniem 2012; Bergman and
Kiel 2005). At temperatures less than 200 °C, predominant
moisture loss was recorded by the thermogravimetric anal-
ysis regardless of the biomass type (Břendová et al. 2017).
Thus, the high variability of the feedstocks led to a high
variability of the produced biochars, where the total carbon
content varied between 40 and 90%. In contrast, the final
carbon content and the presence of other elements mostly
depend on the origin of the feedstock, the pH level, and
other physical characteristics such as specific surface and
porosity, which are also strongly affected by the pyrolysis
conditions (Zhao et al. 2013).

A biochar is a microporous material, where the porosity
increases with the pyrolysis temperature (Dutta et al. 2015).
Jimenez-Cordero et al. (2013) found the highest distribution
of micropores (0.1–0.4 nm) in a biochar from grape seeds
pyrolyzed at 700–800 °C. Generally, the specific surface of
a biochar is influenced by the feedstock material and increases
with increasing pyrolysis temperature (Chen et al. 2011;
Keiluweit et al. 2010; Chen et al. 2008). The molar element
ratio is a suitable standard parameter for estimating biochar
polarity. Increasing pyrolysis temperature increases the total
carbon content, but functional groups such as –OH are re-
leased. Thus, biochars prepared at high temperatures are less
polar and more stable than those prepared at low temperatures
(Novak et al. 2009).

Current knowledge on the behavior of biochars in soil is
ambiguous, and the soil–biochar interaction depends on many
factors including soil properties, biochar composition, specific
surface, porosity, and pyrolysis temperature. The available
results suggest that the influences of a biochar on soil
physical and chemical properties vary with different
application conditions. Biederman and Harpole (2013) sub-
jected globally published findings concerning soil–biochar
interactions to detailed statistical tests and found that despite
the variability introduced by soil and climate, the addition of a
biochar to soils resulted, on average, in improved properties
such as aboveground biomass productivity, crop yield, soil
microbial biomass, rhizobia nodulation, soil phosphorus, po-
tassium, total nitrogen and carbon, and soil pH increment
compared to control conditions.

Since a biochar is a potentially diverse niche for microor-
ganisms, its application to soils may assist in the preservation
and support of soil biodiversity, making it a biotope for micro-
and mesobiota (Beesley et al. 2011). The porous character of
biochars provides an environment for soil microbiota, such as
bacteria (0.3–3 μm), fungi (2–80 μm), and protozoans (7–30
μm), and protects them against predators (Zackrisson et al.

1996; Warnock et al. 2007). Thus, the diameter of the biochar
pores is important for the colonization of the biochar by mi-
crobiota communities. Sasidharan et al. (2016) described the
influence of biochar particle size on soil bacteria retention
ability in a laboratory column experiment. The addition of a
biochar (10%w/w) to sand enhanced the retention of bacteria.
However, elimination of the fine fraction of biochar particles
(< 60 μm) significantly reduced bacterial retention. Therefore,
the authors suggested that the alteration of biochar pore and
particle size may play a major role for the soil microbiome.

Additional chemical characteristics of a biochar which in-
fluence its microbial colonization are (i) surface charge, which
enables the retention of microorganisms, ions, and/or other
substances; (ii) the available nutrients and dissolved organic
carbon released from the biochar matrix (Gul et al. 2015;
Lehmann et al. 2011). The chemical stability of a biochar does
not allow microorganisms to use the biochar carbon directly,
but the carbon can be gradually leached and mineralized
(Lehmann et al. 2011). Gul et al. (2015) reported a positive
effect of a biochar prepared at temperatures not exceeding 500
°C from non-wood biomass on the soil microbiome. In con-
trast, biochars pyrolyzed at higher temperatures (700 °C) did
not cause any shifts in microbial communities (Imaparato
et al. 2016). Similar results were also reported by Ahmad
et al. (2016), who observed an increased abundance of
gram-positive and gram-negative bacteria as well as fungi,
actinomycetes, and arbuscular mycorrhizal fungi in soils treat-
ed with a biochar produced at 300 °C, but not in soils treated
with biochars prepared at 700 °C. This might have been
caused by the existence of fixed or non-labile carbon in bio-
chars prepared at certain temperatures.

Nutrient leachability also depends on the biochar composi-
tion, affected by the feedstock (Zhang et al. 2015). The bio-
char alters the nutrient balance in the soil and can therefore be
considered a source of nutrients such as Ca, P, and K. In
contrast, the nitrogen content and availability in biochar-
treated soil are questionable due to the heterocyclization of
N during pyrolysis (Zheng et al. 2013). Hailegnaw et al.
(2019a) also reported poor estimation of ammonium adsorp-
tion by biochar due to the liberation of ammonia. In this con-
text, this study investigates the potential changes of nitrogen
and carbon mobility in biochar-treated soils as affected by
increasing pyrolysis temperature and, therefore, as affected
by changing morphological and physicochemical characteris-
tics of the biochar.

The reviewed literature indicates that biochar is, in com-
parison with soil, not a good source of available carbon and
other nutrients, but its porous structure seems to be a suitable
microenvironment for microbial colonization, and the differ-
ent characteristics of micro- and macropores in the individual
biochars differently influence the diverse groups of organ-
isms. For instance, Ahmad et al. (2016) found that the changes
in bacterial communities in biochar-treated soils strongly
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depended on the feedstock type and pyrolysis temperature,
which affected the physicochemical properties of the biochar.
However, these aspects have not yet been fully elucidated and
need further investigation. This study presents the fate of the
microbiome, estimated as microbial biomass carbon and ni-
trogen, in soils treated with woodchip-based biochars pro-
duced at different pyrolysis temperatures. In this context, the
short-term experiment was established to assess the immediate
response of the soil microbiome on the biochar application.
While Hailegnaw et al. (2019a) evaluated in detail the re-
sponse of mobile forms of soil nitrogen as affected by soil
type and biochar rate, this study highlights the role of the
biochar composition as affected by the pyrolysis temperature.
For this purpose, two soils differing in their sorption charac-
teristics (clay content and cation exchange capacity) were cho-
sen for the experiment, to estimate the potential role of soil
sorption characteristics in the response of soil biological pa-
rameters on the biochar application.

2 Material and methods

2.1 Biochar production and experimental design

For the biochar preparation, commercially available
woodchips from spruce and fir wood (CAT’S BEST
Universal, Germany SRN) were used. Pyrolysis was per-
formed with the pyrolytic furnace Carbolite 301 (Carbolite
Gero, Great Britain) in an electrically heated quartz tube for
25 min at the target temperatures of 300, 350, 400, 450, and
500 °C in the presence of nitrogen (nitrogen flow 4.5 L per
min). The feedstock input for one pyrolysis run was 300 g.
The biochar was homogenized, and the contents of nutrients
and risk elements were determined prior to the experiment.

