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Abstract
Purpose The responses of nitrification and denitrification are not well characterised at temperatures above 35 °C, which is the
focus of our study.
Materials and methods Soils collected from two dairy pastures (Victoria, Australia) were incubated at 10 to 45 °C in the dark for
5 to 10 days following amendment with 100 μg N g−1 either as NH4NO3,

14NH4
15NO3 or

15NH4
15NO3 (10 atom% 15N excess) at

50% water-filled pore space. To detect N2O from heterotrophic nitrification, acetylene (0.01% v/v) was used in a subset of
samples amended with 15NH4

15NO3. Atom% 15N enrichments of NO3ˉ, N2O and N2 were measured during the experiment to
evaluate the responses of nitrification and denitrification to temperature.
Results and discussion N2O production from the two soils increased with rising temperature and peaked between 35 and 40 °C.
N2O production from nitrification and denitrification both had similar thermal responses, which were different to N2 production.
The N2O/N2 ratio decreased from > 4 at 35–40 °C to 0.5 at 45 °C, due to greater N2 than N2O production in the Dermosol.
Heterotrophic nitrifiers oxidised NH4

+ and released N2O at 35–40 °C, suggesting a role for heterotrophs in N cycling under warm
climates. Topt for nitrification was between 35 and 40 °C, which is higher than reported previously. A short-term effect of high
temperatures could provide NH4

+ for the growth of crops but may also decrease soil C pools.
Conclusions Increasing temperature above 35 °C altered the rates of nitrification, denitrification associated N2O and N2 produc-
tion. Nitrification and denitrification peaked at 35–40 °C in the Chromosol and Dermosol. The production of N2 increased rapidly
above 40 °C, whichmay be related to high soil respiration rates that likely decreased O2 availability, thus expanding the anaerobic
microsites; such circumstances increased the reduction of N2O to N2 production from the Dermosol.

Keywords C pools . Heterotrophs . N2O reduction . N2O/N2 ratios

1 Introduction

Global surface temperatures have increased recently (NASA
2018), which will impact on the nitrogen (N) cycle, including

the release of nitrous oxide (N2O), a powerful greenhouse gas
that contributes to the destruction of stratospheric ozone
(Crutzen 1983; Pierzynski et al. 2005; Ravishankara et al.
2009). Increased temperatures influence soil organic matter
(SOM) availability, soil moisture, the growth of microorgan-
isms and enzymatic reactions, which may alter N losses from
soils as N2O emissions. Therefore, the effects of increased
surface land temperature on N2O emissions from soils in the
short-term and longer-term are of importance.

The thermal response of N2O emissions, which arise pri-
marily from nitrification (Schmidt 1982) and denitrification
(Tiedje 1988), has rarely been documented above 35 °C. It
is generally recognised that N2O emissions from soil increase
with rising temperature then peaks around 20 to 35 °C (Parton
et al. 2001). The composite models of Breuer and Butterbach-
Bahl (2005) use the temperature optimums (Topt) to describe
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N2O emissions from published data and supposes that nitrifi-
cation and denitrification have their own separate temperature
optimums. The difficulties of these models are that Topt for
nitrification and denitrification may vary with climatic re-
gions. Nitrification and associated N2O emissions had optima
at 20 °C in temperate soils (Malhi andMcGill 1982;Maag and
Vinther 1996) but between 30 and 35 °C in soils from warmer
regions (Myers 1975; Goodroad and Keeney 1984; Liu et al.
2015) as a result of the acclimation and/or adaptation of nitri-
fiers (Anderson et al. 1971; Stark 1996; Avrahami et al. 2003).
The greatest reduction of NO3ˉ by denitrifying populations
was found between 40 and 60 °C in the tested soils (Malhi
et al. 1990), while total denitrification (N2O + N2) was
maximised at 35 °C in a Dermosol (Lai and Denton 2018).
As denitrifying organisms can be adapted to mean annual
temperatures (Powlson et al. 1988), the thermal adaptation
of these microorganisms may influence their ability of con-
versions of NH4

+ to NO3ˉ and NO3ˉ to N2O or N2 at high
temperatures (> 35 °C), which are poorly understood. Thus,
the responses of NO3ˉ production, and N2O and N2 emissions
to high temperaturesare required.

The contributions of nitrification and denitrification to N2O
emissions may vary with temperature. Nitrification was the
major contributor (~ 70%) to N2O emissions at 4 °C but ~
30% of overall N2O at 35 °C in a silt loam soil (Gödde and
Conrad 1999). Using the same soil, Avrahami et al. (2003)
showed that nitrification produced 35–50% of total N2O emis-
sions between 4 and 25 °C and around 10% of total N2O at
37 °C. These findings, however, are in contrast to that reported
by Liu et al. (2016) that nitrification produced 74 to 86% of
total N2O production at 35 °C in an acidic gravelly loam soil
with 50 to 70% water-filled pore space (WFPS). In fact, these
studies did not measure N2O produced by heterotrophic nitri-
fication, which could be mistakenly attributed to denitrifica-
tion. Although heterotrophic nitrification accounted for 20%
of total N2O production at 21 °C (Bateman and Baggs 2005),
its thermal response is not documented. Thus, the response of
heterotrophic nitrification, as a source of N2O, to high tem-
peratures, is the focus of this study.

The influence of temperature on the reduction of N2O to N2

has been observed previously, but results are contradictory.
Rising the temperature between 5 and 25 °C did not impact
on denitrification and the N2O/N2 ratios (Focht 1974; Rudaz
et al. 1999). However, the N2O/N2 ratios were reported to de-
cline beyond 15 °C in others (Keeney et al. 1979; Avalakki
et al. 1995; Maag and Vinther 1996; Dobbie and Smith
2001). Soil N losses as atmospheric N2 are difficult to quantify
in field studies due to a high natural background of N2, so direct
measurement of 15N2 production from soil using labelled
15NO3ˉ in controlled experiments will improve our knowledge
of N2O reduction to N2 from soils at high temperatures.

