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Ammonia volatilised and re-deposited to the landscape is an indirect N2O emission source. This study
established a relationship between N2O emissions, low magnitude NH4 deposition (0e30 kg N ha1 ), and
soil moisture content in two soils using in-vessel incubations. Emissions from the clay soil peaked
( < 0:002 g N ½g soil1 min1 ) from 85 to 93% WFPS (water ﬁlled pore space), increasing to a plateau as
remaining mineral-N increased. Peak N2O emissions for the sandy soil were much lower
( < 5  105 mg N ½g soil1 min1 ) and occurred at about 60% WFPS, with an indistinct relationship with
increasing resident mineral N due to the low rate of nitriﬁcation in that soil. Microbial community and
respiration data indicated that the clay soil was dominated by denitriﬁers and was more biologically
active than the sandy soil. However, the clay soil also had substantial nitriﬁer communities even under
peak emission conditions. A process-based mathematical denitriﬁcation model was well suited to the
clay soil data where all mineral-N was assumed to be nitriﬁed (R2 ¼ 90%), providing a substrate for
denitriﬁcation. This function was not well suited to the sandy soil where nitriﬁcation was much less
þ
complete. A prototype relationship representing mineral-N pool conversions (NO
3 and NH4 ) was proposed based on time, pool concentrations, moisture relationships, and soil rate constants (preliminary
testing only). A threshold for mineral-N was observed: emission of N2O did not occur from the clay soil
for mineral-N <70 mg ðkg of soilÞ1 , suggesting that soil N availability controls indirect N2O emissions.
This laboratory process investigation challenges the IPCC approach which predicts indirect emissions
from atmospheric N deposition alone.
Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Ammonia-N is volatilised from a wide range of human production systems and activities including animal production
(intensive and extensive), sewage treatment, and manure or inorganic fertiliser application to land. Ammonia, although not itself a
greenhouse gas (GHG), has the potential to form nitrous oxide
(N2O). Ammonia volatilisation sources are therefore recognised in
GHG inventory calculation protocols (IPCC, 2006). Ultimately, much
of the volatilised ammonia is assumed to be deposited from the
atmosphere onto land and ocean surfaces. Data suggests that some
of this deposition can be relatively close to the source. For example,
ammonia volatilisation from cattle feed yards results in adjacent
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nitrogen deposition, sometimes peaking within 75 m of the source
(Todd et al., 2008). However, it appears that most of the volatilised
ammonia (90%) is advected away from the source. In one study only
10% was deposited (dry deposition) within 4 km of the source
(Staebler et al., 2009). This estimate was similar to those of a previous study, where 3e10% of volatilised ammonia from a poultry
shed was observed to be deposited within 300 m of the source
(Fowler et al., 1998).
The factor for secondary N2O emissions from deposited
ammonia
employed
by
the
IPCC,
0.01
1
ðkg N2 O  NÞðkg NHþ
(IPCC, 2006), was based
3  N volatilizedÞ
on a limited range of northern hemisphere studies. Two key studies
involved the measurement of N2O emission from forest soils in
Germany (Butterbach-Bahl et al., 1997; Brumme et al., 1999),
another included a literature review and calculations based on
Netherlands-speciﬁc scenarios (Denier and Bleeker, 2005). Within
the inventory guidelines (IPCC, 2006) there is recognition that low
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deposition rates lead to low indirect emissions rates (based on
measurements from low ammonia depositions in Canada; Corre
et al., 1999), and a lower emission factor may be appropriate
(page 11.24, IPCC, 2006). The accuracy of this approach for varied
agricultural systems in other locations is unknown, and all of the
cited studies assumed ammonia deposition rates based on literature values (Pratt et al., 2015). However, actual measurement of
ammonia deposition rates suggests that these rates exhibit large
spatial variability. This variability may be dependent on the proximity to land uses that are strong volatilisation sources e.g. industrial processes, intensive livestock production, and sewage
treatment (IPCC, 2006).
However, deposition rate is unlikely to be the only controlling
inﬂuence on these indirect N2O emissions. A wide range of
geochemical factors are known to inﬂuence the microbial communities ultimately responsible for N2O emission from soils. These
include soil moisture (Firestone et al., 1989; Davidson et al., 1991,
2000), temperature (Dobbie and Smith, 2001), oxygen supply,
decomposable organic matter content, pH, and salinity (as
reviewed by Dalal et al., 2003).
There is an unﬁlled niche for a systematic investigation of the
inﬂuence of low magnitude ammonia deposition (rates that reﬂect
common ammonia deposition of volatilised NHþ
4 in agricultural
landscapes) and soil moisture conditions on N2O emission intensity. This investigation seeks to ﬁll this niche, collecting a high
resolution laboratory data set of the interrelationship between
moisture content, ammonia deposition, and their combined effect
on N2O emission for two soils. Our hypothesis is that the described
inﬂuence of ammonia deposition rate (IPCC, 2006), and moisture
content (Linn and Doran, 1984; Bouwman, 1998; Firestone et al.,
1989; Davidson et al., 1991, 2000) on N2O emission forms a
continuous denitriﬁcation relationship that can be quantitatively
characterised. As a tool to place the data in this context we use a
modiﬁcation of a previously published model (Xu et al., 1998) that
relates N2O emission to soil-resident mineral N (ammonia deposition plus pre-existing mineral-N) and moisture content (via a
stress function, ranging from 0 to 1). Our studies also revealed
several potential management approaches to decrease indirect N2O
emissions related to ammonia deposition or fertiliser use. It is
intended that our research will help elucidate some of the key
processes driving N cycling and GHG emissions relating to the
connected concepts of soil, manure and fertiliser management.
Indeed, as pointed out by Butterbach-Bahl et al. (2013), we still
understand very little regarding these dynamics.
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electrical conductivity (EC; Method 3A1); 2 M KCl extractable
ammonium-N (NHþ
4 -N) and nitrite þ nitrate-N by steam distillation

(NO
3 þ NO3 N; Method 7A1); total N by Dumas high temperature
oxidation (Method 7A5 and 6B2b); organic carbon (OC) content by
the method attributed to Walkley and Black (1934); cation exchange capacity via alcoholic 1 M ammonium chloride (Method
15C1); particle size analysis of the soil samples was carried out
using the hydrometer method described in Gee and Bauder (1986);
moisture content was determined at 105  C and reported on dry
basis.
Surface soil (0.01 m) bulk density was estimated from repacked
bulk density. Saturated water content was determined by slowly
immersing a 500 ml Buchner funnel ﬁlled with the soil in distilled
water, until the water level was coincident with the surface of the
soil. The soil remained immersed for 8 h before the moisture content was determined based on the ﬁnal weight less dry weight of
the soil and Buchner funnel. This method allowed the clay soil to
expand in response to the presence of water, allowing an estimate
of 100% water ﬁlled pore space (WFPS).