Two soils differing in their physicochemical parameters,
especially in their clay content and cation exchange capacity
(CEC), were chosen for the incubation experiment: (i) luvisol
from the location Hněvčeves (East Bohemia, Czech Republic);
GPS 50° 18′ 46″ N, 15° 43′ 3″ E, pH 5.8, CEC 116 mmol/kg,
clay content 26.4%, oxidizable carbon content (Cox) 0.93%,
total nitrogen content 0.17%; (ii) fluvisol from the location
Choťánky (Central Bohemia, Czech Republic); GPS 50° 8′
47″ N, 15° 10′ 4″ E, pH 6.4, CEC 55.6 mmol/kg, clay content
12.5%, Cox 3.4%, total nitrogen content 0.14%. The soil sam-
ples were taken from arable land in the 0–25-cm layer, dried in
the laboratory at ambient temperature, homogenized, and
sieved through a 2-mm-diameter mesh.

For the incubation experiment, 245 g of soil + 5 g of bio-
char were thoroughly mixed in polypropylene bottles to
achieve a biochar application rate of 2% (w/w). Control sam-
ples containing 250 g of soil were included. Each treatment
was established in triplicate, and the soils were watered up to
60% of maximum water-holding capacity. The samples were

incubated for 1, 7, 14, 21, and 28 days; at these dates, the
samples were split into two parts, of which one was immedi-
ately used for determination of biological and chemical soil
characteristics and the other one was dried at 105 °C for de-
termination of dry mass content. This parameter was used for
recalculation of the determined values to dry soil mass.

2.2 Analytical methods

2.2.1 Biochar characterization

The morphology of the biochar was evaluated by scanning
electron microscopy (SEM), using a Hitachi S-450 with an
EDS analyzer Kevex Delta 5. Analysis of the infrared spectra
was provided by using Fourier transform infrared spectrosco-
py (FTIR), where a Nicolet 6700 FTIR spectrometer (Thermo
Scientific) was coupled with a GladiATR measurement cell
(PIKE) and a DTGS detector. The spectra were measured in a
spectral range of 400–4000 cm−1, with a resolution of 4 cm−1

and with 64 spectra accumulations. The spectra were evaluat-
ed by using the Omnic 8.3 (Thermo Scientific) program, as in
previous investigations by Melo et al. (2013) and Rafiq et al.
(2016).

Specific surface area, micropore analysis, and distributions
of volume mesopores were measured on an ASAP 2020 (ac-
celerated surface area and porosimetry) analyzer
(Micromeritics, Norcross, GA, USA) using the gas sorption
technique (Brewer et al. 2014). The adsorption isotherms of
N2 were fitted by using the Brunauer–Emmett–Teller (BET)
method for specific surface area (Brunauer et al. 1938), the
micropore volume by the t-plot method (Webb and Orr 1997),
and the pore size distribution by the Barrett–Joyner–Halenda
(BJH)method (Barrett et al. 1951).Mercury porosimetry mea-
surements were made using anAutoPore IV 9500 porosimeter
(Micromeritics, Norcross, GA, USA). A more detailed de-
scription of the applied methods was presented by Břendová
et al. (2017).

2.2.2 Total element contents of biochars and physicochemical
parameters of soils

The pH values of the original soils and the biochar-treated
soils were determined in 0.01 mol L−1 CaCl2 extract (1:10
w/v). For determination of element content in the biochars,
an aliquot (~ 500 mg of dry matter) of the biochar was
weighed in a digestion vessel. Concentrated nitric acid (8.0
mL) (Analytika Ltd., Czech Republic) and 30% H2O2 (2.0
mL) (Analytika Ltd., Czech Republic) were added, and the
mixture was heated in an Ethos 1 (MLS GmbH, Germany)
microwave-assisted wet digestion system for 30 min at 220
°C. After cooling, the digests were transferred into a 25-mL
glass tube, topped up with deionized water, and kept at
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laboratory temperature until measurements were taken
(Tůmová et al. 2020).

Inductively coupled plasma-atomic emission spectrometry
(ICP-OES), using an Agilent 720 (Agilent Technologies Inc.,
USA) equipped with a two-channel peristaltic pump, a
Struman-Masters spray chamber, and a V-groove pneumatic
nebulizer made of inert material, was used to determine the Al,
As, B, Cd, Cr, Cu, Fe, Mn, Na, Ni, Pb, Zn, P, and S concen-
trations of the biochar digests (spectrometry parameters were
power, 1.2 kW; plasma flow, 15.0 L min−1; auxiliary flow,
0.75 L min−1; nebulizer flow, 0.9 L min−1). Flame atomic
absorption spectrometry, using a Varian 280FS (F-AAS,
Varian, Australia), was used to determine the Ca, Mg, and K
contents of the solutions. For the determination of total carbon
and nitrogen in biochars, a CHNS Vario MACRO cube
(Elementar Analysensysteme GmbH, Germany) analyzer
was used. About 25mg of the sample was burned in a catalytic
furnace, and subsequently, C and N were determined using a
thermal conductivity detector. Inorganic N forms (N-NH4

+

and N-NO3
−) and dissolved organic matter (DOC) were de-

termined via a SKALAR San Plus System continuous flow-
segmented analyzer (Skalar, Netherlands).

2.2.3 Batch sorption experiment

The batch sorption experiment was conducted with the use of
concentrated NH4NO3 and subsequent dilution to obtain con-
centrations of N-NO3

− and N-NH4
+ in the range between 10

and 1000 mg L−1. Subsequently, 30 mL of the NH4NO3 so-
lution and 0.1 g of biochars were shaken for 24 h at 120 rpm in
a horizontal shaker to obtain an equilibrium state, and only
NH4NO3 solution was included as control. The biochar
NH4NO3 mixture and the NH4NO3 solution were agitated
for 24 h, and the supernatant was filtered through a filter
paper. The amount of N-NO3

− and N-NH4
+ was measured

by the fluorometric method, using a microplate reader
(Infinite M200, Tecan France SAS, France) operated at 30
°C and controlled by the i-control™ software (Robert-
Peillard et al. 2017; Ciulu et al. 2018). After the measurement,
the amounts of N-NO3

− and N-NH4
+ adsorbed by biochars

were determined via Eq. 1:

Qe ¼ C0−Ceð Þ V=M ð1Þ

where Q is the amount of N-NO3
− or N-NH4

+ adsorbed by
biochar (mg g−1), C0 is the amount of N-NO3

− or N-NH4
+ in

the original/control solution (mg L−1), Ce is the concentration
of N-NO3

− or N-NH4
+ at the equilibrium state with biochar

(mg L−1), V is the volume of NH4NO3 solution used (L), and
M is the mass of the used biochar (g). After the quantification
of sorbed N-NO3

− and N-NH4
+, they were fitted to Freundlich

and Langmuir isotherms, as presented in Eqs. 2 and 3, respec-
tively (Limousin et al. 2007):

QF ¼ FCn ð2Þ

where QF is the amount of adsorbed N-NO3
− or N-NH4

+

by biochar (mg g−1), F is the Freundlich isotherm constant
(mg g−1), C is the equilibrium concentration of N-NO3

− or
N-NH4

+, and n is the adsorption intensity (mg L−1).