Our objective was therefore to understand the short-term
impact of high soil temperatures on the reduction of NH4

+,

NO3ˉ and N2O from nitrification and denitrification. The
study was conducted on the two pasture soils, a Chromosol
and Dermosol, from south west Victoria, Australia. Soil sam-
ples were supplied at 100 μg N g−1 (unlabelled N and labelled
15N) after 7 days of pre-incubation and continuously incubat-
ed at 10 to 45 °C up to 10 days. Changes in 15N enrichment of
NO3ˉ, N2O and N2 were quantified to assess the thermal re-
sponses of nitrification, denitrification, associated N2O andN2

emissions.

2 Materials and methods

2.1 Study site and sample collection

The experimental soils (a Chromosol and a Dermosol, accord-
ing to the Australian soil classification (Isbell 1996)) were
collected from the upper 10-cm layer of the soil at two dairy
pasture farms in southwest Victoria, Australia. Intact soil sam-
ples (4.6 cm × 10 cm) were taken to maintain the soil structure
for measurements of the physical characteristics (bulk density,
gravimetric moisture content and soil texture) of the two soils.

The two soils differ in soil texture (Table 1) but appear to
experience a similar pattern of thermal condition (Fig. 1).
Briefly, the surface soil (0–10 cm) temperature recorded from
the field sites between April and November was 8–18 °C but
ranged from 19 to 46 °C between the December to March
summer season (Fig. 1). The two sites are not irrigated and
have an average annual rainfall of 745 mm (Chromosol) and
522 mm (Dermosol).

The experimental soils were sieved to remove the > 2-mm
fraction and thoroughly mixed to ensure uniformity. The
sieved soils were stored at field moisture in sealed containers
at 4 °C, 2 weeks before conducting the experiments. Some
characteristics of the top 10 cm of the two soils are provided in
Table 1.

2.2 Laboratory incubations

2.2.1 Sterilisation

To assess the release of N2O from chemical reactions,
autoclaving was used to eliminate biological activity from
the two collected soils. Soil samples (~ 1.5 kg of dry soil) were
autoclaved at 121 °C and 0.3 MPa for 20 min.

2.2.2 Pre-incubation

Non-sterilised soils were wettedwith distilled water to achieve
40% WFPS then placed into plastic bags with holes to allow
gas exchange with the atmosphere. All soil samples were pre-
incubated in dark condition at 25 °C (same temperature on
sampling period) for 7 days to enhance microbial activity in
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the experiments (Davidson 1991). Soil moisture was checked
every day and water added, if required, to maintain 40%
WFPS.

2.2.3 Incubation experiments

To study the response of overall N2O emissions from soils to
temperature, the first incubation experiment was conducted
using both the Chromosol and the Dermosol. Subsamples of
non-sterilised and sterilised soils (50 g dry weights equivalent)
were packed into PVC cores (ø37 mm × 42 mm deep,
10.75 cm2 surface area) to achieve the original bulk density
measured at field sites (Table 1). A solution of NH4 NO3 (2 ml
of 0.09 M) was added slowly onto the top of upright cores to
provide 100 μg N g−1 soil. This solution increased soil mois-
ture to 50%WFPS, which reflects the average soil moisture in
the field during summer (Fig. 1). All soil cores were placed
into 250-ml jars equipped with a rubber septum (Suba-
seal#25, Sigma-Aldrich, St. Louis, MO, USA). The jars were
placed into seven different incubators at constant temperatures
of either 10, 20, 25, 30, 35, 40 or 45 °C in the dark for 5 days,
using four replicate samples.

A second experiment was established to quantify N2O pro-
duction from nitrification and denitrification between 35 and
45 °C, the temperatures at which the greatest rates of these
processes were predicted to occur (based on results of exper-
iment 1), using the Dermosol. The Dermosol was selected in
this experiment because N2O emissions were more responsive
to temperature than those the Chromosol. Also, soil pH of the

Table 1 Some properties of
unamended soils used in this
study

Chromosol Dermosol

General

Location 38° 14′ S, 142° 55′ E 38° 10′ S, 142° 58′ E

Land use Rainfed dairy pasture Rainfed dairy pasture

Soil

Soil typea Brown Chromosol Black Dermosol

Texture Light fine sandy-clay loam Clay loam

Clay (%) 15.7 37.0

Silt (%) 24.4 21.0

Coarse sand (%) 5.9 9.0

Fine sand (%) 52.8 16.0

Gravel (%) 1.2 17

Bulk density (g/cm3) 1.02 1.12

Moisture content (− 33 kPa) (g water/g soil) 0.38 0.37

pHwater 5.4 6.2

NH4
+-N (mg N kg−1 dw) 16.5 12.8

NO3
−-N (mg N kg−1 dw) 6.2 8.5

Organic carbon (%) 4.06 5.24

Soils were sampled from 0 to 10 cm depth
a Australian Soil Classification (Isbell 1996)

Fig. 1 The variation in temperature and water content at study sites from
June 2012 until July 2013 for the a Chromosol and b Dermosol used in
these experiments. Lines indicate daily soil maximum (solid line) and
minimum temperature (dash line); bars present the average monthly
volumetric water content
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Dermosol (6.2) reduces the potential of N2O produced by
nitrifier-denitrification (Wrage et al. 2001), which was not a
focus of this study. After the pre-incubation as described in the
first experiment, a 15N-labelled technique (Bateman and
Baggs 2005) was applied to determine the rates of nitrifica-
tion, N2O produced by nitrification and denitrification.
Briefly, 2 ml of nitrate solutions (0.09 M), either as
14NH4

15NO3 or 15NH4
15NO3 containing 10 atom% 15N ex-

cess, was added to the soil cores to provide 100 μg N g−1 soil
(equivalent to 50 kgN ha−1). The addition of these N solutions
increased soil moisture to 50% WFPS (~ 0.31 g water cm−3).
To detect N2O produced by heterotrophic nitrification, acety-
lene was used in a subset of samples with 15NH4

15NO3 added.
An additional sample of each treatment was injected with
10 Pa of acetylene to inhibit autotrophic nitrification
(Yoshinari et al. 1977; Klemedtsson et al. 1988). Each soil
core was placed into a 250-ml jar with a gas-tight lid equipped
with a rubber septum (Suba-seal#25, Sigma-Aldrich, St Louis,
MO, USA) and the jars were incubated at 35, 40 or 45 °C in
the dark for 10 days, using four replicates.