2.2. Gas sampling and analysis apparatus
Two analysers were employed to obtain gas concentration data.
This included a prototype FTIR closed path analyser (subsequently
commercialised as a Spectronus FTIR Analyser) and a Cavity Ring
Down Spectrophotometer (Picarro model 2130) allowed on-line
analysis for CO2 and N2O (one analysis minute-1) and NH3 (30 s
average values delivered every half second).
Sample gas was supplied to these analysers at a ﬂow rate of
2.5 l min1 (all ﬂow rates and gas volumes standardised to
101.325 kPa and 25  C), via an automated gas ﬂow manifold and a
vacuum pump (12 V KNF diaphragm vacuum pump; www.knf.
com). This ﬂow manifold (Fig. 1) was constructed to sequentially
deliver gas samples from 32, 1 L, vessels by opening and closing
inlet and outlet valves (a total of 64 SMC solenoid valves; www.
smcusa.com). The 64 solenoid valves were controlled by a single
board computer (Technologics Systems Embedded Arm TS42008160; www.embeddedarm.com) using four 8-relay boards (Technologics Systems TS-Relay8). Gas ﬂow was controlled by mass ﬂow
controller (Alicat MC series 10 L capacity; www.alicat.com) with
ﬂow rate set by the single board computer via serial communications (RS232 interface).

2. Materials and methods
2.1. Soil samples
Two soils representative of the surface 0.01 m of the proﬁle were
selected for the study and sampled with the permission of the
private land owners. Both soils were from the Darling Downs of
Queensland, but of very different character. The sandy soil was
collected from the A horizon of a Natrustalf (Soil Survey Staff, 1998),
classiﬁed as a Grey Sodosol soil in the Australian Soil Classiﬁcation
(Isbell, 2002). A self-mulching expanding clay soil, typical of the
highly productive broad acre cropping areas of the Darling Downs
was also collected. This soil was classiﬁed as a Vertisol (Soil Survey
Staff, 1998) and a Black Vertosol using the Australian Soil Classiﬁcation (Isbell, 2002).
Soil samples were sieved to pass a 2 mm mesh, representing the
disruption associated with cultivation at the sites, and retained in
the ﬁeld moist condition. The following analytical techniques as set
out in Rayment and Lyons (2010) were applied to the two soil
samples collected: pH in 1:5 soil:water suspension (Method 4A1);

Fig. 1. Gas sampling and analysis layout. The system consists of a common sweep gas
source (in this case ambient air), an array of inlet solenoid valves, reaction vessels, and
outlet solenoid valves (32 of each), leading to a Fourier Transform Infrared Spectrophotometer (FTIR) and a Cavity Ring Down Spectrophotometer (CRDS). Flow rates (via
mass ﬂow controller; MFC) and switching are controlled by a single board computer.
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The valve sequencing and MFC ﬂow control were accomplished
via python programming (Python Software Foundation, 2014),
based on timing (correction via network time protocol) and serial
communications from the Spectronus's valve control (RS485 protocol). A supply of sweep gas was connected in common to all 32
inlet valves (Fig. 1). For our experiments, ambient air was drawn
through a 21 l mixing drum to the sweep gas inlet.
2.3. Experimental design
In summary, the treatment for each soil allowed N2O emission
measurement over a wide range of NHþ
4 deposition rates and
moisture contents (air dry to 100% WFPS).
1
Treatments (from 0 to 30 kg of NHþ
4 -N ha ) were selected to be
representative of deposition over several months within a few
hundred metres of a feedlot (Staebler et al., 2009) and assuming
deposited N is retained in a soil depth of 0.01 m. Particular attention
was directed at collecting high resolution data at lower application
rates. In practice this involved applications of 0, and
0.000169e0.0202 g NHþ
4 -N rising in a geometric series. These
treatments were applied to 64 g of the clay soil and 84 g of the
sandy soil (based on bulk density of the surface of the self-mulching
vertosol of 0.95 kg l1; and 1.24 kg l1 for the sandy sodosol soil) in
92 mm diameter cylindrical reaction vessels (2 L) in the form of
ammonium chloride solution. Ammonium chloride is a common
atmospheric ammonia aerosol (Pilinis and Seinfeld, 1987; Allen
et al., 1989; Wexler and Seinfeld, 1990). Solution concentrations
were formulated such that additions raised the WFPS of the soils to
the targeted water contents (65 and 100% WFPS; 0 kg of NHþ
4N ha1 plus 14 deposition levels for 100% WFPS treatments, 0 kg of
1
NHþ
plus 15 deposition levels for the 65% WFPS treat4 -N ha
ments). Each soil was examined in separate experiments, with one
reaction vessel remaining empty to provide a blank (31 vessels with
treated soil þ blank). Additional treatments were subsequently
completed for the clay soil, at two N deposition levels (0.0066 and
0.0132 g NHþ
4 -N) and seven initial moisture contents between 64
and 96% WFPS.
Room temperature was controlled to 25 ± 2  C, and bottle mass
was monitored to assess the moisture content of each vessel every
second day. Valve sequencing was set to allow sweep gas through
each vessel for 10 min, followed immediately by 10 min of ﬂow
through the blank (640 min cycle), with ﬂow set to 2.5 l min1.
Ammonia and N2O concentrations in the sweep gas ﬂow were
continuously monitored (an NHþ
4 -N measurement every three
seconds and N2O every minute). Remaining mineral-N in each
vessel was estimated continuously from the initial soil mineral-N
forms, the NHþ
4 -N additions, and measured emissions of NH3 and
N2O. This estimation approach for remaining mineral-N was
assessed via mass balance for each vessel at the completion of the
experiment (using Dumas N, mineral-N, and the collected emission
data). This data combined with the detailed monitoring of vessel
mass allowed emission behaviour to be established over a detailed
mineral-N versus moisture content matrix. Importantly, this
minimized sample disturbance during the experiment period.
The emission measurement cycle was commenced a day before
treatments and soils were added to the vessels. Measurements
continued for a sufﬁcient period for drying processes to allow
emission measurements to be collected from saturated to air-dry
soil conditions (37 days for the clay soil, 25 days for the sandy soil).
2.4. DNA sequencing of peak emission samples
Eight additional reaction vessels were prepared for each soil,
identically prepared as for the emission experiment. These treatments were supplied with water applications and N rates observed