QL ¼ Qmax LC= 1þ LCð Þ½ � ð3Þ

where QL is the amount of sorbed N-NO3
− or N-NH4

+ by
biochar (mg g−1), Qmax is the maximum sorption capacity of
biochar (mg g−1), L is the Langmuir isotherm constant, andC is
the equilibrium concentration of N-NO3

− or N-NH4
+ (mg L−1).

The isotherms of Freundlich and Langmuir were fitted using
Sigma plot for Windows version 11.0.

2.2.4 Soil biological parameters

Microbial biomass carbon (MBC) and nitrogen (MBN) in soil
samples were determined by the chloroform fumigation/
extraction method modified by Gregorich et al. (1990).
Briefly, 10 g of soil sample was placed into a vacuum desic-
cator and subjected to chloroform vapors for 24 h. After that,
the total organic carbon (TOC) was extracted using 0.5 M
K2SO4 in a ratio of 1:4 (w/v), shaken for 60 min, and deter-
mined using the dichromate oxidation method (Mingorance
et al. 2007; García-Sánchez et al. 2016). Inorganic N forms
(N-NH4

+ and N-NO3
−) and dissolved organic matter (DOC)

were determined via the abovementioned SKALAR San Plus
System continuous flow-segmented analyzer (Skalar,
Netherlands). The MBC was calculated as C = EC/kEC,
where EC = (organic C extracted from fumigated soils)
− (organic C extracted from non − fumigated soils) and
kEC = 0.45 (Wu et al. 1990). The MBN was calculated as
N = EN/kEN, where EN = (total N extracted from fumigated
soils) − (total N extracted from non − fumigated soils) and
kEN = 0.54 (Brookes et al. 1985).

2.3 Data analysis

The statistical analyses were performed using the Statistica
12.0 software (StatSoft, Tulsa, USA). One-way analysis of
variance (ANOVA) at p < 0.05, followed by Tukey’s test,
was applied to assess the effects of the individual treatments.
The interactions of the treatment and other variables (e.g.,
pyrolysis temperature, soil) were analyzed by factorial analy-
sis of variance, ANOVA, where the significance was assessed
at p < 0.05, p < 0.01, and p < 0.001. Correlation analysis was
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used for the assessment of relationships between variables,
where Pearson’s correlation was used with p < 0.05 as the
criterion for significance.

3 Results and discussion

3.1 Biochar characteristics

The different pyrolysis temperatures applied in this experi-
ment resulted in different biochar yields from similar feed-
stocks; yield decreased from 34% at 300 °C to 21% at 500
°C. Pyrolysis of biomass results in the decomposition of cel-
lulose, hemicellulose, and lignin and, simultaneously, in the
release of volatile compounds (Wu et al. 2012; Zhao et al.
2013; Zhang et al. 2015). Figure S1 shows the average FTIR
responses of the individual biochar samples. A decreasing
abundance of –OH groups with increasing pyrolysis temper-
atures (wavenumbers around 3350 cm−1) was observed, with
a similar trend for aliphatic C-H vibrations (wavenumbers
between 2800 and 3000 cm−1); we also observed bending
vibrations of the C-H bonds (wavenumbers between 1400
and 1450 cm−1). The abundance of spectral bands of these
vibrations at pyrolysis temperatures higher than 400 °C was
almost negligible.

The spectral bands around wavenumbers 1600 cm−1 are
related to aromatic C=C vibrations partially overlapped by
the carbonyl C=O vibrations of organic matter (wavenumbers
around 1695 cm−1). This band gradually decreased with in-
creasing pyrolysis temperatures, as observed for the aliphatic
groups. The bands apparent at wavenumbers between 750 and
900 cm−1 represent aromatic C-H bonds. The presence of
spectral bands at wavenumbers 1055 cm−1 (related to aliphatic
C-O-C vibrations) and 1160 cm−1 (related to –OH groups)
indicates residues of cellulose and hemicellulose in the bio-
chars pyrolyzed at 300–350°C. At higher pyrolysis tempera-
tures, these bands disappeared. Biochar properties are affected
not only by the pyrolysis temperature but also by the feedstock
(Lu et al. 2009). The pyrolysis of lignin-containing feed-
stocks, such as wood biomass, results in a higher abundance
of more stable aromatic compounds compared to those con-
taining more cellulose and hemicellulose (Azargohar et al.
2013, 2014; Nanda et al. 2014; Mohanty et al. 2013;
Stefanidis et al. 2014; Brown et al. 2011), as indicated also
by this study.

The decrease in biochar yield is accompanied by a stepwise
increment in the percentage of carbon and the contents of most
of the macronutrients and micronutrients in the biochar with
increasing pyrolysis temperatures (Table 1) due to carboniza-
tion and ashing processes, as observed also by Nanda et al.
(2016). In the case of N and S, their contents remained stable
for temperatures higher than 350 °C. Therefore, partial loss of
these elements via volatilization at the higher pyrolysis

temperatures cannot be excluded. Similarly, Cd seemed to
be volatilized because its contents in the biochars decreased
with increasing pyrolysis temperatures. The contents of other
risk elements, As and Pb, were below the detection limit of the
ICP-OES technique. Thus, the biochars investigated in this
study can serve as a potential source of nutrients without any
risk of soil contamination with As, Cd, and Pb.

The differences in the physical structure of the biochars as
affected by the pyrolysis temperature are presented in Figs. 1,
2, and 3, and the specific surface areas and pore volumes are
summarized in Table 2. All samples of biochars pyrolyzed at
low temperatures (up to 350 °C) showed N2 adsorption iso-
therms of type II (IUPAC classification, IUPAC 2015), indi-
cating that the samples have a non-porous or macroporous
structure, where the specific surface area was less than 1 m2

g−1. Figure 1 shows the N2 (77 K) adsorption and desorption
isotherms of type Ia (IUPAC classification, IUPAC 2015) for
samples of biochars pyrolyzed at higher temperatures (up to
400 °C). These results show a rapid increase in the abundance
of small pores, when the pyrolysis temperature increases from
400 to 450 °C, as well as the increase of N2 adsorption by one
order of magnitude from 400 to 450 °C and the similar in-
crease of the specific surface area. The specific surface area
(SBET) of biochars was 179.82 m

2 g−1 (400 °C) and 385.65 m2

g−1 (450 °C), but the specific surface area (St-plot) was 18.32
m2 g−1 (400 °C) and 58.94 m2 g−1 (450 °C), indicating an
increase in the number of micropores (Table 2).

