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SHORT COMMUNICATION

Temperature effects on N2O and N2 denitrification end-products for a New
Zealand pasture soil

RL Phillips*, AMS McMillan, T Palmada, J Dando and D Giltrap

Landcare Research, Palmerston North, New Zealand

(Received 29 July 2014; accepted 16 September 2014)

Denitrification results in the formation of two gaseous end-products: radiatively active greenhouse gas
nitrous oxide (N2O) and radiatively inert di-nitrogen (N2). Measuring N2 produced by soil
microorganisms has historically been difficult because of interference by high background concentra-
tions (780,840 ppm) of atmospheric N2. Here, we applied a new automated technique for simultaneous
measurement of the denitrification end-products N2O and N2. We tested the hypothesis that the
temperature response function (defined here as Q10) for N2O was greater than for N2 under anaerobic
conditions in the laboratory. The Q10 for N2O was 2.0 and the Q10 for N2 was 1.4, indicating
differences in sensitivity to temperature. Denitrified-N shifted towards N2O as temperature increased.
While moisture strongly controls the relative abundance of denitrification end-products, additional
experiments are needed to determine how a wider range of temperatures may affect N2O and N2.
Results could enhance understanding of temperature controls on N2O production and consumption
processes.

Keywords: anaerobiosis; biogeochemistry; nitrification; nitrogen; soil temperature

Introduction

Temperature, along with moisture, is one of the
most influential environmental factors affecting
rates of nutrient cycling and production of green-
house gases in soil (Kirschbaum 1995; Smith 1997).
Emissions of the greenhouse gas nitrous oxide
(N2O) and inert di-nitrogen (N2) are predicted to
rise in New Zealand as a result of continued dairy
expansion and application of nitrogen (N) fertili-
zers. However, few comprehensive quantitative
data are available indicating effects of temperature
on denitrification for New Zealand pasture soil.
Both N2O and N2 are gaseous products of denitri-
fication that may increase as soil temperatures rise
under climate change (Smith et al. 2003), yet it is
not known if the two major products of denitrifica-
tion (N2O and N2) will both increase similarly when
soil is exposed to higher temperatures.

Quantification of temperature effects on N2O
and N2 production can be problematic when factors
such as aeration status are not controlled due to
multiple source pathways leading to N2O emissions
(Castaldi 2000; Butterbach-Bahl et al. 2002). Con-
trolled studies are needed to understand and model
the effect of temperature changes on specific
processes contributing to production of N2O and
N2 (Wallenstein et al. 2006). Different microbial
processes that lead to N2O emissions respond to
temperature increases in different ways (Smith
1997). Anaerobic processes, such as denitrification,
need to be measured separately from aerobic
processes such as nitrification (Seitzinger et al.
2006). Exogenous N amendment temporarily
enhances rates of denitrification and/or nitrification,
such as after fertilization or urine deposition, but
these processes also occur as part of the endogenous
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N-cycle. Here, we aimed to determine in the
laboratory how temperature alone (in the absence
of N amendment) affects N2O and N2 denitrifica-
tion end-products under controlled, anaerobic con-
ditions for a silt-loam New Zealand pastoral soil.

At low oxygen and high moisture, denitrifica-
tion commonly results in emissions of N2O and N2.
Bacterial reduction of N2O to N2, however, requires
a specific enzyme (N2O reductase), which is
inhibited at low pH and high oxygen levels (Čuhel
et al. 2010). Induction of this enzyme, however, is
not expressed immediately following the onset of
anaerobiosis (Firestone & Tiedje 1979). Conse-
quently, production of N2 initially lags behind N2O.
Denitrification by heterotrophic bacteria to N2O
and N2 has been well studied, yet fungal archaean
denitrification pathways also lead to production of
N2O and/or N2 (Shoun et al. 2012; Long et al.
2013). Under highly acidic conditions, chemo-
denitrification (when NO2

− accumulates and reacts
with organic compounds to produce N2O and N2)
may also occur (Stevens & Laughlin 1998).

