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a b s t r a c t
Both reductions of greenhouse gas emissions and carbon sequestration have the potential to reduce global
climate warming and avoid dangerous climate change. We assessed the sequestration potential as well as
possible risks and beneﬁts of carbon amendments (16 ± 4% of soil organic C) from Miscanthus × giganteus
in different carbonization stages of a temperate grassland soil together with pig slurry: (1) untreated
dried biomass (feedstock), (2) hydrothermally carbonized biomass (hydrochar) and (3) pyrolyzed biomass
(biochar) in comparison to a control (only pig slurry application).
The ﬁeld study was complemented by a laboratory incubation study, followed by a growth experiment
with Lolium perenne. In the ﬁeld, greenhouse gas emissions (CO2 , N2 O, and CH4 ) were monitored weekly
over 1.5 years and over three months in the lab. Initial nitrogen losses via ammonia emissions after
substrate–slurry application were assessed in an additional greenhouse study.
We found that biochar reduced soil and ecosystem respiration in incubation and in the ﬁeld, respectively. Additionally, biochar improved methane oxidation, though restricted by emissions outbursts due
to slurry amendment. It also reduced N2 O emissions signiﬁcantly in the lab study but not in the ﬁeld.
Hydrochar and feedstock proved to be easily degradable in incubation, but had no effect on ecosystem
respiration in the ﬁeld. Feedstock amendment signiﬁcantly increased N2 O emissions in incubation and
one year after application likewise in the ﬁeld. In a growth experiment subsequent to the incubation, only
biochar amendment increased L. perenne biomass (+29%) signiﬁcantly, likely due to N retention. In the
ﬁeld, biochar caused a signiﬁcant shift in the plant species composition from grasses to forbs, whereas
hydrochar signiﬁcantly reduced yields within two growth periods (2011 and 2012). Ammonia emissions
were signiﬁcantly higher with feedstock and biochar compared to the control or acidic hydrochar. The
overall results indicate that biochar is better suited for C sequestration and GHG mitigation in grasslands
than hydrochar or the uncarbonized feedstock. However, NH3 emission reductions may only occur when
the biochar is neutral or slightly acidic.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Biochar, an organic carbon soil amendment, has great potential
to alleviate the CO2 accumulated in the atmosphere by sequestration of recalcitrant carbon into the soil (Lehmann, 2007; Glaser
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et al., 2009). Such a biological sequestration of CO2 would be costeffective (Blair et al., 2006) and serve as a fast action strategy for
climate change mitigation (Molina et al., 2009). Positive effects of
biochar amendments on crop yields (Jeffery et al., 2011; Biederman
and Harpole, 2013) would provide an additional incentive for its
agricultural use. However, before using biochar as a carbon sink
and environmental management tool, it must be proven that it
remains stable after soil application and that such application does
not create adverse effects, e.g. increased greenhouse gas emissions
(GHG). Greenhouse gases such as carbon dioxide (CO2 ), nitrous
oxide (N2 O) and methane (CH4 ), increase the radiative forcing of
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the Earthsı́ atmosphere (Houghton et al., 1997) by contributing to
ozone depletion (N2 O) (Ravishankara et al., 2009) and by interaction with aerosols (CH4 ) (Shindell et al., 2009). Possible positive
feedback effects of biochar or biochar–slurry mixtures on GHG
emissions would be detrimental for the ﬁeld use of biochar as a
carbon sequestration tool. To date, the effects of biochar on GHG
emissions are rather diverse. They depend on the biochar production process parameters, the feedstock used, the ecosystem and soil
properties to which biochar is applied, and the strategy of application and (agricultural) management.
Biochar could be beneﬁcial as a soil conditioner in degraded
or naturally poor soils by improving nutrient availability and
mycorrhiza abundance (Chan et al., 2008; Alvum-Toll et al., 2011).
Although it might not be needed as a soil conditioner in fertile temperate soils, an increment of the grassland carbon stocks by carbon
amendment may act as carbon sink due to long C turnover times
(Scurlock and Hall, 1998). Biochar use in grasslands may even be
based on ancient soil types in temperate climates, i.e. chernozems,
of which some are assumed to have developed under grassland
(steppe) vegetation (Eckmeier et al., 2007). For anthropogenically
used grasslands, which are typically used for livestock breeding
with considerable amounts of manure and urine accumulation,
positive biochar–slurry interactions may offer new ways for reducing GHG emissions (Winsley, 2007). Indeed, Bruun et al. (2011)
showed in an incubation study that the addition of 3% fast pyrolysis biochar on a mass basis reduced CO2 and N2 O emissions from a
slurry amended soil signiﬁcantly. Biochar and slurry can also reduce
the wind erosion of biochar during application and alleviate the
odor of the slurry (Blackwell et al., 2009). However, the promising idea of charging biochar with the nutrients contained in the
slurry still has to be proven effective. Experiments with biochar
and slurry showed that biochar can bind ammonia by surface interactions (Spokas et al., 2012). Furthermore, biochar reduced NO3
and total N leaching from manure-amended soil signiﬁcantly (Laird
et al., 2010; Ventura et al., 2013), with subsequent positive effects
on plant-available nitrogen and thus plant growth. Concerning the
N-efﬁciency of ecosystems, ammonia and denitriﬁcatory N losses
(including N2 O emissions) are very important factors, as well as
losses of NO3 N by leaching, the main pathways for losses of N
from an ecosystem. NH3 losses from grasslands can account for up
to 28% (grazed pasture) or 27% (grassland fertilized with pig slurry)
of the annual N input (Ball and Keeney, 1981; Pain et al., 1989),
depending on farm management practices. N2 O emissions can add
up to 2–2.2% total N loss of added fertilizer of a grassland ecosystem
(Velthof et al., 1996; Clayton et al., 1997).
However, results of biochar effects on ecosystems in temperate climates are still scarce, and the interactions of different
biochar–slurry mixtures in the ﬁeld still have to be elucidated.
Consequently, the background of this study was to assess possible risks and chances of carbon amendment co-applied with
slurry to a temperate grassland site with a focus on GHG- and
ammonia emissions. We hypothesized that, ﬁrst, the materials
would degrade in the sequence of their carbonization grade:
feedstock > hydrochar > biochar and that degradation would be
measurable in the ecosystem respiration. To assess possible priming effects of biochar on hydrochar or vice versa, we introduced a

mixed treatment in the incubation study. Second, we hypothesized
that biomass growth will be negatively impacted by hydrochar
application, as reported by others who found negative effects
on plant germination and growth with hydrochar use in soils
(Bargmann et al., 2012; Gajić and Koch, 2012). Third, that biochar
will reduce N2 O and CO2 emissions (Augustenborg et al., 2012;
Case et al., 2012; Dempster et al., 2012), improve CH4 oxidation
(Karhu et al., 2011; Liu et al., 2011), and that hydrochar will have
rather adverse effects on the GHG balance (Kammann et al., 2012),
as shown by incubation studies so far.
2. Material and methods
2.1. Laboratory incubation
A laboratory study was carried out with the same parameters as the ﬁeld experiment but under controlled conditions. Soil
for incubation was taken from the top 15 cm of the experimental
ﬁeld site prior to initiation of the ﬁeld experiment. The grassland
site in Linden, near Giessen, Germany (50◦ 32 N und 8◦ 41.3 E) has
been managed extensively for decades as grassland with two cuts
per year (Jäger et al., 2003). The soil, a haplic stagnosol (WRB,
2006), has a soil texture of 25% sand, 28% clay, 47% silt and a
pH of 5.8–6.0. For the incubation study, 500 g of the ﬁeld-fresh
soil (or 373 g of dry soil) with 3.6% total organic carbon (TOC, see
Table 1) was mixed with carbon substrates. All carbon amendments originated from Miscanthus × giganteus and were applied
non-carbonized (feedstock), hydrothermally carbonized in a steam
atmosphere (hydrochar) or pyrolyzed (biochar). Miscanthus straw
had been harvested in winter 2009, when all aboveground plant
material had receded. The hydrothermal carbonization was produced by keeping the feedstock in a water vapor atmosphere for 2 h
at a temperature of 200 ± 3 ◦ C under a pressure of 1.6 MPa (Revatec,
Geeste, Germany, at that time Hydrocarb GmbH, Ohmes, Germany).
Biochar was produced using a pyrolysis unit with a continuous ﬂow reactor at 550–600 ◦ C (Pyreg GmbH, Bingen). Soil and
substrate characterization parameters are given in Table 1.
All materials were ground to <10 mm before admixture with the
soil (SM 300, Retsch GmbH, Haan, Germany). The amount of the
substrates applied to the incubation jars and the ﬁeld was equivalent to an increase of the soil organic carbon (SOC) content (3.5%)
of 16 ± 4%, with total amounts of 16 t ha−1 feedstock application,
14.5 t ha−1 hydrochar application and 9.3 t ha−1 biochar application, respectively.
In the incubation, we introduced a new treatment where
biochar was mixed with hydrochar in equal shares, depending on
the C content from each source. The soil–substrate mixtures (n = 4
per treatment) were placed in 1100 ml incubation jars (WECK
GmbH u. Co. KG, Wehr, Germany) and incubated in the lab at
21 ± 1 ◦ C for 125 days. Soil moisture was controlled gravimetrically
by adjusting it weekly to the initial ﬁeld-fresh soil conditions at
the start (WHC 31–37%); soil moisture raised to WHC 38–46%
with slurry addition, depending on the treatment. WHCmax was
determined following the DIN ISO 11274 guideline with slight
modiﬁcations due to the increased soil sorptive capacity after
biochar application. In brief, ﬁeld fresh soil was mixed with the