The abundance of macropores was also apparent from
Fig. 2, presenting the results of mercury porosimetry.
Figure 3 shows a low abundance of mesopores in all biochar
samples, where predominantly very small mesopores and mi-
cropores are present, similar to the values of the smallest pores
compared to the total pore volume, confirming the predomi-
nance of micropores in this case (Table 2). Figures 1, 2, and 3
indicate the possible sintering of the macropores to lower di-
ameters with increasing pyrolysis temperatures. The change in
biochar porosity as affected by the pyrolysis temperature is
also documented by the SEM images of the morphological
structure of the individual biochar samples (Fig. S2).
Therefore, based on these results, biochars from woodchips
can be separated into two groups with different physicochem-
ical parameters, where the pyrolysis temperature of 400 °C
seems to be the delimiting parameters for estimation of the
expected biochar characteristics.

3.2 Incubation experiment

3.2.1 Available carbon and nitrogen contents in soil

Biochar is considered a soil amendment similar to the appli-
cation of lime because of its high contents of alkali and alka-
line earth metals, as well as carbonates, resulting in a soil pH
increase by up to one unit of measurement (Gaskin et al. 2008;
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Novak et al. 2009; Sun and Li 2014; Lehmann 2007).
However, no unambiguous pH change of biochar-treated soils
during the incubation experiment was observed in our study
(Fig. 4). In contrast, Gaskin et al. (2008) reported that biochars
based on poultry litter or peanut hulls are characterized by pH
levels close to 10, and pyrolysis of pine chips resulted in a
biochar pH of around 8. Moreover, the contents of the alkali
and alkaline earth metals in the biochars based on poultry litter
exceed those in the pine chips by one or two orders of mag-
nitude (Gaskin et al. 2008). The element contents in the
woodchip biochar used in this experiment (Table 1) were
comparable to the elemental composition of the pine chips
cited above. Additionally, the mobile proportions of the main
macro- and micronutrients in the biochar-treated soils (except
Cu and K) decreased during the incubation experiment with
increasing pyrolysis temperatures (Sedláková et al. 2019).

Zhao et al. (2013) assumed that the pH level of the biochar
is predominantly affected by the pyrolysis conditions. For
instance, Hailegnaw et al. (2019b) reported a significant in-
crease in pH levels in the soils, with pH ≤ 6.2 after the appli-
cation of 2% ofwood chip biochar pyrolyzed at 700 °C. In this
experiment, woodchip biochars produced at low temperatures
showed no significant effect on the pH levels of both slightly
acidic soils at a 2% rate during the entire incubation experi-
ment, most probably due to both low pyrolysis temperatures
and low contents of alkaline elements.

The contents of inorganic N forms (Ntot, N-NH4
+, and N-

NO3
−) and DOC in treated soils during the incubation exper-

iments are presented in Tables 3 and 4. The Ntot and N-NO3
−

levels gradually increased during incubation, regardless of the
treatment, in luvisol, whereas the N-NO3

− contents in fluvisol
increased by one order of magnitude in the 1st week of

Table 1 Total contents of
selected elements in biochars
(n = 3)

300 °C 350 °C 400 °C 450 °C 500 °C

Al (mg/kg) 41.4 ± 0.8 52.6 ± 3.8 67.6 ± 0.4 72.5 ± 5.4 76.0 ± 3.2

B (mg/kg) 6.08 ± 0.63 6.23 ± 1.32 7.23 ± 1.18 8.90 ± 1.18 8.90 ± 0.13

Ca (mg/kg) 2090 ± 14 2752 ± 91 3460 ± 118 3907 ± 348 3843 ± 137

Cd (mg/kg) 0.305 ± 0.008 0.356 ± 0.016 0.158 ± 0.014 0.039 ± 0.003 0.041 ± 0.017

Cr (mg/kg) 0.319 ± 0.012 0.481 ± 0.048 0.491 ± 0.000 0.563 ± 0.122 0.608 ± 0.096

Cu (mg/kg) 1.86 ± 0.29 2.14 ± 0.04 3.11 ± 0.54 3.09 ± 0.21 2.87 ± 0.14

Fe (mg/kg) 35.1 ± 0.0 45.2 ± 10.3 66.5 ± 3.9 63.0 ± 5.6 64.2 ± 10.4

K (mg/kg) 828 ± 4 1171 ± 9 1424 ± 51 1607 ± 104 1635 ± 15

Mg (mg/kg) 351 ± 3 473 ± 14 558 ± 12 649 ± 54 629 ± 13

Mn (mg/kg) 44.8 ± 8.2 104 ± 3.4 152 ± 10.9 135 ± 1.4 181.2 ± 3.5

Na (mg/kg) 24.2 ± 0.6 30.3 ± 0.2 39.8 ± 0.7 44.7 ± 2.5 44.5 ± 0.3

Ni (mg/kg) 0.125 ± 0.008 0.278 ± 0.051 0.274 ± 0.040 0.314 ± 0.080 0.340 ± 0.008

P (mg/kg) 127 ± 3 168 ± 11 203 ± 6 230 ± 17 224 ± 14

S (mg/kg) 50.1 ± 2.6 64.0 ± 0.7 68.6 ± 0.4 68.9 ± 4.9 64.6 ± 0.8

Zn (mg/kg) 18.6 ± 1.0 24.8 ± 1.0 28.8 ± 0.1 33.8 ± 3.7 31.4 ± 2.4

N (%) 0.100 ± 0.010 0.139 ± 0.050 0.140 ± 0.009 0.146 ± 0.002 0.144 ± 0.012

C (%) 68.3 ± 0.1 73.5 ± 0.2 76.0 ± 0.3 79.6 ± 0.3 83.8 ± 0.0

Table 2 Specific surface area and
pore volume of the investigated
biochars

Biochar

300 °C 350 °C 400 °C 450 °C 500 °C

BET surface area (m2 g−1) 0.83 0.84 16.48 179.82 385.65

t-plot surface area (m2 g−1) - - 7.91 18.32 58.94

Total pore volume of pores less than 40.3122 nm
diameter at p/p° = 0.950000000 (cm3 g−1)

- - 0.0081 0.0802 0.1826

t-plot micropore volume (cm3 g−1) - - 0.0038 0.0686 0.1465

Micropore volume Dubinin-Astakhov (cm3 g−1) 0.0076 0.0894 0.1791

Total intrusion volume (cm3/g) 0.8176 0.8761 0.6850 1.0564 0.8176

Porosity (%) 52.82 53.38 48.27 58.00 52.82
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incubation, followed by doubling in the 2nd week, and
remained relatively stable until the end of the experiment. A
different pattern was recorded for N-NH4

+, where a slight
increase of the N-NH4

+ contents was determined in the first
2 weeks, followed by a stepwise decrease until the end of the
incubation in luvisol. In fluvisol, the N-NH4

+ contents de-
creased after 1 week of incubation and remained relatively
stable until the end of the experiment, suggesting the possible
loss of the N-NH4

