
Citation: Maier, R.; Soja, G.;

Friesl-Hanl, W.;

Zechmeister-Boltenstern, S.; Michel,

K.; Tatzber, M.; Kitzler, B.

Biochar-Compost Additions Have

Strong Short-Term Effects on Carbon

and Nitrogen Emissions from an

Agricultural Soil. Agronomy 2022, 12,

2959. https://doi.org/10.3390/

agronomy12122959

Academic Editors: Spyridon

Petropoulos, Vasileios Antoniadis

and Maria Del Mar Alguacil

Received: 15 October 2022

Accepted: 22 November 2022

Published: 25 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

Biochar-Compost Additions Have Strong Short-Term Effects on
Carbon and Nitrogen Emissions from an Agricultural Soil
Regine Maier 1,2,*, Gerhard Soja 3,4 , Wolfgang Friesl-Hanl 3,5, Sophie Zechmeister-Boltenstern 5,
Kerstin Michel 1 , Michael Tatzber 1,6 and Barbara Kitzler 1,*

1 Department for Soil Ecology, Federal Research and Training Centre for Forests, Natural Hazards and
Landscape, Seckendorff-Gudent-Weg 8, 1131 Vienna, Austria

2 ETH Zürich, Universitätstrasse 2, 8092 Zürich, Switzerland
3 AIT—Austrian Institute of Technology GmbH, Konrad Lorenz-Str. 24, 3430 Tulln, Austria
4 Institute for Chemical and Energy Engineering, University of Natural Resources and Life Sciences,

Muthgasse 107/I, 1190 Vienna, Austria
5 Institute for Soil Science, University of Natural Resources and Life Sciences, Peter-Jordan-Strasse 82,

1180 Vienna, Austria
6 Department of Forest Protection, Federal Research and Training Centre for Forests, Natural Hazards and

Landscape, Seckendorff-Gudent-Weg 8, 1131 Vienna, Austria
* Correspondence: regine.maier@usys.ethz.ch (R.M.); barbara.kitzler@bfw.gv.at (B.K.);

Tel.: +41-44-632-79-80 (R.M.); +43-1-87838-1302 (B.K.)

Abstract: Biochar (BC) application to agricultural soils has become a promising strategy for mitigation
of soil-borne greenhouse gas (GHG) emissions, i.e., carbon dioxide (CO2), methane (CH4), and
nitrous oxide (N2O), but little is known about the effects on nitric oxide (NO) and dinitrogen (N2)
fluxes. We conducted a short-term field experiment to evaluate the effects of BC with compost
and additional fertilizer on different soil GHG fluxes. Application of 1% BC-compost showed no
significant effect on CH4 and CO2 fluxes but lowered NO and N2O fluxes compared to the control
without BC-compost. The addition of N to BC-compost (0.5% BC-compost + 175 kg N) showed a small
mitigation potential for CH4 whereas N2O and NO fluxes significantly increased for one week after
the application. The N2:N2O ratio shifted towards N2O production after the application of N-enriched
BC-compost. During storage of pure N-enriched BC-compost, high gaseous losses in the form of NO
(71.2 ± 2 µg N g−1 h−1), N2O (1319 ± 101 µg N g−1 h−1), and N2 (337.8 ± 93 µg N g−1 h−1) were
measured. Approximately 31% of applied N was lost in gaseous form even in the presence of BC. To
avoid this, an optimized strategy to balance easily available N from compost and fertilizer with the
amount of BC should be developed.

Keywords: agriculture; organic amendments; dinitrogen; nitric oxide; microbial biomass; nitrification;
denitrification; biochar-compost storage

1. Introduction

Greenhouse gases change the Earth’s climate by absorbing and releasing radiative
energy in the lower atmosphere. Anthropogenic GHG emissions have increased since the
pre-industrial era and are now higher than ever before [1]. Carbon dioxide (CO2) emissions
contribute most to global warming, although other greenhouse gases such as methane (CH4)
or nitrous oxide (N2O) remain in the atmosphere for decades and affect the climate [2].
The main processes of soil CO2 fluxes are root and microbial respiration [3]. N2O, a potent
and long-lived GHG can be either produced or consumed by different processes in the soil
(autotrophic or heterotrophic nitrification, chemodenitrification, nitrifier-denitrification,
denitrification, co-denitrification, ammonification) [4]. The amount of N2O produced
depends largely on management, fertilization, crops, soil properties such as (texture,
available carbon, pH, microbial activity, temperature, and water content e.g., [5]. CH4 is the
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second most important GHG after CO2. Two basic microbial processes control soil-borne
CH4 emissions: (a) methane production by methanogenic archaea under strictly anoxic
conditions (e.g., in waterlogged soils or at greater soil depth or in anoxic microsites) and
(b) methane oxidation (consumption of methane) by methanotrophic bacteria that require
oxygen or by nitrite-dependent anaerobic oxidation of methane [6]. As a result of biotic
and abiotic processes, NO is both produced and consumed in soils. The main processes
involved are microbial nitrification, denitrification and chemo-denitrification. The final
step of denitrification, i.e., the production of dinitrogen (N2) by reduction of N2O, closes
the global N cycle and consumes N2O.

Agriculture is the main source of anthropogenic non-CO2 GHG emissions, i.e., CH4
and N2O, accounting for 56% of total emissions worldwide [1]. Reducing these emissions
represents an important mitigation potential for agricultural production systems in relation
to climate change.

Biochar (BC) is a product of heating biomass to temperatures above 250 ◦C. This
process, known as pyrolysis, produces a carbon-rich product [7]. It was shown that biochar
generally decreases soil acidity, increases buffering capacity, dissolved and total organic
carbon, CEC, available nutrients, water retention, porosity and surface area, and aggregate
stability; and decreases soil density and nitrate leaching [7,8]. The amendment of BC on
agricultural soils may have the potential to mitigate climate change due to carbon (C)
storage and reduction of GHG emissions. Woolf et al. [9] estimated the potential to reduce
net emissions of CH4, CO2, and N2O emissions by a maximum of 1.8 Pg CO2-C equivalent
per year. However, the potential for GHG mitigation is strongly dependent on e.g., the
soil type, the feedstock material, the ratio of BC, the pyrolysis temperature, the number of
soil additives (compost or mineral fertilizer), and the predominant environmental condi-
tions [10,11]. Furthermore, the effect of biochar may diminish over time as biochar ages in
the soil [12,13] but the initial mitigation effect can be significant, and repeated applications
can maintain mitigation benefits [14].

Recent studies have demonstrated CH4 oxidation and CH4 production after BC appli-
cation [15,16]. Karhu et al. [16] reported an increase in CH4 uptake, due to increased soil
aeration and reduced soil moisture fluctuations. In contrast, Kammann et al. [15] found no
change in CH4 oxidation. Van Zwieten et al. [17] concluded that the positive effects of BC
addition on net CH4 uptake can only be ensured with large active methanotrophic commu-
nities. It was reported that the effects of BC on CH4 emissions are often contradictory, and
the underlying mechanisms are not yet fully understood [18,19].

Biochar plays an important role in controlling soil N2O emissions although biotic and
abiotic mechanisms remain elusive [20]. Emissions of N2O from soils can be influenced by
changes in the soil’s physical, chemical, and biological properties [20,21]. These changes
could affect N mineralization/immobilization, turnover, and nitrification/denitrification
in soils [17]. Although the influence of BC on N2O emissions is one of the most discussed
topics in BC research, most of the studies are conducted in the laboratory, and field trials
are rare [10].