Temperature response curves have been
reported for N2O and N2 under variable field and
laboratory conditions using the acetylene-block
technique (Smith 1997; Holtan-Hartwig et al.
2002), which entails chemical inhibition of the
N2O reductase enzyme. Recently, direct measure-
ments of N2 (in the absence of chemical inhibi-
tion) were compared with N2 measurements using
the acetylene-block technique, and substantive
biases were reported (Qin et al. 2013). Butter-
bach-Bahl et al. (2002) reported temperature-
response curves for N2O and N2 in the absence
of acetylene inhibition of N2O reductase for forest
soils, but temperature effects were difficult to
ascertain with incubation methods using intact
soil cores. In this study, we chose to use sieved
soil at a moisture content known to stimulate
denitrification and N2O and N2 end-products
(Schindlbacher et al. 2004; Castellano et al. 2010).

Simultaneous measurements of N2O and N2

indicate how N2O produced in an anaerobic head-
space might link to N2 production, and how this
relationship changes with temperature (Butterbach-
Bahl et al. 2002). The ratio of N2O produced relative
to N2 may decrease with increasing temperature

(Smith 1997), and this relationship is supported by
a modelling study where climate scenarios driven
by Photosynthesis-Evapotranspiration-Model-Deni
trification-Decomposition-Model (PnET-N-DNDC)
indicated a lowering of N2O from European forests
in response to warming (Kesik et al. 2006). Pasture
is the dominant land use in New Zealand, but it is
unknown if denitrification end-products in soil
change as conditions warm. Changes in soil pH
(common following exogenous N addition), often
affect the denitrification end-product ratio by
inhibiting production of N2 to a greater extent
than N2O (Dannenmann et al. 2008). However, it is
not clear if increasing soil temperature inhibits
production of N2 to a greater extent than N2O. We
hypothesized that the temperature response for net
N2O production (measured as Q10) would be
steeper than for net N2 production for the upper
end of soil temperatures (from 19 to 35 °C). By
applying new, automated techniques for N2O and
N2 measurement (Molstad et al. 2007), we tracked
how temperature alone affected net emissions of
N2O and N2, and the ratio of N emitted as N2O
relative to total N emissions.

Methods

A pasture historically seeded with ryegrass (Lolium
perenne) and clover (Trifolium repens) and grazed
by sheep near Palmerston North, New Zealand (40°
23′ 1″S; 175° 36′ 36″E), was selected for this study.
Classification by New Zealand soil survey indi-
cates these are weathered, fluvial, recent soils
(Hewitt 1998), while the US Department of Agri-
culture indicates these are Dystric Fluventic Eutro-
chrept soils (Soil Survey Division Staff 1993).
These soils are common in New Zealand and are
referred to as Manawatu silt-loams. Climate records
(over 30 years) indicate an annual mean rainfall of
980 mm and mean monthly air temperatures
ranging from 9 °C in July to 18 °C in February.
The pasture was fenced to exclude grazing in winter
2013, and preliminary soil cores were collected on
20 August 2013 for determination of soil physical
properties. Six cores (10 cm in diameter, 10 cm
depth) were analysed for bulk density, particle size
distribution, particle density and intact-core
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moisture release at multiple matric potentials
(Gradwell 1972). On 15 April 2014, 20 additional
soil cores were collected, composited and sieved (2
mm mesh size). Subsamples of sieved soil were
used to determine nitrate and ammonium by
cadmium reduction using a continuous-flow ana-
lyser (Lachat Quick-Chem FIA 8000 Series, Lachat
Instruments, Loveland, CO, USA). Moisture
release at multiple matric potentials was also
determined on sieved soil. A total of 20 g equival-
ent dry weight was measured into 20, 125 mL
serum bottles from the bulked soil sample (Sigma
Aldrich, Part No. 98334, Milwaukee, WI, USA). A
total of 20 bottles were prepared and stored at 4 °C
for 3 days before initiating incubations. On the day
of incubation, five bottles were randomly selected
and wetted to 83% water-filled pore space (%
WFPS), then sealed with a butyl rubber/PTFE lined
septum and aluminium crimp seal (Grace Discov-
ery, Part No. 95584). Soils were allowed to
equilibrate for 1 h before anaerobiosis was induced
(Qin et al. 2014) by evacuating and flushing with
ultra-pure helium (He). Each day a fresh set of five
bottles were incubated at a different temperature,
starting at 19 °C on day 1 and ending with 35 °C on
day 4.