+ in the sandy fluvisol during the incubation.
Biochar application indicated trends (occasionally proven as
significant at p < 0.05) to decrease the Ntot and N-NO3

− con-
tents in the treated soils with increasing pyrolysis tempera-
tures. Regarding the N-NH4

+ contents in luvisol, there was a
significant decrease (p < 0.05) in the soil treated with biochar
pyrolyzed at 500 °C, except for the 1st week of incubation. On
the contrary, the N-NH4

+ contents of the soils treated with
biochars pyrolyzed at 300–350 °C tended to increase and/or
remained unchanged compared to the control. In fluvisol, a
significant (p < 0.05) decrease in N-NH4

+ contents in the soil

treated with biochar pyrolyzed at 500 °C was observed after
the 3rd week of incubation; there were no changes in N-NH4

+

contents in the soil treated with biochars pyrolyzed at temper-
atures between 300 and 400 °C compared to the control.
Therefore, the potential adsorption of N-NH4

+ on the applied
biochar was affected more apparently by the biochar pyrolysis
temperature than by the soil properties. As reviewed by Gul
andWhalen (2016), the adsorption of N-NH4

+ on wood-based
biochar is responsible for the decrease in nitrification rates in
the treated soils. In this context, Zhu et al. (2019) used biochar
capping to reduce the N release from the sediments of a eu-
trophic lake. However, an increase in soil nitrification was
observed with the additional application of an easily available
N source (Gul andWhalen 2016; Gundale and DeLuca 2007).
For instance, the application of swine manure mixed with
biochar resulted in reduced gaseous N losses and increased
yield and N uptake by Brassica chinensis (Zhang et al. 2019).

Regarding DOC, no changes were observed for luvisol,
regardless of the soil treatment. In fluvisol, the DOC contents
tended to increase in the soils treated with biochar pyrolyzed
at 500 °C. This pattern confirms the stability of biochar-based
carbon, at least within the duration of this experiment.
Although the effect of biochar on the soil pH was not proven
by this experiment, Pearson’s correlation coefficients indicat-
ed the effects of pH on the mobile contents of inorganic N
forms, where higher N-NO3

− and Ntot contents were signifi-
cantly (p < 0.05) related to higher pH levels (r values varying
between 0.48 and 0.89 during incubation). A similar pattern
was observed for DOC, where Pearson’s correlation coeffi-
cients varied between r = 0.42 and 0.84 during the incubation.
On the contrary, N-NH4

+ was significantly (p < 0.05) posi-
tively related to soil pH only at the first day of incubation (r =
0.51); from the 7th day of incubation, these relationships were
negative (r values varying between − 0.42 and − 0.91, signif-
icant at p < 0.05).

The potential bioavailability of nitrogen in the biochar-
treated soils remains questionable (Biederman and Harpole
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2013). While Ca, P, and K can leach out from biochar under
acidic conditions, nitrogen seems to be tightly incorporated
into the biochar, making it unavailable for plants (Gaskin
et al. 2008; Laird et al. 2010). These authors also identified
heterocyclization of N during pyrolysis as the possible reason
of the decreasing solubility of N. Nelissen et al. (2014) even
reported a decreasing availability of nitrogen in the biochar-
treated soil, resulting in decreased crop yields for these soils.
In another study, the contents of available N (water-soluble) in
giant reed (Arundo donax) biomass-based biochar decreased
from 39 to 8 mg kg−1 with the increase of pyrolysis tempera-
ture from 350 to 600 °C (Zheng et al. 2013). However, the
total N contents in wood-based biochars are generally low
(Gul et al. 2015). In this experiment, there was no possibility
to separate the potential effect of biochar on the availability of
soil nitrogen and the mobility of the biochar-bound nitrogen.

Assessing the interrelationships among Ntot, N-NH4
+, N-

NO3
−, and DOC (Supplementary Table S1), Pearson’s corre-

lation coefficients confirmed close positive correlations be-
tween Ntot and N-NO3

− (r values varying between 0.55 and
0.99, significant at p < 0.05), where the weakest correlation
was observed for the 1st day of incubation. The DOC levels

correlated positively with both Ntot and N-NO3
− (r values

varying between 0.18 and 0.77, significant at p < 0.05). On
the contrary, N-NH4

+ contents were negatively correlated
with Ntot, N-NO3

−, and DOC levels (except for the 1st day
of incubation), where r values varied between − 0.40 and −
0.83 (significant at p < 0.05). These relationships occurred
regardless of the soil and/or biochar application. According
to Gul et al. (2015), biochars produced at higher temperatures
have more N-NO3

−, while biochars produced at lower temper-
atures have a higher N-NH4

+ proportion of the total N content.
Decreasing N-NH4

+ contents and, on the contrary, increasing
N-NO3

− contents in the soils treated with biochar (woody
biochar pyrolyzed at 280 °C) were also published by
Cordovil et al. (2019).

Sha et al. (2019) published a comprehensive meta-analysis
of the potential volatilization of ammonia in biochar-treated
soils, stating that wood-based biochars could be beneficial in
the reduction of ammonia volatilization. In this study, the
sorption behavior of N-NH4

+ confirmed the differences
among the biochars prepared at different pyrolysis tempera-
tures, where no unambiguous sorption pattern was recorded
for the biochars pyrolyzed at 300–350 °C, whereas both
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Freundlich and Langmuir isotherms characterized the sorption
pattern of the biochars prepared at ≥ 400 °C (Fig. 5). These
results confirm the abovementioned biochar characteristics,
namely that the temperature of 400 °C was the critical point
splitting the biochars into two separate groups. The sorption
behavior of the biochars described by the sorption isotherms
was similar (Freundlich R2 = 0.83, Langmuir R2 = 0.93 for
400 °C biochar; Freundlich R2 = 0.91, Langmuir R2 = 0.98 for
450 °C biochar; Freundlich R2 = 0.79, Langmuir R2 = 0.91 for
500 °C biochar, respectively). Similarly, the maximum sorp-
tion characteristics of biochars as affected by the pyrolysis

temperature were indicated by the maximum sorption capacity
(Qmax) derived from the Langmuir equation, with Qmax =
13.3 mg g−1 for 400 °C biochar, Qmax = 14.8 mg g−1 for 450
°C biochar, and Qmax = 11.6 mg g−1 for 500 °C biochar,
respectively. Fungo et al. (2019) showed reduced NH3 and
N2O emissions from soil treated with biochar (woody biochar,
pyrolyzed at 550 °C), where the effect persisted for at least 3
years. Thus, the effects of the biochar application should be
investigated in long-term studies. The loss of N-NH4

+ sorp-
tion at biochar produced with lower temperatures is linked to
the low CEC of such biochars (Yuan et al. 2011) as well as to

Table 3 The contents of the mobile nitrogen species, DOC,MBC, and MBN in luvisol during the incubation experiment. The averages marked by the
same letter did not significantly differ at p < 0.05 within individual columns; data are presented as mean ± standard deviation, n = 3