to maximise N2O emission. Moisture contents were maintained at
these levels daily. Half vessels received N treatments as NH4 Cl
while the remainder received N as KNO3 . Gas emissions were
monitored as described above, with the exception that a nitrogen
sweep gas was used for the KNO3 treatment (rather than ambient
air) to ensure anaerobic conditions. Sampling was conducted 5 days
after commencement, a point where previous experimentation
suggested N2O was strongly evident. Samples were immediately
placed in a cool box during transport from the experimental laboratory to the genomic laboratory and stored at 20  C for isolation
of DNA.
Total dsDNA was extracted from selected soil samples (0.25 g)
using Mo Bio Powerlyser™ PowerSoil™ DNA isolation kits
following manufacturers instructions (Mo Bio Laboratories, Inc.,
Carlsbad, CA, USA). To characterise bacteria and archaea communities, the small-subunit (SSU) region of 16S ribosomal DNA (rDNA)
gene from bulk DNA extracted from soil samples was ampliﬁed
using primers broadly targeting bacteria and archaea: 341F (50 CCTAYGGGRBGCASCAG-30 ) and 806R (50 -GGACTACNNGGGTATCTAAT-30 ). To proﬁle fungal communities, the fungal internal transcribed spacer (ITS) region was PCR-ampliﬁed using ITS1F (50 CTTGGTCATTTAGAGGTAA-30 ) and ITS2R (50 -GCTGCGTTCTTCATCGATGC-30 ) primers. Both 16S rDNA and ITS primers were modiﬁed
on the 5'end to contain the Illumina Nextera Adaptor i5 & i7 Sequences. PCR was performed using AmpliTaq Gold 360 master mix
(Applied Biosystems). Thermocycling conditions were as follows:
95  C for 5 min; 29 cycles of 94  C for 30 s, 50  C for 60 s, 72  C for
60 s; 72  C for 7 min. Amplicons were puriﬁed using Ampure
magnetic beads (Beckman Coulter). A secondary PCR with Illumina
Nextera XT v2 indices and Hi-Fidelity Takara Taq was performed to
index each amplicon. A unique index was used for each sample to
identify sequencing reads to sample. Amplicons were puriﬁed again
using Ampure magnetic beads. Puriﬁed amplicons were quantiﬁed
using Picogreen (Invitrogen) ﬂuorometry on the Quant Studio (Life
Technologies). Samples were normalised by pooling variable volumes of each amplicon in to a ﬁnal pool. Normalized samples were
set up for qPCR (KAPA Biosystems kit) on the Quant Studio and then
standardised to 4 nM prior to sequencing on the Illumina MiSeq
with 2  300 bp PE V3 chemistry. Sequencing was performed by the
Australian Genome Research Facility Ltd.
2.4.1. Accession numbers
Nucleotide sequence accession numbers. 16S rRNA gene and ITS
region amplicon sequencing data were deposited in GeneBank
(SRR2104394 and SRR2104399, respectively).
2.5. Emission modelling
Nitrous oxide emission processes were investigated in soil via
modiﬁcation of an existing soil process-based model (Water and
Nitrogen Management Model; WNMM) (Xu et al., 1998; Li et al.,
2007), selecting suitable parameters to better represent the system. These parameters are directly measurable, or determined by
characterizing the statistical distribution of emission variability.
The total rate of N2O emission (mg ðg soilÞ1 min1 ) can be
described by (similar to Xu et al., 1998, with the temperature term
removed):

qN2 O ¼ KD fw ðWÞ;

(1)

where KD is the ﬁrst-order emission coefﬁcient (deﬁned by the
measured maximal emission for the system) and is determined by
soil organic matter content, soil drainage, tillage applied, presence
of manure, climate, the occurrence of pans and fw ðWÞ is a water
stress function (ranging from 0 to 1) representing the effects of
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water stress via a relationship with the fraction of water ﬁlled pore
space (W). Our function is:

(mg ðg soilÞ1 ) and N0 is the initial soil nitrate concentration
(mg ðg soilÞ1 ).

fw ðW; mw ; a; bÞ ¼ NðW; mw ; a; bÞ=Nð0; 0; a; bÞ;
 

b
jW  mw j
exp 
NðW; mw ; a; bÞ ¼
2aGð1=bÞ
a

2.6. Bioinformatics

(2)

where W is the measured WFPS (as a fraction) and NðW; mw ; a; bÞ is
the generalised normal distribution with mean mw (the measured
WFPS representing peak emission) and measured variance of the
emission peak s2 ¼ a2 Gð3=bÞ=Gð1=bÞ, where G is the gamma
function (a; b are the scale/shape parameters respectively). This
equation also ensures that fw ðW; mw ; a; bÞ ¼ 1 when W ¼ mw . Note
that when b ¼ 2, equation (2) reduces to the normal distribution.
The effect of soil nitrate on the total rate of N2 O emission
(mg ðg soilÞ1 min1 ) via denitriﬁcation can be described by

i
h
qN2 O ¼ KD fw ðWÞ NO
3 ;

(3)

where ½NO
3  is the measured nitrate content of the surface soil
(mg ðg soilÞ1 ). An incremental development of this model (equation (3)) allows a nitrate-dependent effect on the fraction of water
ﬁlled pore space for peak emission (mw ), a, b and the threshold
effect of ½NO
3  on the N2O emission rate to be described:

h

NO
3

iM

qN2 O ¼ KD fw ðW; mw  c1 E; a þ c2 ; b þ c3 Þ h
;
iM
NO
þ KM
3
(4)

h
iM
KD NO
3
;
E¼h
iM
NO
þ KM
3

where KD is determined by the maximal N2O emission rate (as an
estimate of denitriﬁcation, subject to experimental validation), mw
is the fraction of water ﬁlled pore space for peak emission at low