So far, only a few studies have investigated the effects of BC application on NO
fluxes. Nelissen et al. [22] hypothesized that the most likely mechanisms for reducing
NO emissions after BC application are biotic N immobilization, stimulated ammonia
(NH3) volatilization, and non-electrostatic sorption of ammonium (NH4

+). Obia et al. [23]
concluded that BC application increases pH and could therefore decrease NH3 volatiliza-
tion [24], and NO suppression was associated with less chemical decomposition from nitrite
to NO. Since agricultural soils are an important source of NO emissions [25], the mitigation
potential of BC on these emissions is of high interest and needs to be investigated.

According to our current knowledge, there are to date no direct studies to assess
the impact of BC on the final step of denitrification, i.e., the production of dinitrogen
(N2) by reducing N2O, although it is of high economic and environmental importance
as it removes reactive nitrogen from ecosystems, closes the global N cycle and consumes
N2O. This is partly due to methodological difficulties caused by the huge atmospheric N2
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background [26,27]. Using the acetylene inhibition method, Ameloot et al. [28] investigated
N2O reduction mechanisms in intact and disturbed soil cores. They could not detect
a reduction of the N2O/(N2O+N2) ratio, which is why they suspect that BC did not promote
the reduction of N2O to N2. In order to assess the effects of BC on the denitrification process,
further datasets on N2 losses from BC-treated soils are required.

Composting is the biological decomposition and stabilization of organic substrates
derived by plants or animals, under thermophilic conditions (above 45 ◦C). These tem-
peratures ensure pathogen inactivation and seed destruction. The result of this process is
a humus-like, stable substrate that can be applied to soils as organic fertilizer or for soil
amelioration [29]. Furthermore, compost provides nutrients and soil organic carbon (SOC)
for the soil ecosystem [30]. Positive effects on physical, chemical, and biological properties
can be observed after compost application, e.g., improvement of soil structure and increase
of soil fertility. Feedstock material, compost maturity, and quality can significantly influ-
ence these effects [31]. Mixing BC and compost offers several advantages. Nutrient-poor
materials are often used as feedstock for BC production. Plant nutrients derived from
nutrient-rich compost feedstock can enrich BC. A source of N is essential for BC to be
an effective soil conditioner. Recent studies have investigated the synergistic effects of
BC as a soil additive and N fertilization. Nitrogen use efficiency could be improved by
BC addition while the less stable C fraction of BC may cause N immobilization [32]. In
addition, BC-compost amendments are a promising tool to sequester carbon in soils while
at the same time improving soil fertility [33]. However, the effects of the BC-compost on
GHG emissions in agricultural soils are largely unexplored.

A topic that has not yet been studied to a large extent is the gaseous loss of nitrogen
(N2O, NO, and N2) during the storage of pure biochar or BC-compost mixtures. The
only study we are aware of is by Spokas et al. [34] who investigated CO2, CH4, and N2O
emissions from pure biochar but found no significant fluxes. However, Spokas et al. [34]
studied pure biochar that was not treated with organic additives or mineral fertilizer
after production.

Here, we conducted a field study over six months to investigate the effects of BC-
compost application to agricultural soil on soil GHG emissions. The main objectives of this
study were (I) to quantify soil GHGs (CH4, CO2, N2O) and NO fluxes after the application
of BC-compost and BC-compost with mineral fertilizer compared to a control without
BC-compost and (II) to quantify N losses through denitrification. We hypothesized that
(i) soil GHG emissions, especially N2O, will decrease after BC-compost application but
increase after N-enriched BC-compost application, (ii) carbon and nitrogen in microbial
biomass increase due to the addition of organic material through BC-compost mixtures,
and (iii) the application of BC-compost does not promote the final step in denitrification.

2. Materials and Methods
2.1. Study Site and Experimental Design

The field site was located in South-Eastern Styria close to Kaindorf, Austria (47◦11′33.288′′ N,
15◦54′38.936′′ E, 373 m above sea level (a.s.l.)). The prevailing climate is temperate with
a mean annual air temperature of 8.8 ◦C and an average annual precipitation of 800 mm.
Climate data (temperature and precipitation) was supplied by ZAMG (Zentralanstalt für
Meteorologie und Geodynamik, Hohe Warte, Vienna). The field was managed by a local
farmer who performed an alternating crop rotation of two years grassland followed by
two years of maize, i.e., in 2013 and 2014 maize was cultivated with winter barley as
a winter cover crop. During the cultivation of grassland, 180 and 200 kg N ha−1 yr−1 were
applied in form of biogas slurry.

The soil type is a gleyic Cambisol [35] with a pH of 6.2 and an organic carbon content
(Corg) of 2.1%. The field experiment was set up in 2013 and consisted of twelve plots
with four different replicated treatments in an area of 13 × 43 m. Each plot had a size of
6 × 4.5 m and a protection row of 1 m in width. Table 1 shows codes and application rates
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of BC-compost and mineral fertilizer for the treatments in 2013, i.e., T1, T2, and T3, and in
2014, i.e., T1 and T2.

Table 1. Codes and application rates of BC-compost and mineral fertilizer in 30 April 2013 and
22 May 2014.

Code Treatments 2013 Treatments 2014

K No BC-compost + 350 kg N ha−1 -
T1 1% BC-compost +1% BC-compost
T2 0.5% BC-compost + 175 kg N ha−1 +0.5% BC-compost + 175 kg N ha−1

T3 1% BC-compost + 350 kg N ha−1 -

Note: “+ . . . kg N ha−1” indicates N fertilization with ammonium sulfate. Nitrogen was added during the
production of the BC-compost mixture (for T2 in 2013 and 2014; for T3 only in 2013) or directly applied to the field
(for K only in 2013).

In 2013, no GHG measurements and soil samplings were done. The following field
experiment, including all GHG measurements and lab analyses, was only conducted in
2014. Measurements started on 23 April 2014 and were carried out, seven times in total,
until 24 September 2014. Due to heavy rainfalls in Spring 2014, planting and application
of BC-compost were postponed until the end of May. On 22 May 2014, BC-compost was
applied to the field and, at the same time, the previous soil cover crop (winter barley,
Hordeum vulgare L.) was incorporated to a soil depth of approx. 15 cm by using a rotary
harrow. Two hours before the second gas sampling (23 May 2014), maize (Zea mays L.)
was sown.

In 2014 (22 May), treatment T1 received 1% of BC-compost and for treatment T2, BC-
compost was enriched with 175 kg N ha−1. One percent of BC-compost (T1) corresponds to
2 kg of dry matter per m2, i.e., for treatment T2 1 kg of N-enriched BC-compost was applied.
Soil additives at T1 and T2 were incorporated into the soil with a rotary harrow at a depth
of 15 cm. In addition, control plots (K) and T3 were harrowed as well to ensure the same
conditions at all treatments. At all treatments, winter cover crops were incorporated on the
same day. On 30 July 2014, weed was removed by hand and on 28 October 2014, maize was
harvested. All GHG measurements and soil samplings (23 April, 23 May, 30 May, 27 June,
29 July, 27 August, and 24 September) were carried out in subplots of 3 × 2 m with a 1 m
protection row to avoid erosion from other treatments.

