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Abstract

The contribution of nitrification to the emission of nitrous oxide (N2O) from soils may be large, but its regulation is not well

understood. The soil pH appears to play a central role for controlling N2O emissions from soil, partly by affecting the N2O product

ratios of both denitrification (N2O/(N2+N2O)) and nitrification (N2O/(NO2
�+NO3

�). Mechanisms responsible for apparently high N2O

product ratios of nitrification in acid soils are uncertain. We have investigated the pH regulation of the N2O product ratio of nitrification

in a series of experiments with slurries of soils from long-term liming experiments, spanning a pH range from 4.1 to 7.8. 15N labelled

nitrate (NO3
�) was added to assess nitrification rates by pool dilution and to distinguish between N2O from NO3

� reduction and NH3

oxidation. Sterilized soil slurries were used to determine the rates of chemodenitrification (i.e. the production of nitric oxide (NO) and

N2O from the chemical decomposition of nitrite (NO2
�)) as a function of NO2

� concentrations. Additions of NO2
� to aerobic soil slurries

(with 15N labelled NO3
� added) were used to assess its potential for inducing denitrification at aerobic conditions. For soils with pHX5,

we found that the N2O product ratios for nitrification were low (0.2–0.9%) and comparable to values found in pure cultures of ammonia-

oxidizing bacteria. In mineral soils we found only a minor increase in the N2O product ratio with increasing soil pH, but the effect was so

weak that it justifies a constant N2O product ratio of nitrification for N2O emission models. For the soils with pH 4.1 and 4.2, the

apparent N2O product ratio of nitrification was 2 orders of magnitude higher than above pH 5 (76% and 14%). This could partly be

accounted for by the rates of chemodenitrification of NO2
�. We further found convincing evidence for NO2

�-induction of aerobic

denitrification in acid soils. The study underlines the role of NO2
�, both for regulating denitrification and for the apparent nitrifier-

derived N2O emission.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Atmospheric N2O contributes to global warming and
destruction of stratospheric ozone, and agriculture is
responsible for 50% of the current anthropogenic emis-
sions (IPCC, 2001). The ultimate cause for this is nitrogen
enrichment (fertilizers and biological nitrogen fixation in
agriculture), which enhance the rates of nitrification and
denitrification in fertilized soils and elsewhere in the
biosphere. The relationship between the process rates and
e front matter r 2007 Elsevier Ltd. All rights reserved.
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N2O emissions is not constant, however, because the
fractions of transformed N released as N2O from the two
processes are variable. We need a better understanding of
how such N2O product ratios (i.e. N2O/(NO2

�+NO3
�) for

nitrification, N2O/(N2+N2O) for denitrification) are con-
trolled, both for improving predictive models of N2O
emissions (Bakken and Dörsch, 2007) and for finding
options to reduce the anthropogenic emissions (other than
by reduction of N-input).
Soil pH is a master variable affecting most nitrogen

transformations in soil, and it is manipulated (deliberately
or not) by agronomic operations. Its effect on the N2O
product ratios of nitrification and denitrification is thus of
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practical interest, both for modelling and for inventing
strategies to reduce N2O-emissions. N2O product ratios of
denitrification seem to be consistently higher in acid soils
(Šimek and Cooper, 2002, and references therein), suggest-
ing that liming of agricultural soil could help to reduce
N2O emissions. However, empirical data on N2O emissions
have demonstrated rather variable relationships with pH.
Several authors have demonstrated a positive correlation
between N2O emission and soil acidity under waterlogged
conditions, but this relationship was more inconsistent in
drained soils (Weier and Gilliam, 1986b; Bandibas et al.,
1994; Gödde and Conrad, 2000). These inconsistencies are
probably attributable to the effect of pH on other processes
affecting N2O emissions indirectly. For example, liming
may results in a transient enhancement of microbial
respiration and nitrogen mineralization (Curtin et al.,
1998), which in turn enhances denitrification through
oxygen consumption and nitrification through increased
substrate concentrations. Thus, variable pH-relationships
of N2O emissions have been reported from liming
experiments with drained soil (Goodroad and Keeney,
1984, Stevens et al., 1998; Weier and Gilliam, 1986b). In
addition, little is known about the effect of pH on the
nitrification N2O product ratio of nitrification. Several
studies of soils suggest that this ratio is lower in alkaline
than in acid soils (Goodroad and Keeney, 1984; Martikai-
nen, 1985; Martikainen and De Boer, 1993), but N2O
product ratios of nitrification are difficult to study in intact
soils and their apparent dependency on pH may be heavily
obscured by other processes such as denitrification and
chemodenitrification.

Pure cultures of autotrophic ammonia-oxidizing bacteria
(AOB) generally do not grow below pH 5.0–5.5 (Groene-
weg et al., 1994; Jiang and Bakken, 1999b; De Boer and
Kowalchuk, 2001), whereas nitrification is generally
detectable in soils with pHX4 (Prosser, 1989; Martikainen
and De Boer, 1993; De Boer and Kowalchuk, 2001). De
Boer and Laanbroek (1989) and De Boer et al. (1995)
found that a Nitrosospira strain (AHB1) could be adapted
to growth at pH 4 when cocultured with a Nitrobacter

strain (NHB1), suggesting that NO2
� toxicity may be a

problem for ammonia-oxidizers at low pH. Jiang and
Bakken (1999b) found that pure cultures of Nitrosospira

spp. and Nitrosomonas europaea had almost identical low
N2O product ratios (�0.1%) under optimal conditions,
whereas when the pH was lowered or the cells were starved,
N. europaea displayed much higher N2O/NO2

� ratios (up to
5%). Hynes and Knowles (1984) found a similar relation-
ship with higher N2O/NO2

� ratios as the NH3 concentra-
tion decreased.