Table 1
Key characteristics of the soil and C-substrates used.

Soil
Feedstock
Hydrochar
Biochar

pH (H2 O)

C [%]

N [%]

Ash content [%]

C/N ratio

O/C ratio

H/C ratio

BET surface
area [m2 g−1 ]

P-content
[mg kg−1 ]

Liming equivalence
[%CaCO3 ]

5.8
6.8
5.1
10.1

3.5 ± 0.01
47.94 ± 0.41
50.47 ± 1.04
60.8 ± 14.54

0.33 ± 0.01
0.12 ± 0.02
0.19 ± 0.02
0.4 ± 0.09

n.d.
2.04 ± 0.69
3.13 ± 0.63
34.93 ± 15.17

10.6
399.5
265.6
152.0

n.d.
0.71
0.55
0.07

n.d.
1.56
1.28
0.11

n.d.
1.1
3.5
864.2

n.d.
n.d.
0.44
2.98

n.d.
−1.02
−2.77
0.21

Numbers behind plus minus signs represent the standard deviation (n = 3 for feedstock and hydrochar, n = 30 for biochar).
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substrates, put into small cylinders prepared with a ﬁlter paper
on gauze at the bottom to prevent soil and biochar particle runoff
and left to soak immersed in water for 24 h. Subsequently, the
samples were taken out of the water, put on a rack in a closed box
(to prevent evaporation), left to drain for 24 h, and re-weighed.
To separate priming effects due to soil disturbance during preparation of the experiment from priming effects of fertilization, we
started GHG-ﬂux measurements (CO2 , N2 O and CH4 ) three days
after initiation of the experiment but added pig slurry in the equivalent to 40 m3 slurry ha−1 to each incubation jar after 36 days of
incubation. The slurry had a pH of 7.7 and a dry matter content
of 0.81%. The majority (75%) of the N in the slurry (1.34 kg m−3 )
was in form of ammonium (NH4 + N), the rest in organic forms.
The slurry was pipetted onto the surface of the substrate mixtures in the incubation jars (as would be done in the ﬁeld). At the
end of the GHG measurement period, the soil mixtures were analyzed for their mineral N (Nmin ) contents. For that, 40 g of fresh
soil mix was suspended in 200 ml of 2 M KCl, shaken for 2 h at
200 rpm, then ﬁltered and analyzed colorimetrically for nitrate and
ammonium using an auto analyzer (Seal Analytical, Norderstedt,
Germany). The pH was measured with a pH meter (InoLab; WTW,
Weilheim, Germany) at the beginning and end of the GHG measurement period using a soil:water ratio of 1:4. For determination
of the pH values of the pure C-substrates we used a substrate water
relation of 1:20.
A subsequent growth experiment was performed to investigate
if an overall N retention might have occurred that may increase
plant growth. Thus, the soil mixtures from the incubation experiment were put into ﬂower pots (9 cm diameter) and were adjusted
to 60% WHC. Ten Lolium perenne seedlings were transferred and
planted to each pot and were kept at constant moisture level in the
temperature-controlled greenhouse (day: 20–24 ◦ C night: 14 ◦ C,
humidity: 60–70%, length of day: 12 h). The plants were cut for the
ﬁrst time after three weeks to determine above-ground biomass,
left for regrowth for another two weeks and were cut a second
time. The biomass was dried at 105 ◦ C and weighed.

2.2. Field experiment
The study was initiated in April 2011 with application of Csubstrates in equal amounts as in the incubation study (16 t ha−1
feedstock, 14.5 t ha−1 hydrochar and 9.3 t ha−1 biochar).
To prevent substrate loss during biochar application by wind
erosion as seen in other studies (Husk and Major, 2010), the substrates were mixed with pig slurry (40 m3 ha−1 ) before application
to promote positive side effects by potentially binding slurry nutrients to the added substrates. Pig slurry was subsequently applied
twice a year, in spring and in autumn. In 2011, we applied, besides
the initial amount during C-substrate application, 30 m3 ha−1 in
autumn, followed by 50 m3 ha−1 in spring 2012 and 70 m3 ha−1
in autumn 2012. The nitrogen (N) amounts applied as well as
N (NH4 + N and total N) contents together with the dry matter
contents and pH of the different pig slurries applied are provided
in Table 2. Differences in the N contents of the slurries were due
to storage methods (covered/uncovered) and the type of feed the
animals received.
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The four treatment plots (control (slurry only), feedstock + slurry, hydrochar + slurry and biochar + slurry) of 16 m2
(4 × 4 m) in size were arranged randomly in rows with four replications. The substrates–slurry mixes were applied as top dressings
on 11th April 2011 before the spring growth period.
Three subplots (60 × 60 cm) per plot were harvested in June
and October 2011 and in May and September 2012 to evaluate
biomass growth. The harvested biomass was separated into functional groups (grasses, herbs and legumes) and dried at 105 ◦ C. To
evaluate possible differences in biomass growth and ecosystem respiration, the vegetation in the GHG plots was kept at a height of
about 10 cm and harvested three times a year.

2.3. NH3 -emission experiment
To simulate the conditions at the beginning of our ﬁeld experiment (direct mixing of slurry and C-substrates), we performed a
separate NH3 emission study. For this, 200 g of unvegetated, ﬁeld
fresh grassland soil were transferred into ﬂowerpots with a diameter of 15 cm and placed in the greenhouse at 20 ◦ C. Based on the soil
surface area in the ﬂowerpots, we added the carbon substrates in
the same amount as in the ﬁeld, as top dressing (28.4 g feedstock,
25.7 g hydrochar and 16.5 g biochar), mixed with pig slurry (0.13%
N). Each treatment (control, feedstock, hydrochar and biochar) was
set out in four replicates in the greenhouse and measured in a
random order at eight subsequent time points. Since the majority of the NH3 emission sum was expected in the ﬁrst 24 h after
application, our measurements took place from 0.5 up to 28 h after
carbon–slurry application.