Anaerobiosis was achieved by evacuating bot-
tles for 10 min and flushing with ultra-high purity
(99.999%) He; this procedure was repeated three
times. The vials were placed on a rack and
immersed in a temperature-controlled water bath
under a Gilson GX-271 Liquid Handler (Gilson,
UK). Immediately after anaerobiosis was induced,
measurements were made using a robotized incuba-
tion system similar to that described by Molstad
et al. (2007). Briefly, the system monitors the
headspace concentrations of relevant gases (N2O,
N2, carbon dioxide [CO2] and oxygen [O2]) by
repeated gas sampling through septa of the serum
bottles. The gas samples were withdrawn by a
peristaltic pump, which returned an equal volume
of He to maintain atmospheric pressure. Headspace
dilution sources were taken into account when
calculating headspace concentration at each time
point for repeated measurements (Butterbach-Bahl
et al. 2002; Molstad et al. 2007). The gas chroma-
tograph (model GC-2010, Shimadzu, Kyoto, Japan)

was equipped with an electron capture detector
(ECD) for N2O and CO2, a flame ionization detector
(FID) for methane (CH4), and a thermal conductivity
detector (TCD) for N2 and O2. Headspace samples
were injected into the GC every 1.1 h over the 9 to
10 h incubation.

Calibration of N2 was performed using known
standard concentrations of 500, 2000, 5000 and
10,000 ppm. The coefficient of variation on replic-
ate N2 standards (4.5%) was calculated by running
15 replicate standards (500 ppm N2). The coeffi-
cient of variation on replicate N2O standards (1%)
was calculated by running 12 replicate standards
(1 ppm N2O). Gas concentration data, for both
headspace and dissolved gases (Wilhelm et al.
1977), were used to calculate fluxes based on the
linear portion of the time course (R2 > 0.9). Oxygen
data confirmed that conditions remained anaerobic
throughout the time-course incubation. Temperat-
ure response was estimated from flux (calculated
from gas concentration data) as the dependent
variable in an exponential function using Proc
NLIN, and the effect of temperature on flux was
evaluated in an analysis of variance using Proc
GLM (SAS Institute, Cary, NC, USA) for each gas
species. Temperature response was expressed as a
Q10 function (van’t Hoff 1989), which is a con-
venient tool for summarising observed responses
(Kirschbaum 1995) and used to describe N2O
fluxes in previous work (Phillips et al. 2012).
Concentration data at each temperature were plot-
ted to evaluate temporal changes in N2O reduction
and N2 production over the 10 h time-course.

Results

Soil particle size distribution was 34% sand, 47%
silt and 19% clay, with a pH of 5.7 and bulk density
of 1.08 g cm−3. Mineral N at the 2014 soil sampling
was 7mgNH4-N kg−1 and 5mgNO3-N kg−1.Mean
volumetric water content at saturation for intact soil
cores (100% WFPS) was 0.58 cm3 cm−3. Mean
volumetric water content at saturation (100%
WFPS) for sieved soils (<2 mm) was 0.68 cm3

cm−3. Since sieved soil was used in these incuba-
tions, %WFPS was calculated according to the
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moisture release curves constructed on sieved
soil data.

Mean fluxes for N2O, N2 and CO2 tended to
increase between 19 °C and 35 °C (Table 1), which
were calculated based on the linear portion of each
time course. For N2, fluxes between 30 °C and
35 °C did not incrementally increase to the same
degree as fluxes between 19 °C and 30 °C (Table
1), which contrasts with temperature responses for
N2O and CO2. Differences in the temperature
response functions between N2O and N2 affected
the amount of N emitted as N2O relative to total N.
The N2O product ratio, defined as N2O/(N2O+N2),
ranged from 0.65 at 19 °C to 0.76 at 35 °C.