Fiber sludge and cereal husks were feedstock material for the biochar. Pyrolysis was
carried out in a Pyreg-reactor for 20 minutes at 550 ◦C. Biochar-compost was produced
in the factory “Sonnenerde” (www.sonnenerde.at, accessed on 15 October 2022). After
cooling, BC was mixed with compost produced from municipal green waste at a 50/50 ratio
(w/w). Biochar was then moisturized with water for treatment T1 (2013 and 2014) and with
ammonium sulfate for treatment T2 (2013 and 2014) and T3 (only 2013). BC-compost was
incubated for two weeks before it was applied to the soil. After incubation, we conducted
GHG measurements and took samples of the pure BC-compost for treatment T1 and T2.

2.2. Greenhouse and Nitrogen Gas Flux Measurements
2.2.1. Methane, Carbon Dioxide, Nitrous Oxide

The closed chamber technique was used for the determination of CH4, CO2, and
N2O [36]. Three gas chambers were placed permanently on each plot, i.e., thirty-six cham-
bers in total and nine chambers per treatment. No plants were included in the chambers.
A gas chamber consisted of a PVC-tube (diameter: 200 mm; height: 130 mm; area: 0.0314 m2;
inside net volume = 1.88 L) which was pressed 30 mm into the soil. Shortly before manual
gas sampling started, chambers were covered with gas-tight lids. Each lid had an opening
on top with a rubber septum to draw gas samples with a glass syringe. Before starting
gas sampling, the atmosphere inside the chamber was mixed by flushing three times with
a glass-syringe. Afterwards, 25 mL of gas was taken from each chamber and injected into
20 ml pre-evacuated glass vials at intervals of 0, 5, 10 and 20 min. Gas samples were stored

www.sonnenerde.at
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at 4 ◦C and measured with a gas chromatograph (GC) within one week. Greenhouse gas
fluxes were analyzed with a GC (Agilent 6890 N, Santa Clara, CA, USA) connected to an Ag-
ilent G1888 Network Headspace Sampler. Nitrous oxide concentrations were detected with
a 63Ni-electron-capture-detector (ECD) using N2 as carrier gas. Carbon dioxide and CH4
concentrations were detected by a flame ionization detector (FID) including a methanizer,
and helium was used as carrier gas. Detector temperatures were set at 350 ◦C and 250 ◦C,
respectively. After each batch of 36 samples, gas standards of CH4, CO2, and N2O were
analyzed using 1, 2, and 4 ppm CH4, 250, 500, and 1000 ppm CO2 and 0.5, 1, and 2.5 ppm
N2O standard gas (LINDE, Munich, Germany). Fluxes from each chamber were calculated
by the linear increase or decrease of gas concentration over time. The criteria for a valid single
flux measurement being distinguished from zero was an R2 > 0.7 [37] and a value above the
detection limit of±2.52 µg CH4-C m−2 h−1 and of±0.53 µg N2O-N m−2 h−1 [38]. The hourly
GHG flux was calculated as described in Equation (1) according to Metcalfe et al. [39]:

GHG f lux=∆C/∆t× 273.15/(Tair + 273.15)×p/1000×M/22.41×V/A (1)

where GHG flux is the hourly flux of the respective GHG, ∆C/∆t is the concentration
change (ppm for CO2, ppb for CH4, and N2O) over time (h), Tair is air temperature (◦C),
p is atmospheric pressure (Pa), M is molecular weight (g), 22.41 is the molar volume of
an ideal gas at Standard Temperature and Pressure (1 mol−1), V is the chamber volume
(m3) and A the chamber area (m2). The term (Tair + 273.15) is used for the conversion of air
temperature from degree Celsius to Kelvin. For the calculation of CO2 and CH4 fluxes, M
is 12.01 g and units are mg CO2-C h−1 m−2 and µg CH4-C h−1 m−2, respectively. For the
calculation of N2O flux, M is 28.02 g and units are µg N2O-N h−1 m−2. Plot replicates were
summarized as one plot mean and used for further analysis.

In addition, GHG fluxes from pure BC-compost were also measured. Gas sampling
was carried out on 23 April 2014 at the BC-production site. For this purpose, three gas
chambers were placed on each pile of BC-compost-type (one for T1 and one for T2) which
had a height of 0.5 m. Gas samples were taken and analyzed as described above.

2.2.2. Nitric Oxide Fluxes

Nitric oxide fluxes were measured seven times at monthly intervals from April to
September 2014. From each plot, two intact soil cores were taken from the uppermost
5 cm soil layer. Soil cores were taken with stainless steel cylinders (diameter: 72 mm;
height: 50 mm) by pushing them down to 5 cm soil depth. The cylinders were excavated,
then closed with stainless steel lids and Parafilm. In the laboratory, soil cores were weighed
and divided into two runs, each run containing one soil core from each plot. A fully
automated laboratory measuring system was used to determine NO fluxes. It consists of
13 adapted Kilner jars, which served as test chambers in a temperature-controlled incubator
connected to an NOx and a CO2 analyzer. Twelve chambers were used for the incubation of
soil cores and one chamber served as a reference. NO fluxes were analyzed with a chemo-
luminescence NO analyzer (HORIBA APNA-360, Kyoto, Japan). Carbon dioxide was
detected with an infrared CO2 analyzer (WMA-2, PP-Systems, Amesbury, MA, USA). The
measuring time for each test chamber was six minutes and four minutes for the reference
chamber. Flux rates of CO2 and NO were calculated according to Schindlbacher [40].
Additionally, NO fluxes from pure BC-compost mixtures were determined by filling 10 g
of each BC-compost treatment into three soil cylinders. Pre-measurements of soil cores
filled with pure BC-compost already indicated high NO fluxes. Therefore, we reduced
the amount to 10 g BC-compost per soil cylinder. Measurements were carried out as
described above.

2.2.3. Dinitrogen Fluxes

For comparison of dinitrogen fluxes from soils after BC-compost amendment, we
decided to focus on the two treatments that received fresh BC-compost in 2014 and compare
it with the control. Therefore, we incubated three disturbed soil cores from each plot of
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treatment K, T1, and T2, and three replicates per treatment. Soil samples were taken
on 23 May 2014. For simultaneous flux measurement of N2 and N2O, we followed the
approach of Butterbach-Bahl [41] and used the helium gas-flow core method. Briefly, six soil
cores, i.e., three cores with soil and 3 with sand, with a diameter of 5.5 cm and a height of
4 cm were placed in an air-tight vessel and purged with an N2-free gas mixture (80 vol% He
6.0, 20 vol% O2 5.0; Linde, Munich, Germany) for two days to replace soil air. Fluxes of N2
and N2O were derived from the subsequent increase in the N2 and N2O concentrations in
the headspace above the soil cores. A gas chromatograph (6890 GC, Agilent Technologies,
Palo Alto, CA, USA) equipped with a pulsed discharge He ionization detector (PDHID;
Vici AG, Schenkon, Switzerland) and a micro-electron capture detector (µECD; Agilent
Technologies, Palo Alto, CA, USA) was used to determine N2 and N2O. Measurements
were carried out at 24 ◦C at 23% and 50% water-filled pore space (WFPS), respectively.
Dinitrogen fluxes were also determined from pure BC-compost mixtures of treatments T1
and T2 by filling 10 g of each BC-compost into six soil cylinders. Pure BC-compost mixtures
were incubated at 20 ◦C and measurements were carried out as described above.