2.3 Sampling and analysis

A 20-ml gas sample was taken from the headspace (228 ml) of
each jar using a Hamilton 50-ml gas-tight syringe (Hamilton
Company, Reno, VN, USA) at 0, 3 and 5 days after incubation
(experiment 1) and at 0, 3, 7 and 10 days after incubation (ex-
periment 2). The sample of gas was transferred into a pre-
evacuated 12-ml Exetainer (Labco, Ceredigion, UK) for mea-
surement of N2O and CO2 concentrations (experiment 1) and
N2O and CO2 concentrations and

15N enrichment of N2O and
N2 concentrations (experiment 2). After each gas sample collec-
tion, some soil cores were removed for the purpose of mineral N
analysis. Remaining jars were aerated by removing the lids and
the headspace was refreshed using a mini-fan for 5 min. Jars
were continuously incubated at the corresponding temperatures.

Soil samples for N analyses were taken from the removed
cores and homogenised. Approximately 10 g of moist soil was
mixed with 50 ml of KCl (2 M) then placed in a rotation
shaker for 1 h. The analyses of mineral N were performed
colorimetrically with an Auto-Analyser (AA3 HR, SEAL,
West Midlands, UK) using the hydrazine reduction method
for NO3ˉ (Kamphake et al. 1967) and the nitroprusside meth-
od for NH4

+ (Kaplan 1965). To quantify 15N enrichment of the
NO3ˉ pools, nitrate (

14NO3ˉ +
15NO3ˉ) in the extracted solu-

tion was trapped in acidic filter discs using the diffusion meth-
od (Brooks et al. 1989) and analysed on an IRMS (Hydra 20-
20, Thermo Scientific, Bremen, Germany).

2.4 Gas measurements

The N2O concentration of headspace gas samples was
analysed on a Varian 450 gas chromatograph (Agilent 7890,

Bremen, Germany) equipped with a 63Ni electron capture de-
tector (ECD) at 360 °C, using Pureshield Argon as the carrier
gas (35 ml min−1). Separation was carried out on a 1-m col-
umn (55 °C) packed with HayeSep Q 60–80 mesh (Haye
Separations, Bandera, TX). Trace gas isotope ratios (δ15/
δ14N) were determined using an isotope ratio mass
spectrometer—IRMS (Hydra 20-20, Thermo Scientific,
Bremen, Germany). The concentration of carbon dioxide
(CO2) in headspace gas samples was measured using a gas
chromatograph (Hewlett Packard 5890, Bremen, Germany)
fitted with a thermal conductivity detector (TCD) at 60 °C.
The separation was performed on a 1.5-m column (80 °C)
packed with Porapak Q, 50–80 mesh using grade A helium
(BOC, Australia) as the carrier gas (40 ml min−1).

2.5 Calculation of nitrogen transformation rates

The rate of N2O production from soils was calculated accord-
ing to Eq. (1):

N2O ¼ PV=RT �ΔC=Δt � m=w ð1Þ
where N2O is the rate of N2O production (μg N-N2O g−1 soil
day−1), P is the pressure of jar on sampling date (atm), V is the
volume of the headspace of jar (L), R is the universal gas
constant (0.082 L atm mol−1 K−1), T is the temperature on
the sampling date (K), ΔC/Δt is the change of N2O concen-
tration (μL L−1) per unit of time (day−1), m is the molecular
weight of N2O (44 g mol−1), and w is the dry weight of soil
(g).

The 15N2O was calculated according to Eq. (2) (Stevens
et al. 1993).

atom%15N2O ¼ 45Rþ 246R
� �

=2 1þ 45Rþ 46R
� �

� 100 ð2Þ

where atom%15N2O is the 15N content of the N2O in samples,
45R is isotope ratio of 45N2O/

44N2O and 46R is isotope ratio of
46N2O/

44N2O.
The production of 15N2O was calculated using atom% ex-

cess 15N and total N2O as Eq. (3):

15N2O ¼ atom% 15N excess� N2O ð3Þ
where 15N2O is the rate of 15N2O production (μg 15N-N2O g−1

soil day−1), atom% 15N2O excess is the 15N enrichment in
samples after subtracting the natural abundance of 15N in
unlabelled control sample (~ 0.37%) from the % atom 15N of
the sample (%) and N2O is the net rate of N2O production
from soil (μg N-N2O g−1 soil day−1).

Production of 15N2O from nitrification and denitrification
was calculated following the approach of Bateman and Baggs
(2005). Briefly, 15N2O derived from the 15NH4

15NO3 amend-
ment is attributed to denitrification and nitrification. The
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production of 15N2O from the 14NH4
15NO3 amendment is

attributed to denitrification only. The difference in 15N2O pro-
duction between 15NH4

15NO3 and
14NH4

15NO3 is attributed
to nitrification. Critically, atom% 15NO3ˉ pools differed be-
tween 14NH4

15NO3 and
15NH4

15NO3 over experimental pe-
riods, resulting in different 15N2O produced from denitrifica-
tion between two the amendments. This potentially led to
overestimation of the production of 15N2O from nitrification
as presented in Eq. (4).

15N2Ocontrol ¼ AþΔ ð4Þ
where 15N2Ocontrol is

15N2O produced by nitrification from
soil at room temperature using the approach of Bateman and
Baggs (2005). A is the absolute amount of 15N2O production
from nitrification; Δ is the error caused by difference in at-
om% 15NO3ˉ pools between

14NH4
15NO3 and

15NH4
15NO3.

At different incubation temperatures (t), Eq. (4) can be
expressed as:

15N2Ot ¼ AþΔð Þ � rt ð5Þ
where 15N2Ot is the production of 15N2O from nitrification
relative to incubation temperature (t) using the approach of
Bateman and Baggs (2005) and rt is the responsive rate of
15N2O from nitrification to incubation temperature (t).