2.4. Analyses
Carbon, nitrogen and hydrogen contents of the soil and carbon
material were determined using a CNH Macro Elemental Analyzer
(Hanau, Germany), while oxygen content was determined as difference of the measured elements and ash. Phosphorous content was
analyzed following the DIN EN ISO 11885 guideline. The speciﬁc
surface area (BET surface) of the carbon amendments was determined using an Autosorb-1 (Quantachrome) with automated gas
(N2 ) absorption and was calculated from the BET equation (DIN
ISO 9277). The results of the analyses are summarized in Table 1.
Weekly measurements of the emissions of the greenhouse
gases CO2 , N2 O and CH4 from the ﬁeld plots were carried out,
following the closed static chamber method (Hutchinson and
Livingston, 1993; Kammann et al., 2008), using dark chambers of
10 × 40 × 40 cm size (stainless steel, insulated). Consequently, measured CO2 efﬂuxes represent the ecosystem respiration, including
above- and below-ground (=roots, rhizosphere) plant respiration,
bulk soil respiration and eventually C additive decomposition.
Frames of the same size were installed into the soil to a depth of
10 cm before the start of the experiment. During ﬂux measurement, the chambers were placed on the frame in a water-ﬁlled
trench. Gas samples were taken after 0, 20 and 40 min with a 60 ml
syringe (Ecoject Plus, Gelnhausen, Germany) through a rubber septum inserted in the top cover of the chamber.

Table 2
Properties and amounts of the pig slurries applied to the soil in the ﬁeld experiment.
Date

N-content of the
slurry [kg m−3 ]

NH4

April 2011
October 2011
May 2012
October 2012

1.34
0.7
2.2
0.81

1.0
0.6
1.6
0.7

N [kg m−3 ]

N amount applied
on ﬁeld [kg ha−1 ]

Dry matter content
of the slurry [%]

pH

53.6
21.0
110.0
56.7

0.81
0.25
4.5
0.22

7.7
8.0
8.3
7.4
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In the lab, GHG ﬂuxes were analyzed weekly following a closed
static chamber method as well (Hutchinson and Livingston, 1993;
Kammann et al., 2012). Brieﬂy, for starting a measurement, the jars
were closed with glass lids and sealed air-tight with moistened
gaskets and three metal clips. Gas samples were taken at three
consecutive time points by piercing through a rubber septum (see
above). To ensure taking a representative gas sample and to prevent
O2 deﬁciency, the syringe was ﬂushed twice with the air inside the
chamber/vessel before sampling. The gas samples were analyzed
within 24 h after sampling on a GC (HP 6890 or Shimadzu 14B,
Japan) coupled with an electronic capture detector (ECD, detection
of CO2 and N2 O) and a ﬂame ionization detector (FID, detection of
CH4 ) run by the automatic sample injection and peak integration
software ‘Probe65’ (LAL, Göttingen, Germany; Loftﬁeld et al., 1997).
GHG ﬂuxes were calculated by linear regression, considering the
ideal gas law as well as average air pressure and temperature during the cover period. Only measurements with an R2 ≥0.85 or within
the daily accuracy of the GC, deﬁned as the standard deviation of
n = 6 repeated measurements of an atmospheric standard gas, were
considered to be ﬂuxes. Otherwise, the ﬂuxes were considered to
be zero.
To obtain information on total amounts of GHG lost during the
incubation experiment, cumulative ﬂuxes were calculated using
linear interpolation (Bruun et al., 2011). We therefore separately
cumulated ﬂuxes before and after slurry application, using the six
measurement time points for the period before slurry application
and the six (N2 O and CH4 ) and eight (CO2 ) time points, respectively,
for the period following slurry application. In order to compare
the calculated cumulative carbon losses with analytical data for a
mass balance, soil carbon contents of the different treatments were
analyzed at the beginning and the end of the experiment using
a CN analyzer (VarioMax, Elementar Analytical systems, Hanau,
Germany).
Soil pH (determined in H2 O) from the ﬁeld plots was measured
once a year with the ﬁrst measurement in March 2011, before
biochar and slurry application and the second measurement one
year later. Soil samples (three subsamples per plot) were taken
with a core sampler (Ejkelkamp, Giesbeek, The Netherlands) from
depths of 0–7.5, 7.5–15, 15–22.5 and 22.5–30 cm. For pH analyses, the three subsamples per plot were pooled according to depth,
dried at 105 ◦ C, and ground to 2 mm. Since one year after initiation
of the experiment the substrates were mostly in the upper root
zone of the grass cover, we sampled and analyzed the upmost 2 cm
of the soils separately.
Slurry was analyzed for total N, following the Kjeldahl method
including digestion of the samples with sulfuric acid, subsequent
distillation with NaOH, and titration against 0.1 M HCl and for NH4 +
by distillation with MgO and subsequent titration (Amberger et al.,
1982).
Ammonia measurements were done with a closed dynamic
chamber method using Dräger tubes for ammonia detection 2a,
5a and 0.25a, depending on the expected NH3 concentration
(Drägerwerk AG, Lübeck, Germany) following Pacholski et al.
(2006) with slight modiﬁcations. We worked with one chamber
stocked with one gas inlet and one gas outlet. The gas outlet was
attached to a hand pump, by which ambient air was sucked into
the chamber to generate a steady state situation. Subsequently,
the air mix inside the chamber was analyzed for its ammonia
content by sucking the air mix into a Dräger tube attached to
the hand pump. Each measurement took between 40 and 90 s
and N ﬂuxes were calculated using the formula FNg = volume ×
conc. × 10−6 × NH3 × UN × UF × UZ , with FNg being the NH3 ﬂux
(mg N m−2 h−1 ), the volume the amount of air sucked through the
chamber (in l), conc. meaning the volumetric concentration of NH3
and NH3 the temperature sensitive ammonia density (mg l−1 ), UN
is the conversion factor from NH3 to N, UF the factor for upscaling

the chamber covered soil surface to m−2 and UZ the time conversion
factor from seconds to hours.
3. Statistics
Statistics were carried out using Microsoft Excel 2010, SigmaPlot
11.0 and 12.0 and IBM SPSS Statistics Versions 19 and 20. The
differences in the cumulated gas ﬂuxes before and after slurry
addition, as well as differences in Nmin concentrations among the
treatments, were analyzed by one way Anova. Potential differences of cumulated (linearly interpolated) vs measured carbon
contents from the incubation were determined using a paired ttest and differences in pH and WHC were determined using a
two-sided t-test. Biomass data (incubation) were analyzed via a
two-way ANOVA (factors ‘harvest’ and ‘C-additive’), signiﬁcant
differences between the treatments were determined using the
SNK-test. The dependence of biomass growth and nitrate concentrations was determined via linear regression analysis. If data were
not normally distributed or lacked heterogeneity of variances, data
were log- or square-root-transformed to achieve normality. The
Kolmogorov–Smirnov test (with Lilliefors’ correction) was used to
assess normality of the data or the residues of the General Linear
Models (GLM). Outliers were determined using the Grubb’ outlier
test (Barnett and Lewis, 1994). For the GHG ﬂux data from the ﬁeld
we used GLMs with time as random variable. In the case of the
time series of N2 O and CH4 ﬂuxes from the ﬁeld experiment, normal distribution could not be achieved. Nonetheless, we postulated
the statistical data to be reliable due to the high number of cases for
the long time series. Differences in ﬁeld biomass data (total yield
and the yield divided into the three subgroups grasses, forbs and
legumes) were determined using a three-way ANOVA and the LSD
and SNK post hoc-tests with the factors ‘char treatmentı́, ‘harvest
year after startı́ and ‘harvest seasonı́.
4. Results
4.1. Laboratory incubation
4.1.1. Water holding capacity
Generally, the addition of C-substrates led to an improvement of the soilsı́ WHC.
The addition of hydrochar alone (+14%) and mixture with biochar (+25%) led to
signiﬁcant increases of the WHC (t-test, p < 0.05).
4.1.2. CO2 emissions and carbon balance
Carbon dioxide (CO2 ) efﬂuxes during the three months incubation period were
in the order: feedstock > hydrochar > hydrochar–biochar mix > control ≥ biochar,
p = 0.001) (Fig. 1A and B). In the period prior to slurry application, CO2 emissions
were signiﬁcantly reduced in the biochar treatment (81% of the control). After slurry
application, no differences were observed between biochar and the control test.
Highest emissions (587% of the control) were found in the feedstock treatment.
After slurry amendment, feedstock and hydrochar treatments had C-losses of 465
and 304% CO2 loss compared to the control. With 198% of the control, the emissions
from the hydrochar–biochar mix were in between the pure biochar and hydrochar
treatments (Fig. 1).
The comparison of the carbon losses determined by the measurement of the
bulk C differences and the losses calculated from the cumulative CO2 emissions are
given in Table 3.
The cumulative CO2 C-loss was not signiﬁcantly different from the C loss based
on the difference in bulk-C measurements during the experiment (Table 3). Averaged over both methods, the carbon losses from the feedstock treatment were
highest, amounting to 11.7% loss of the initial carbon (SOC + amended carbon). Compared to the feedstock (set to 100%), the C loss rates were reduced in the other
treatments. In the hydrochar treatment, the carbon losses were only 56.1% of the
initial carbon, while no C was lost in the biochar treatment. The C-losses from the
hydrochar–biochar mix treatment lay with 44% in between the losses of the pure
hydro-and biochar treatments.
4.1.3. N2 O emissions
Nitrous oxide emissions generally were much lower before slurry addition than
after, but they followed a similar order being highest from the feedstock treatment,
followed by the hydrochar and the hydrochar–biochar mixes and the control treatment. Biochar was the only C-additive which signiﬁcantly reduced N2 O emissions,
compared to all other treatments (Fig. 1C and D). Slurry application caused N2 O
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Fig. 1. Cumulative GHG ﬂuxes (CO2 , N2 O, CH4 ) from the soils with standard deviation in the incubation experiment, before (left) and after (right) slurry amendment. Numbers
mark percental differences in the cumulative ﬂux compared to the control. Letters mark signiﬁcant differences between the treatments.