2.3. Soil Analysis

For analysis of N cycle compounds, soil samples were taken simultaneously to gas
samplings, in total seven times. Five soil samples were taken from each plot with a soil
corer (diameter of 5 cm) from the first 10 cm of the soil profile close to the gas chambers.
Soil samples were homogenized and sieved with a 2 mm mesh-sized sieve. Sieved soil
samples were immediately used for the determination of the gravimetrical water content.
Ten grams of sieved soil samples were air-dried for determination of pH and C:N ratio. The
remaining soils were frozen at −20 ◦C. For pH measurement air-dried and 2 mm sieved
soil was mixed with 0.01 M CaCl2 solution at a 1:5 ratio [42]. After shaking briefly and
incubating for one hour, pH was determined manually with a pH meter (UNILAB, ph
330i, Weilheim, Germany). According to ÖNORM L1080 [43], organic C and total N were
determined by dry combustion at a temperature of 1250 ◦C using an elemental analyser
(LECO TruMac, LECO Corp., St. Joseph, MI, USA). Concentrations of NH4

+ and NO3
−

were determined by colorimetric methods described in Hood-Nowotny et al. [44]. Samples
were analyzed at 660 nm (NH4

+) and 540 nm (NO3
−) wavelength using a microplate

spectrophotometer (µQuant, BioTek Instruments, Bad Friedrichshall, Germany). For NO3
−

concentration determination of BC-compost mixtures, a dilution series was established.
Therefore, extracts of non-fertilized BC compost were diluted up to a hundredfold, and
fertilized BC compost up to a thousandfold.

For the determination of microbial biomass carbon (Cmic) and nitrogen (Nmic) a modi-
fied version of the Chloroform Extraction Method was used [45]. Microbial biomass C and
Nmic were determined by using a total organic carbon (Corg) analyzer (TOC-L CSH/CSN,
Shimadzu, Kyoto, Japan) including a total nitrogen unit (TNM-L, Shimadzu, Kyoto, Japan).
At each gas sampling event, soil temperature was measured in the upper soil layer with
a digital thermometer (HANNA Instruments Inc., Woonsocket, RI, USA).

2.4. Data Analysis

Statistical analyses were performed using R version 3.2.2 (The R Project, 2015). For data
exploration, the approach described by Zuur et al. [46] was applied. The reported results of
GHG data and soil analysis were arithmetic means of replicates per plot. Shapiro-Wilk-Test
was used to check for normal distribution and the Levene-Test to confirm the homogeneity
of variances. Prior to statistical analysis, gas flux data were log-transformed to achieve
assumptions for repeated measures and one-way analysis of variances (ANOVA). Soil chem-
ical data were analyzed separately by one-way ANOVA for each sampling with treatment
as a fixed effect. Student Newman-Keuls Tests (SNK) were performed when results showed
any significance among treatments. Relationships between all variables were investigated
using Pearson correlation analysis. For all analyses p < 0.05 was considered significant.
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3. Results
3.1. Meteorological Data and Yields 2014

The field experiment covered the growing season of 2014 and lasted from April
to September. Figure 1 shows an average air temperature (◦C) and precipitation (mm)
measured at the weather station Gleisdorf (47◦ 06′ 56′′ N, 15◦ 42′ 29′′ E) near the field site.

Agronomy 2022, 12, x FOR PEER REVIEW 7 of 20 
 

 

variances (ANOVA). Soil chemical data were analyzed separately by one-way ANOVA 

for each sampling with treatment as a fixed effect. Student Newman-Keuls Tests (SNK) 

were performed when results showed any significance among treatments. Relationships 

between all variables were investigated using Pearson correlation analysis. For all anal-

yses p < 0.05 was considered significant. 

3. Results 

3.1. Meteorological Data and Yields 2014 

The field experiment covered the growing season of 2014 and lasted from April to 

September. Figure 1 shows an average air temperature (°C) and precipitation (mm) meas-

ured at the weather station Gleisdorf (47° 06′ 56″ N, 15° 42′ 29″ E) near the field site.  

 

Figure 1. Average air temperature (°C) including the range (light grey bars) and precipitation data 

(mm) from April to September 2014 measured at weather station Gleisdorf by Zentralanstalt für 

Meterologie und Geodynamik (ZAMG). Bold crosses indicate measured soil temperature (°C) at 

Kaindorf on sampling dates. 

Plant development was delayed due to the late sowing of maize. Yield measurements 

are summarized in Table S1. The highest yields were observed at treatment T1 (1% BC-

compost in 2014) while yields at T2 (0.5% BC-compost + 175 kg N ha−1 in 2014) were con-

siderably lower. 

3.2. Analyses of Pure BC Compost Mixtures 

Pure BC-compost used for treatment T1 and T2 in 2014 showed distinct results. En-

richment of BC-compost with ammonium sulfate used for T2, tripled NH4+ concentrations 

and increased NO3- concentrations about 30-fold from 104.8 ± 2.5 µg dw to 3 mg N g−1 dw. 

BC-compost used for T1, had higher Cmic and Nmic values compared to N-enriched BC-

compost. Furthermore, addition of N resulted in slightly lower pH and a narrower C:N 

ratio (Table 2).  

  

Figure 1. Average air temperature (◦C) including the range (light grey bars) and precipitation data
(mm) from April to September 2014 measured at weather station Gleisdorf by Zentralanstalt für
Meterologie und Geodynamik (ZAMG). Bold crosses indicate measured soil temperature (◦C) at
Kaindorf on sampling dates.

Plant development was delayed due to the late sowing of maize. Yield measurements
are summarized in Table S1. The highest yields were observed at treatment T1 (1% BC-
compost in 2014) while yields at T2 (0.5% BC-compost + 175 kg N ha−1 in 2014) were
considerably lower.

3.2. Analyses of Pure BC Compost Mixtures

Pure BC-compost used for treatment T1 and T2 in 2014 showed distinct results. Enrichment
of BC-compost with ammonium sulfate used for T2, tripled NH4

+ concentrations and increased
NO3

− concentrations about 30-fold from 104.8± 2.5µg dw to 3 mg N g−1 dw. BC-compost used
for T1, had higher Cmic and Nmic values compared to N-enriched BC-compost. Furthermore,
addition of N resulted in slightly lower pH and a narrower C:N ratio (Table 2).

Table 2. Properties and gas fluxes from the two pure BC-compost mixtures before application to the
field in 2014. BC-compost used for T2 was enriched with ammonium sulfate.