When two temperature treatments are compared in relative
to control value, Eq. (5) can be presented as Eq. (6):

15N2Ot1 −15N2Ot2
� �

=15N2Ocontrol ¼ AþΔð Þ r1−r2ð Þ= AþΔð Þ
¼ r1−r2ð Þ ð6Þ

where t1, 2 present different incubation temperatures and r1, 2
are the responsive rates of 15N2O from nitrification to t1 and t2,
respectively.

The difference in 15N2O production between 14NH4
15NO3

and 15NH4
15NO3 + C2H2 (0.01% v/v) amendments is attribut-

ed to heterotrophic nitrification. The error caused by differ-
ence in atom% 15NO3ˉ pools between these amendments can
be eliminated similarly to the calculation of 15N2O from nitri-
fication (Eqs. (4)–(6)).

The calculation of 15N2 was based on Stevens and
Laughlin (1998). Briefly, molecular species with mass to
charge (m/z) ratios 28, 29 and 30 were separated using
IRMS. The intensity of the ion beams corresponding to
m/z 28, 29 and 30 was directly related to the isotopic com-
position of the N2. The ratio differences (δ) between nor-
mal and enriched atmospheres enabled the mole fractions
of the NO3ˉ in the soils that were denitrified (15XN) and the
fraction proportional to the amount of 15N-labelled N2 in
the headspace to be calculated using Eq. (7).

15XN ¼ 2 δ30R=δ29R
� �

= 1þ 2δ30R=δ29R
� � ð7Þ

where δ29R = (29N2/
28N2 in headspace) – (29N2/

28N2 in

ambient air) and δ30R = (30N2/
28N2 in headspace)

− (30N2/
28N2 in ambient air).

The amount of 15N-labelled N2 was then calculated using
Eq. (8):

15N2 ¼ δ30R= 15XN
� �2 ð8Þ

As 15N2 production was exclusively derived from 15N2O
during denitrification, since the labelled source of N provided
was 14NH4

15NO3, it was assumed that the measured ratio of
15N2O/

15N2 was equivalent to the ratio of N2O/N2 from deni-
trification, as indicated in Eq. (9):

15N2O=
15N2 ¼ N2O=N2denitrification ð9Þ

The gross rates of nitrification (n) were calculated using the
equations of Kirkham and Bartholomew (1954) and Davidson
et al. (1991), as indicated in Eq. (10):

n ¼ M 0−Mt

t
�

log
H0Mt

HtM 0

� �

log M 0=Mtð Þ ð10Þ

where n is nitrification rate (μg N g−1 soil day−1),M0 the total
NO3ˉ (μg N g−1 soil) at day 0,Mt the total NO3ˉ at day t (μg N
g−1 soil),H0 the

15NO3ˉ (μg N g−1 soil) at day 0,Ht the
15NO3ˉ

at day t (μg N g−1 soil) and t is time of incubation (days).
The percentage of N2O as a proportion of nitrified N (Pn)

were estimated using Eq. (11):

Pn ¼ N2On=nð Þ � 100 ð11Þ

2.6 Soil pH

Tomeasure pH, 5.0 g of dry soil sample was mixed with 25ml
of distilled water and shaken for 1 h. After allowing sediment
to settle for 30 min, the pH of the supernatant was measured
using an electrode. The measurements of pH were done on
four replicates at the beginning and the end of incubation in
each treatment to assess whether incubation temperature im-
pacted on soil pH.

2.7 Statistical analysis

The pooled ANOVA for measurement over time (Gomez and
Gomez 1984) was applied to determine the rate of change over
time of N2O production and mineral N concentrations. One-
way ANOVAwas used to determine the significant difference
among temperature treatments at the end of experiment. The
Tukey (HSD0.05) test was applied post hoc to identify specific
differences between treatments and to determine whether N2O
and N2 production varied significantly with temperature.
Statistical tests on ratios such as N2O/N2 were based on log-
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transformed data. All statistical analyses were performed
using Statistix 10.0 (Tallahassee, USA).

3 Results

3.1 The response of overall N2O emissions in soils
to temperature

The production of N2O was not detected in the sterilised soils
during the experiment (Fig. 2). In the presence of soil micro-
organisms, the production of N2O was dependent on incuba-
tion temperatures. The N2O production from biological pro-
cesses was low at 10 to 25 °C in the two tested soils and below
0.04 μg N2O-N g−1 soil over the 5 days of incubation. The
production of N2O in the two soils increased above 25 °C,
particularly in the Dermosol, where the greatest increase in
N2O production was found between 25 and 30 °C. In the
Chromosol, the production of N2O increased rapidly between
35 and 40 °C. The amounts of N2O production in both tested
soils peaked between 35 and 40 °C. At 45 °C, total N2O
production declined in the two soils (Fig. 2). Generally, N2O
production was more responsive to temperature in the
Dermosol than in the Chromosol (Fig. 2).

3.2 Production of 15N2O from nitrification
and denitrification

The rates of 15N2O production from nitrification and denitri-
fication (15N2OND) differed with temperatures between 35 and
45 °C (Fig. 3). Over the experimental period, the production
of 15N2OND was much greater at 35 to 40 °C than at 45 °C.

Denitrification was a significant contributor to 15N2O emis-
sions at 35 and 40 °C, accounting for 50–60% total 15N2O
emissions from tested soil (Fig. 3). The highest rate of 15N2O
production from denitrification was found at 35 °C, followed
by 40 °C, and the lowest rate was measured at 45 °C at all
sampling times (P < 0.05, Fig. 3). The rate of 15N2O produc-
tion from nitrification was 0.9 to 1.3 ng N g−1 day−1 between
35 and 40 °C in the first 7 days of incubation, with no signif-
icant difference between these temperatures (P > 0.05,
Fig. 3a). From days 7 to 10, the rates of 15N2O production
from nitrification declined slightly at 35 and 40 °C (Fig. 3cc).
At 45 °C, the production of 15N2O from nitrification was
relatively low (< 0.6 ng N g−1 day−1) during the experimental
periods (Fig. 3a, b).

