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A B S T R A C T

Biochar has been reported to reduce emission of nitrous oxide (N2O) from soils, but the mechanisms responsible
remain fragmentary. For example, it is unclear how biochar effects on N2O emissions are mediated through
biochar effects on soil gross N turnover rates. Hence, we conducted an incubation study with three contrasting
agricultural soils from Kenya (an Acrisol cultivated for 10-years (Acrisol10); an Acrisol cultivated for over 100-
years (Acrisol100); a Ferralsol cultivated for over 100 years (Ferralsol)). The soils were amended with biochar at
either 2% or 4% w/w. The 15N pool dilution technique was used to quantify gross N mineralization and ni-
trification and microbial consumption of extractable N over a 20-day incubation period at 25 °C and 70% water
holding capacity of the soil, accompanied by N2O emissions measurements. Direct measurements of N2 emissions
were conducted using the helium gas flow soil core method. N2O emissions varied across soils with higher
emissions in Acrisols than in Ferralsols. Addition of 2% biochar reduced N2O emissions in all soils by 53 to 78%
with no significant further reduction induced by addition at 4%. Biochar effects on soil nitrate concentrations
were highly variable across soils, ranging from a reduction, no effect and an increase. Biochar addition stimu-
lated gross N mineralization in Acrisol-10 and Acrisol-100 soils at both addition rates with no effect observed for
the Ferralsol. In contrast, gross nitrification was stimulated in only one soil but only at a 4% application rate.
Also, biochar effects on increased NH4

+ immobilization and NO3
−consumption strongly varied across the three

investigated soils. The variable and bidirectional biochar effects on gross N turnover in conjunction with the
unambiguous and consistent reduction of N2O emissions suggested that the inhibiting effect of biochar on soil
N2O emission seemed to be decoupled from gross microbial N turnover processes. With biochar application, N2

emissions were about an order of magnitude higher for Acrisol-10 soils compared to Acrisol-100 and Ferralsol-
100 soils. Our N2O and N2 flux data thus support an explanation of direct promotion of gross N2O reduction by
biochar rather than effects on soil extractable N dynamics. Effects of biochar on soil extractable N and gross N
turnover, however, might be highly variable across different soils as found here for three typical agricultural
soils of Kenya.
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1. Introduction

Nitrous oxide (N2O) is a potent Long-Lived Greenhouse Gas
(LLGHG), and involved in the destruction of stratospheric ozone (Ciais
et al., 2013). Agricultural soils are an important source of atmospheric
N2O, with denitrification representing the single most important bio-
chemical process releasing N2O into the atmosphere (Butterbach-Bahl
and Dannenmann, 2011; Harter et al., 2014a, 2014b). Measures for
reducing N2O emission from agricultural soils such as biochar addition
are increasingly considered to mitigate the impact of agriculture on
climate change.

A number of factors affecting N2O emission in biochar-amended
soils have been investigated, including feedstock, pyrolysis tempera-
ture, biochar pre-treatment, soil and biochar pH, soil type and soil
moisture regime (Castaldi et al., 2011; Wu et al., 2012; Ameloot et al.,
2013; Chen et al., 2017). For example, Yanai et al. (2007) suggested
that a pH increase resulting from biochar addition could enhance N2O
reductase activity, thereby increasing the reduction of N2O to N2in the
last step of denitrification. Van Zwieten et al. (2009) hypothesized that
metals present on biochar surfaces might act as catalysts in the reduc-
tion of N2O to N2. Physical adsorption of N2O and NO on activated
coconut charcoal has also been reported (Bagreev et al., 2001; Hitoshi
et al., 2002; Cornelissen et al., 2013). Case et al. (2015) found that the
suppression of soil N2O emissions was not due to limitations of in-
organic N availability in the soil caused by biochar-induced inorganic N
immobilization. Furthermore, direct impacts of biochar on the activity
of mineralizing and nitrifying microbes (Lehmann et al., 2011) may also
occur but have, so far, hardly been investigated.

Using the 15N gas-flux method, Cayuela et al. (2013) observed a
consistent reduction of the N2O/N2 ratio in 15 different soils after
amendment with biochar, and proposed that biochar may act as an
“electron shuttle”, facilitating the last step of denitrification (N2O to N2).
According to Singh et al. (2010), sorption capacity of biochar through
oxidative reactions on the biochar surfaces increase the effectiveness of
biochar in reducing nitrate leaching, nitrification and N2O emissions.
However, biochar effects on N2O emissions may also be mediated by its
impact on prevailing soil conditions (Karhu et al., 2011; Yu et al., 2011;
Case et al., 2012) that can influence the gross nitrogen turnover rates
such as ammonification, nitrification, and inorganic N immobilization
(Clough and Condron, 2010; Karhu et al., 2011). These conditions in
turn exert feedbacks on N2O formation and consumption.