Properties BC-Compost Used for T1 BC-Compost Used for T2

Corg
1 [mg g−1] 133.5 ± 10.4 93.9 ± 6.2

Ntot
2 [mg g−1] 4.4 ± 0.1 5.6 ± 0.3

C:N 30.5 ± 1.8 16.7 ± 0.3
pH 7.6 ± 0.0 7.3 ± 0.0
NH4

+ [µg N g−1 dw] 14.9 ± 0.4 42.8 ± 4.9
NO3

− [µg N g−1 dw] 105 ± 4.2 3020 ± 108
Cmic [µg g−1 dw] 1567 ± 35 844 ± 102
Nmic [µg g−1 dw] 184 ± 5.1 87.5 ± 61
EC 3 [mS cm−1] 2.5 31.7
CEC 4 [mmolc kg−1] 222 665

Gas fluxes from pure BC-compost

CH4 [µg C g−1 h−1] 0.02 ± 0.01 a 0.17 ± 0.03 b

CO2 [mg C g−1 h−1] 0.07 ± 0.01 a 0.16 ± 0.01 b

N2O [µg N g−1 h−1] 3.47 ± 0.63 a 1319 ± 101 b

NO [µg N g−1 h−1] 0.31 ± 0.04 a 72 ± 2.1 b

N2 [µg N g−1 h−1] 23.9 ± 21 a 338 ± 93 b

Note. Results are means of three replicates (n = 3); ±indicates standard deviation of mean. Values with the
same letter are not significantly different at p < 0.05. 1 Soil organic carbon, 2 Total nitrogen content, 3 Electrical
conductivity, 4 Cation exchange capacity.
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The addition of ammonium sulfate to BC-compost (T2) resulted in a significant increase
of all measured gas fluxes (Table 2). The effect on N-gases (N2O, NO and N2) was much
higher compared to C-gases (CH4, CO2). Only nine times more CH4 and two times more
CO2 were emitted from pure BC-compost mixture used for T2. In contrast, almost 400, 230,
and 14 times more N2O, NO and N2 were emitted, respectively. Thus, over the incubation
time and storage of two weeks after the BC-compost production, approximately 31% of
the mineral fertilizer applied to BC-compost used for T2 were already lost as N2O (44.3 kg
N2O-N ha−1), NO (2.6 kg NO-N ha−1), and N2 (11.3 kg N2-N ha−1). In comparison, only
0.12 kg N2O-N ha−1, 0.07 kg NO-N ha−1, and 0.8 kg N2-N ha−1 were lost from BC-compost
used for T1 during the same period.

3.3. Soil GHG Emissions

During the field experiment both CH4 production and CH4 uptake could be observed.
Methane fluxes varied between −202 and 356 µg CH4-C m−2 h−1 with a high spatial
variability, especially at the beginning of the field experiment and within a week after
BC-compost application (Figure S1). From the end of June (36 DAA) mean CH4 fluxes of
all BC-compost treatments levelled off at about 22 µg CH4-C m−2 h−1. At the end of the
growing season (155 days), cumulative CH4 emissions were highest at T3 and lowest at T2
(Table 3). However, repeated measures ANOVA showed no significant influence of factor
“treatment” on CH4 fluxes.

Table 3. Cumulative soil GHG emissions over a period of 155 days in 2014. Treatments are control (K)
and three BC-compost treatments (T1, T2 and T3). For application rates of BC-compost and mineral
fertilizer see Table 1.

Cumulative Soil GHG Emissions K T1 T2 T3

CH4 [kg C ha−1] 0.27 ± 0.56 a 0.44 ± 0.50 a 0.18 ± 0.37 a 0.50 ± 0.61 a

CO2 [t C ha−1] 2.89 ± 1.14 a 2.92 ± 1.25 a 2.68 ± 1.05 a 2.40 ± 0.95 a

N2O [kg N ha−1] 0.60 ± 0.48 a 0.21 ± 0.11 b 0.33 ± 0.19 b 0.29 ± 0.16 b

NO [kg N ha−1] 0.27 ± 0.12 a 0.18 ± 0.07 a 0.43 ± 0.16 b 0.30 ± 0.18 a

Note: Means followed by the same letter show no significant difference between the treatments at p < 0.05.

During the field experiment, CO2 fluxes ranged from 19 to 339 mg CO2-C m−2 h−1,
while CO2 emissions at control plots (K) tended to be slightly higher compared to all BC-
compost treatments (Figure S2). Highest CO2 emissions were measured 68 DAA from all
treatments. Afterwards, emissions levelled off. Overall, cumulative CO2 fluxes (155 days)
varied between 2.40 ± 0.95 t CO2-C ha−1 (T3) and 2.92 ± 1.25 t CO2-C ha−1 (T1; Table 3).

Both nitrous oxide uptake and N2O production could be observed, while N2O produc-
tion dominated (Figure 2a). Fluxes varied between−20 and 286 µg N2O-N m−2 h−1. Thirty
days before BC-compost application (−30 DAA), N2O fluxes on control plots were four
times higher compared to the BC-compost treatments. For T1, T2, and T3 mean N2O fluxes
did not differ significantly (p > 0.05). One day after the application of BC-compost (1 DAA)
and incorporation of the winter cover, N2O emissions increased in all treatments. At T2
emissions increased from 7.8 ± 3.8 to 38.3 ± 14.4 µg N2O-N m−2 h−1, but at K, T1, and T3
the increase was not significant. One week after BC-compost application (8 DAA), N2O
fluxes at K more than doubled, although with high variation. N2O emissions decreased at
T2 by 25 µg N2O-N m−2 h−1 on average but were still higher compared to treatment T1 and
T3. A positive correlation was observed for N2O fluxes and NO3

− content at treatment T2
(r = 0.92, p < 0.01) and T3 (r = 0.81, p < 0.05). Overall, cumulative N2O emissions (155 days)
were highest at K with 0.60 ± 0.48 kg N2O-N ha−1 and lowest at T1 with 0.21 ± 0.11 kg
N2O-N ha−1 (Table 3).
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Figure 2. Mean soil N2O emissions (a), soil NO emissions (b), NO3
− concentration (c), N in microbial

biomass (d), and gravimetric soil water content (e) during the field experiment in 2014 (155 days). The
red line indicates biochar-compost application at T1 and T2 (+175 kg N ha−1); soil was also disturbed
at K and T3. Error bars represent the standard error of mean; n = 3 (a), n = 6 (b), n = 3 (c–e). K—control
without BC-compost; T1—1% BC-compost; T—0.5% BC-compost + 175 kg N ha−1; T3—no fresh
BC-compost during this field trial.

Nitric oxide emissions from the field experiment ranged from 0.45 to 100 µg NO-N m−2 h−1

(Figure 2b). Emissions of NO at T1 were continuously lower compared to control plots.
After the application (1 DAA) of N-enriched BC-compost at treatment T2, a significant
increase of about 60 µg NO-N m−2 h−1 was observed. One week after BC-compost appli-
cation (8 DAA), NO fluxes at T2 decreased by 50%, but were still significantly (p < 0.05)
higher compared to the other treatments. By the end of the vegetation period, NO fluxes
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flattened and no significant differences among the treatments were observed. NO fluxes
from all treatments showed a negative correlation (r = −0.84, p < 0.001) with soil water
content and a positive correlation (r = 0.81, p < 0.001) with NO3

− content. Furthermore,
NO fluxes at T2 correlated with Nmic (r = −0.86, p < 0.05). Overall, cumulative NO fluxes
(155 days) were highest at T2 with 0.43 ± 0.16 kg NO-N ha−1 and lowest at T1 (Table 3).