[NO
3 ], a is the scale parameter for low [NO3 ], b is the shape
parameter for low [NO
],
c
;
c
;
c
describe
the
effect of [NO
1 2 3
3
3 ] on
the fraction of water ﬁlled pore space for peak emission, the scale
parameter and the shape parameter respectively, K is the [NO
3 ] for
half-maximal N2 O emission, and M determines the threshold effect
of [NO
3 ] on N2 O emission.
A model incorporating both nitriﬁcation and N2 O emission, with
some similarities to that of Mary et al. (1998), was also developed to
investigate the role of nitriﬁcation on emission and to characterise
soils based on their emission potential. Mineral N was partitioned

into pools of ammonium (½NHþ
4 ) and nitrate (½NO3 ). Mineralisation of organic-N to mineral-N was assumed to be small relative to
the mineral-N pool within the time-span of the experiment. The
two pool model is described by the coupled ordinary differential
equations:

h

2.7. Statistics
Cumulate emission curves and parameter relationships for the
collected data were ﬁtted by non-linear regression (nls procedure
in R; R Core Team, 2012). Surface splines and spline curves were
ﬁtted via loess techniques, each using R (Loess procedure in R; R
Core Team, 2012). Models (equations (2)e(5)) were ﬁtted to the
nitrous oxide emission data using linear and nonlinear regression
(Bates and Watts, 2007). Model residuals were analysed for homoscedasticity and normality. We assumed that the variances of
the deviations in measurements within response variables were
constant. Markov Chain Monte Carlo was used to determine the
standard errors in the model parameters (Gilks et al., 1996). Model
ﬁt was assessed using the correlation, slope and intercept between
the predicted and observed emission rate (Pieiro et al., 2008).
Pearson product moment correlation coefﬁcient and Kendall's tau
were used to describe the correlation between predicted and
observed emission. Calculations were performed in R and MATLAB
(R Core Team, 2012; The Mathworks Inc., 2012).
3. Results
3.1. Nitrogen recovery
The losses of NH3 from the treated samples ranged from a small
to substantial proportion of the treatment additions (0.4e15% for
the high clay vertosol; 0.2e20% for the sandy textured sodosol soil;
refer to contrasting characteristics of the two soils, Table 1).

Table 1
Soil characteristics (mean ± standard deviation).

i

dA
¼ bdðt  t0 Þ  KN NHþ
Aðt ¼ 0Þ ¼ A0
4  gðtÞ;
dt
i
h
dN
¼ KN A  KD fw ðWÞ NO
Nðt ¼ 0Þ ¼ N0
3 ;
dt

Paired-ends reads were assembled by aligning the forward and
reverse reads using PEAR (Zhang et al., 2014) (version 0.9.5).
Primers were trimmed using Seqtk (version 1.0). Trimmed sequences were processed using Quantitative Insights into Microbial
Ecology (QIIME 1.8) (Caporaso et al., 2010) USEARCH (Edgar, 2010;
Edgar et al., 2011) (version 7.1.1090) and UPARSE software. Using
usearch tools sequences were quality ﬁltered, full length duplicate
sequences were removed and sorted by abundance. Singletons or
unique reads in the data set were discarded. Sequences were
clustered followed by chimera ﬁltered using “rdp_gold” database as
reference. To obtain number of reads in each operational taxonomic
unit (OTU), reads were mapped back to OTUs with a minimum
identity of 97%. Using Qiime taxonomy was assigned using Greengenes database for 16S rDNA reads (DeSantis et al., 2006) or Unite
database (Unite Version 6 dated: 2 March 2015) for ITS reads
(Koljalg et al., 2005) providing genus-level resolution of
communities.

(5)

where KN is the rate of nitriﬁcation (day1 ), b is the concentration
(mg ðg soilÞ1 ) of added mineral N at time t0 (day), dðtÞ is the Dirac
delta function, W is the fraction of water ﬁlled pore space, KD is the
ﬁrst-order emission rate coefﬁcient (day1 ), fw is a water stress
function (equation (2)), gðtÞ is the measured rate of ammonia
volatilization, A0 is the initial soil ammonium concentration

Analysis
pH
EC
NHþ
4 N
NO
3 N
Dumas N
Organic C
Sand
Silt
Clay
CEC

Units
dSm1
mg kg1
mg kg1
%
%
%
%
%
cmol kg1

Clay soil
7.9 ± 0
0.21 ± 0
2.33 ± 0.25
33.86
0.114
1.29
47
14
38.7
31.3

±
±
±
±
±
±
±

0.47
0.008
0.04
1
0
0.6
0.6

Sandy soil
6 ± 0.1
0.03 ± 0
0.81 ± 0.08
2.43
0.03
0.48
93.3
3
6
1

±
±
±
±
±
±
±

0.32
0
0.05
0.6
0
0
0
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Recoveries of added N, based on ﬁnal mineral-N (the sum of NHþ
4

and NO
3 þ NO2 ) plus emitted N referenced to the nil addition
treatment, were close to complete (95±28% for the clay soil and
99 ± 17% for the sandy soil; mean ± standard deviation; calculated
for the 14 treatments of each soil where soil analysis mineral-N
exceeded nil treatment mineral N remaining by a factor of two, in
order to overcome detection limit issues).
In the clay soil, despite initial addition of N as NHþ
4 , only
5.9 ± 0.1% of resident soil mineral N was in that form at the end of
the experiment. Unlike the clay soil, simulated deposition of NHþ
4 
N resulted in little nitriﬁcation in the sandy sodosol soil. Between
40 and 100% of the resident mineral-N persisted in the NHþ
4 form,
and there was a strong relationship between added NHþ

N and
4
2
ﬁnal NHþ
4  N (R ¼ 0:96).
3.2. Dependence on WFPS and mineral-N
The three dimensional graphs of N2O emission versus soil
moisture and resident mineral N illustrate the process relationships
between emission and these control factors (Figs. 2 and 3). Emissions from the clay soil tended to peak from 85 to 93% WFPS,
increasing as mineral-N increased. Emissions of N2O from the sandy
soil peaked at a lower WFPS (about 60%).
A curvilinear trend of increasing N2O emission with resident
mineral-N is evident for the clay soil (Fig. 2). In contrast, no such
relationship was observed for the sandy soil (Fig. 3). Kendall's tau
values for the relationship between N2O emission and NO
3 concentrations under peak emission conditions (WFPS 55e65%) for the
sandy soil suggested that emissions were signiﬁcantly related to
the ﬁnal NO
3 concentrations (t ¼ 0:23, P < 0:001).