Chemical reduction of NO2
� is known to take place at

pHo5.5. At such low pH values, NO2
� is in equilibrium

with nitrous acid (HNO2, pKa 3.3), which decomposes to
NO, HNO3 and H2O. NO2

� is also known to form N2, N2O
and CH3ONO with organic matter at low pH (Van
Cleemput and Samater, 1996). Since NO2

� is an obligate
intermediate in nitrification and has been found to
accumulate transiently during oxidation of ammonia
added to acid soils (Venterea and Rolston, 2000), it is
likely that chemical decomposition of HNO2 (chemodeni-
trification) contributes to N2O emission from acid soils.
Another factor of importance may be nitrite-induced
denitrification by the AOB themselves, serving to protect
themselves against toxically high NO2

� or NO concentra-
tions (Poth and Focht, 1985; Stein and Arp, 1998; Poole,
2005).
Liming represents a severe perturbation of the soil,

leading to a transient increase in C- and N-mineralization,
enhancing both nitrification and denitrification, and hence
also N2O emission. On a longer term, however, liming may
influence the N2O emission, not so much by affecting
process rates as by affecting the N2O product ratios.
Altered N2O product ratios may depend on altered
conditions in the soil, altered community composition, or
both.
This study examines long-term effects of liming on the

N2O product ratio of nitrification by aerobic incubation
experiments with soils from three long-term field experi-
ments in which different amounts of lime had been applied.
15N tracer additions were used to assess nitrification rates
and to apportion N2O production to nitrification and
denitrification. Soil slurries were used for homogenous
distribution of labelled N and avoiding anaerobic
sites. We hypothesized (i) that liming results in low
nitrification N2O product ratios, (ii) that chemodenitrifica-
tion contributes to N2O formation under strongly acid
conditions and (iii) that NO2

� or NO or toxic products
thereof stimulate denitrification under aerobic conditions
in acid soils, thus contributing to the apparent nitrifier-
derived N2O emission.

2. Materials and methods

2.1. Soils

Soils were sampled from three field experiments with
randomized block designs in which pH had been increased
through addition of lime or shell sand. All soil sampling
was done in early spring. The three soils were: F: Peat soil
from a meadow in Fureneset in Fjaler in western Norway
without or with additions of different amounts shell sand.
The soil is a sapric histosol (FAO/ISRIC/ISSS, 1998) to
which 0, 200 or 400m3 shell sand ha�1 had been added and
mixed in the upper 30 cm of soil 26 yr before our sampling.
The pH range was 4.1–7.9. For details see Sognnes et al.
(2006). Å: Stagnic Albeluvisol (FAO/ISRIC/ISSS, 1998)
(39% sand, 40% silt, 21% clay) from a permanent wheat
field in Ås in southeast Norway which had received several
additions of CaCO3, the last one 9 years before our
sampling. The pH range was 5.0–6.1. Loss on ignition is
6.9%71%. Ö: Mineral soil (5% clay, 86% silt, 9% sand)
from a meadow in Öjebyn in Norrland, northern Sweden.
Here, the liming treatments (CaCO3) were started 22 yr
before sampling, and the last liming was conducted one
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month before our sampling. pH was 5.2–7.2. Loss on
ignition was 16.473%, organic C was 6%, Total N was
0.4%. All soils were sieved (2mm for soils Å and Ö, 6mm
for soil F) while moist, and stored at 2–5 1C (0.5–1 yr) until
used.

2.2. Analyses

CO2, N2O and NO production during batch incubation
of soil slurries was monitored by frequent (every 2 or 3 h)
headspace analysis of the incubation bottles. We used an
automated incubation system consisting of a thermostated
water bath (20 1C) with positions for 15 serum bottles
(120ml) with magnetic stirring (Variomag HP 15 magnetic
stirrer from H+P Labortechnik GmbH, Germany) and a
Gilson 222 (Gilson, France) autosampler. Headspace gas
was admitted to the GC via a Gilson Minipuls 3 peristaltic
pump connected to a loop injection system by 1/1600 steel
tubing except for a small piece of thick-walled Marprene
tubing in the pump (Watson Marlow, England). In
Experiment 1, a Thermo Focus DSQ quadrupole GC/MS
with a 25m poraplot Q column was used for N2O
measurement. In Experiments 2–4, N2O, CO2 and O2 were
measured on a Varian CP 4700 micro GC with a 10m
poraPLOT U column and a 20m molsieve 5 Å coupled to
two TCD-detectors, and NO on a Teledyne Instruments
chemoluminescence NOx analyzer Model 200A (Advanced
Pollution Instrumentation, USA). The NO analyzer was
coupled to the waste line of the injector of the micro GC,
allowing the analysis of NO in the same gas sample as
injected into the micro GC. The GC/MS was used in
Experiment 1 due to its high sensitivity (detection level
o300 ppb N2O) compared with the micro GC (�700 ppb
N2O).