Ntot (mg kg−1) NO3
− (mg kg−1) NH4

+ (mg kg−1) DOC (mg kg−1) MBC (mg C kg−1) MBN (mg N kg−1)

Day 1

Control 14.7 ± 1.5a 2.15 ± 0.34a 7.11 ± 0.48a 73.8 ± 0.9a 75.8 ± 9.0a 8.39 ± 1.94ab

300 °C 12.3 ± 0.6a 1.95 ± 0.71a 6.11 ± 1.00a 74.8 ± 7.7a 63.5 ± 6.6a 11.3 ± 0.7b

350 °C 14.1 ± 4.9a 3.59 ± 2.60a 5.48 ± 1.19a 77.0 ± 2.1a 56.5 ± 5.3a 6.99 ± 3.59ab

400 °C 14.7 ± 3.3a 2.83 ± 1.49a 7.48 ± 1.31a 77.6 ± 4.8a 63.9 ± 15.6a 4.86 ± 1.74a

450 °C 14.7 ± 2.5a 2.49 ± 0.87a 7.62 ± 0.66a 83.1 ± 7.1a 35.6 ± 10.7a 2.35 ± 0.63a

500 °C 13.7 ± 1.7a 2.11 ± 0.38a 6.37 ± 0.99a 75.8 ± 8.2a 61.1 ± 10.2a 4.64 ± 0.91a

Day 7

Control 17.3 ± 0.7ab 6.90 ± 0.97a 7.79 ± 0.61a 64.1 ± 0.5a 18.4 ± 6.4a 6.95 ± 0.82a

300 °C 18.6 ± 3.5b 7.91 ± 1.26a 9.68 ± 1.47a 64.3 ± 1.7a 22.2 ± 2.5a 4.76 ± 1.15a

350 °C 18.2 ± 0.4ab 6.86 ± 1.59a 10.0 ± 1.1a 65.6 ± 2.3a 21.1 ± 4.6a 6.74 ± 2.33a

400 °C 14.4 ± 0.8a 4.89 ± 1.27a 7.23 ± 2.08a 62.1 ± 1.2a 17.8 ± 7.1a 8.29 ± 1.74a

450 °C 15.7 ± 2.2ab 4.40 ± 1.00a 7.83 ± 0.61a 64.5 ± 4.7a 15.4 ± 4.8a 7.57 ± 1.09a

500 °C 14.2 ± 2.4a 4.48 ± 1.23a 5.59 ± 2.61a 63.9 ± 2.7a 9.30 ± 0.60a 6.00 ± 1.39a

Day 14

Control 30.1 ± 1.1a 12.8 ± 2.0a 12.9 ± 0.7b 72.2 ± 2.1a 13.0 ± 2.0a 3.31 ± 0.31ab

300 °C 27.0 ± 0.8a 11.0 ± 0.8a 10.6 ± 0.7b 67.4 ± 2.2a 19.8 ± 2.9a 5.73 ± 0.93ab

350 °C 23.8 ± 0.6a 9.24 ± 1.42a 12.1 ± 1.1b 63.3 ± 0.0a 20.6 ± 2.3a 6.51 ± 1.09b

400 °C 25.4 ± 2.9a 11.4 ± 2.2a 10.9 ± 0.6ab 61.4 ± 0.4a 20.5 ± 8.2a 6.24 ± 0.81ab

450 °C 23.7 ± 2.1a 9.26 ± 0.97a 11.1 ± 1.3ab 63.0 ± 2.9a 20.5 ± 0.5a 4.11 ± 0.83ab

500 °C 22.7 ± 4.2a 8.42 ± 2.09a 9.76 ± 0.66a 68.3 ± 4.5a 20.9 ± 5.1a 1.79 ± 0.12a

Day 21

Control 33.5 ± 9.1a 24.8 ± 4.0a 6.12 ± 2.10ab 76.5 ± 8.9a 22.1 ± 3.6ab 5.54 ± 1.39a

300 °C 29.8 ± 1.6a 21.6 ± 1.7a 7.51 ± 2.07b 67.7 ± 1.5a 25.5 ± 3.6bc 5.44 ± 1.70a

350 °C 27.4 ± 2.0a 18.7 ± 1.6a 7.63 ± 0.68b 68.2 ± 2.2a 32.3 ± 4.4c 5.10 ± 1.14a

400 °C 29.2 ± 0.6a 20.5 ± 0.8a 5.94 ± 1.92ab 71.3 ± 1.5a 24.0 ± 5.7abc 3.32 ± 0.51a

450 °C 25.6 ± 2.6a 17.1 ± 2.0a 4.32 ± 1.45ab 75.5 ± 1.1a 20.0 ± 2.1ab 6.51 ± 1.17a

500 °C 21.1 ± 3.2a 16.4 ± 2.9a 2.33 ± 0.32a 72.7 ± 2.8a 13.4 ± 1.5a 2.05 ± 0.71a

Day 28

Control 37.0 ± 5.1a 26.9 ± 3.0a 5.90 ± 0.92b 83.5 ± 5.3a 12.4 ± 3.5a 20.8 ± 2.5a

300 °C 32.9 ± 0.5a 27.3 ± 1.5a 4.01 ± 0.57ab 80.6 ± 4.6a 34.7 ± 3.2c 17.2 ± 4.6a

350 °C 32.2 ± 1.0a 26.2 ± 1.2a 4.10 ± 1.05ab 78.8 ± 1.4a 24.2 ± 4.7ab 20.6 ± 4.1a

400 °C 34.2 ± 0.4a 26.5 ± 1.3a 3.68 ± 0.79ab 81.6 ± 2.8a 21.2 ± 4.0ab 20.9 ± 2.0a

450 °C 29.3 ± 3.7a 22.6 ± 3.5a 3.60 ± 0.97ab 83.0 ± 2.6a 16.5 ± 3.5ab 18.1 ± 2.5a

500 °C 25.7 ± 0.9a 19.4 ± 0.8a 2.99 ± 0.98a 79.5 ± 5.6a 26.6 ± 1.6bc 16.2 ± 0.9a
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the lower surface area and pore size of undecomposed woody
material (Fig. S2). The lower CEC of biochar produced at
lower production temperatures (300 °C) and the increase to-
ward 500 °C have been reported (Gai et al. 2014).
Furthermore, the pyrolysis temperature clearly affected the
N-NO3

− sorption pattern of biochars, with no sorption of N-
NO3

− being observed for the biochars produced at a tempera-
ture of 450 °C and below and with maximum sorption of N-
NO3

−, up to 10.5 and 11.05 mg g−1, for biochars produced at
500 and 450 °C, respectively, as estimated by the Langmuir

equation (Fig. 6). The nitrate sorption capacity of biochars
produced at lower temperatures could be again very low at
temperatures below 450 °C, due to the low pore size and
surface area of the undecomposed woody material (Yuan
et al. 2011).