The differences in 15N2O production between 14NH4
15NO3

and 15NH4
15NO3 + C2H2 (0.01% v/v) indicate that heterotro-

phic microorganisms nitrified 15NH4
+ and released 15N2O

emissions, since C2H2 inhibits autotrophic nitrifiers under
these conditions (Fig. 4). Cumulative 15N2O production from
heterotrophic nitrification, after subtracting 15N2O from the
background (14NH4

14NO3), was similar at 40 and 35 °C
(P < 0.05, Fig. 4). At 45 °C, there was a strong decrease in
15N2O production from heterotrophic nitrification.

3.3 The production of 15N2 and N2O/N2 ratios

The rates of 15N2 production from denitrification were much
lower than 15N2O production at 35 and 40 °C over 10 days
(Fig. 5). The N2O/N2 ratios from denitrification (equivalent to
15N2O/

15N2 in the
14NH4

15NO3 treatment) were 6.2 and 4.2 at
35 and 40 °C, respectively. The rate of 15N2 production in-
creased at 45 °C, where cumulative 15N2 production was two-
fold the amount of 15N2O production, resulting in a lower
N2O/N2 ratio of 0.5 compared to those at 35 and 40 °C
(Fig. 5).

3.4 Soil mineral N and enrichment of the 15NO3ˉ

The concentration of NH4
+ at 35 °C decreased slowly in the

first 7 days then declined faster from days 7 to 10 (Fig. 6aa).
At 40 °C, the NH4

+ pool decreased slightly in the first 3 days
but increased in subsequent measurements, reaching to 82 to
86 μg N g−1 on days 7 and 10. In particular, on days 7 and 10,
NH4

+ concentration was much higher at 45 °C than those at
lower temperatures throughout the experiment. The accumu-
lation of nitrogen to the NH4

+ pool at 45 °C was 300 μg N g−1

after 10 days (Fig. 6). NO3ˉ pools at 35 and 40 °C increased
constantly over the experimental period, reaching 75 and
72 μg N g−1 after 10 days of incubation, respectively
(Fig. 6bb). At 45 °C, NO3ˉ concentration remained stable
during the experiment (Fig. 6bb).

The enrichment of the 15NO3ˉ measured in soil follow-
ing addition of 14NH4

15NO3 decreased marginally over the

Fig. 2 The production of N2O from soils incubated at different
temperatures over 5 days following amendments of N fertiliser as
NH4NO3 at 100 μg N g−1 soil. Error bars are + 1 SE of four replicates
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experimental period at all temperatures (Fig. 6c), indicat-
ing the addition of 14NO3ˉ to total NO3ˉ pools from nitri-
fication. Atom% 15NO3ˉ decreased faster at 35 and 40 °C
than at 45 °C (Fig. 6c). At 35 and 40 °C, 15NO3ˉ was 6.5
atom% on day 3 and 3.5 atom% on day 10. At 45 °C,
15NO3ˉ was 8.1 atom% on day 3 then decreased to 6.0
atom% from day 7 to 10 (Fig. 6c).

3.5 The rates of nitrification and soil respiration

Gross nitrification rates (NO3ˉ produced from the oxidation of
NH4

+) were significantly greater at 35 and 40 °C than at 45 °C
at all measurement times (P < 0.05, Table 2). Gross nitrifica-
tion rates did not differ between 35 and 40 °C (Table 2). Rising
the temperature to 45 °C decreased rapidly the gross

Fig. 3 The response of 15N2O from nitrification and denitrification to
high temperatures in the Dermosol following amendments of N
fertiliser at 100 μg N g−1 soil over experimental periods of a 0–3 days,
b 3–7 days and c 7–10 days. Soil samples were maintained at 50%

WFPS. Different letters indicate significant differences in the sources of
15N2O among temperatures (lower letters for nitrification; upper letters
for denitrification) within each incubation period (P < 0.05). Error bars
are + 1 SE of four replicates

Fig. 4 Production of 15N-N2O in
the Dermosol added with
different forms of N solutions and
C2H2 over 10 days of incubation
at high temperatures. The
differences in 15N-N2O
between14NH4

15NO3 and
15NH4

15NO3 with C2H2 present
15N-N2O from heterotrophic
nitrification. Different letters
indicate significant differences in
15N2O produced by heterotrophs
among temperatures. Error bars
are + 1 SE of four replicates
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nitrification rate, which ranged from 2.1 to 3.4 μg N g−1 day−1

(Table 2).
The proportion of N2O to NO3ˉ (N2O/NO3ˉ) from nitrifi-

cation varied from 0.3 to 0.5% with temperatures during the
experiment (Table 2). The N2O/NO3ˉ ratios did not differ
across sampling times (Table 2).

Soil respiration measured by carbon dioxide (CO2) produc-
tion increased with rising temperature in the tested soil
(Table 2). The rate of CO2 production in the Dermosol was
much greater at 45 °C than at 35 and 40 °C over the experi-
ment (Table 2).

3.6 Soil pH

At the beginning of the experiment, the soil pHwater of the
Dermosol was 6.2 (± 0.006). At day 10, the pH was 6.0 (±
0.002) in the treatment at 45 °C. The pH decreased in soil
incubated at 35 or 40 °C. The largest decrease in the pH was
observed in the treatments at 35 °C, which had a mean value
of 5.8 (± 0.004) at the end of the experiment.

4 Discussion

The production of N2O increased with rising temperature and
peaked between 35 and 40 °C from the tested soils. The for-
mation of N2O through abiotic reactions was not detected in
the present study, although insignificant N2O from these pro-
cesses was measured previously in unamended soils (Bremner

1997; Jones et al. 2013; Heil et al. 2015). As N2O produced by
nitrifier-denitrification was reported to be negligible in soils
with pH > 5 and OC > 3% (Wrage et al. 2001), N2O emissions
from the tested soils were attributed to nitrification and deni-
trification. The N2O production was more responsive to rising
temperature in the Dermosol than the Chromosol, which may
be related to higher %clay and soil pH in the Dermosol
(Table 1), thus favouring denitrification. The result of 15N
experiment identified that the temperature optimum (Topt) for
nitrification is the same as that for denitrification, around 35
and 40 °C. This finding differs to the composite function by
Breuer and Butterbach-Bahl (2005) that supposes unique Topt
for each process. Although the composite function fitted to
published N2O production at 2 to 30 °C, this function does
not allow a decrease in N2O production at higher tempera-
tures. Our finding suggests a significant decrease in the N2O
production from nitrification and denitrification above 40 °C.
The same response function can be used to describe the pro-
duction of N2O from the two processes.