The NO3
� and NO2

� content of soils was measured
calorimetrically in 1M KCl extracts (water:soil 4:1, 1 h,
200 revmin�1 shaking, filtered in acid washed Whatman
GF/A filters). The d15N of dissolved NO3

� was measured by
a modification and simplification of the denitrifier method,
as described by Mørkved et al. (2007). The SD for NO3

�

standard samples was lower than 70.3% (d15N).
d15N of N2O was analyzed on an online concentration

system (Thermo Finnigan Precon and Gasbench II)
coupled to a Thermo Finnigan Delta XP plus isotope
ratio mass spectrometer (IRMS). Generally, the standard
deviation for d15N of 30 air samples was less than 70.3%.
As there is no available international N2O isotope
standard, our reference gas bottle is calibrated against the
internationally acknowledged 15N isotope standard IAEA-
N-3 (KNO3

�) converted to N2O.

2.3. Experiment 1: nitrifications N2O product ratio

The purpose of this experiment was to examine the effect
of soil pH on the N2O/(NO3

�+NO2
�) ratio of nitrification.

Three to five different pH-treatments, spanning the pH
range for each soil (Table 1) were used. Four replicates
from each pH treatment were weighed into 120ml serum
bottles (8.00 g fresh weight of soil Ö and Å, 5.00 g fresh
weight of soil F, equivalent to 5.0470.15, 6.3470.11 and
1.3670.14 g dry weight soil for Ö, Å and F, respectively)
and 25ml DI water was added.
To avoid NH4

+ or NO3
� limitation of nitrification and

denitrification, to three replicates 500 mg NH4
+-N and

100 mg NO3
�-N (15 atom% 15N in NO3

�) bottle�1 was
added, yielding 17.3, 18.1 and 17.0 mg NH4

+-Nml�1 for Ö,
Å and F soil, respectively. The NO3

� concentrations varied
more, since there were considerable amounts of NO3

� in the
soils before addition (Table 1). One of the four replicates of
each soil received similar amounts of unlabelled NH4

+-N
and NO3

�-N and 10 vol% acetylene (C2H2) to quantify
denitrification.
NO3
� concentrations and 15N enrichments for each

sample was measured at the start and at the end of
incubations (Table 1). After the water and N-solution
(totally 26ml) were added, the samples were shaken for
30min. Then, 2ml slurry was taken out and centrifuged
(10,000� g, 2 1C, 10min). Up to 1.5ml supernatant was
taken out and frozen for later 15N measurements of NO3

�.
An additional, 2ml was sampled for KCl extraction (1M,
see below) of NO3

� and subsequent concentration
analysis. Laboratory air was analyzed to obtain the start
values for N2O concentration and 15N abundance in
headspace N2O.
The slurries were incubated for 67.5 h at 20 1C on a

reciprocal shaker to avoid diffusion limitation for oxygen
or substrates. N2O and CO2 headspace concentrations were
measured every 2–3 h throughout the incubation. The
headspace gas for isotopic analysis of N2O at the end of the
incubation was sampled by connecting evacuated 120ml
serum bottles to the sample bottles with a double tipped
needle (blood collection needles), and letting the head-
spaces equilibrate for �30min (Mørkved et al., 2007). The
gas sample bottles were then filled with He to about 1 atm,
to avoid air contamination during storage and analysis.
Immediately after gas sampling, 2ml slurry was taken out
for analysis of 15N content in NO3

� as described above, and
10ml of 3M KCl (final concentration �1M) was added to
the bottles for extraction of NH4

+ and NO3
�

2.4. Experiment 2: chemodenitrification

To quantify the chemical reduction of NO2
� to N2O and

NO at low pH in the organic soil, three replicates of soil
F2, F3, F5 and F9 (pH 4.2, 4.1, 6.2 and 7.8, respectively)
were weighed into 120ml bottles (5.00 g fresh weight),
20ml water was added and the samples were autoclaved.
Ten microliters, 100 ml or 1ml of a sterile nutrient solution
with 500 mg NH4

+-N and 100 mg NO2
�-Nml�1 were added

aseptically to the autoclaved samples (calculated to yield
0.04, 0.42 and 4.1 mg NO2

�-Nml�1). All samples were
incubated (2 d, 20 1C) with continuous stirring. CO2, N2O,
NO and O2 were measured every 2 h.
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Table 1

Soil characteristics, measured N-species and their 15N atom% at start and end of the 67 h incubation of soil slurries in Experiment 1 (average values7SD,

n ¼ 3)