the observed NO
3  N concentration threshold for N2O emission
(Fig. 5), the ﬁt further conﬁrms that this threshold is statistically
signiﬁcant (M is signiﬁcantly greater than 1; P < 0:01).
The model incorporating nitriﬁcation (equation (5)) was ﬁtted
to the combined 31 treatments for each soil. The estimated model
parameters are KN ¼ 0:91±0:26 day1 , KD ¼ 0:0084±0:0026 day1 ,
mW ¼ 0:875±0:008 ðg waterÞ g1 ,
a ¼ 0:054±0:012,
b ¼ 2:50±0:58,
A0 ¼ 11:69±2:63 mg ðg soilÞ1 ,
and
N0 ¼ 22:04±2:66 mg ðg soilÞ1
for
the
clay
soil
and
KN ¼ 0:00024±0:000048 day1 ,
KD ¼ 0:00019±0:000087 day1 ,
1
mW ¼ 0:63±0:02 ðg waterÞ g , a ¼ 0:22±0:05, b ¼ 0:49±0:17,
A0 ¼ 7:33±0:43 mg ðg soilÞ1 , and N0 ¼ 22:97±0:2 mg ðg soilÞ1
for the sandy soil. The rate of nitriﬁcation (KN ) is signiﬁcantly
greater in the clay soil than the sandy soil (P < 0:001) and the
maximal rate of N2O emission (an estimate of maximal denitriﬁcation rate, KD , given the near complete N recovery values) is 45
times greater in the clay soil than the sandy soil (P < 0:01). The
moisture dependent emission parameters (mW , a, b) are also
signiﬁcantly different between the clay soil and the sandy soil
(P < 0:01).
The relationships between predicted (equation (5)) and
observed NO
3  N concentrations at the end of the trial were
strong for the clay soil (R2 ¼ 87%, the clay soil) though less satisfactory for the sandy soil (ﬁt not signiﬁcant for the sandy soil, due to
þ
NO
3 -N concentration being relatively close to zero). Final NH4
concentrations were well predicted for the sandy soil (R2 ¼ 98%,
the sandy soil; ﬁt not signiﬁcant for the clay soil, due to NHþ
4 N
concentration being relatively close to zero).
4. Discussion

3.3. Nitriﬁer and denitriﬁer communities

4.1. Nitrogen recovery

Examination of the relative abundance of identiﬁed OTU's
capable of nitriﬁcation and denitriﬁcation led to several general
observations (Table 2). Denitriﬁers were highly enriched in the clay
soil under the trial conditions where ammonium was added to the
soil (3:87±1:74% bacterial denitriﬁers; 0:36±0:11% fungal denitriﬁers). The soil also contained a substantial concentration of
bacterial nitriﬁers (2:54±0:33%; added ammonium), which is supported by the observed complete nitriﬁcation of added ammonium.
Bacterial nitriﬁers even persisted in the soil where only nitrate was
added (2:42±0:46%).
For the sandy soil, which was found to be signiﬁcantly less
biologically active than the clay soil (P < 0.001, T test, based on soil
respiration from the initially saturated treatments; clay soil
1; 434±342 mg of CO2 ðg soilÞ1 , n ¼ 16; sandy soil 853±128 mg of
CO2 ðg soilÞ1 , n ¼ 16), results indicated a low presence of bacterial
nitriﬁers when ammonium was added to the soil (0.61 ± 0.13%).
Relative abundance of fungal denitriﬁers was markedly small
(0:21±0:16%), though bacterial denitriﬁers were noticeably abundant in relative terms (16:92±3:58%).

In our study, resident treatment-N was approximated by the
difference of treatment-N less the emissions (NH3  N plus N2O-N).
This calculated value was validated using N recovery data from
sample analysis after completion of the experiment. During
method development and the conduct of the experiment any
disturbance of the soil, even bumping the vessel, could result in
erratic emission behaviour. Accordingly, soil sampling during the
measurement period was not conducive to effective data collection
and a different calculation approach to residual mineral-N was
adopted. Neither mono nitrogen oxide (NOx ) nor N2 losses were
measured during the trial. While it is likely that some emission of
these species did occur (Dalal et al., 2003), in this case mass balance
suggests that these were small.
The estimation approach is also supported by default inventory
values that suggest volatilisation of NH3  N þ NOx  N from synthetic fertiliser application ranges from 3 to 30% of the total N
applied (IPCC, 2006). Other studies indicate that the magnitude of
NO-N losses are of the same order of magnitude as N2 O  N
emissions (Sanz-Cobena et al., 2012; Abalos et al., 2013), and are
likely small relative to losses observed due to ammonia volatilisation (Stehfest and Bouwman, 2006; Yang et al., 2010). Some literature suggests that N2 emissions are likely comparable to N2O-N
emissions as moisture contents approach saturation (Dalal et al.,
2003), however, at lower moisture contents N2O-N emissions
dominate. Our mass balance data suggests that losses of the unmonitored species are likely small relative to the up to 20%
observed loss of added N as NH3 .

3.4. Model ﬁt
Equation (4) was applied to the clay soil emission data,
assuming that soil mineral N was retained entirely as NO
3 (Figs. 2
and 4). The relationship between measured and model predicted
N2O emission from the clay soil is strong (equation (4); R2 ¼ 0:90,
P < 0:001; Figs. 4 and 5). In this case, the estimated model parameters
are
KD ¼ 0:00154±0:00018 mg ðg soilÞ1 min1 ,
mw ¼ 0:896±0:016 g water g1 ,
a ¼ 0:0137±0:0062,
b ¼ 2:11±0:68,
c1 ¼ 0:0313±0:0182,
c2 ¼ 0:0434±0:0170,
c3 ¼ 1:64±1:41, KD ¼ 1:11  104 ±0:14  104 mg ðg soilÞ1 , and
M ¼ 4:13±0:98. Though equation (4) does not conform closely to

4.2. N2O emission dependence on WFPS and mineral-N
Emission values contributed a detailed three dimensional
landscape representing N2O emission dependence on WFPS and
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Fig. 2. Measured relationship between soil moisture (WFPS), mineral-N, and N2O emission for the clay soil. A surface plot based on loess smoothing is superimposed to assist
visualisation, in addition to the Equation (4) ﬁt.

mineral-N (Figs. 2 and 3). Emissions from the clay soil tended to
peak at higher moisture content than those from the sandy soil.
The high moisture contents at peak emissions for the clay soil is
consistent with the known effect of water ﬁlled pore space on
oxygen supply limitation (Davidson et al., 1991; Dobbie and Smith,
2001; Dalal et al., 2003), a known driver of denitriﬁcation
(Firestone et al., 1989; Khalil et al., 2004; Senbayram et al., 2009).
For the clay soil, nitriﬁcation was almost complete at the end of

the trial and N was dominantly in the form of NO
3 (mean 95%,
range 50e100%), providing the required substrate for denitriﬁcation. The relationship with mineral-N content for the clay soil
(Fig. 2) is likewise consistent with the understanding that N2O
emission requires a source of mineral-N, and this emission becomes more prevalent compared to N2 emission with a greater
supply of NO
3 (Swerts et al., 1996; Ball et al., 1997; Dalal et al.,
2003).
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Fig. 3. Measured relationship between soil moisture (WFPS), mineral-N, and N2O emission for the sandy soil. A surface plot based on loess smoothing is superimposed to assist
visualisation.