The statistical model indicated that temperat-
ure significantly affected flux for all gas species
tested: N2O (F = 89.79; P < 0.0001); N2 (F =
5.64; P < 0.01); CO2 (F = 508.99; P < 0.0001).
Similarly, the N2O product ratio was also sig-
nificantly affected by temperature (F = 5.15; P <
0.05). Calculated Q10 values (95% confidence
intervals) were 2.0 (1.8 to 2.2) for N2O, 1.4
(1.1 to 1.6) for N2 and 1.6 (1.5 to 1.7) for CO2.
Applying the fitted model to each species, the
coefficient of determination for predicted versus
observed mean flux was 0.94 for N2O, 0.51 for N2

and 0.99 for CO2.
Concentrations of N2O and N2 in the head-

space followed distinct patterns at each incubation
temperature. The rise in headspace N2O concen-
tration to peak values occurred sooner than for N2.
As temperature increased, the time needed to
reach peak N2O and complete reduction of N2O
to N2 was shortened (Fig. 1). The increase in N2

was approximately linear between 3 h and 7 h at
19 °C and 25 °C and between 1 h and 3 h at 30 °C

and 35 °C. Peak headspace concentration was
achieved more quickly at the higher temperatures
for both N2O and N2.

There appeared to be a synchrony between
complete consumption of headspace N2O (where
N2O was zero) and a levelling-off in N2 headspace
concentration (Fig. 1). When headspace N2O
was near zero, N2 concentration plateaued near
5 mg N2-N kg−1 at all temperatures. Net N2

production was no longer evident when N2O was
no longer available in the headspace at 19 °C and
25 °C. At 30 °C and 35 °C, N2 concentration in‐
creased again after 8 h, suggesting (a) production
of N2O was balanced by rapid reduction to N2 and/
or (b) an alternative N2 production pathway (e.g.
co-denitrification) was invoked.

Discussion

Staggered synthesis of denitrification end-products
occurred in response to anoxia, resulting in initial
production of N2O followed by consumption of
N2O, in accordance with earlier studies (Firestone
& Tiedje 1979; Holtan-Hartwig et al. 2002).
Declines in N2O concentration after a period of
anaerobiosis suggest an increase in N2O reductase
activity (Qin et al. 2014). Following onset of
anaerobiosis, rates of N2O production exceeded
N2O reduction. Later in the time course, rates of
N2O reduction exceeded production, as shown by
increased headspace N2 without N2O accumula-
tion (Fig. 1). Since denitrification is a hetero-
trophic process, mineralization of organic matter
at higher temperatures could explain why pro-
tracted increases in N2 concentration were more
apparent at 35 °C than at 19 °C. Alternatively,
enhanced mineralization could have also fuelled

Table 1 Mean (± standard error of the mean) flux of three gaseous products from pasture soils at different
temperatures.

Net flux (µg gdw−1 h−1)

Gas 19 °C 25 °C 30 °C 35 °C

N2O-N 0.43 (0.06) 0.92 (0.07) 1.14 (0.07) 1.63 (0.20)
N2-N 0.38 (0.10) 0.55 (0.16) 0.73 (0.18) 0.14 (0.14)
CO2 2.71 (0.04) 4.06 (0.15) 6.49 (0.20) 8.03 (0.40)
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other anaerobic N2-production pathways that
require organic matter and produce N2, such as
co-denitrification (Long et al. 2013).