emission peaks in all the treatments, with biochar and control showing the largest
peaks (8 and 12 g N kg−1 h−1 ) and hydrochar showing the lowest emission peak
(2 g N kg−1 h−1 ) (Fig. A.1). The hydrochar–biochar mixı́ peak was only slightly larger
than that of the pure hydrochar treatment.
Observation of cumulative emissions revealed that feedstock increased the N2 O
emissions of the soil by about 600% compared to the control. Biochar amendment led
to a signiﬁcant reduction of N2 O emissions (54% of control); even when biochar was

mixed with hydrochar, the reduction persisted so that cumulative N2 O emissions
amounted to only 58% of those from the control treatment (Fig. 1D).
4.1.4. CH4 uptake and emissions
At the beginning of the incubation experiment, the grassland soil exhibited a
CH4 oxidation capacity, which was enhanced after C additions. This behavior was
most prominent in the biochar and biochar–hydrochar treatments (Fig. 1E). Slurry
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Table 3
Carbon contents [g kg−1 dw] of the soil and the soil–C-substrate mixtures in the incubation experiment.
Treatment

C-content
beginning of
experiment
(calculated)

C-content end of
experiment
(measured as
bulk C)

Difference (carbon
loss during the
experimental
period)

C-losses.
calculated from
the cumulative
CO2 -losses

Soil
Soil + feedstock
Soil + HTC
Soil + BC
Soil + HTC + BC

36.0
44.6
44.3
43.8
44.0

33.7 ± 1.65
38.9 ± 12.0
42.3 ± 5.71
42.1 ± 0.55
42.1 ± 2.94

2.3
5.6
1.9
1.7
1.9

1.0
4.8
3.1
1.0
2.0

1.66
5.22
2.54
1.36
1.96

t-Test level of
signiﬁcance

C-loss in % of
initial C (mean
of the two
methods)

C-loss [g of
added
substrate]

n.s.
n.s.
n.s.
n.s.
n.s.

4.6
11.7
5.7
3.1
4.5

–
3.76
2.11
0.00
1.01

C-loss in
comparison
with
feedstock (%)
100
56.1
0
26.9

Numbers behind plus minus signs represent the standard deviation (n = 4).

addition caused short CH4 emission outbursts, especially from the hydrochar treatment, and subsequently had an effect on the oxidative capacity of the pure soil in
the period after slurry addition (Fig. A.1). Independently of the type of C addition,
cumulative CH4 oxidation rates were on average in all treatments more than twice
the oxidation rates in the control treatment (229% on average, Fig. 1E and F).

4.1.5. Nmin concentrations and plant growth experiment
At the end of the incubation period and before Lolium growth, the Nmin concentrations of the incubated soils and soil mixtures were 187.5 ± 43.9 g NO3 N g−1
soil (-mix) on average, with no signiﬁcant differences between the treatments,
and nearly zero (3.98 ± 3.96 g NH4 + N g−1 on average) for NH4 + N, with signiﬁcantly higher ammonium concentrations in the hydrochar–biochar mix treatment
(p < 0.001, Table 4).
Biomass growth (L. perenne yield) was stimulated by all substrate amendments
up to the ﬁrst harvest but was signiﬁcantly higher only in the biochar and hydrochar
treatments compared to the control (+42% and 32%, respectively). The second harvest showed an equally strong biomass growth which was similar for all treatments.
Overall, only biochar led to a signiﬁcant improvement of biomass growth, resulting
in yield increases of +28.9%, compared to the control soil.
A positive correlation was observed (R2 = 0.338, p < 0.007) between the initial
NO3 − concentration and the biomass yields, with highest NO3 − concentrations
being associated with pure hydrochar (189 mg N kg−1 ) and biochar treatments
(223 mg N kg−1 ).

4.1.6. pH values
The pH values of the pure C-substrate materials were very diverse, with
hydrochar being slightly acidic (pH 5.15), biochar alkaline (pH 10.12) and the feedstock about neutral (pH 6.82). Mixed with soil (before slurry application), biochar
slightly increased the pH of the soil–substrate mix (pH 6.2) compared to the control
(5.81), even if biochar was mixed with hydrochar (hydrochar–biochar mix, pH 6.2).
Slurry amendment lowered the pH values by about 1.5 units (paired t-tests, p < 0.01)
(Table 5).

4.1.7. Ammonia emissions
The NH3 N emission losses from the feedstock treatment were highest, with
22% of the NH4 + N applied being lost as NH3 in the ﬁrst 30 h after slurry amendment.
The biochar mixture had N losses summing up to 12%. Emissions from the control and
hydrochar treatments did not differ signiﬁcantly and were low with 0.8 and 3.74%
of NH4 + N lost as NH3 , respectively. Beside the amount of NH3 N emissions and
the duration of the emissions differed among the treatments, most of the NH3 N
emissions from the hydrochar and control treatments occurred during the ﬁrst ﬁve
hours after slurry application; and were close to zero afterwards. Emissions from the
biochar treatments were initially very high with an emissions peak in the ﬁrst hour
after slurry application, followed by a rapid decline to the control soil level within 3 h.
The emissions from the feedstock treatment, however, showed a different behavior,
with a rather slow increase and decrease of the emissions, peaking after about 3 h
(Fig. 2).

Table 4
Soil Nmin [mg kg−1 soil mix] at the end of the laboratory incubation experiment
(mean ± standard deviation, n = 4).
Treatment

NH4 N
[mg kg−1 soil mix]

NO3 N
[mg kg−1 soil mix]

Control
Soil + feedstock
Soil + hydrochar
Soil + biochar
Soil + hydro + biochar

1.71 ± 1.33
3.28 ± 2.2
1.19 ± 0.26
1.7 ± 1.91
10.38 ± 2.65*

164.6 ± 19.8
177.7 ± 76.0
189.1 ± 17.0
223.5 ± 12.8
182.7 ± 55.0

The asterisk marks a signiﬁcant difference (p < 0.001).