Greater production of N2 than N2O above 40 °C resulted in
lower N2O/N2 ratios in the Dermosol. The thermal response of
N2O/N2 ratios is not consistent in the literature. Increasing soil
temperature from 5 to 25 °C decreased the N2O/N2 ratios in
some studies (Keeney et al. 1979; Avalakki et al. 1995; Maag
and Vinther 1996; Dobbie and Smith 2001) but had no impact
in others (Focht 1974; Rudaz et al. 1999). The production of
N2 using C2H2 method (10 kPa) in the above studies was
likely underestimated because the method often failed to
completely inhibit the reduction of N2O due to the un-even

Fig. 5 The responses of 15N2O
production and reduction (or 15N2

production) during denitrification
to high temperatures in the
Dermosol, following
amendments of N fertiliser at
100 μg N g−1 soil as 14NH4

15NO3

at 10 atom% excess 15N (without
C2H2). Soil samples were
maintained at 50% WFPS.
Different letters indicate
significant differences in 15N2

production among temperatures
(P < 0.05). Black circles indicate
the ratios of N2O to N2. Error
bars are ±SE of four replicates
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distribution of C2H2 to the whole soil (Mosier 1980; Knowles
1990; Malone et al. 1998; Groffman et al. 2006; Yu et al.
2010a). Using a 15N approach in our study, 15N2 production
was found to increase up to 45 °C, while 15N2O production
decreased beyond 40 °C, resulting in low the N2O/N2 ratios
(~ 0.5). In agreement with the pattern of N2O/N2 ratio in re-
sponse to high temperatures (Lai and Denton 2018), this result
indicates a decoupling of N2 and N2O production to high
temperatures. Topt for N2 production was higher than Topt for
N2O production during denitrification. Decreased N2O pro-
duction at ≥ 40 °C may reflect a reduction of expression of
nitrite reductase (nirK) and nitric oxide reductase (norB).
Schmidt (2009) reported the reduction of nirK and norB ex-
pression with increasing NH4

+ concentrations from 0.2 to
10mM (equivalent to 140μgN g−1), which was also observed
at 45 °C in our study (Fig. 6a). The high cumulative NH4

+ at
45 °C appeared to become a limiting factor of N2O produced
by denitrification. Another possibility is that decreased O2 at
45 °C coupled with low dissolved O2 in soil water may ex-
pand the volume of anaerobic conditions, increasing the re-
duction of N2O to N2. Greater N2 production above 35 °C
suggests significant N loss as N2 emissions at high

temperatures from many Australian soils, which is seldom
measured as it is difficult to quantify N2 in the presence of a
high natural background.

The gross rate of nitrification (NO3ˉ production) was
greatest between 35 and 40 °C, which is higher than published
reports. Nitrification rates were previously estimated by the
differences in NO3ˉ concentrations between treatments with
and without 10 Pa C2H2 (Martikainen et al. 1993; Maag and
Vinther 1996; Garrido et al. 2002). As the C2H2 method does
not inhibit the activity of heterotrophic nitrifiers (Yoshinari
et al. 1977; Klemedtsson et al. 1988), the results of these
studies neglected the contributions of NO3ˉ from heterotrophs
to total nitrification. Using the changes in 15NO3ˉ and total
NO3ˉ, the gross rate of nitrification was found to peak around
35 to 40 °C. Evidence from the literature supports the premise
that nitrification potentials at these temperatures are likely due
to the activity of ammonia oxidising archaea (AOA) rather
than ammonia oxidising bacteria (AOB). Topt for AOA have
been reported between 35 and 40 °C but just around 25–31 °C
for AOB (Ouyang et al. 2017; Taylor et al. 2017; Duan et al.
2018). Importantly, the climatic region is believed to deter-
mine Topt for nitrification (Haynes 1986; Stark 1996) as a

Fig. 6 The concentrations of
ammonium (a), nitrate (b) and
15N enrichment of the NO3ˉ (c) at
different temperatures in the
Dermosol, following N
fertilisation with 100 μg N g−1 as
14NH4

15NO3 (10 atom% excess
15N). As the measured NH4

+ and
NO3ˉ did not differ by
temperatures at day 0, one bar is
presented. Soil samples were
maintained at 50% WFPS during
the incubation time. Error bars
are + 1 SE of four replicates
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result of physiological adaptation of AOA and AOB to local
temperature regimes (Stark 1996; Stark and Firestone 1996;
Avrahami et al. 2003). This explains why Topt for nitrification
vary across climates, at 20 °C for temperate soils (Malhi and
McGill 1982; Maag and Vinther 1996) but 30–35 °C in warm-
er soils (Sabey et al. 1959; Myers 1975; Liu et al. 2015).
Decreased 15NO3ˉ at 35 or 40 °C (Fig. 6c) during the exper-
iment indicates the functioning of ammonium oxidizers to
transform NH4

+ to NO3ˉ at these temperatures.
Heterotrophic nitrification, which produced 15N2O by

oxidising 15NH4
+ supply, had the same Topt as denitrification

and nitrification. Inorganic N has been assumed to be less
important than organic N compounds as a substrate for het-
erotrophic nitrifiers (Schimel et al. 1984; Islam et al. 2007).
However, the substrate selection of heterotrophic nitrifiers is
likely to be dependent on soil mineral N availability. In the
soils with high inorganic N contents, the use of organic N by
heterotrophs was inhibited (Bateman and Baggs 2005; Liu
et al. 2015). Thus, the addition of 100 μg N g−1 in the present
study may have allowed heterotrophs to oxidise the NH4

+

supply in preference to organic N and released 15N2O, partic-
ularly at 35 and 40 °C. The production of 15N2O from hetero-
trophic nitrification decreased at 45 °C, indicating the temper-
ature sensitivity of N2O produced by heterotrophic nitrifica-
tion under warm climates, which has not been previously
reported.