3.2.2 Microbial carbon and nitrogen biomass

Biochar preserves essential nutrients and moisture, facili-
tating microbial colonization in its periphery (Nanda et al.

Table 4 The contents of themobile nitrogen species, DOC,MBC, andMBN in fluvisol during the incubation experiment. The averages marked by the
same letter did not significantly differ at p < 0.05 within individual columns; data are presented as mean ± standard deviation, n = 3

Ntot (mg kg−1) NO3
− (mg kg−1) NH4

+ (mg kg−1) DOC (mg kg−1) MBC (mg C kg−1) MBN (mg N kg−1)

Day 1

Control 21.6 ± 5.3a 8.22 ± 1.51a 9.68 ± 0.51a 89.4 ± 2.2a 26.2 ± 5.2a 6.87 ± 1.59b

300 °C 20.2 ± 0.2a 6.99 ± 1.13a 8.80 ± 0.37a 84.6 ± 1.4a 23.5 ± 8.6a 1.41 ± 0.33a

350 °C 40.4 ± 6.2a 6.76 ± 1.89a 9.37 ± 0.66a 84.3 ± 3.1a 30.3 ± 0.7a 2.58 ± 0.54ab

400 °C 27.5 ± 1.5a 7.80 ± 1.27a 8.23 ± 1.80a 83.3 ± 1.2a 28.3 ± 2.9a 3.11 ± 0.59ab

450 °C 22.1 ± 2.4a 7.39 ± 1.33a 6.60 ± 1.47a 82.7 ± 4.2a 32.2 ± 2.9a 4.14 ± 0.44ab

500 °C 26.5 ± 2.6a 6.38 ± 2.16a 12.2 ± 1.0a 103 ± 9a 23.2 ± 9.0a 4.09 ± 1.00ab

Day 7

Control 43.9 ± 3.0a 31.4 ± 5.5a 2.65 ± 1.18a 68.4 ± 6.7a 21.1 ± 1.9c 5.38 ± 0.73ab

300 °C 41.0 ± 7.3a 32.8 ± 7.1a 2.70 ± 0.95a 71.8 ± 4.5a 18.0 ± 0.8bc 9.86 ± 1.39b

350 °C 35.2 ± 5.1a 29.3 ± 4.8a 1.39 ± 0.25a 64.7 ± 3.0a 6.74 ± 0.78a 5.75 ± 0.21ab

400 °C 44.8 ± 6.6a 38.2 ± 8.1a 1.63 ± 1.74a 68.1 ± 0.5a 10.9 ± 1.3ab 2.30 ± 0.27ab

450 °C 36.5 ± 3.4a 29.1 ± 3.2a 1.96 ± 0.91a 70.2 ± 1.6a 7.06 ± 1.78ab 2.53 ± 0.18ab

500 °C 28.9 ± 3.8a 22.7 ± 2.2a 1.69 ± 0.11a 74.0 ± 6.3a 13.9 ± 1.3b 1.25 ± 0.19a

Day 14

Control 55.8 ± 2.9b 44.5 ± 4.6b 2.25 ± 0.21a 80.5 ± 3.6ab 41.8 ± 1.5c 3.98 ± 0.36a

300 °C 46.6 ± 1.2ab 39.1 ± 3.0ab 2.74 ± 1.74a 78.2 ± 1.0a 14.1 ± 3.5a 7.08 ± 0.57a

350 °C 48.3 ± 3.3ab 41.0 ± 4.5b 2.22 ± 1.58a 78.4 ± 0.7ab 18.4 ± 2.5ab 9.96 ± 1.90a

400 °C 45.5 ± 3.9ab 39.5 ± 2.4b 1.62 ± 1.24a 83.6 ± 0.4ab 22.5 ± 1.6b 8.02 ± 2.47a

450 °C 41.8 ± 3.0ab 36.6 ± 2.6ab 0.96 ± 0.46a 78.5 ± 1.0ab 19.2 ± 3.8ab 6.81 ± 2.30a

500 °C 36.8 ± 0.8a 24.4 ± 5.5a 2.59 ± 0.92a 85.9 ± 7.4b 21.8 ± 2.5ab 3.45 ± 0.07a

Day 21

Control 56.6 ± 3.4a 50.1 ± 4.5b 3.79 ± 0.87b 83.2 ± 7.7a 37.6 ± 2.8b 5.40 ± 0.32a

300 °C 53.2 ± 4.6a 46.5 ± 4.7ab 2.34 ± 0.62ab 79.9 ± 3.2a 42.5 ± 3.5b 9.71 ± 0.81ab

350 °C 45.1 ± 3.2a 38.3 ± 3.1ab 3.02 ± 1.03ab 77.9 ± 1.2a 43.1 ± 8.4b 23.5 ± 2.0c

400 °C 50.6 ± 8.3a 42.9 ± 6.5b 3.03 ± 0.28ab 80.8 ± 2.6a 42.3 ± 3.0b 9.09 ± 0.49ab

450 °C 49.9 ± 4.4a 39.5 ± 5.2ab 3.21 ± 0.88ab 88.3 ± 0.4a 20.5 ± 1.5a 8.38 ± 1.14ab

500 °C 38.0 ± 8.5a 26.6 ± 8.1a 1.58 ± 0.50a 88.5 ± 2.5a 33.3 ± 4.3ab 12.7 ± 2.6b

Day 28

Control 61.6 ± 0.7b 52.3 ± 0.8b 2.63 ± 0.12ab 73.5 ± 6.0a 39.3 ± 2.5a 5.01 ± 0.84a

300 °C 57.8 ± 0.2ab 49.1 ± 0.5ab 2.23 ± 0.47ab 71.0 ± 1.5a 29.2 ± 3.1a 2.89 ± 0.69a

350 °C 56.0 ± 2.6ab 47.9 ± 2.1ab 3.47 ± 0.95b 71.7 ± 1.7a 39.0 ± 5.3a 6.71 ± 1.63ab

400 °C 50.1 ± 3.2ab 44.7 ± 2.5ab 2.00 ± 0.38ab 75.0 ± 0.0a 27.2 ± 9.9a 13.7 ± 0.9c

450 °C 49.9 ± 2.0ab 42.7 ± 2.5ab 2.09 ± 1.03ab 81.8 ± 8.1a 29.1 ± 2.5a 12.4 ± 1.9bc

500 °C 39.9 ± 6.0a 33.8 ± 5.7a 1.36 ± 0.80a 91.4 ± 2.9a 38.8 ± 2.6a 6.35 ± 0.99ab
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2016). Ding et al. (2016) reviewed some mechanisms
explaining how biochar affects microorganisms in soils:
(i) changes in nutrient availability; (ii) changes in microbial
communities; (iii) alterations in plant-microbe signaling.
Thus, the alterations in the soil microbial communities
can also affect soil fertility, resulting in changes in crop
productivity. Cordovil et al. (2019) stated that the response
of soil biological parameters to wood-based biochar dif-
fered according to the different experimental soils. These
findings suggest that low decomposing microbial activity
processes are directly promoted by biochar application.
This experiment suggests a similar pattern (Tables 3 and
4), and the MBC levels differed according to the experi-
mental soils. While the MBC levels in loamy luvisol strong-
ly decreased, in sandy fluvisol, these values decreased in
the 2nd week of cultivation and increased again until the
end of the experiment. In both soils, the MBC levels
responded differently to biochar application. In luvisol,
the changes in MBC values started in the 3rd week of cul-
tivation, where increasing MBC levels were recorded for
the biochars produced at low temperatures (300 and 350
°C). On the contrary, decreasing MBC levels compared to

the control were observed in fluvisol, even after 1 week of
cultivation, and the levels were stable at the end of the
experiment, regardless of the biochar applied.