4.2. Field experiment
4.2.1. Ecosystem respiration: CO2 emissions in the dark
Ecosystem respiration (Reco ) over 18 months was lowest in the biochar treatment, followed by ﬂuxes from the hydrochar treatment, and the feedstock and
control treatments (Fig. 3B). Slurry application events were not followed by CO2
emission outbursts in the ﬁeld, in contrast to the incubation experiment. Additionally, biomass in the GHG plots was not different between treatments, though
showing the same tendencies as did the larger harvest plots (data not shown). We
therefore argue that biomass in the GHG measurement plots can likely be ruled out
as a major inﬂuencing factor on the ecosystem respiration in the ﬁeld experiment.
A polynomial correlation was observed between Reco and air temperature (R2 = 0.
403, r = 0.755). Low temperature in winter caused a period with low Reco values from
October 2011 to March 2012 (winter dormancy). Extreme events with exceptional
high or low ﬂuxes were associated with high and low precipitation events, but a
lack of extreme event data limits statistical evidence.
4.2.2. Nitrous oxide emissions
N2 O emissions of the feedstock-amended plots were signiﬁcantly higher than
emissions from all other treatment plots (p < 0.0001), despite existing block effects,
as indicated by large standard errors. No signiﬁcant difference between the other
treatments was found (Fig. 3C). Frost-thaw events or recurrent strong precipitation
events stimulated N2 O emissions in all treatments; during the frost-thaw event in
winter 2011/2012, N2 O emissions were highest from the hydrochar plots (158.9%
of control), followed by emissions from the feedstock plots (119.2%) and biocharamended plots (65.8%) but the differences were not signiﬁcant.
4.2.3. CH4 emissions
As in the incubation study, methane ﬂuxes in the ﬁeld were dominated by net
microbial methane oxidation i.e. net CH4 uptake into the soil. Methane emissions
were observed from all treatments within 1–2 days of slurry application from all
plots. The extent of these peaks was dependent on slurry composition (dry matter
content), as well as abiotic factors such as temperature, affecting microbial activity. Therefore, CH4 emissions after slurry amendment were higher in spring than
in autumn (Fig. 3D). Methane emissions were highest from biochar amended plots
after slurry applications, creating the lowest overall net methane oxidation values (inset in Fig. 3D). However, excluding the upper and lower 1% off the data set
(i.e. extreme outgassing events), the CH4 ﬂux characteristics were different, with
biochar showing signiﬁcantly higher mean CH4 oxidation rates (−35.3 g m−2 h−1 )
than the feedstock (−32.7 g m−2 h−1 ), hydrochar (−31.4 g m−2 h−1 ) and control
plots (−33.1 g m−2 h−1 ), see Fig. A.3.
4.2.4. pH
The carbon amendments caused pH changes among treatments only in the
upmost two cm of the soil layer. Due to top dressing, the additives were not mixed
with the soil at the start of the experiment, though they had mixed a little in May
2012 (caused by the vegetation growing through the C substrate layers) leading in
tendency to increased pH values in the biochar plots (6.1 ± 0.4) compared to the
control plots at the soil surface (5.4 ± 0.2) (p < 0.05, two-sided t-test). A pH decline,
as in the lab experiment, was thus not observed in the ﬁeld.
4.2.5. Biomass yield and composition from the ﬁeld experiment
The three-factorial Anova showed signiﬁcant differences in the overall biomass
yield, due to treatment (p < 0.036), harvest season (on average 284.4 g m−2 in spring
and 253.3 g m−2 in autumn, p < 0.001) and harvest year (on average 348.77 g m−2 in
2011, and 726.63 g m−2 in 2012). A Post-hoc-test (Fisher LSD) revealed signiﬁcant
differences (p < 0.006) between biomass of the hydrochar and control treatments
for both years (1014 g m−2 vs 1137.8 g m−2 , i.e. −10.0% with hydrochar, Fig. 4C). The
lowest biomass yields in 2011 were measured from the hydrochar amended plots,
which was a result of a signiﬁcant reduction of grass (but not of forbs or legumes)
biomass on these plots compared to the others (Fig. 4A).
In the second year 2012, grass biomass in all C-amended plots was signiﬁcantly
reduced compared to the control plots, but was lowest in the biochar plots, amounting to only 60% of the grass yield from the control plots. Interestingly, in the biochar
plots, the reduced grass biomass was more than compensated for by forb biomass,
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Table 5
Mean pH values (H2 O) of the substrates, substrate–soil-mixtures before and after slurry addition in the laboratory incubation experiment (n = 4).
Materials

pH

The beginning of experiment

pH

The end of the experiment

pH

Soil
Feedstock
Hydrochar
Biochar
Hydrochar–biochar-mix
Pig slurry

5.8
6.8
5.2
10.1
7.3
7.7

Soil
Soil + feedstock
Soil + hydrochar
Soil + biochar
Soil + hydrochar + biochar

5.8
5.9
5.8
6.2
6.2

Soil + slurry
Soil + feedstock + slurry
Soil + hydrochar + slurry
Soil + biochar + slurry
Soil + hydrochar + biochar + slurry

4.5
4.5
4.6
4.8
4.7

being signiﬁcantly higher than in all other treatments (Fig. 4B), resulting in an overall
(2011 + 2012) signiﬁcant positive growth effect of biochar on forbs and an impeding
effect of carbon amendment on grass growth (Fig. 4C). Leguminous biomass was
low (on average 1% of the total yield), and was not signiﬁcantly affected by any of
the treatments.

5. Discussion
5.1. Soil and ecosystem respiration and C stability
We measured soil respiration in the incubation (experiment
without plants) and ecosystem respiration (Reco ) in the ﬁeld (experiment with plant cover). In the ﬁeld, plant growth in the GHG
measurement plots was not signiﬁcantly different among treatments. Thus, we argue that signiﬁcant effects observed in the ﬁeld
were predominantly related to differences in soil respiration.
In the incubation study, soil CO2 efﬂux was reduced in the
biochar treatment before slurry application, whereas hydrochar
and feedstock increased the emissions from the incubated soil
mixtures. These results are in line with other biochar incubation
studies where a reduction of CO2 emissions has been identiﬁed (Van
Zwieten et al., 2010; Liu et al., 2011). Moreover, the study by Van
Zwieten et al. (2010) showed, like our study, increased CO2 emissions from soil mixed with more labile C additives, such as green
waste or, in our case, Miscanthus feedstock or hydrochar material.
In particular, the H/C ratio may serve as a good indicator of stability,
with high ratios pointing to low stability against degradation (Van
Zwieten et al., 2010; Schimmelpfennig and Glaser, 2012). Evidently,
the H/C ratio of the green waste used as feedstock by Van Zwieten
et al. (2010) (1.35) and our feedstock and hydrochar material (1.62

and 1.35), are in good agreement, indicating quick degradability of
the substrates.
No signiﬁcant changes in soil CO2 emissions due to biochar
amendment have been found in incubation experiments by
Kammann et al. (2012), Spokas and Reicosky (2009) or Zavalloni
et al. (2011), whereas signiﬁcantly higher emissions were generated by hydrochar–soil mixtures compared to the pure soil control
(Kammann et al., 2012). The lack of an effect from biochar on soil
respiration could be due to the soil types used in the cited studies and may be related to the SOC contents, being much lower
(1.0/2.2/2.6%) compared to the grassland soil used in this study (SOC
3.6%).
The degradation sequence of the materials (feedstock >
hydrochar > biochar) observed in our incubation study is in line
with results of Qayyum et al. (2012) with wheat straw showing
highest CO2 emissions, followed by bark-hydrochar and ﬁnally
biochar (charcoal) which was similar to pure soils (an Oxisol and
Alﬁsol, respectively). Short-term increases in soil respiration after
biochar amendment to soil, as reported in many other studies
(Jones et al., 2011b; Luo et al., 2011) have not been observed here
but could have been masked by the high CO2 peak emission events
of all treatments following slurry addition. Despite the observed
overall reduction of CO2 emissions in our laboratory experiment,
biochar did not reduce the degradation of hydrochar, if both materials were mixed at equal shares in the incubation study. Results of
Zavalloni et al. (2011) are in agreement with this behavior: in their
study, degradation of wheat straw could also not be decelerated by
the addition of biochar.
A reduction of the overall CO2 emissions from soil amended
with biochar, measured using stable isotope techniques (i.e. a