Emission of N2O also tended to increase as resident mineral-N
increased in the clay soil, however, this was not the case for the
sandy soil. Unlike the clay soil, simulated deposition of NHþ
4 N
resulted in little nitriﬁcation in the sandy sodosol soil. Suppression
of nitriﬁcation has previously been partly attributed to high
ammonia concentrations (Anthonisen et al., 1976), and this in turn
may have contributed to the low N2O emissions from this soil
(compare emission scales, Figs. 3 and 4), though a more recent
study questions this relationship (Hawkins et al., 2010). Moreover,
soil factors such as organic C (Table 1), microbial diversity, and
micronutrient status may also have caused different nitriﬁcation
rates in the two soils. Emissions from the sandy sodosol soil (Fig. 3)
are only a few percent of those from the clay soil, requiring
analytical resolutions that were much closer to the limits of the
FTIR instrument. It appeared that NHþ
4 added to the sandy soil was
unrelated to the ﬁnal NO
3 concentration (P z 0.95; signiﬁcance of
correlation and Kendalls tau).
Emission conditions applied to the samples in the microbial
community study corresponded to those that promoted maximal
emission in the emission experiment (clay soil, 87% WFPS,
0.0202
g
N sample1 ;
sandy
soil,
60%
WFPS,
0.00505 g N sample1 ). In the clay soil under these conditions,
where NHþ
4  N was added to the soil, denitriﬁers (dominated by
non-fungal OTUs) were highly enriched. A substantial community
þ
of bacterial nitriﬁers persisted whether NO
3 or NH4 was added.
However, the dominance of denitriﬁers in the clay soil under both
conditions, and the correspondence of near-saturation WFPS at
peak emission suggests that denitriﬁcation dominates N2O formation in this soil (Firestone et al., 1989; Khalil et al., 2004; Senbayram
et al., 2009). Therefore the simultaneous and almost complete

nature of nitriﬁcation of added NHþ
4  N in the emission trial may
suggest on-going nitriﬁcation processes within aerobic soil microsites (Zanner and Bloom, 1995; Abbasi and Adams, 1998).
The sandy soil was signiﬁcantly less biologically active and
displayed a low presence of bacterial nitriﬁers when ammonium
was added to the soil, much of which remained as NHþ
4  N at the
completion of the experiment. The relative abundance of denitriﬁers was markedly large in the sandy soil, being dominated by
bacterial rather than fungal forms (Table 2). Nevertheless, the absolute populations of these organisms may be exaggerated by the
relative abundances given the lower respiration of the sandy soil
compared to the clay soil (sandy soil respiration about 60% of clay
soil respiration). Taken together, the low respiration and the low
nitriﬁer activity in sandy soil, producing little of the substrate for
denitriﬁcation compared to clay soil, supports the low emissions of
N2O measured from the sandy soil compared to the clay soil. The
relative abundance of denitriﬁers in this soil, however indicates
denitriﬁcation as the likely source of the small N2O emission
measured.
For both soils it is possible that nitriﬁers contributed to emissions, despite the evidence for denitriﬁcation as the major source.
Additionally, no data was collected as to the contribution of
dissimilatory reduction of nitrate to ammonia, a fairly poorly
quantiﬁed source of N2O (as reviewed by Giles et al., 2012).
4.3. Modelling observed indirect N2O emission processes
The denitriﬁcation model (equation (4)) conformed well to the
clay soil emissions (Figs. 2 and 4), providing a quantitative relationship between WFPS, resident mineral-N, and N2O emission. In

M.R. Redding et al. / Soil Biology & Biochemistry 95 (2016) 288e298

295

Table 2
The list of nitriﬁer and denitriﬁer relative abundance values in the vertisol and
sodosol soils (absence indicated by “e”). All are the genus except for the class
Thaumarchaeota (Brochier-Armanet et al., 2008) and the family Nitrospiraceae
(Daims, 2014); Nitrospira and Nitrosovibri are well-known nitriﬁers (Watson et al.,
1989); Identiﬁcation of denitriﬁers is from Philippot et al. (2007) except for Trichosporon (Tsuruta et al., 1998).
Genus (%)

Clay soil
NH4

Nitriﬁers
Thaumarchaeota
1.89
Nitrospiraceae1
0.06
Nitrospiraceae2
e
Nitrospira
0.56
Nitrosovibrio
0.03
Summary
2.54
Bacterial Denitriﬁers
Streptomyces
0.96
Alicyclobacillus
0.09
Bacillus
2.36
Paenibacillus
0.07
Hyphomicrobium
0.02
Mesorhizobium
0.15
Agrobacterium
0.06
Rhizobium
0.06
Azospirillum
0.06
Burkholderia
0.01
Acidovorax
0.01
Cupriavidus
0.01
Dechloromonas
e
Pseudomonas
0.02
Summary
3.87
Fungal Denitriﬁers
Fusarium
0.36
Trichosporon
e
Summary
0.36

Sandy soil
NO3

± 0.22
± 0.02
± 0.08
± 0.01
± 0.33
±
±
±
±
±
±
±
±
±
±
±
±

0.3
0.05
1.25
0.03
0.01
0.02
0.01
0.02
0.02
0.01
0.01
0

± 0.01
± 1.74
± 0.11
± 0.11

NH4
± 0.36
± 0.01

1.89
0.04
e
0.47
0.02
2.42

± 0.08
± 0.01
± 0.46

0.89
0.1
3.27
0.09
0.02
0.18
0.07
0.07
0.1
0.01
0.02
0.01
0
0.01
4.85

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.03
0.7
0.02
0.01
0.01
0.02
0.01
0.02
0.01
0
0.01
0
0.01
0.94

0.43 ± 0.16
0±0
0.43 ± 0.16

NO3

0.45
0.03
0
0.13
0
0.61

±
±
±
±
±
±

0.07
0.01
0
0.04
0
0.13

0.48
0.03
0
0.14
0
0.65

±
±
±
±
±
±

0.1
0.02
0
0.03
0
0.16

2.38
1.31
10.91
0.78
0.02
0.27
0.03
0.46
0.02
0.7
0.01
0.03
0.01
0
16.92

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.27
0.09
2.53
0.23
0.02
0.02
0.03
0.27
0
0.1
0
0.02
0
0
3.58

3.2
2.07
13.86
0.84
0.02
0.28
0.12
0.38
0.03
0.88
0
0.03
0.01
0
21.71

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

1.15
1.09
3.8
0.23
0.02
0.05
0.19
0.33
0.02
0.22
0.01
0.02
0
0
7.11

0.21 ± 0.16
e
0.21 ± 0.16

0.2 ± 0.13
e
0.2 ± 0.13

isolation, the ﬁt of the model to the observation is not strongly
diagnostic that denitriﬁcation dominated N2O emission processes
rather than nitriﬁcation. However, the combined evidence of this
model, the dominant population of denitriﬁers, and the high

Fig. 4. Relationship between measured and model predicted N2O emission (equation
(4)) from the clay soil (R2 ¼ 0:90).