Soil pH—H2O mM NH3 in

slurrya
mg g�1 dw soil mg NO2

�+NO3
�-Ng�1 dw soil 15N atom% in NO2

�+NO3
� 15N atom% in

N2O
b—end

C N Start End Start End

F2 4.2 0.011 449 18.9 5337101 504766 2.8770.03 2.7170.05 1.2670.02

F3 4.1 0.009 502 22.3 463772 412719 3.5870.05 3.3770.08 1.6470.03

F4 6.7 3.29 458 19.3 277710 653728 5.3970.08 1.8170.05 0.5270.00

F5 6.2 1.02 388 16.7 72272 8297147 2.1270.04 1.5970.02 0.5670.00

F9 7.8 45.9 ND ND 34375 449761 3.9970.22 2.5770.06 0.5670.05

Å2 5.0 0.08 30.6 2.2 104715 94711 3.3870.46 2.8270.34 0.6570.02

Å5 5.5 0.22 29.3 2.4 5673 5973 5.9270.46 4.4870.23 0.8270.13

Å7 6.1 0.97 17.6 1.5 3971 4778 8.5070.30 5.9270.16 0.9170.01

Ö4 5.2 0.13 95.3 6.5 24873 236734 1.6370.03 1.2670.03 0.4970.01

Ö5 5.8 0.42 66.8 4.8 19977 208735 2.0370.08 1.5570.01 0.5270.00

Ö8 6.5 2.27 88.8 6.0 228710 221712 1.9370.04 1.3870.01 0.5270.00

Ö9 7.0 7.83 63.4 4.6 15776 17971 2.5670.11 1.8470.02 0.5770.00

ND ¼ not determined.
aNH3 in the slurry at incubation start, calculated from added NH4

+ plus NH4
+ in soil, and the pH of each soil slurry

bCorrected for 15N and 14N of air N2O in the bottles at incubation start.
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2.5. Experiment 3: effect of NO2
� and NO on aerobic N2O

production

To elucidate the role of nitrification and denitrification
intermediates for biological N2O production in aerobic soil
slurries, non-sterile soil F5 (pH 6.2) was incubated with
ample amounts of NO or NO2

�. This soil was chosen
because it showed no chemical N2O production in
Experiment 2. The soil was incubated as stirred slurry
(5 g fresh weight, 20ml water per bottle) with the same
NH4

+ addition as Experiment 1. There were four treat-
ments (three replicates): (1) only slurry, (2) slurry+NO,
(3): slurry+4.1 mg NO2

�-Nml�1, (4) slurry+NO+4.1 mg
NO2
�-N. NO was added by a gastight syringe to a final

concentration of �8 mg NO-Ng�1 soil (195 ppmv in head-
space, 411 nM in water phase). N2O, NO, O2, and CO2

were measured throughout incubation.

2.6. Experiment 4: NO3
� contribution to aerobic nitrification

The purpose of this experiment was to evaluate whether
the observed NO3

� reduction to N2O found in the F2 and
F3 soils in Experiment 1 could be explained by chemode-
nitrification or denitrification. Soils F2 and F5 (which were
found to induce and not induce chemodenitrification,
respectively) were incubated, both sterile and non-sterile,
with or without 4.1 mg NO2

�-Nml�1 (n ¼ 3). NH4
+ and

15N-labelled NO3
� were added as in Experiment 1 before

adding the NO2
�. N2O, NO, O2, and CO2 were measured

throughout incubation, and N2O was sampled at the end of
the incubation for 15N measurement. Slurry was sampled
(2ml) at the start (after NH4

+ and 15NO3
� addition, but

before NO2
� addition) and at the end of incubation for 15N

analysis of NO3
�. Since the measured NO3

� 15N values were
diluted by the added non-labelled NO2

� (the preparation
method for 15N in NO3

� does not differentiate between
NO3
� and NO2

�) we used the d15N values at the start (before
addition of NO2

�) for the calculations of N2O production
from NO3

� in those samples where NO2
� was added (see

Section 2.7).

2.7. Calculations

N2O and CO2 production rates in Experiment 1 were
calculated from the linear slope of concentration change
over time, corrected for sampling loss. All gas concentra-
tion measurements were corrected for dissolution in the
slurry (Wilhelm et al., 1977). The production of gas was
largely constant (with linear increase with time). Denitri-
fication rates were measured as the slope of N2O
production in bottles with 10% acetylene (C2H2).
Nitrification rates were calculated by using the pool

dilution model of Kirkham and Bartholomew (1954),
slightly modified from the version given in Davidson et
al. (1991):

n ¼
½NO�3 �0 � ½NO�3 �t

t
�
logðð�NO�3 Þ0=ð

�NO�3 ÞtÞ

logð½NO3�0=½NO3�tÞ
, (1)

where n is nitrification rate (mgNg soil�1 d�1), [NO3
�] is the

NO3
�-concentration (mgNg soil�1) at time 0 and t, t is the

incubation time (h) and *NO3
� is the 15N-enrichment (at%

excess) of the NO3
� pool at time 0 and t. This equation

applies only when [NO3
�]0 6¼ [NO3

�]t.
We assume that the labelling throughout the experiment

was homogeneous, since shaken slurries were used, and
since the nitrification rates were constant throughout the
incubation period. Since we used air in the bottles from
the start, it contains atmospheric N2O. We corrected the
measured 15N enrichment of N2O at the end of the
experiment for this by subtracting lab-air 14N and 15N of
N2O at molar basis. Eq. (2) gives the amount of N2O
derived from NH4

+ relative to the total N2O production
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(Mørkved et al., 2006):

a ¼
�N2O�

�NO3

�NH4 �
�NO3

, (2)

where *N2O is atom% 15N in N2O at the end of the
experiment corrected for initial N2O, *NH4 is atom% 15N
in NH4

+ and *NO3 is atom% 15N in NO3
�. As the

enrichments of NO3
� change during the incubation due to

nitrification, the average of the NO3
� isotope values

measured at the start and end of the experiment was used
unless when stated otherwise. The nitrification product
ratio N2O/(NO2

�+NO3
�) can then be calculated from the

nitrification derived N2O divided by nitrification derived
NO3
�+NO2

�.
Statistical differences between treatments were tested by

Anova (Tukey–Kramer HSD) and Student’s t-tests in JMP
5.0 by SAS Institute Inc.
3. Results

3.1. Experiment 1: nitrification N2O product ratios

Table 1 presents soil pH, total C and N, measured NO3
�

concentration and 15N abundances in NO3
� and N2O at

start and end of the incubations, as well as the calculated
concentration of NH3 based on the measured NH4

+

concentrations and the soil pH. There was no detectable
NO2
� in the soils before incubation.