3.4. Soil Analysis

Soil pH, organic carbon (Corg), total nitrogen (Ntot), and the C:N ratio (Table 4) were
determined 30 days before (−30 DAA) and after application (mean: +1 to +125 DAA) of BC-
compost at T1 and T2. The pH was only measured at −30 and +1 DAA. All parameters did
not vary significantly before the application of the BC-composts. Soil organic carbon content
was highest at T1 followed by T2 after the application of BC-compost. The application of
1% BC-compost (T1) increased the C:N ratio from 11.2 to 13.9 and after the application of
0.5% BC-compost and additional N fertilizer (T2), from 10.1 to 11. Soil properties from T3,
where BC-compost was applied one year ago, but not in 2014, did not vary significantly
from the control (K), but was slightly higher.

Table 4. Soil organic carbon (Corg) [mg g−1], total nitrogen (Ntot) [mg g−1], C:N ratio and pH before
(−30 DAA a) and after (mean: +1 to +125 DAA a) BC-compost and mineral N application in 2014.
Treatments are control (K) and three BC-compost treatments (T1, T2, and T3). For application rates of
BC-compost and mineral fertilizer see Table 1.

Soil Properties DAA a K T1 T2 T3

Corg −30 18.6 ± 0.5 a 21.2 ± 2.1 a 18.6 ± 0.7 a 21.3 ± 2.8 a

+1 to +125 18.5 ± 1.6 c 32.9 ± 7.04 a 22.6 ± 3.23 b 20.4 ± 2.1 bc

Ntot −30 1.8 ± 0.01 a 1.9 ± 0.1 a 1.8 ± 0.1 a 2.0 ± 0.2 a

+1 to +125 1.9 ± 0.1 c 2.3 ± 0.2 a 2.1 ± 0.2 b 2.0 ± 0.2 bc

C:N −30 10.1 ± 0.17 a 11.2 ± 0.67 a 10.1 ± 0.02 a 10.9 ± 0.33 a

+1 to +125 9.9 ± 0.5 c 13.9 ± 1.5 a 11.0 ± 0.7 b 10.4 ± 0.4 c

pH −30 6.1 ± 0.20 a 6.4 ± 0.15 a 6.2 ± 0.01 a 6.2 ± 0.10 a

+1 6.1 ± 0.18 c 6.5 ± 0.04 a 6.4 ± 0.16 ab 6.2 ± 0.02 bc

Note: Results are means of three replicates (n = 3 for −30 DAA and n = 18 for +1 to +125 DAA); ± indicates the
standard deviation of the mean. a DAA = days after application of BC-compost. Note: Values with the same letter
are not significantly different at p < 0.05.

Over the entire sampling period, ammonium (NH4
+) concentrations varied between

8 and 27 µg NH4
+-N g−1 dw in all treatments. The highest concentrations were observed

during the first sampling. However, NH4
+ concentrations levelled off and no significant

differences could be observed (Figure S3).
One day after the application (1 DAA) of N-enriched BC-compost at T2, NO3

− concentration
increased significantly from 4.7 ± 2.5 µg NO3

−-N g−1 dw to 40.8 ± 8.1 µg NO3
−-N g−1 dw

(Figure 2c).
In treatment K, T1, and T3, NO3

− concentrations increased continuously until June.
Two months after BC-compost application (68 DAA), NO3

− contents levelled off in all
treatments and varied between 2 and 8 µg NO3

−-N g−1 dw. With one-way ANOVA,
a significant effect of treatment T2 on NO3

− concentrations was observed (p < 0.05) for
the week after BC-compost application (8 DAA). Microbial biomass C remained almost
constant throughout the experiment at all treatments, but Cmic was always higher at
T1 and T3 compared to K and T2 (Figure S4). In April (−30 DAA), Nmic content of
about 50 µg g−1 dw was observed at all treatments (Figure 2d). The biochar-compost
application showed almost no effect for treatment T1 (1 DAA). One day after the application
of 0.5% N-enriched BC-compost, Nmic content at treatment T2 dropped significantly by 50%
(p < 0.05) compared to the first sampling and by 36% (p < 0.05) compared to K on the same
day. Nmic increased within one week from 24 to 36 µg g−1 dw but remained lower for
almost two months compared to the other treatments (68 DAA).
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3.5. Dinitrogen Fluxes

Simultaneous measurements of N2 and N2O fluxes using the Helium gas-flow core
technique yielded N2 fluxes in the range of 132 ± 7 µg N m−2 h−1 at 23% WFPS to
1003 ± 376 µg N m−2 h−1 at 50% WFPS. Gaseous N losses as N2O were always lower
(16 ± 1.3 to 182 ± 13 µg N m−2 h−1) compared to N2 fluxes. An increase in WFPS to 50%
(saturated soil) increased N2 fluxes at all treatments, while the increase in N2 production
was more pronounced in the K samples compared to the two BC-compost treatments
(Figure 3). The simultaneously measured N2O fluxes from N-enriched BC-compost samples
(T2) were significantly higher at both WFPS levels than at K and T1, which is consistent
with the results of the field measurements.
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N2:N2O emission ratios were similar for all treatments before the application of BC-
compost mixtures at T1 and T2 and varied between 8.1 and 9.8 (data not shown). The ratio
increased to 38.3 ± 50 (K) and 14.8 ± 12.9 (T1) but decreased at T2 under saturated soil
conditions to 3.3 ± 2.8. After the application of additionally fertilized with BC-compost
(T2), the ratio decreased to 3.3 ± 0.4 even at low WFPS. Since soil temperature did not
significantly influence the N2:N2O ratio and soil, the WFPS only varied between 15 and 25%
during the whole vegetation period, and we used an N2:N2O ratio of 8.15 and 9.65, based
on the measurements in April and May 2014, to calculate the N2 losses for the five-month
period. A rough estimation of total N losses in form of N2 resulted in 4.9 and 2 kg N ha−1

for treatment K and T1, respectively.

4. Discussion
4.1. Effects of BC-Compost Application on C-Gases

The variability of CH4 fluxes between chambers was high, and we measured both CH4
uptake rates, but in the majority of sampling events, we measured CH4 emissions. Methane
consumption in an N-fertilized and frequently ploughed soil is usually minimal or non-
existent. Soil cultivation and tillage affect soil structure, inhibit CH4 oxidation, and can destroy
niches for the methanotrophic community [47]. Application of BC may have the potential
to affect net CH4 fluxes. On the one hand, BC had promoted CH4 oxidation [16], but on
the other hand, nil impact or CH4 production had been observed [15,48]. One day after the
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application of BC-compost (1 DAA) to our agricultural soil, we observed two different
effects on CH4 fluxes: an increase at T1 and a decrease at T2 compared to K. We expected
a decrease in CH4 emissions at T1 due to increased soil porosity after BC application, which
was observed in several studies [16,49]. In contrast, CH4 fluxes increased at T1. In our
experiment, BC was mixed with green waste compost before application. According to Le
Mer and Roger [50], the incorporation of organic matter increases CH4 emissions. Therefore,
it may have reduced or even prevented the positive effect of BC on CH4 fluxes. In addition,
soil cover crops were incorporated into the soil when BC-compost was applied, which may
explain higher CH4 fluxes at K and T3. At T2, applied BC-compost was enriched with
175 kg N ha−1 in form of ammonium sulfate. Chemical N fertilizers affect CH4 emissions,
but the mechanisms are complex and sometimes contradictory. For example, ammonium-
based fertilization can reduce CH4 emissions by stimulating the activity and growth of
methanotrophs [19]. Sulfate as an electron acceptor can decrease CH4 production due to
bacterial competition unfavourable to methanogens [50]. Although our CH4 fluxes did
not differ significantly between treatments and were highly variable within the replicates,
the use of N-enriched BC-compost promoted CH4 consumption by around 30%. This
high-fertilization effect on methanotrophs had also been observed on cultivated, fertilized
(150 kg N ha−1) loamy-sandy soil in Germany [51].