Fig. 2. NH3 -ﬂuxes from the soils in the greenhouse, measured with a closed chamber after slurry application.
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Fig. 3. GHG ﬂuxes from the soils in the ﬁeld experiment. (A) air temperature at 2 m above ground and precipitation, (B) CO2 emissions, (C) N2 O emissions and (D) methane
ﬂuxes. Bar graphs (green and gray) mark slurry application events and biomass harvests. Error bars mark the standard error. The insets show the mean of the whole
experimental period with standard deviation and labels for signiﬁcant differences (p < 0.05). (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Illustration of the biomass harvests from the ﬁeld plots in A = year 2011, B = year 2012 and C = sum of both years (2011 + 2012, note different scale). Letters mark
signiﬁcant differences between the plant functional groups (grasses, forbs and legumes) according to the different treatments. Asterisks mark signiﬁcant overall differences
between the treatments over the two years 2011 and 2012, as well as across all three plant functional groups.

negative priming of SOC by biochar amendment) has also been
found by Cross and Sohi (2011) who compared the effects of sugarcane bagasse biochar, produced at different temperatures, on the
SOC priming of fallow soil, agricultural soil and grassland soil. Only
in the grassland soil with the highest SOC content of 3.64% they
found a negative priming effect of biochar on SOC, comparable to
our results. Also, Jones et al. (2011a) incubated a grassland soil (SOC
3.5%) and found a negative priming of SOC after hardwood biochar
amendment. Reasons for negative priming effects by biochar have
been discussed as (1) pH-induced change in the microbial community, although such shifts occur rather as long-term effects, as (2)
sorption interactions of biochar with extracellular enzymes which
play an important part in SOM breakdown or (3) as shifts in microbial metabolism (Jones et al., 2011b). Moreover, (4) an inhibition
of nitrifying bacteria due to ammonium adsorption to biochar surfaces (Ding et al., 2010; Taghizadeh-Toosi et al., 2011b) may explain
reduced soil respiration. Such a behavior is also found with reduced
N2 O emissions, as observed in the incubation study. Furthermore,
(5) adsorption of native SOM on biochar surfaces has been reported
(Borchard et al., 2012) and seems to be a function of native soil
organic carbon content as well as of biochar production temperature and feedstock, which essentially control the surface area of the
biochar (Cross and Sohi, 2011; Schimmelpfennig and Glaser, 2012).
In the ﬁeld study, biochar amendment caused a signiﬁcant
reduction in Reco emissions during the experimental period of
1.5 years. No data on the effects of top-dressed biochar on GHG
ﬂuxes, or from other ﬁeld studies in temperate grasslands are available so far. However, biochar ﬁeld studies with agricultural crop
use or ploughing reported no effects on soil respiration at levels
up to 20 t ha−1 (Castaldi et al., 2011; Karhu et al., 2011; Zhang
et al., 2012), or increased CO2 emissions from soils amended with
40 t biochar ha−1 (Zhang et al., 2012). In addition to the amount
of biochar applied, the feedstock and its elemental composition
and the production temperature, and thus volatile matter content, seem to predominantly inﬂuence the degradation dynamics
(Zimmerman et al., 2011; Ippolito et al., 2012; Singh et al., 2012;
Ameloot et al., 2013). For the amended soil, next to its TOC content,
texture has been proposed as an important variable inﬂuencing
biochar decomposition and stabilization (Cross and Sohi, 2011;
Hilscher and Knicker, 2011; McCormack et al., 2012).
In the ﬁeld experiment, the two more labile carbon substrates,
feedstock and hydrochar, did not promote higher Reco (i.e. mineralization rates). This is in contrast to Gajić and Koch (2012) who
found that soil respiration was stimulated due to fast degradation
of hydrochar material in the ﬁrst year of a ploughed ﬁeld experiment, especially after mineral nitrogen supply. Since our carbon
substrates have been top dressed onto the ﬁeld, the fast degradation of the labile carbon substrates as seen in the incubation and

found by Gajić and Koch (2012) could have been limited because of
spatial separation of the substrates and the active soil layer.
Slurry amendment stimulated CO2 emissions in the incubation
and ﬁeld experiment, leading to CO2 emission peaks. Emission
peaks were likely induced by carbon compounds readily available for microorganisms contained in slurry, enhancing metabolic
turnover rates and soil respiration (Focht et al., 1979; Chantigny
et al., 2001; Bol et al., 2003). However, these stimulating effects
were found to be less prominent in the ﬁeld. Slurry may have
inﬁltrated the soil proﬁle in the ﬁeld, which is impossible in a
closed incubation vessel. Increases in ecosystem respiration following slurry application were observed in spring 2011, and especially
in spring 2012. This was likely a result of the varying dry matterand thus C-content of the slurry (Table 2). Interactions of the
carbonaceous additives with slurry at initiation of the experiment (outgassing of CO2 due to slurry carbonates) could have
caused immediate CO2 losses during mixing prior to application,
thus measured ﬂuxes in spring 2011 likely underestimate the real
emissions.
5.2. Nitrous oxide emissions
In our study, a strong reduction of N2 O emissions was observed
when biochar was mixed into the soil, but not when it was topdressed (for density of biochar cover see Fig. A.2).
Signiﬁcant reduction in N2 O emissions with biochar addition,
as found in the incubation study, is now a widely reported phenomenon. It was observed with very different biochars in controlled
incubation studies with various soils (Spokas and Reicosky, 2009;
Cayuela et al., 2010; Bruun et al., 2011; Case et al., 2012; Cheng et al.,
2012; Kammann et al., 2012; Yoo and Kang, 2012; Ameloot et al.,
2013; Cayuela et al., 2013), also in comparison with other C additives (Cayuela et al., 2010), in greenhouse experiments with plant
presence (Kammann et al., 2011, 2012; Aguilar-Chávez et al., 2012;
Saarnio et al., 2013), and even in the presence of N2 O-producing
earthworms (Augustenborg et al., 2012). The relative reduction of
about 50% observed in this study is comparably large in relation to
the biochar addition rate (1.3% w/w) when compared to the abovementioned studies. Emissions continued to be reduced throughout
the incubation period, although the extractable N contents of the
biochar–soil treatment were not different from the other treatments at the end of the incubation period. As reasons for reduced
N2 O emissions, physico-chemical sorption of N2 O on biochars (Van
Zwieten et al., 2010; Cornelissen et al., 2013), or N immobilization/adsorption in a non-extractable form, reducing the available
mineral N for N2 O production (Hua et al., 2009; Ding et al., 2010)
have been discussed, although the exact mechanisms are not
understood yet (Cornelissen et al., 2013).
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Moreover, a more complete denitriﬁcation toward N2 can cause
reduced N2 O emissions (Sahrawat and Keeney, 1986), although
changes in soil pH as underlying mechanism have not been
observed (Table 5). Nonetheless, either small scale pH effects in
the vicinity of the biochar particles, provision of electrons from
biochar to denitrifying bacteria, or increased NosZ gene expression
in denitriﬁers are all potential mechanisms leading to a complete
reduction toward N2 (Cayuela et al., 2013; Harter et al., 2013).
NH3 or NH4 + sorption onto biochar as reasons for N2 O emissions
reductions, as observed by Taghizadeh-Toosi et al. (2011b) are not
likely in our experiments, since we observed a NH3 emission outburst from biochar–slurry mixtures, likely due to the alkaline pH of
the biochar. Generally, only a total N balance including NOx N2 or
NH3 losses could elucidate all effects of biochar on the N-cycle.
In the ﬁeld experiment, the lack of N2 O emission reductions with
biochar amendment is likely due to top-dressing. Reduction mechanisms involving the soil–biology matrix have thus not evolved so
far. Evidently, in all studies from which reduced N2 O emissions
from ﬁeld measurements have been reported so far, biochar was
mixed (ploughed) into the soil (Liu et al., 2011; Taghizadeh-Toosi
et al., 2011a; Zhang et al., 2012). In the incubation, feedstock started
to degrade substantially after slurry application, triggering N2 O
emissions. In the ﬁeld, signiﬁcantly increased N2 O emissions were
only observed after more than one year, however, without indications for increased decomposition. Physico-chemical weathering
of the Miscanthus straw, downward migration to the microbially
active root-mineral soil interface zone, combined with slurry addition and thus varying soil moisture conditions, ﬁnally may have
initiated its degradation when it was warm in summer 2012. Generally, slurry application has been found to promote denitriﬁcation by
creating anaerobic environments and providing an energy source
to denitrifying bacteria or co-denitrifying fungi (Beauchamp et al.,
1989; Laughlin and Stevens, 2002; Laughlin et al., 2008). A correlation of denitriﬁcatory N2 O losses and labile carbon (i.e. water
soluble carbon) availability may explain the emissions from the
feedstock treatment (Burford and Bremner, 1975; Laughlin and
Stevens, 2002; Laughlin et al., 2008).
In the incubation and the ﬁeld study, hydrochar had no effect
on N2 O emissions before or after N-fertilization with slurry. This is
in contrast to observations by Kammann et al. (2012) where bark
and beet hydrochars signiﬁcantly increased N2 O emissions after
mineral N fertilization, but not before. This discrepancy might be
due to differences between the two hydrochars (beet and bark, vs.
Miscanthus) or, more likely, to the moisture regimes. In our experiment, aeration of the soil due to carbon amendments is not likely an
explanation, because hydrochar and feedstock would have caused
a higher aeration than biochar, but in these treatments no N2 O
reduction was observed.
The hydrochar–biochar mixtures’ N2 O emission sum before
slurry application was similar to that of pure hydrochar or the
control. After slurry application it was similar to the pure biochar
amended treatment. The difference in behavior before and after
slurry application may be related to mineral N adsorption by
biochar, nitrate in particular (Clough et al., 2013; Kammann et al.,
2013; Prost et al., 2013), reducing denitriﬁcatory N2 O emissions.
Adsorption of labile carbon compounds e.g. from hydrochar onto
biochar, as observed during composting (Prost et al., 2013), or
quick degradation of hydrochar during the ﬁrst weeks (Libra
et al., 2011) is no likely explanation for the observed reduction in
hydrochar–biochar N2 O emissions here, since the mineralization
rate as measured by CO2 emissions remained unchanged.
N2 O peaks due to slurry amendment, frost-thaw events and
varying moisture regimes of the soil as observed in the ﬁeld study
over 1.5 years, are well known from previous studies (Clayton
et al., 1997; Flessa et al., 1998; Kammann et al., 1998; Matzner
and Borken, 2008). N2 O peak emissions due to slurry amendment