Table 2 shows various process rate estimates, as well as
final oxygen concentrations. The N2O and CO2 curves were
close to linear with linear regression coefficients (R2) of
X0.89.
Table 2

Rates of N2O production, gross nitrification, gross denitrification, CO2-produ

N2O product ratio of nitrification (%N2O/(NO2
�+NO3

�)) during 67 h incuba

incubation (Experiment 1). All rates are averages of three replicates (7SD)

production with 10% C2H2). Nitrification rates were calculated by the pool d

Soil pH—H2O ngNg�1 dw soil d�1 mgN or Cg�1 dw soi

N2O

productio

Denitrification Nitrification CO

pr

F2 4.2 200734 695 9.871.2 14

F3 4.1 1100737 733 9.672.3 10

F4 6.7 31.071.4 8.1 17078.5 27

F5 6.2 25.070.4 7.6 80710.4 27

F9 7.8 15.071.1 4.6 6176.9 26

Å2 5.0 2.370.2 0.90 6.370.5 19

Å5 5.5 2.470.4 0.35 5.670.4 19

Å7 6.1 2.970.3 0.28 5.670.6 19

Ö4 5.2 9.770.6 2.2 22.171.1 22

Ö5 5.8 11.070.8 1.9 19.171.4 19

Ö8 6.5 27.071.8 2.1 26.670.7 21

Ö9 7.0 17.070.4 2.1 19.871.6 13

aTreatments not significantly different (ANOVA, P ¼ 0.05) share the same
bCalculated from measured CO2 production, assuming a 1:1 stoichiometry
The rates of N2O production, nitrification and denitri-
fication per g soil were considerably higher in the organic
soil F than in the mineral soils Å and Ö (Table 2). The two
mineral soils had very different nitrification rates (5.6–6.3
and 19–27 mg NO3-N g�1 d�1, for soil Å and Ö, respec-
tively), and the rate within each soil was not much affected
by pH. In contrast, the organic soil showed significantly
higher nitrification rates above pH 6, with a maximum
recorded at pH 6.7.
Denitrification rates (Table 2) were several orders of

magnitude lower than nitrification rates for all soils except
F2 and F3, which had exceptionally high denitrification
rates. Apart from these high denitrification rates in the two
most acidic F-soils, the results did not indicate any
relationship (positive or negative) between pH and
denitrification rates.
The nitrification N2O product ratio (Table 2) was

between 0.2% and 0.9% for all soils except for the two
most acid soils F2 (pH 4.2) and F3 (pH 4.1), which had
N2O product ratios of 1471.5% and 76721.1%, respec-
tively. In the two mineral soils Å and Ö, nitrification N2O
product ratios increased with pH, whereas no such trend
was found in the organic soil (Fjaler), even if the two low
pH treatments were excluded (Fig. 1). The measured
nitrification contribution to N2O (here defined as N2O
not originating from the 15N-labelled NO3

� pool) was
90–94% for all samples, except for F2 and F3 where it was
63–68% (Table 2).
CO2 accumulation rates were similar for all pH levels in

the Ö and Å soils, but considerably lower in the two low-
pH samples of the F soils as compared to higher pH
samples of this soil (data not shown). The calculated (from
measured respiration) headspace O2 concentration was
ction, calculated contribution of nitrification to N2O production (%) and

tion in shaken soil slurries and headspace O2 concentration at the end of

except denitrification rates which were measured in a single bottle (N2O

ilution method

l d�1 Nitrification

contribution

to N2O (%)

Nitrification N2O

product ratioa (%
N2O/(NO3

�+NO2
�))

Headspace O2 at

end of incubationb

(%)2

oduction

.270.3 68.071.07 14.171.49 20.570.01

.670.2 62.970.59 76.2721.1 20.670.01

.770.4 95.770.08 0.1870.01 20.070.01

.271.6 89.870.05 0.2870.04 20.070.06

.571.0 94.071.53 0.2470.05 19.970.03

.270.5 90.870.60 0.33a70.02 20.370.02

.971.1 91.471.95 0.39ab70.04 20.270.04

.572.1 92.570.20 0.49b70.07 20.370.06

.170.2 91.370.30 0.40a70.03 20.270.01

.270.4 91.470.15 0.51a70.05 20.370.02

.670.5 90.970.01 0.91b70.08 20.070.16

.970.0 90.870.37 0.80b70.08 20.470.01

letter (no ANOVA was done for F due to large variation in variance).

between CO2 production and O2 consumption.
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reduced between 0.5% and 1% throughout incubation for
all treatments (Table 2).