A rapid decrease in nitrification above 40 °C contributed
partly to the cumulative NH4

+ concentration in the tested soil.
A positive correlation between NH4

+ concentration and CO2

production (r = 0.86, P < 0.01) in the present study provides
the evidence for high rate of biologically mediated N
mineralisation at 45 °C, which is consistent with the temper-
ature sensitivity of NH4

+ accumulation in previous studies
(Sierra and Marban 2000; Zaman and Chang 2004; Lai and
Denton 2018). The results suggest a short-term impact of high

temperatures (> 40 °C) that could provide benefits for agricul-
tural systems such as releasing NH4

+ from SOM for the sub-
sequent growth of crops.When soil N existing as NH4

+ can be
highly conserved in dry summer conditions (Bronson et al.
1999), this N budget will be available for the following winter
crops.

High soil respiration rates above 40 °C can add more CO2

emissions to the atmosphere and potentially decrease soil or-
ganic carbon (SOC). Our results support the acceleration of
the losses of SOC with increasing temperature identified in
previous studies (Kirschbaum 1993, 1995; Schlesinger and
Andrews 2000; Conant et al. 2011). Although the losses of
SOC could depend on net primary production, which supplies
the inputs of C to soil, very high temperatures could decrease
SOC rapidly, as evidenced by a large amount of CO2 produc-
tion at 45 °C in our study (Table 2), providing a positive
feedback in the C cycle due to global warming.

The proportions of N2O derived by nitrification to NO3ˉ
production (N2O/NO3ˉ) were less than 0.5% and unresponsive
to temperature. A similar thermal response of NO3ˉ and N2O
production during nitrification explained a small variation in
the N2O/NO3ˉ ratio. The yields of N2O from nitrification are
consistent with the published values in the literature, indicat-
ing that temperature alone has a little impact on the N2O/NO3ˉ
ratio (Table 3). It appears to be more related to soil moisture,
the availability of O2 and NH4

+ in soils (Table 3). Reduced O2

availability in soil microsites is considered to have the greatest
impact on the N2O/NO3ˉ ratio. Data presented in Table 3 in-
dicate that the N2O/NO3ˉ ratio is greater than 1.0%when O2 is
< 1.5 kPa as the threshold. Although O2 availability likely
decreased with increasing temperatures in our experiment, it
presumably did not reach this threshold to trigger altering the
yields of N2O. Yu et al. (2010b) found that the yield of N2O
from nitrification may increase with fluctuating aerobic and
anaerobic conditions in soils with high NH4

+ concentrations,

Table 2 Gross nitrification rate (n: μgN g −1 day−1) and the proportion of N2O/NO3ˉ (Pn: %) from nitrification and carbon dioxide production (CO2: μg
C g −1 day−1) at different incubation temperatures after application of NH4NO3 to the Dermosol

Period Temperature (°C) HSD0.05

35 40 45

Days 0–3 n (μg N g−1 day−1) 7.07 ± 0.6a 6.81 ± 0.6a 2.83 ± 0.2b 2.69

Pn (%) 0.41 0.41 0.50

CO2 (μg C g−1 day−1) 63.4 ± 4.5b 82.1 ± 2.9b 125.2 ± 5.9a 18.2

Days 3–7 n (μg N g−1 day−1) 8.02 ± 0.7a 6.45 ± 0.5a 3.41 ± 0.7b 2.61

Pn (%) 0.52 0.33 0.39

CO2 (μg C g−1 day−1) 49.8 ± 3.8b 59.6 ± 6.0b 130.8 ± 8.2a 13.6

Days 7–10 n (μg N g −1 day−1) 6.59 ± 0.5a 5.96 ± 0.9a 2.12 ± 0.2b 0.88

Pn (%) 0.37 0.51 0.30

CO2 (μg C g−1 day−1) 43.7 ± 3.0b 62.6 ± 3.8b 132.5 ± 5.9a 19.8

Different letters indicate significant differences in nitrification rates among temperatures at 5%
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suggesting the potential interactive effect between land man-
agement (such as different tillage methods) and high temper-
atures, which regulate NH4

+ and O2 availability, on nitrifica-
tion and the N2O/NO3ˉ ratio. Future studies exploring fluctu-
ating temperatures are required to provide a better understand-
ing of the impact of temperature on the fraction of N2O from
nitrification.

The production of N2O from denitrification was simulated
more than that from nitrification by increasing temperature.
This finding supports previous studies (Gödde and Conrad
1999; Avrahami et al. 2003) in which denitrification
accounted for major N2O production at 35–37 °C in loam soils

(~ 30% clay). Our results, however, differ to those of Liu et al.
(2016), who found the dominant N2O produced by nitrifica-
tion at 25 and 35 °C in soil with 50% WFPS. The differences
could be due to the differential O2 availability induced by soil
texture and experimental conditions between the two studies.
At the same value of WFPS, the Dermosol (37% clay)
repacked into PVC cores induced a higher anaerobic volume
in the present study than in a Chromosol (19% clay, without
repacking) in Liu et al. (2016). Furthermore, as discussed,
rising temperature above 35 °C increased soil respiration rates,
decreasing further O2 concentration. This provided favourable
conditions for denitrification than nitrification since more

Table 3 The proportion of nitrified N as N2O at specified temperatures in the literature

Authorship Soil typea Methodb Relevant treatments N2O-N/nitrified N

Bremner and Blackmer (1979) Storden, Harps, Webster, Nicollet C2H2 0.1% v/v Different WC 30 °C 0.04–0.2%

Goodroad and Keeney (1984) Planosoil Direct measure 0.2/0.3 m3/m3 10–30 °C 0.08–0.15%