in May 2012 are in a typical range for a grassland on clayey soil
with a duration of up to three weeks after application (Monaghan
and Barraclough, 1993; Allen et al., 1996). A positive correlation of
N2 O emissions from nitriﬁcation with soil temperature has been
reported (Sahrawat and Keeney, 1986; Maag and Vinther, 1996),
and together with the high ammonium content and dry matter value of the slurry in May 2012 might be the reason for the
prominent peak at the time. N2 O emissions from frost-thaw events
though were found to originate mostly from nitrate leaking out of
frozen cells, readily available for denitriﬁcation (Müller et al., 2002).
5.3. CH4 -ﬂuxes
Results from the incubation experiment show that various
carbon additions to a clayey loam grassland soil can enhance
the potential for methane oxidation. These results point to the
well-known aeration effect demonstrated for biochar (Case et al.,
2012), leading to an improved oxygen diffusion into the soil
and thus a better oxygen and atmospheric methane supply for
methanotrophic bacteria (Castro et al., 1994, 1995; Czepiel et al.,
1995). Nevertheless, the expected sequence of a pure aeration
effect, simply due to the amount of substrate added to the soil
(control < biochar < hydrochar + biochar < hydrochar < feedstock),
differs from the sequence that was actually measured (control < hydrochar < biochar < feedstock < hydrochar + biochar); all C
additives had nearly the same CH4 -consumption promoting effect.
The second explanation might be NH4 + adsorption by hydrochar
and biochar, or N immobilization by a larger soil microbial population with feedstock and hydrochar. This may have allowed
CH4 consumption activity to continue while methanotrophs were
likely inhibited by the slurry-applied NH4 + in the control (Bédard
and Knowles, 1989; Gulledge et al., 1997).
Under ﬁeld conditions, only the biochar top-dressing resulted
in an overall increase in methane oxidation (after exclusion of the
methane outbursts due to slurry application which may have been
derived from the slurry itself, Fig. A.3). This is in line with the ﬁndings of Karhu et al. (2011). Besides the aeration effect or adsorption
of NH4 + to biochar surfaces (Ding et al., 2010), further mechanisms
for an increase in CH4 oxidation may be adsorption of CH4 to biochar
surfaces, metals potentially contained in biochar catalyzing CH4
oxidation, or growth stimulation of methanotrophic populations
(Van Zwieten et al., 2009; Feng et al., 2011).
Short-lived CH4 emission peaks from temperate soils due to
slurry amendment as observed in the incubation and ﬁeld study
likely originate from dissolved methane contained in the slurry
(Hütsch, 2001; Sherlock et al., 2002). Furthermore, short-chained
volatile fatty acids (C2 C6) from slurry are easily available to
methanogenic Archaea (Hrapovic and Rowe, 2002) and can result in
short-term methane emission outbursts (Sherlock et al., 2002). The
CH4 emission peaks after slurry amendment in the ﬁeld occurred
only in spring and were especially large in spring 2012. This may
have been related to the high dry matter content of the slurry
applied at that time (Table 2). Slurry with low dry matter content
can inﬁltrate quickly and thus keep CH4 emissions from the slurry
itself low, whereas a high dry matter content and a thereby low
inﬁltration rate generates higher emissions from the slurry itself
(Chadwick and Pain, 1997; Amon et al., 2006).
In the ﬁeld, the observed pH increase may explain the enormous emission peak in the biochar plots at the beginning of the
ﬁeld experiment and, weakened, in May 2012. The pH of 6.1 from
the biochar plots, compared to a pH of 5.4 in the control plots may
have promoted methanogenic Archaea with a pH optimum of 7
(Amaral et al., 1998). Thus, a larger Archaeal population may temporarily have increased CH4 emissions in the biochar treatment
(Clemens and Wulf, 2005), until it declined due to the oxic environment. This theory is supported by the fact that the (liquid) slurry:
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biochar ratio was higher in the biochar treatments and thus the
obligatory anaerobic methanogens had better conditions to subsist.
Contrariwise, methanotrophic bacteria existing especially in
slurry crusts could have led to an increase of the population of
methanotrophs in the soil (Petersen et al., 2005), leading to the
increase in methane oxidation after the slurry initiated emission
peak, as observed in the incubation study (Fig. 1 E and F).
5.4. NH3 -emissions
A high pH buffer capacity of the slurry amended soil as well as
low ammonia and CO2 concentrations in the surrounding atmosphere have been described as the main factors for evolvement of
NH3 emissions from slurry application (Vandré, 1997).
Slurry usually contains urea as the dominant N form. During
storage, urea is converted via hydrolysis by H2 O and the enzyme
urease to NH4 + and CO3 − , until a chemical equilibrium is reached
(Vandré, 1997). This equilibrium is preserved until slurry comes in
contact with the soil–atmosphere system. With rising pH, an acceleration of the reaction toward NH3 and CO2 outgassing can occur.
As CO2 release consumes protons and NH3 release dispenses protons these two processes trigger each other. Moreover, degradation
of slurry-borne volatile fatty acids by soil microorganisms leads to
a pH increase and could also stimulate NH3 emissions (Sørensen,
1998).
The largest NH3 emissions observed from the feedstock treatment may be explained by the large surface exposure of the slurry
to the surrounding ammonia-depleted atmosphere with the larger
mass of Miscanthus feedstock applied than masses of the other Cadditives (Sommer and Hutchings, 2001). Another factor for higher
gaseous losses especially from the feedstock treatment could be
the retarded inﬁltration rate. In the control treatment (pure soil),
slurry inﬁltrated quickly and likely was absorbed by clay mineral
surfaces so that the lowest overall NH3 emissions were observed.
The hydrochar caused the lowest NH3 losses of all three C additives,
possibly due to its acidic pH of 5.1 or microbial N immobilizing
capacity (Gajić and Koch, 2012).
In general, the amount of nitrogen lost from the feedstock and
biochar treatments (22 and 12% of the NH4 + N) in the form of
NH3 is not extraordinarily high and is consistent with other studies in which pig slurry was broad-spread on grassland, although
ﬁeld and lab studies cannot be compared directly. The reported
amounts of NH3 N lost in % of total N applied range from 8%
to 35% (Pain et al., 1989; Sommer et al., 1997; Sommer and
Hutchings, 2001; Misselbrook et al., 2002). Under favorable conditions though, NH3 -emissions after pig slurry application only
amounted to about 5% (Gronauer, 1993), which is in line with our
control and hydrochar treatment results (0.8 and 3.7%). Thus, the
use of all three C additives neither resulted in detrimental NH3 outbursts, nor can the interactions be judged as beneﬁcial in reducing
NH3 losses below the control. However, using acidic rather than
alkaline chars produces lower NH3 losses, as described by Chen
et al. (2012) and Taghizadeh-Toosi et al. (2012). Moreover, incorporation of biochar into soil with subsequent slurry application
resulted in signiﬁcant NH3 emissions reductions (Taghizadeh-Toosi
et al., 2012), indicating the importance to consider possible differences of biochar–slurry and biochar–soil–slurry matrices. More
high-frequency measurements in the ﬁeld are clearly necessary to
assess chances and risks regarding NH3 emissions after slurry–char
and slurry–char–soil applications.
5.5. Biomass yield and composition
In the greenhouse pot experiment following the incubation,
each C-additive stimulated L. perenne growth above the control;
this was signiﬁcant for hydrochar and biochar at the ﬁrst harvest.
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The stimulation may be explained by higher SOC contents and consequently increased water retention, proven by higher WHC of
all C-amended treatments compared to the control. Furthermore,
since higher nitrate concentrations mostly in the hydrochar and
biochar treatments signiﬁcantly correlated with the yield increases,
it is likely that reduced N losses during the incubation may have
promoted plant growth. N retention and increased nitrate amounts
are in agreement with other studies on reduced nitrogen leaching
from biochar amended soils (Beck et al., 2011; Bell and Worrall,
2011; Knowles et al., 2011; Ventura et al., 2013). However leaching
did not play a role here in the closed incubation vessels, and in the
pot study care was taken not to drain the pots; thus only reduced
gaseous losses can explain the differences. For hydrochar, reduced
NH3 losses (compared to feedstock and biochar) and for biochar
halved gaseous N2 O losses could possibly serve as indications for
an improved N retention.
Detrimental growth effects by the use of hydrochar, as observed
by Gajić and Koch (2012), Bargmann et al., 2013, Rillig et al.
(2010), Busch et al. (2012) or Bargmann et al. (2012) were absent
after the incubation. These results point to the decomposition
of inhibitory or toxic substances over time, as observed earlier
by Busch et al. (2012). In the ﬁeld study, in contrast, hydrochar
signiﬁcantly reduced biomass growth within 18 months; the reduction was most prominent at the harvest in the ﬁrst year after
application. Production-derived, phytotoxic (volatile) organic components (Bischoff et al., in press; Becker et al., 2013; Busch et al.,
2012) and/or microbial immobilization of nitrogen resulting in Nlimitation of plants (Nelson et al., 2011; Bargmann et al., 2012; Gajić
and Koch, 2012) have been discussed as reasons for the adverse
effects of hydrochar on plants. Our results indicate that detrimental compounds reduced plant growth even via top-dressing in the
ﬁeld experiment. N immobilization effects, as proposed by Gajić
and Koch (2012), are less likely after four repeated slurry applications during the experimental period and two consecutive growing
seasons. Grasses were stronger reduced by hydrochar than forbs,
especially in the ﬁrst year of the experiment; other studies report
reduced growth for species of all plant functional groups (Taraxacum sect. ruderalia, Trifolium repens, Allium ampeloprasum, Beta
vulgaris subsp. vulgaris or Zea mays) (Rillig et al., 2010; Bargmann
et al., 2012; Busch et al., 2012; Gajić and Koch, 2012; Bargmann
et al., 2013). More research is urgently needed to identify the
inhibiting mechanisms and substances and possible risks associated with hydrochar.
In the biochar treatment, the reduction of grass biomass growth
was more than compensated for by increased forb growth. Van
de Voorde et al. (2014) observed something similar: In their 2012
established ﬁeld experiment, a grassland seed mixture of 18 species
was sown into biochar amended soil, resulting in higher biomass of
individual plants as well as increased abundances of legumes compared to the control plots. Improved availability of micronutrients
by biochar as Ca, K and Mg rich ashes, or pH induced changes could
have changed plant community composition (Laser, 2007). Further
harvests in the ﬁeld study, as time progresses, will reveal if the shift
is a lasting phenomenon.
6. Conclusions
Our hypothesis of a degradation rate in the order
biochar < hydrochar < feedstock was conﬁrmed by the results of
the incubation study and priming effects of biochar on hydrochar
degradation or vice versa were not observed. In the ﬁeld, increased
CO2 emissions from the degradation of the carbon amendments
have not been observed; biochar even lowered the emissions
signiﬁcantly compared to the control plots.
The hypothesis that hydrochar would reduce plant growth
was conﬁrmed by results from the ﬁeld study. Surprisingly, this
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Table 6
Overview on the effects of carbon amendments (feedstock, hydrochar and biochar) on GHG and ammonia emissions as well as on plant growth in the incubation (left) and
the ﬁeld experiment (right).
Incubation study