3.2. Experiment 2: chemodenitrification

There was no detectable N2O production in sterile
slurries at low concentrations of added NO2

� (0.04 and
0.42 mg NO2

�-Nml�1, data not shown). At the highest NO2
�

concentration (4.1 mg NO2
�-Nml�1), the most acidic soils

(F2 and F3) showed an immediate burst of NO and a
subsequent slower decrease (Fig. 2). These NO peaks
accounted for approximately 10% of the added NO2

�-N.
Such early NO accumulation was also observed for the
lower additions of NO2

� to F2 and F3 (results not shown);
the maximum NO concentrations were equivalent to 33%
and 51% of added NO2

�-N in the 0.42 mg NO2
�-Nml�1
treatment (F2 and F3, respectively), and 22% and 42% in
response to 0.042 mg NO2

�-Nml�1. Thus, the early NO
peak was largely proportional to the added NO2

�, albeit
with somewhat lower percentages in response to the highest
doses. This might be due to the rapid and strongly
concentration-dependent NO decay.
N2O concentrations increased gradually through the first

10 h and reached stable plateaus after 20 h (Fig. 2). The
accumulation of N2O was equivalent to �0.4% of the
added NO2

�. This is lower but comparable with the
nitrification N2O product ratios of soil F2 and F3 in
Experiment 1 (1.4% and 7.6%, Table 2). For the F5 and
F9 soils there was no detectable N2O production, but a
slight accumulation of NO occurred in F5 (Fig. 2).

3.3. Experiment 3: effect of NO2
� and NO on aerobic N2O

production

To elucidate the role of nitrification and denitrification
intermediates for biological N2O production in aerobic soil
slurries, non-sterile soil F5 (pH 6.2) was incubated with
ample amounts of NO or NO2

�. Soil F5 was chosen on the
basis of Experiment 2, which had shown that chemodeni-
trification was negligible in this soil. The results are
presented in Fig. 3. The soil slurries produced significant
amounts of N2O in response to NO2

� addition
(4.1 mgml�1), indicating biological reduction of NO2

� or
NO3
� to N2O (aerobic denitrification). In contrast, the NO

additions (0.44 mgNml slurry�1) did not influence N2O
production, neither in the presence or absence of NO2

�.
The N2O production was followed by net N2O reduction
(Fig. 3A) after 20 h. Maximum N2O-N accumulation
amounted to �0.33% of the added NO2

�.
NO2
� addition also induced significant accumulation of

NO during the first 5 h of incubation, followed by a net
decline. NO concentrations in treatments with or without NO
addition converged after 6–10h of aerobic incubation,
indicating an equilibrium between NO production and decay.
In the absence of added NO2

�, the NO concentration
decreased much faster than in the treatments with NO2

�,
suggesting continuous NO production in response to NO2

�.
The NO concentrations were generally much lower in this
experiment (i.e. unsterilized slurries) than in the sterilized
slurries in Experiment 2, suggesting biological NO reduction.

3.4. Experiment 4: NO3
� contribution to chemo- and aerobic

denitrification

The role of NO3
� for both chemo- and aerobic

denitrification was studied in 15NO3
� tracer experiment

with soils F2 (pH 4.2) and F5 (pH 6.2). The N2O
accumulation during incubation of sterile and non-sterile
slurries of F2 and F5 (with and without added NO2

�) is
shown in Fig. 4. The results for the sterilized soil slurries
confirm previous observations: chemical N2O production
only occurred in the acid soil (F2), and only in the presence
of added NO2

�. There was a striking contrast between
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Table 3

NO3
� reduction to N2O in non-sterile slurries as affected by added NO2

�.

Total amounts of accumulated N2O-N, and of N2O-N derived from NO3
�

(mg g dw soil�1, n ¼ 3, 7SD) with and without addition of 4.95mg NO2
�-

Nml�1. The amounts of N2O-N from NO3
� are based on the determined

final N2O concentrations, its 15N atom% and the 15N labelling of the NO3
�

at the end of the 27 h incubation (data are from the same experiment as in

Fig. 4)

Soil pH Total N2O (mgNg�1) N2O from NO3
� (mgNg�1)

+NO2
�

�NO2
� +NO2

�
�NO2

�

F2 4.2 11.870.6 0.2670.03 1.9170.13 0.1170.01

F5 6.2 0.3370.04 a 0.0570.01 a

aNo detectable N2O production.
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sterile and non-sterile treatment, however: non-sterile slurries
of F2 produced 60 times more N2O in response to NO2

�

addition than sterile ones (Fig. 4). Similarly, the soil F5
showed a significant NO2

� enhancement of N2O production
in non-sterile slurries, but not in the sterile ones (in agreement
with previous results). Soil F2 showed a much higher N2O
production rate than F5 after addition of NO2

�.
The 15N analyses of N2O at the end of the incubation of

sterilized soil slurries showed no detectable enrichment
compared to laboratory air; i.e. no detectable chemical
reduction of labelled NO3 to N2O in autoclaved slurries
(results not shown). In contrast, the 15N analysis of N2O
emitted from the non-sterile soil slurries showed that the
addition of NO2

� clearly enhanced the reduction of NO3
� to

N2O (Table 3). The estimated amounts of denitrified (i.e.
NO3
�-derived) N2O-N appeared to be proportional to the

overall N2O accumulation in soil F2 and F5 (16.2% and
14.7%, respectively), suggesting a similar rate of NO3

�

reduction over NO2
� reduction in both soils.