A fundamental difference between this work
and other N2 reports is the incubation conditions.
Here, we used fresh, un-amended soil that was not
completely saturated with water, which contrasts
with soil slurry incubations. Further, conditions
were not optimized to induce maximum rates of
N2O-reductase activity. For example, our results
contrast with Qin et al. (2014), where soil slurries
were amended with N substrate and conditions
known to maximize rates of N2O reduction.
Consequently, our actual rates of N2O-reductase
activity, reported as µg N2-N g−1 h−1 (Table 1),
are considerably lower than potential rates
(approximately 2.2 µg N2-N g−1 h−1) reported
by Qin et al. (2014).

The fraction of N gas emitted as N2O relative
to total N2O + N2 is likely to be highly variable
when nitrification and denitrification are occurring
at the same time (Stevens & Laughlin 1998). Like
Qin et al. (2014) and Qu et al. (2014), our results
represent anaerobic conditions only. Anaerobic
incubation conditions help to isolate aerobic from

anaerobic processes, but are limiting with respect
to field interpretation. Changes after the onset of
anaerobiosis reported here would be expected to
occur in newly created or growing anaerobic
zones in soil, as compared with emissions at the
surface comprised of both aerobic and anaerobic
processes (Smith 1997).

A review of laboratory incubations in this
temperature range using sieved soil from pasture
and arable lands indicates Q10 values for N2O
ranging from 1.7 to 4.8 (Goodroad & Keeney
1984), but higher values have been reported
(Castaldi 2000). McMillan et al. (2014) used
anaerobic incubations and found fluxes were domi-
nated by N2, with little or no N2O, but these
incubations were longer and measurements less
frequent. Similar to Qin et al. (2014), we foundmost
N2O was produced in the first 2 h after onset of
anaerobiosis. If measurements had been delayed
beyond 6 h, N2Owould not have been evident in the
headspace. Product ratios need to be considered
carefully (van Cleemput 1998), as they are highly
dependent on measurement timing.

We report initial results using a novel robotic
technique without N amendment to avoid influencing
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Figure 1 Mean concentrations of N2 and N2O during the time-course incubation. Each panel represents a unique set
of samples at a specific incubation temperature. Error bars represent ± standard error of the mean.
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end-products through changes in soil pH. We also
selected amoisture content conducive to production
of both N2O and N2 (Schindlbacher et al. 2004) and
temperatures at the upper end of those reported in
New Zealand. The Q10 values reported for denitri-
fication are known to vary with soil moisture
content and the range of incubation temperatures,
with greater Q10 values at higher moisture and
lower temperatures (Maag & Vinther 1996; Phillips
et al. 2012). Substantive N2O emissions after
rainfall occur during summer in New Zealand,
even in the absence of N amendment (Luo et al.
2000), but a broader range of temperatures need to
be evaluated in future studies.

Mathematical models aim to predict ecosystem
N2O flux, but do not always include exponential
temperature response functions for denitrification
(Parton et al. 1996). For the Denitrification
Decomposition (DNDC) model, the Q10 values
for N2O and N2 are both 2 (Li et al. 1992). Future
scenarios using the PnET-N-DNDC model pre-
dicted a shift towards lower N2O:N2 ratios at
elevated temperatures (Kesik et al. 2006). One
rationale for this prediction is that fewer electron
acceptors would be available, as anaerobiosis
proceeds more quickly at elevated temperature
(resource depletion), which might force denitri-
fiers to express the full chain of denitrification
enzymes (Butterbach-Bahl & Dannenmann 2011).
Here, anoxic conditions prevailed among all
temperature groups.

This work indicates that Q10 values for N2O
(2.0) and N2 (1.4) may not be equal under
anaerobic conditions. Ideally, a generalized model
for denitrification would include predictive equa-
tions with respect to temperature that are relevant
under both anaerobic and aerobic conditions, with
model-based estimates for the fractions of aerobic
versus anaerobic soil zones. Experiments aimed at
evaluating oxygen and microsite contributions to
N2O and N2 production (Wick et al. 2012) may
assist with spatially modelling the effects of
temperature. Additional studies into the factors
controlling denitrification end-products are needed
to address open questions regarding effects of
climate change on nitrogen cycling in agricultural
systems (Butterbach-Bahl & Dannenmann 2011).
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