Fig. 5. A loess spline ﬁtted to follow the peak values of the clay soil data (Fig. 2; peak
WFPS ± 1%), illustrating that emissions do not signiﬁcantly rise until >0.07 mg resident
mineral-N g1. The spline (span 0.3) is bracketed by lines representing the upper and
lower conﬁdence interval of the mean (95%). The model (equation (4)) has also been
plotted.

moisture content at peak emissions for this soil (Firestone et al.,
1989; Khalil et al., 2004; Senbayram et al., 2009) all suggest that
denitriﬁcation may be the major source of these emissions. It was
evident during application of equations (1) and (2) that a good ﬁt
could only be achieved with this model by using a variable value of
the emission coefﬁcient (kd , equation (1)), dependent on the
moisture fraction for peak emission (mW ), the scale parameter (a)
and the shape parameter (b; linear relationships, P < 0.01). In
particular, it was apparent (Fig. 2) that a model that quantiﬁed the
relationships between peak emissions and WFPS, and the effect of
nitrate concentration on the magnitude of peaks may better suit
the data. Equation (4) has both of these characteristics, and conforms reasonably closely to the observed NO
3  N concentration
threshold for N2O emission from the clay soil, where it is assumed
that soil mineral N was retained entirely as NO
3 (Figs. 2, 4 and 5).
Nitrate-N concentrations in the clay soil were strongly dependent on the NHþ
4  N treatment rate, and nitriﬁcation appeared
almost complete. A WNMM-based model (Xu et al., 1998; Li et al.,
2007) with the addition of a moisture dependent emission coefﬁcient (kd , equation (1)) was therefore a sound choice, and this was
conﬁrmed by the ﬁt of equation (4) to the data.
Model ﬁt to the sandy soil was less satisfactory, possibly because
processes that emit N2O were largely absent. Biological activity in
the sandy soil was limited (respiration only 60% of that in the clay

soil). Oxidation of NHþ
4  N to NO3  N in the sandy soil is largely
incomplete and microbial community data indicated the presence
of a relatively small population of nitrifying organisms. These factors are reﬂected in the very low N2O emission from this soil,
though denitriﬁer community domination suggests that denitriﬁcation was the source of the small emission observed. Given this
scenario, especially the limited transformation of NHþ
4  N to the
denitriﬁcation substrate NO
3  N, it is unsurprising that equation
(4) provided unsatisfactory ﬁts: Equation (4) assumes added (and
pre-existing) mineral-N is converted to NO
3.
Introducing a component to predict the degree of nitriﬁcation of
mineral-N at a given point in time is perhaps the next step in
producing a more generally applicable extension of equation (4).
This approach was supported by correlation relationships between

296

M.R. Redding et al. / Soil Biology & Biochemistry 95 (2016) 288e298

N2O emission and NO
3 concentrations under peak emission conditions (WFPS 55e65%) for the sandy soil.
Though NO
3  N concentrations were measured before treatment and at the completion of the experiment, progressive concentrations are not available. These initial and ﬁnal data, however,
provide an opportunity for a preliminary evaluation of the relationship proposed to predict NO
3  N concentration (equation (5)).
Importantly, the relationships between predicted (equation (5))
and observed NO
3  N concentrations at the end of the trial were
strong for the clay soil though less satisfactory for the sandy soil
(though ﬁnal NHþ
4 concentrations were well predicted for this soil).
While these results are positive, further development of this model
is required, preferably with incremental analysis of mineral-N
species over time.
4.4. Implications
Nitrous oxide emission from soil proceeds only during the
process of nitrate or nitrite formation (nitriﬁcation emission) or
following nitriﬁcation processes (denitriﬁcation, assimilatory nitrate reduction, and abiotic nitrate/nitrite reduction) (Dalal et al.,
2003). The ammonia deposition simulated in our study aligns
well with these ﬁndings: a sandy soil with little nitrate formation
resulted in little emission, while a strongly nitrifying clay soil displayed strong emissions and a clear relationship between nitrate
concentration and emission. Validation of a nitriﬁcation relationship (e.g. equation (5)) would strengthen the ability of equation (4)
to predict the lower emissions from poorly nitrifying soils. However, using ammonia deposition as a surrogate for ﬁnal nitriﬁed
mineral-N in equation (4) is an effective representation of a worstcase scenario, in terms of emission losses.
Nitrous oxide emission from soil is also strongly related to soil
moisture content. This is evident from published literature (Dobbie
and Smith, 2001) and for both of the soils we studied.
Applying equation (4) to the soil moisture data collected from
the clay soil (Redding et al., 2015; moistures measured for 12
months at a depth of 75 mm using an in-soil moisture probe),
enables prediction of emission factors for a range of resident
mineral-N scenarios, conservatively assuming that all mineral-N

occurs as NO
3 and a temperature of 25 C (Fig. 6). The calculations for this ﬁgure hinge on the assumptions that deposited
mineral-N and moisture are distributed homogeneously to a speciﬁc depth (Fig. 6, panel B). While we are constrained by these
caveats of the data set, it nonetheless provides a valuable example
of how this type of model can be applied. Note that the peak
emissions of panel B (proportional emission versus resident
mineral-N per area) are limited by the emission plateau of Fig. 2.
Therefore proportional emissions in panel B tend to peak then
decline.
This exercise highlights the critical importance of the mixing
depth of nitrate in the soil where equation (4) is applied to calculate
emissions from areas of land. While the distribution of mineral-N in
soil proﬁles has been widely measured (e.g. Koehler et al., 2012), it
is controlled by site speciﬁc factors: management, climate, and
variation with time and in space. Given a 75 mm homogeneous
mixing depth of deposited NHþ
4  N, the range of mineral-N concentrations modelled (Fig. 6, panel B) corresponds to 0e249 kg
resident mineral-N ha1 (assuming soil upper cultivated layer bulk
density is 950 kg N ha1), with emission maximising as a proportion of resident mineral-N at around 130 kg ha1. Resident mineral
N of less than about 50 kg N ha1 would result in no signiﬁcant
indirect N2O emission (the threshold effect; 70 mg [kg of soil]1,
Figs. 5 and 6). A different scenario, with a mixing depth of 10 mm
would result in emission maximising at a resident mineral-N concentration of about 20 kg ha1.