Tortoso and Hutchinson (1990) Agricultural soil Direct measure − 0.1 MPa 25 °C 0.02%

Martikainen et al. (1993) Forest soil C2H2 (2.5 kPa) 22% w/w 20 °C 0.03%

Maag and Vinther (1996) Sandy loam C2H2 (10 Pa) 55/70% FC 5 °C
15–20 °C

0.49/0.55%
0.18/0.33%

Ingwersen et al. (1999) Acid forest BaPS 70% w/w 5–25 °C 0.01–0.05%

Garrido et al. (2002) Luvisol
Calsisol
Rendosol

C2H2 (0.1–10 kPa) − 0.01 MPa 20 °C 0.08%
0.031/0.04%
1.0%

Cheng et al. (2004) Molisol
Alphiol
Aridisol

Direct measure 60% WFPS 25 °C 0.06–0.23%
0.08–0.36%
0.42%

Khalil et al. (2004) Orthic luvisol 15N 20.4 kPa O2

4.3 kPa O2

1.5 kPa O2

0.76 kPa O2

20 °C 0.16%
0.42%
1.09%
1.48%

Ambus (2005) Typic Hapludult 15N Field study 0.004–0.29%

Bateman and Baggs (2005) Silt loam 15N + C2H2 35% WFPS
50–60%WFPS

21 °C 0.53%
0.18%

Mathieu et al. (2006) Gleyic luvisol 15N 75% FC
150% FC

20 °C 0.13%
2.32%

Mørkved et al. (2006) Molic gleysol 15N − 10 kPa 5 °C 0.27–1.0%

Mørkved et al. (2007) Sapric histosol 15N 18.4 w/w 20 °C 1.4–7.6%

Carter (2007) Loamy sand 15N Field study 10 °C 0.02–0.29%

Galbally et al. (2010) Brown sodosol 15N Field study 10–25 °C 0.01–0.05%

Chen et al. (2010) Brown Vertosol Direct measure Inhibitors 5–25 °C 0.03–0.12%

Frame and Casciotti (2010) Nitrosomonas marina Cultures 15N + 18O 0.5–20% O2 22 °C 0.4–2.2%

Zhu et al. (2013) Sandy loam to clay loam 15N + 18O + C2H2 (0.01% v/v) 21 kPaO2
3 kPaO2
0.5 kPaO2

22 °C 0.08–0.11%
0.52–2.9%
6.9–8.3%

Liu et al. (2016) Chromosol 15N 85% WFPS
50–70% WFPS

25 °C
35 °C

0.61%
0.007–0.66%

Hink et al. (2018) Sandy loam C2H2/1-octyne 60% WFPS 30 °C 0.075%

C2H2 refers to the use of acetylene as nitrification inhibitor.
15N refers to the use of 15N isotopic tracers. BaPS refers to the barometric process separation

method
a Terminology for soil type is not standardised: usage varies from author to author
bMethod used for quantifying N2O by nitrification
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NO3ˉ could be initially encouraged to use as a TEA during
denitrification (Cho et al. 1997; Strong and Fillery 2002;
Gillam et al. 2008). Increased 15N2O production and de-
creased 15NO3ˉ (atom%) indicate the function of denitrifying
microorganisms, which were influenced by a combination of
high temperatures, soil moisture and soil texture. Increased
anaerobic conditions in soil microsites also enhanced the re-
duction of nitrous oxide to dinitrogen (N2O → N2) above
35 °C, since large amounts of N2O likely acted as the electron
acceptor in this reduction.

It is acknowledged that the 15N labelling technique used in
our study still has own its limitations in estimating N2O produc-
tion from nitrification and denitrification. This technique is not
able to quantify N2O produced by nitrifier-denitrification
(Wrage et al. 2005). This limitation was resolved by using the
Dermosol (pH of 6.0–6.2 and 5.2% OC) in the 15N experiment
since nitrifier-denitrification is apparently negligible in soils
with pH > 5.0 and OC above 3% (Wrage et al. 2001).
Another drawback is that atom% 15NO3ˉ pools differed between
14NH4

15NO3 and 15NH4
15NO3 or between 14NH4

15NO3 and
15NH4

15NO3+acetylene amendments, resulting in differential
15N2O produced by denitrification, which potentially lead to
overestimation of 15N2O from nitrification. The error is, how-
ever, eliminated when two temperature treatments are compared
relative to control values, as expressed in Eqs. (4), (5) and (6).
Moreover, the gross nitrification rates (NO3ˉ production) were
estimated using the standard method of Davidson et al. (1991)
that considers the changes of atom% 15NO3ˉ in relation to total
NO3ˉ pools (Eq. (10)) in the treatment with

14NH4
15NO3 added.

Therefore, gross nitrification rates in the current study were not
affected by the limitations discussed above.

5 Conclusions

The production of N2O from the Chromosol and Dermosol
increased with rising temperature and peaked between 35 and
40 °C, indicating high potential N losses as N2O emissions in
soils that experience seasonally high temperatures. The same
thermal response function can be used for N2O produced by
nitrification and by denitrification, but N2 production was best
described using a different function, since N2 production con-
tinuously increased above 40 °C, leading to lower N2O/N2

ratios (~ 0.5) at 45 °C in the Dermosol. The temperature sen-
sitivity of N2O by denitrification was greater than that by
nitrification, which may relate to high respiration rates that
have resulted in anaerobic microsites and encouraged the
use of NO3ˉ as a terminal electron acceptor during denitrifica-
tion. Heterotrophic nitrifiers released N2O by oxidising min-
eral N sources above 35 °C, which suggests their important
role in N cycling. The optimal temperature for nitrification is
around 35 and 40 °C, which is higher than previous reports. A
rapid decrease in nitrification at 45 °C contributed partly to the

high accumulation of NH4
+ concentration. A short-term effect

of high temperatures may have implications for agricultural
systems by releasing NH4

+ from SOM for the growth of crops.
The evidence from high rate of soil respiration at 45 °C re-
flects the potential losses of C from soil and may add greater
CO2 emissions to the atmosphere.
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