In various studies, soil water content influenced CH4 emissions. Yu et al. [52] observed
a potential of BC to promote CH4 oxidation at low soil moisture levels (35–60% WPFS).
In this study, we measured the highest CH4 fluxes in all treatments up to June at water
contents between 15 and 19%. This supports theories on soil properties and BC application
that influence CH4 fluxes more than soil water content [15,16].

In this study, we measured lower CO2 emissions from BC-compost-treated soils com-
pared to the control. Biochar has the potential to suppress CO2 emissions from soils [34,49],
it either has no significant impact on CO2 fluxes [48] or it may even increase CO2 emis-
sions [53]. A reduction in CO2 emissions could be explained by BC reducing mineralization
rates and stabilizing soil organic C [34]. Observed increases in CO2 after BC addition can
be attributed to the mineralization of labile BC compounds via biotic or abiotic means [53].
Thomazini et al. [54] found a significant impact of BC addition on CO2 emissions, but
after the correction of CO2 release from BC alone, no significant change was observed.
In this study, CO2 emissions from pure BC-compost were not subtracted from total CO2
fluxes. Nevertheless, CO2 fluxes on BC-compost plots decreased compared to control plots
(1 DAA). This is in contrast to other studies that found short-term increases in soil respi-
ration after BC amendment [55,56], which are due to the rapid mineralization of organic
material (switchgrass). As C mineralization at BC-compost plots was already significantly
lower in April (−30 DAA), we suspect that BC-compost application from 2013 still influ-
enced C mineralization. A similar effect was observed by Case et al. [57], who found the
suppression of CO2 emissions two years after BC-compost application. Combined effects of
reduced enzymatic activity, sorption of soil-derived CO2 on the surface of BC, or increased
carbon-use efficiency due to soil microbial co-location due to agglomeration of soil organic
matter on the surface of BC may explain this reduction. CO2 emissions of all treatments
peaked in July (68 DAA) due to favourable soil moisture conditions. This can be explained
by an increase in root respiration due to matured plants and the release of adsorbed and
protected soluble organic compounds from the surface and pores of BC [58]. Overall, cu-
mulative CO2 fluxes (155 days) from the field site show no significant differences between
treatments. Neither BC-compost nor N-enriched BC-compost had a significant potential to
reduce CO2 emissions. Rather, these observations suggest that BC-induced negative priming
played a role in soil C metabolism, otherwise the compost fraction of the BC-compost mixture
would have significantly increased CO2 emissions [59]. However, this is consistent with
several other studies where BC amendment at very low rates (up to 20 t ha−1) showed no
effects on soil respiration [16,48,49].
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4.2. Effects of BC-Compost Application on N-Gases

In general, we have measured highly variable N2O emissions during the vegetation
period (155 days), especially at the beginning of this study. The highest fluxes were observed
on control plots in spring (−30 DAA and 1 DAA) and started to increase again in late
September. The application of 1% BC-compost at T1 (no extra N added) reduced cumulative
N2O fluxes compared to the other treatments (Table 3). We assume that N2O temporarily
increased after bare soil cultivation and incorporation of crop residues, as assumed by
Baggs et al. [5]. At our site, BC-compost could reduce these high N2O emissions caused
by cultivation. As N2O emissions from BC-compost plots were lower compared to K in
April and the end of September, we assume that the application of BC-compost at our site
has a strong mitigation potential, especially during periods when the crops cannot retain
excess nitrogen from the soil. Field ageing of BC and its effect on long-term mitigation of
N2O emission could have had an effect in this respect. This assumption is, however, in
contrast to the recently published meta-analysis by Borchard et al. [12] who summarized
that the N2O mitigation potential of BC is highest for freshly added BC and that the effect
decreased within one year of BC ageing in the soil.

The mitigation potential of BC on N2O fluxes is one of the most discussed topics in BC
research in recent years. Although most results have originated from incubation studies,
some field studies also found a decrease in N2O fluxes after BC application [17]. However,
nitrous oxide fluxes increased significantly at T2 1 DAA compared to the other treatments.
A fertilizer effect on N2O fluxes is well-known, although NO3

− fertilizers have a stronger
influence than NH4

+ fertilizers [4]. We have measured a rate of 13.2 mg N2O-N m−2

h−1 from pure N-enriched BC-compost resulting in cumulative losses of 44.3 kg N2O-N
ha−1 after an incubation and storage time of two weeks. So far, only Spokas et al. [34]
investigated N2O fluxes derived from pure BC in a laboratory incubation experiment,
but —in contrast to our study—could not find any detectable amounts of N2O. Furthermore,
NO3

− concentration of our fertilized BC-compost was above 3 mg g−1 dw. We suggest
that the application of a high dose of NH4

+ fertilizer stimulates both nitrification and
denitrification. After the application of BC-compost to soil, N2O fluxes decreased rapidly.
Since July (68 DAA), N2O emissions levelled off in all treatments, indicating that mineral N
was either depleted, taken up by plants, or leached [20]. We found a positive correlation
between N2O fluxes and NO3

− concentrations at T2 which supports our theory that NH4
+

fertilizer is rapidly nitrified.
Overall, cumulative N2O emissions over the whole vegetation period of 155 days

were very low compared to several other studies [60]. Important N2O peak emissions
after irrigation or soil re-wetting might be missed when using static chambers with a low
measuring frequency (weeks to months; Barton et al. [61].

In our study, lowest cumulative NO fluxes (0.13 kg N ha−1; 155 days) were observed
at T1. In April (−30 DAA), NO fluxes were very low in all treatments. One day after the
application of BC-compost at T1 and T2, fluxes at T2 increased significantly compared to
the other treatments. To our current knowledge, only three studies have investigated the
application of BC on nitric oxide fluxes so far [22,23,62]. All authors found a reduction
potential for NO emissions from BC-treated soils but identified different mechanisms
behind it. Obia et al. [23] proposed a suppression of NO emissions due to an increase
in pH and thus the prevention of chemical decomposition from NO2

− to NO. Nelissen
et al. [22] explained the decrease in NO fluxes after BC amendment with the lower substrate
availability for nitrification and denitrification, while Xiang et al. [62] concluded that a BC-
induced NO reduction is mainly due to denitrification. Nelissen et al. [22] also observed
the highest NO emissions one day after the application of BC fertilized with NH4

+. Rapid
increases in NO emissions are usually observed after fertilization. Until July (68 DAA) NO
fluxes at T2 levelled off, assuming that NH4

+ fertilizer was no longer available [63]. At T1,
NO fluxes increased steadily, with a peak 68 DAA. Since nitrification is controlled not only
by the availability of NH4

+ [63] but also by easily degradable organic N [64], we assume
that nitrification was delayed and inhibited due to the 50:50 mixing ratio of BC-compost.
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NO fluxes at the other treatments increased to the same extent up to 36 DAA. As NO
emissions are very sensitive to changes in soil moisture and temperature [65], we suspect
that these factors were responsible for this increase in NO fluxes at K and T3. Statistical
analysis showed a negative correlation (p < 0.05) between NO fluxes and soil water content
for all treatments. This is in line with other studies [40,66] which show that nitrification
dominates at a water-filled pore space (WFPS) between 30 and 60%. Furthermore, NO
fluxes and NO3