Knowledge on interactions between biochar addition, gross N
turnover rates and soil N2O emissions is limited. Such detailed process-
based understanding of N cycling in biochar-amended soils is im-
portant, since the ultimate effect of biochar addition on N gaseous
losses could also depend on biochar's direct and/or indirect effect on
ammonification, nitrification, microbial inorganic N immobilization,
since these processes ultimately provide or remove substrate for deni-
trification and also impact N gas product ratios (Butterbach-Bahl and
Dannenmann, 2011, Butterbach-Bahl et al., 2013). Furthermore, un-
derstanding biochar effects on gross N turnover is generally desirable to
understand biochar effects on key soil functions such as fertility and
nutrient retention (Clough and Condron, 2010). So far, the influences of
biochar on gross N turnover rates and the N2O:N2 emission ratio, have
only been considered separately in these earlier studies (Cayuela et al.,
2013; Case et al. 2015).

In this study, we provide data collected simultaneously on both the
soil microbial gross N transformations as well as N2O and N2 emissions
under the influence of biochar amendment and also measure the dy-
namics of all the soil mineral N pools. The objective of this study
therefore was to provide a mechanistic understanding of biochar effects
on the interplay of gross soil N mineralization, nitrification and im-
mobilization as well as denitrification and the N2O:N2 product ratio.
Three mineralogically contrasting tropical agricultural soils were used.
We generally expected a coupling of soil gross N turnover (mainly gross
nitrification) and N2O emissions, and that biochar impacts on gross N

turnover would thus also affect N2O emissions. Specifically, we hy-
pothesized that biochar addition to soil would (1) decrease nitrification
and soil nitrate availability due to increased immobilization of mineral
N; (2) decrease soil N2O emissions due to reduced total denitrification.

2. Materials and methods

2.1. Preparation of the biochar and soils

The feedstock from eucalyptus wood was chopped and ground into
5mm-sized particles and fed into a 600 l batch pyrolysis unit using
argon as a sweep gas at a flow rate of one liter per minute. The pyrolysis
unit was programmed to run with a ramp temperature rate of 5 °C per
min, reaching maximum temperature of 550 °C and a dwell time of 2 h
at maximum temperature before cooling to room temperature.

Three soil types with contrasting characteristics were sampled
(0–0.2 m topsoil) at the following sites in Western Kenya; (i) Gambogi
(E34° 57′37″and N00°09′34″an Acrisol under cultivation for ~100 years
mainly with maize-beans intercropping hereafter, Acrisol-100), (ii)
Kechire (E35°0′00'and N0° 4′0″, an Acrisol after approximately 10 years
of conversion from tropical high forest to maize cultivation, Acrisol-10),
and (iii) Yala (a Ferralsol also under maize-beans cultivation>100
years, Ferralsol-100). The properties of the biochar and soil at each site
are presented in Table 1. All the three soils are characterized by high
content of 1:1 type clay presence of highly insoluble minerals such as
quartz sand and sesquioxides, and low CEC. The organic matter content
(Acrisol 10 > Acrisol 100 > Ferralsol 100Yala) and clay content
(Kechire<Gambogi<Yala) were the major distinguishing features
among the soils. In addition, the presence of iron and aluminum oxides
as well as low amounts of available calcium and magnesium ions
characterized the Ferralsol.

2.2. Experimental setup

The experiment consisted of nine treatments that were derived from
the three soils (Acrisol 10, Acrisol 100 and Ferralsol) and three biochar

Table 1
Properties of biochar and soils from three soils in western Kenya, which were
used in the incubation experiment.

Soil property Units Biochar Soils

Acrisol-10* Acrisol-100# Ferralsol

pH 6.31 6.68 6.01 5.39
EC(S) uS m−1 19.6 12.2 8.80 12.5
N g kg−1 0.27 2.8 2.6 2.1
P mg kg−1 135 2.77 2.30 20.3
K mg kg−1 1490 263 223 550
Ca mg kg−1 1920 2130 1950 2100
Mg mg kg−1 150 413 312 226
Mn mg kg−1 188 499 782 600
S mg kg−1 36.5 7.25 14.0 10.4
Cu mg kg−1 0.77 7.58 1.97 6.85
B mg kg−1 1.07 1.25 0.33 0.68
Zn mg kg−1 108 11.7 13.5 15.1
Na mg kg−1 180 16.5 15.9 20.7
Fe mg kg−1 164 123 67.2 192.3
Al mg kg−1 559 888 939 895
C.E.C meq/100 g 18.2 21.0 16.2 15.3
C:N ration 3218 9.7 9.4 10.5
SOC g kg−1 869 27.2 24.3 19.0
Sand % nd 61.2 30.7 22
Silt % nd 18.3 47.5 43
Clay % nd 20.5 21.8 35

nd=Not determined.
*Acrisol-10: Soil type is an Acrisol that has been under cultivation for 10 years.
# Acrisol-100: Soil type is an Acrisol that has been under cultivation for
100 years.
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