4. Discussion

4.1. Nitrification rates

The substrate dependency of NH4
+/NH3 oxidation by

autotrophic ammonia-oxidizing bacteria strongly suggests
that the primary substrate is NH3 rather than NH4
+ with

apparent Ks values in the range of 5–10 mM (Jiang and
Bakken, 1999a). The calculated NH3 concentrations were
much lower than these Ks values, except for the slurries
with the highest pHs (Ö9 and F9). One would expect,
therefore, that nitrification rates were strongly dependent
on pH (through its control of NH3 concentration). The
measured nitrification rates, however, were surprisingly
unaffected by pH (comparing the different pH treatments
for each soil) for all treatments with pHX5. In theory, this
could be a result of exceptionally high numbers of nitrifiers
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in the more acid soils, which is rather unlikely. Another
explanation could be that nitrification occurs mainly in
alkaline micro niches, as suggested by De Boer and
Kowalchuk (2001). Particles of shell sand or carbonates
could provide such niches. However, if this was the case,
one would expect at least some proportionality between
nitrification rate and liming intensity or pH, which is
clearly refuted by the data (Table 2). A final more probable
alternative is that indigenous ammonia oxidizers have
much lower apparent Ks values than cultured species, since
it has been shown that such differences exist between the
cultured species (Bollmann et al., 2002). Selection pressure
favoring low Ks for NH3 (or active NH4

+ transport) would
be most severe in acid soils, which would explain the results
obtained, and also underpins the importance of examining
the long-term effects of pH change in this type of
experiments.

The low nitrification rates in the most acidic soils (F2
and F3, pH 4.1 and 4.2) corroborate numerous other
investigations of acid soils, and are probably a result of
substrate limitation in combination with low numbers of
autotrophic nitrifying bacteria (Prosser, 1989; Jiang and
Bakken, 1999b).

4.2. Nitrification N2O product ratios

The N2O product ratios of nitrification in soils with
pHX5 (0.2% and 0.9%, Table 2) are comparable to those
determined by others for soils as well as pure cultures of
ammonia-oxidizing bacteria (Goodroad and Keeney, 1984;
Hynes and Knowles, 1984; Bollmann and Conrad, 1998;
Jiang and Bakken, 1999b). For the Öjebyn and Ås soils, the
N2O product ratio increased with increasing pH, whereas
in the Fjaler soil the N2O product ratio was virtually
unaffected by pH. These results clearly contrast the
observations in pure cultures of different ammonia-
oxidizing bacteria where the N2O product ratio increased
sharply in response to acidification (Jiang and Bakken,
1999b). This contrast between soils and pure cultures could
be due to differences in the composition of the ammonia-
oxidizing communities, which have had time to adapt in
long-term liming experiments, but not in the lab cultures.
Alternatively, it could be due to nitrification largely
occurring in alkaline micro niches (as suggested above),
which would thus be less affected by bulk pH. One
implication of the results for soil biogeochemical modelling
would be that the modelling of N2O emission from
nitrification should operate with N2O product ratios,
which are largely independent of soil pH, at least for soil
pH values above 5.

In contrast to the results for soils with pHX5, the most
acidic soils had extremely high apparent nitrification N2O
product ratios of 1.4% and 7.6% for F2 and F3,
respectively (Table 2). This result is similar to that of
Martikainen (1985), who found an exponential increase of
N2O emissions in soils as pH was lowered from 5 to 4.
Martikainen found no evidence for a contribution by
denitrification (10% C2H2 practically inhibited the emis-
sion), and the N2O/NO3

� ratio reached 20% at pH 4.1.
Chemodenitrification appeared not to be an important
source of N2O. Also Martikainen and De Boer (1993)
found 4–8 times higher N2O production and an almost 10-
fold increase in the N2O/(NO2

�+NO3
�) ratio of nitrifica-

tion at pH 4 compared with pH 6 in a Dutch coniferous
forest soil with an original pH of 3.7. They suggested
chemodenitrification to be a possible source of N2O
production at low pH.
A possible reason for the increased denitrification rates

in F2 and F3 could be partly anoxic conditions in the
slurry. However, the respiration rates in the soil slurries
were much too low to create anaerobic conditions during
incubation (Table 2). The reciprocal shaking with flasks in
horizontal position ensured a complete dispersion of soil
(no stationary positions with deposition of particles) and a
very efficient transfer of oxygen from the headspace to the
liquid phase. It is very unlikely, therefore, that anaerobic
conditions were created in the bulk phase of the slurries.
The existence of anoxic microsites (within intact micro
aggregates) in the soil slurries cannot be excluded,
however. This could in theory explain the high denitrifica-
tion rate in F2 and F3 as well as the high N2O product
ratio of nitrification in the same soils (Anderson et al.,
1993; Bollmann and Conrad, 1998). But if so, one would
expect similar phenomena to occur in the other soil
samples, particularly since all the other soils (including
the F-soils with higher pH than F2 and F3) had higher
respiration rates than F2 and F3. We tend to conclude,
therefore, that oxygen limitation cannot explain the
relatively high denitrification rates and N2O product ratios
of F2 and F3.
4.3. Chemodenitrification

We found significant chemical N2O and NO production
in soils F2 and F3 when 4.1 mg NO2

�-Nml�1 was added to
the sterile soil slurries (Fig. 2). This chemical N2O-N
production amounted to �0.4% of added NO2