− concentrations correlated positively among all treatments. In contrast to
Nelissen et al. [22], we found high NO3

− concentrations (3 mg N g−1 dw) from pure
N-enriched BC-compost and thus high NO3

− concentrations (40 µg N g−1 dw) after
N-enriched BC-compost application at T2 (1 DAA). During incubation and storage of
two weeks after BC-compost production, approximately 2.6 kg NO-N ha−1 were lost. It
seems therefore that the addition of NH4

+ fertilizer to BC-compost accelerated nitrification
rates, whereas BC-compost without fertilizer slowed down nitrification. This supports the
theory that nitrification is strongly controlled by NH4

+ fertilizer and easily decomposable
organic N [57]. Apparently, the application of BC-compost in our study had the potential
to reduce NO fluxes, while the addition of NH4

+ fertilizer to BC-compost stimulated
nitrification and led to higher gaseous losses in form of NO at T2 compared to T1.

4.3. Effects of BC-Compost Application on Soil Microbial Biomass

In our field trial, the addition of 1% BC-compost (T1) increased Cmic, although not
significantly. Since BC was mixed with compost at a 50/50 (w/w) ratio, a high amount of
organic matter was introduced into the soil. The sorption of organic compounds on BC
surfaces could enhance the growth and activity of microorganisms [67]. Another reason for
increased microbial biomass could be the easily decomposable C fraction of BC [68]. Since
Cmic was always higher at T1 and T3 and partly higher at T2 than K, we suspect that organic
C might have been released from BC during chloroform-fumigation-extraction because
C mineralization was lower at BC-compost plots, as suggested by Ameloot et al. [69].
Application of additional N fertilizer to BC-compost (T2) significantly reduced Nmic by
50% (1 DAA). A meta-analysis by Treseder [70] showed a decrease of 15% in microbial
biomass under N fertilization. Discharge of additional ions through fertilizer in soils could
become toxic for microorganisms. Since Cmic and Nmic of pure N-enriched BC-compost
were significantly lower compared to BC-compost, we assume that additional N-based
fertilizer inhibited microbial growth. Birk et al. [71] even suggested that mineral and
organic fertilizers affect soil microbial biomass of the soil more than BC application, which
may apply in our case with low BC application rates.

4.4. Effects of BC-Compost on Denitrification

According to our current state of knowledge, this study is the first to investigate the
effects of BC-compost on direct N2 fluxes. The use of the helium gas flow core method for
direct estimation of N2 fluxes has several advantages: Neither an additional label (e.g., 15N)
nor an inhibitor needs to be introduced into the soil. This enables a sensitive direct method
for the measurement of N2 [27]. We measured N2 and N2O fluxes simultaneously at
two different WFPS levels (23% and 50%) with the highest fluxes observed at higher soil
moisture levels. In our study, the application of BC-compost reduced N2 losses only under
water-saturated soil conditions. Even in additionally fertilized BC-compost mixtures (T2),
N2 losses were lower compared to the control but significant amounts of N in the form
of N2O were lost compared to the other treatments. This can be attributed to a 0.3 lower
pH, in T2, which can trigger N2O formation [72]. In drier soils this effect was not observed;
here N2 fluxes were slightly higher but not significant. Another possible explanation could
be, that the addition of biochar improved the abundance of soil proteobacteria. As most
of the ammonia-oxidizing bacteria including nitrogen-fixing bacteria, ammonia-oxidizing
bacteria, nitrifying bacteria, and denitrifying bacteria belong to proteobacteria, nitrogen
recycling [73]) and hence also the fluxes of N2O can be changed.
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The N2:N2O ratio (38 ± 50) at 50% WFPS at K was higher compared to the BC-
compost treatments, indicating that more N2 than N2O was produced. Even wider N2:N2O
ratios were found in an agricultural soil in Uzbekistan (5–200; [74]) and in a beech forest
in Southern Germany (up to 600; [26]). Since denitrification is a process influenced by
many factors, e.g., soil NO3

− concentrations, availability of easily degradable C, or soil
moisture content, a high variability of N2 fluxes is expected [75]. However, amendment
of BC-compost showed a potential to reduce N losses as N2, especially at high soil water
contents. High N2O and N2 losses with increasing WFPS can be attributed to impeding
gas diffusivity [76]. Therefore, the positive BC effect can be valuable for soils under humid
conditions or with high groundwater levels.

To our surprise, pure N-enriched BC-compost showed high gaseous losses not only in
the form of NO (230 times higher) and N2O (380 times) but also in form of N2 (14 times
more). As far as we know, there are no studies in which N2O, NO, or N2 production from
pure BC-compost mixtures was measured. During the incubation and storage of two weeks
after the BC-production approximately 31% of applied mineral fertilizer N was lost in
form of NO, N2O and N2. We assume that the existing soil microbial community was not
adapted to the high N availability, as we concluded from the lower microbial biomass.
Obviously, this over-fertilization led to excess gaseous N losses.

5. Conclusions

The introduction of organic additives in form of compost to BC is an effective climate
change mitigation strategy as it reduced gaseous N losses. However, an N enrichment of
BC-compost with ammonium sulfate led to high short-term N emissions (N2O, NO, and
N2), reduced microbial biomass, and showed only a small mitigation potential for CH4
fluxes. In order to assess the effects of BC on nitrification and denitrification processes,
further studies of N2 and NO losses from BC-treated soils are required to further improve
our understanding of the mitigation potential of BC amendments in agricultural soils.

Although additional N fertilizer promoted CH4 consumption, it must be taken into
account that high losses of NO, N2O, and N2 occurred during the storage of N-enriched
BC-compost and after application. Therefore, we suggest that further research is needed to
develop optimized ratios of BC-compost and supplemental mineral N to ensure adequate
agricultural usage in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy12122959/s1, Table S1: Maize yields in 2014. Treatments
are control (K) and three BC-compost treatments (T1, T2 and T3). For application rates of BC-compost
and mineral fertilizer see Table 1. Figure S1: Mean soil CH4 fluxes during the field experiment in
2014. Error bars represent standard error of mean; n = 3. K—control without BC-compost; T1—1%
BC-compost; T2—0.5% BC-compost + 175 kg N ha−1; T3—no fresh BC-compost during this field trial.
Figure S2: Mean soil CO2 fluxes during the field experiment in 2014. Error bars represent standard
error of mean; n = 3. K—control without BC-compost; T1—1% BC-compost; T2—0.5% BC-compost +
175 kg N ha−1; T3—no fresh BC-compost during this field trial. Figure S3: Mean ammonium (NH4

+)
concentrations during the field experiment in 2014. Error bars represent standard error of mean; n = 3.
K—control without BC-compost; T1—1% BC-compost; T2—0.5% BC-compost + 175 kg N ha−1; T3—no
fresh BC-compost during this field trial. Figure S4: Mean C concentrations in the microbial biomass
during the field experiment in 2014. Error bars represent standard error of mean; n = 3. K—control
without BC-compost; T1—1% BC-compost; T2—0.5% BC-compost + 175 kg N ha−1; T3—no fresh
BC-compost during this field trial.
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