CO2
N2 O
CH4
NH3
Plant growth

Field study

Feedstock

Hydrochar

Biochar

HTC + BC mix

Feedstock

Hydrochar

Biochar

−
−
+
−
∼

∼
+
∼
∼

∼
+
+
(−)
+

−
∼
+

∼
−
∼

∼
∼
∼

+
∼
(+)

∼

∼

−

∼

Effects are shown in comparison to the control treatment. Plus stands for beneﬁcial effects, minus for adverse effects on the measured parameters. The plus in brackets marks
the positive effect of biochar on methane emissions after cutting the upmost and lowest 1% of the data. The minus in brackets stands for signiﬁcantly higher NH3 emissions
from the biochar treatment compared to the control but at the same time signiﬁcantly lower emissions compared to the feedstock treatment.

detrimental effect was alleviated after pre-incubation with slurry
for three months prior to sowing, probably due to degradation of
toxic components by microbes. Biochar amendment signiﬁcantly
increased Lolium yields in the pot experiment and shifted the plant
community toward forbs in the ﬁeld. The appraisal of such a shift,
however, will depend on the needs of the farmer and intended land
use management.
Our third hypothesis, that biochar would reduce CO2 and N2 O
emissions while improving methane oxidation, was observed,
though more pronounced in the incubation than in the ﬁeld study.
Further downward migration of the carbon amendments, by bioturbation in the ﬁeld, will elucidate if the interactive effect of
biochar and the soil matrix will lead to reduced N2 O emissions from
the ﬁeld site, as in the incubation study. Ammonia measurements
revealed a risk of NH3 losses from feedstock and biochar–slurry
mixtures, while results with the more acidic hydrochar suggest that
this risk can be avoided either if a biochar is acidic or acidiﬁed before
it is mixed and applied with slurry. Moreover, the risk of ammonia
emissions is probably curbed if biochar is mixed with soil. Taken
together, by the results obtained here, we identify biochar as the
most suitable soil C amendment, compared to untreated feedstock
and hydrochar, when C sequestration is the central aim (Table 6):
it was most recalcitrant, had a positive effect on GHG ﬂuxes and
had beneﬁcial rather than unwanted effects on plant growth. Thus,
biochar has the potential to become a climate mitigation tool integrated in grassland management.
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