�-N (F2 and
F3). Venterea and Rolston (2000) found temporary NO2

�

accumulation in three soils as pH (1M KCl) decreased to
3.8–4.9 (in different soils) due to ammonium oxidation.
NO2
� is an obligate intermediate in nitrification, and will be

prone to chemical decomposition if exposed to acid
conditions. Localization of nitrification in alkaline micro-
niches in acid soils would partially protect the nitrifier-
produced NO2

� against exposure to acid conditions, but
probably not in slurries due to dispersion. Below pH 5.5,
NO2
� is known to be unstable and forms nitrous acid

(HNO2, pKa ¼ 3.3) to an increasing degree with increasing
acidity. HNO2 decomposes to NO, HNO3 and H2O (Van
Cleemput and Samater, 1996), explaining the high NO
accumulation found. NO2

� is also known to form N2, N2O
and CH3ONO when reacting with organic matter at low
pH (Van Cleemput and Samater, 1996).
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These results suggest that chemodenitrification contrib-
uted significantly to the apparent nitrification-derived N2O
emissions (i.e. the N2O not accounted for by the estimated
reduction of labelled NO3

�). Although chemodenitrification
cannot be measured directly in non-sterile soil, we may
assume that NO2

� produced from NH3 oxidation will
decompose at similar rates as NO2

� added to the sterile soil.
A 0.4% conversion of NO2

� to N2O (as determined in
sterile soil) would thus explain a substantial part of the
high apparent nitrification N2O product ratio (1.4%) in F2.

4.4. Denitrification at aerobic conditions

The chemodenitrification found in Experiments 2 and 4
may to some extent explain the high N2O emissions at low
pH, but it cannot explain the NO3

� reduction to N2O found
in Experiment 1 (Table 2), since no such 15N enrichment
was found in N2O from autoclaved soil in Experiment 4.
Experiments 3 and 4 showed that NO2

� clearly induced
microbial denitrification at aerobic conditions, and this
contributed to N2O production to a much larger degree
than chemodenitrification at similar NO2

� and NO3
�

concentrations and pH (Fig. 4). This set of experiments
thus suggests that microbial denitrification is triggered by
NO2
� under oxic conditions, but not by NO3

� since we
found no or little N2O produced in soil without added
NO2
�. A possible mechanism behind this increase in

denitrification at aerobic conditions is that NO2
� at high

concentrations or some of its decomposition products, like
NO, are toxic and that denitrification is induced as a
protection mechanism. Such mechanisms have been
suggested for N. europaea by Poth and Focht (1985) and
Stein and Arp (1998) as well as for heterotrophic
denitrifying bacteria (Poole, 2005). The negligible effect
of NO versus NO2

� in our experiments appears to defy this
explanation, since NO is considered a much more potent
toxic intermediate in denitrification (Poole, 2005). How-
ever, bacteria in the slurry are not necessarily exposed to
the NO added to the headspace due to its rapid chemical
decomposition. In contrast, NO produced by chemical
decomposition of NO2

� in the slurry (which was found to
occur very fast) would represent a severe exposure. The
high denitrification rates at low pH �4.1 (Experiment 1)
and the dramatic increase in denitrification in response to
NO2
� (Experiment 4), could both be due to aerobic

denitrification triggered by the formation of nitrous acid
(HNO2), NO, or other products from NO2

� decomposition
at low pH.

Heterotrophic nitrification has been suggested to be of
importance in environments with low pH, particularly in
forest soils (Killham, 1990). Heterotrophic nitrifiers may
produce both NO3

� and NO2
� (Daum et al., 1998; Brierley

and Wood, 2001), and have been found to produce more
N2O than autotrophic nitrifiers under aerobic conditions
(Anderson et al., 1993). Wrage et al. (2001) suggests that
heterotrophic nitrification is a significant source of N2O at
low pH, high availability of organic material and high O2.
Moreover, heterotrophic nitrification is not inhibited by
C2H2 (Adams, 1986; Dalsgaard et al., 1995). On this
background, it could be hypothesized that NO2

� produced
by heterotrophic nitrification has induced the high
denitrification rates (found by C2H2) in the most acidic
soil in Experiment 1 (Table 2). This is particularly
interesting as heterotrophic nitrifiers have been found to
be aerobic denitrifiers as well (Robertson and Kuenen,
1990; Robertson et al., 1995).
The added NO2

� in Experiment 4 stimulated or induced
aerobic denitrification not only of NO2

� (or its products)
but also of NO3

� in both the acid and the almost neutral
soil. If we assume transient NO2

� accumulation or
continuous HNO2 formation from nitrifier produced
NO2
� at low pH (Weier and Gilliam, 1986a; Venterea and

Rolston, 2000), this can explain the high N2O emissions
found at low pH in Experiment 1 by denitrification. The
amount of nitrifier produced NO2

�, which is denitrified,
cannot be quantified in our experiments since only the
NO3
� pool was labelled. Therefore, the denitrification

contribution to the measured N2O is potentially under-
estimated. This implies that the high apparent N2O
product ratios for nitrification at low pH probably have
been a result of both biological and chemical denitrifica-
tion, both being enhanced by NO2

� from nitrification. The
role of nitrifier denitrification versus heterotrophic deni-
trification has not been examined here, but heterotrophic
denitrification was proven to occur since NO3

� was reduced
(Table 2 and 3). Our experiments illustrate the problems in
distinguishing nitrification and denitrification N2O
production experimentally. They also show the limitation
of the concept of ‘‘nitrification N2O product ratio’’ at very
low pH.
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