Fig. 6. Maintaining lower surplus mineral-N in the soil decreases N2O emissions.
Application of equation (4) to one year of clay soil moisture data collected from the
ﬁeld (Redding et al., 2015), for a range of resident mineral N values (panel A). This
relationship is then applied to a range of hypothetical resident mineral-N scenarios
and for different depths of homogenous mixing (panel B).

Human inﬂuenced annual atmospheric N deposition values
have been measured, ﬁnding that most of the NHþ
4 volatilised from
these sources is likely to be advected away. In one study only 10%
was deposited (dry deposition) within 4 km of the source (Staebler
et al., 2009). A preceding study found that as little as 3e10% of
volatilised NH3 from a poultry shed was deposited within 300 m of
the source (Fowler et al., 1998). In these scenarios, the advected
plume of dispersing NHþ
4 may be re-deposited to the wider landscape, which will include a mosaic of less fertile areas and more
intensively managed agricultural land. This diluted deposition
would result in emissions that may be largely dependent on the soil
initial NO
3  N status rather than the deposition rate. Where
deposition occurs to the clay soil resulting in resident mineral-N of
less than 70 mg kg1, negligible N2O emission will result (under the
conditions investigated).
Close to the source, higher ammonia deposition rates are
observed. Within 700 m of a poultry barn deposition of
42e68 kg N ha1 year1 has been observed (Berendse et al., 1988).
Based on deposition traps sited immediately downwind of four beef
feedlots
(7e14
day
measurements),
deposition
of
29e172 kg N ha1 year1 was observed (McGinn et al., 2003).
Average deposition within 400 m of a feedlot, based on several
aerial surveys, was estimated at equivalent to 254 kg N ha1 year1
(Staebler et al., 2009). In another feedlot study, deposition was
<49 kg N ha1 year1 within 550 m of beef feedlot boundary,
maximising at 75e106 m (Todd et al., 2008). Given that 90% of the
volatilized NHþ
4 is advected away (and perhaps ultimately deposited over a much larger area), these values probably over-estimate
the median deposition rates.
This model and our observations suggest a range of emission
mitigation opportunities. Maintaining lower surplus mineral-N in
the soil decreases N2O emissions, and has potential to completely
eliminate emissions below the threshold value for the clay soil
(70 mg [kg of soil]1). Plant uptake (including crops and managed
pastures) would constantly act to decrease the mineral-N resident
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at any time, and may provide a viable and cost-effective tool to
decrease emissions.
This discussion of scenarios is a simpliﬁcation. Peak emission
moisture conditions at this site are concentrated in the summer
months. Also, where temperatures are substantially different, a
temperature dependent extension is required, or calibration for a
speciﬁc temperature range. A raft of approaches are likely to be
effective in this respect (e.g. Shaffer et al., 1991; Xu et al., 1998).
There also remains the need for ﬁeld validation to test these ﬁndings at a larger scale.
The IPCC default emission factor for secondary N2O is 1% (uncertainty range ¼ 0.2%e5%) of N added. However, the sharp
threshold relationship determined for N2O emission and resident
mineral-N (70 mg [kg of soil]1) highlights a fundamental ﬂaw in
the IPCCs current approach to predicting indirect N2O emissions:
i.e. these emissions aren't controlled primarily by N deposition
rates but instead by the amount of mineral-N remaining in the soil
(the sum of deposition and pre-existing mineral-N). This ﬁnding is
very important as it opens the potential to develop a soil-based
process understanding approach that allows prediction of N2O
emissions from N-sources added to agricultural soils (Fig. 6b). Field
validation of the modelling approach described here (equation (4))
may allow more rigorous, country speciﬁc determination of the
IPCC emission factors for both direct and indirect emissions.
An improved management-responsive approach to inventory
estimation, in addition to achieving greater calculation accuracy,
would have other beneﬁts. It may also provide an incentive for
improved management. The model ﬁtted here (equation (4)) suggests that for a range of management scenarios and region speciﬁc
conditions emissions are likely to be larger or less than indicated by
the inventory emission factor (1% of deposited N emitted as N2O,
IPCC, 2006). This type of simple modelling approach could form the
basis of a more region speciﬁc and management responsive inventory protocol.

5. Conclusions
Emission values contributed a detailed three dimensional
landscape representing the dependence of N2O emissions on WFPS
and mineral-N. Emissions from the vertisol (i.e., the clay soil)
peaked from 85 to 93% WFPS ( < 0:002mg N [g soil]1 min1),
increasing as resident mineral-N increased, up to a plateau. Substantial communities of bacterial nitriﬁers were present at the peak
emission conditions but bacterial denitriﬁers made up a larger
proportion of the community. Fungal denitriﬁers were less prevalent. Emissions of N2O from the sandy soil peaked at a lower WFPS
(about 60%; <5  105 g N [g soil]1 min1), with an indistinct
relationship with increasing resident mineral N. This difference was

associated with strong conversion of added NHþ
4 to NO3 in the clay
soil, but poor conversion in the sandy soil. Sandy soil N2O emissions
were only a few percent of clay soil emissions, mirroring the much
lower biological activity of this soil.
A process-based, mathematical model incorporating a relaþ
tionship involving soil NO
3 (where all added NH4 was assumed to
be nitriﬁed) and a moisture stress function was well suited to the
clay soil data (R2 ¼ 90%). This function was not well suited to the
sandy soil, where nitriﬁcation was much less complete. Preliminary
investigations of a relationship representing mineral-N pools (NO
3
and NHþ
4 ) was conducted but further investigation is required.
A threshold effect was observed in the vertisol where resident
mineral-N did not result in increased N2O emissions until concentrations exceeded a threshold concentration (about 0.07 mg (g
of soil)1), indicating potential for managements that minimise
N2O emission.
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The model (equation (4)) ﬁtted to the clay soil data suggests that
in a range of scenarios emissions can be greater than, or substantially less than, indicated by the current inventory approach under
different regional and management conditions. This management
responsive emission calculation approach could provide a more
effective incentive for improved nutrient management.
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