A less apparent overall response to biochar application was
observed for MBN (Tables 3 and 4). Based on the literature
(for instance Tian et al. 2016), biochar application results in
the increase of proteolytic enzymes (α-leucine aminopepti-
dases). These results indicate that the microorganisms are able
to use nitrogen from soil organic matter to balance the shifted
C/N ratio due to biochar application, therefore enhancing the
cycling of the stabile nitrogen in soil (Tian et al. 2016).
Similarly, Liao et al. (2016) reported enhanced activity of soil
enzymes involved in N cycling after biochar application. In
this experiment, the soil enzymatic activity was not measured,
but the MBN levels correlated significantly with the N-NO3

−

contents in the soils (r values varied between − 0.35 and −
0.54; significant at p < 0.05), supporting the possibility of
improved N use in the biochar-treated soils (Supplementary
Table S1). However, the effects of biochar application were
ambiguous and did not show any clear trends, according nei-
ther to the biochar pyrolysis temperature nor to the duration of
the incubation.
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Fig. 5 The sorption pattern of N-NH4
+ N on the biochars as affected by the pyrolysis temperature
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Ahmad et al. (2016) observed enhanced abundance of soil
microorganisms in the soils treated by low-temperature bio-
char (300 °C) due to the increased proportion of DOM,where-
as the abundance of the microorganisms in the soils treated by

high-temperature (700 °C) biochars remained unchanged. In
this experiment, however, the DOC levels remained un-
changed in most of the biochar-treated variants compared
to the control, and occasionally, the DOC levels even indi-
cated the opposite trend (Table 3). Throughout the experi-
ment, the MBC levels were moderately correlated with
DOC, regardless of the sampling date and the pyrolysis
temperature, where significant (p < 0.05) Pearson’s corre-
lation coefficients (r) reached 0.273 for luvisol and 0.278
for fluvisol (Supplementary Table S1). A comparison of
both soils showed a substantial role of soil physicochemical
parameters, especially the differences in the Cox contents
in the experimental soils. Gul et al. (2015) showed that
high-temperature biochars prepared from feedstocks with
low-nutrient contents (such as woodchips) can result in
the reduction of the growth of the microbial communities
for 2–3 months after the application if applied to soil with a
low organic matter content. Thus, the decrease of the MBC
levels during incubation of luvisol (Fig. 3a) could be related
to the low Cox content (0.93%) of this soil, whereas the
MBC levels in fluvisol showed the opposite trend during
incubation (Fig. 3b). Multivariate analysis of the data
(Table 5) confirmed the significant effect of biochar
application and incubation time on all measured variables.
However, the mutual effect of biochar application and
experimental soil was proven only occasionally, due to
the contradictory effects of biochar application on the
individual soils. Kuppusamy et al. (2016) concluded that
long-term biochar amendment studies at field scale are re-
quired to study the following: (i) changes in the biochar
surface chemistry and soil physical properties in all situa-
tions; (ii) essential, trace, and toxic element availability and
movement in soil; and (iii) influence on the abundance or
minimization of beneficial soil microbes as well as on
weeds and crop growth. Yadav et al. (2019) reported in-
creasing microbial activity and microbial biomass carbon
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Fig. 6 The sorption pattern of N-NO3
− on the biochars as affected by the

pyrolysis temperature

Table 5 Summary of 3-way ANOVA of the effects of soil, biochar, and incubation time on the mobile nitrogen species, DOC, MBC, MBN, and soil
pH

Incubation time Soil Biochar Incubation time × soil Incubation time × biochar Soil × biochar Incubation time × soil × biochar

pH 30.4*** 3362*** 7.17*** 20.7*** 6.28*** 7.15*** 9.78***

Total N 72.6*** 425*** 9.67*** 3.58** ns ns ns

Nitrate 419*** 1445*** 28.6*** 58.5*** 2.71*** 7.96*** ns

Ammonia 65.4*** 259*** 4.53*** 83.4*** 2.15** 7.23*** 2.78***

DOC 59.8*** 125*** 9.95*** 22.5*** ns 6.85*** 1.95*

MBC 81.7*** ns 6.20*** 65.4*** 3.19*** 3.45** 4.40***

MBN 143*** 31.4*** 13.6*** 130*** 9.34*** 5.68*** 10.6***

Values shown represent F-value of 3-way ANOVA

ns not significant

*p < 0.05; **p < 0.01; ***p < 0.001
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after application of aged biochar (produced from
Cymbopogon winterianus biomass as feedstock) compared
to fresh biochars.

4 Conclusions

Our results confirm the importance of the pyrolysis temperature,
resulting in qualitatively different biochars varying in their mor-
phological structure, physicochemical properties, and in the re-
sponse to the biochar interaction with the soil structures and the
soil microbiome. For this particular feedstock, i.e., woodchips,
400 °C seemed to be the critical point, indicating the substantial
change in the characteristics of the biochar and with a substan-
tial difference in the sorption behavior of N-NH4

+ and N-NO3
−

below and above this temperature. The results of the biochar
characterization documented that the material pyrolyzed at the
temperatures lower than 400 °C does not belong to the typical
biochars with the fully developed porous structure. The low
contents of N in the biochars do not allow suggesting this ma-
terial as a source of N; on the contrary, the application of such a
material can reduce the mobile proportions of N-NH4

+, indicat-
ing the positive role of woodchip-based biochar in the stabiliza-
tion of the inorganic nitrogen forms in the soil.

In the case of biological parameters, given as MBC and
MBN levels, the results indicate that these changes occur over
a longer period than that in the current study. Long-term field
trials need to be conducted to test whether soil properties can
be influenced permanently through biochar application. In this
sense, for soil functionality and biological activity assess-
ments, the behavior of the soil microbiota in contact with
biochar in the soil needs to be investigated, and the potential
ability of these organisms to transform and/or decompose bio-
char in the soil should be elucidated in further research.
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material available at https://doi.org/10.1007/s11368-021-02910-5.
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