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normal distributed data in a more defensible manner than conventional statistical methods allow. This method
allowed for a national scale comparison of EFs between the most commonly applied mineral fertilisers based
solely on previously published data (UK and Ireland in this case). The study shows that ammonium nitrate (AN)
and Calcium ammonium nitrate (CAN) are the largest emitting fertiliser types by mass across the British Isles
(temperate climate zone), with EFs of 1.1 (1.0-1.2) % and 1.0 (0.7-1.3) % for all recorded events, respectively;
however, emissions from AN applications were significantly lower for applications to arable fields (0.6%) than to
grasslands (1.3%). EFs associated with urea (CO(NH,),) were significantly lower than AN for grasslands with an
EF of 0.6 (0.5-0.7) %, but slightly higher for arable fields with an EF of 0.7 (0.4-1.4) %. The study highlights the
potential effectiveness of microbial inhibitors at reducing emissions of N,O from mineral fertilisers, with
Dicyandiamide (DCD) treated AN reducing emissions by approximately 28% and urea treated with either DCD or
N-(n)-butyl) thiophosphorictriamide (NBTP) reducing emissions by approximately 40%. Although limited by a
relatively small sample size (n = 11), urea treated with both DCD and NBPT appeared to have the lowest EF of
all treatments at 0.13 (0.08-0.21) %, highlighting the potential to significantly reduce N,O emissions at regional
scales if applied instead of conventional nitrogen fertilisers.

1. Introduction

Modern day intensive agriculture requires the frequent application
of nutrients (often in the form of mineral nitrogen (N) fertilisers) to
keep productivity high, resulting in a significant distortion of the nat-
ural N cycle (Fowler et al., 2013; Reay et al., 2012). The N uptake by
crops of applied mineral fertilisers (nutrient use efficiency, NUE) is
frequently low, accounting for less than 50% of the total N applied
(Lassaletta et al., 2014; Raun et al., 2002). Global annual application of
N is in excess of 100 Tg N (Lu and Tian, 2017), resulting in > 50 Tg of
N lost to the environment each year. Environmentally damaging forms
of N produced as losses from these systems include nitrate (NO3 ™) run-
off into water systems (Di and Cameron, 2002) and emissions of am-
monia (NH3) (Bouwman et al., 1997), nitrogen oxides (NOy) (Davidson
and Kingerlee, 1997) and nitrous oxide (N-O).

N,O is a powerful long-lived greenhouse gas (GHG) with a global
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warming potential over 300 times greater than an equivalent volume of
carbon dioxide (CO,) (IPCC, 2014). In the stratosphere, N,O is the
single largest contributor to depletion of the ozone layer, and is likely to
remain so for the foreseeable future (Ravishankara et al., 2009). The
majority of anthropogenic emissions of N,O are due to the in-
tensification of the naturally occurring processes of microbial ni-
trification (the conversion of NH,* to NO5;~) and denitrification (the
conversion of NO3~ to N,), for both of which N,O is a by-product
(Davidson et al., 2000; Butterbach-Bahl et al., 2013). It is estimated that
agricultural sources contribute to 60 to 70% of anthropogenic N,O at a
global level (Syakila and Kroeze, 2011; Tian et al., 2019), pre-
dominantly as a result of the application of mineral nitrogen fertilisers
and application of livestock manures, and these emissions are set to
continue increasing as the global population grows and demand for
food continues to rise (Mosier and Kroeze, 2000).

Currently, the Intergovernmental Panel on Climate Change (IPCC)
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Table 1
All studies from which N,O EF data was extracted for use in this study.
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Reference Site locations of fertiliser application Field Type Number of separate EF
events
Published Studies
(Abdalla et al., 2009) Carlow (I) Grass & 8
Arable
(Baggs et al., 2003) Wye Estate (E) Arable 6
(Bell et al., 2015) Gilchriston (S), Rosemaund (E), Woburn (E) Arable 24
(Cardenas et al., 2019) Crichton (S), Drayton (E), Hillsborough (NI), North Wyke (E), Pwllpeiran (W) Grass 45
(Cowan et al., 2019a) Easter Bush (S), North Wyke (E), Abergwyngregyn (W) Grass 33
(Cowan et al., 2019b) Easter Bush (S) Grass 10
(Dobbie and Smith, 2003) Glencourse Mains (S), Bridgets (E), North Wyke (E), Aberystwyth (W), Grange-Over-Sands (E), Grass & 12
Sutton Bonington (E), Boxwoth (E), Gleadthorpe (E), Brooms Barn (E) Arable
(Harty et al., 2016) Moorepark (I), Hillsborough (NI), Johnstown Castle (I) Grass 32
(Hinton et al., 2015) Gilchriston (S) Arable 9
(Jones et al., 2005) Glencorse (S) Grass 4
(Krol et al., 2017) Johnstown Castle (I) Grass 5
(Misselbrook et al., 2014) Gleadthorpe (E), North Wyke (E), Newark (E), Sampford Chapple (E), Boxworth (E), Cockle Park  Grass & 24
(E) Arable
(Roche et al., 2016) Marshaltown (I) Arable 10
(Skiba et al., 2013) Easter Bush (S) Grass 16
(Smith et al., 2012) Rowden (E), Crichton (S), Hillsborough (NI), High Mowthorpe (E), Bush Estate (S), Terrington Grass & 137
(E), De Bathe (E), Boxworth (E) Arable
AEDA data
(SRUC, 2017a) Dumfries (S) Grass 38
(SRUC, 2017b) East Lothian (S) Arable 10
(ADAS, 2017a) Ceredigion (W) Grass 38
(ADAS, 2017b) Warwickshire (E) Grass 38
(Rothamsted Research-North Bedfordshire (E) Arable 29
Wyke, 2017a)
(Rothamsted Research-North Devon (E) Grass 38
Wyke, 2017b)
(AFBIL, 2017) County Down (NI) Grass 46
(ADAS, 2017c¢) Herefordshire (E) Arable 29

(E) England, (I) Rep. of Ireland, (NI) Northern Ireland, (S) Scotland, (W) Wales

estimates that 1% of N applied in the form of mineral fertiliser is
emitted as N,O as a result of microbial processes (the so-called “emis-
sion factor”); however, the uncertainty in this is estimated to be large
(0.03 to 3%) due to the wide range of experimentally derived emission
factors (EFs) observed at a global scale on which this estimate is based
(0-89%; Stehfest and Bouwman, 2006; IPCC 2014). The variability in
experimental results between studies is attributed to numerous en-
vironmental and management factors which influence microbial ac-
tivity in agricultural soils. Soil aerobicity is believed to be important in
determining whether aerobic (nitrification) or anerobic (denitrifica-
tion) processes dominate (Bouwman, 1996; Miiller et al., 2004), thus
the soil properties that control oxygen availability such as water filled
pore space, bulk density, clay content and soil porosity are believed to
play a major role in the variability of N,O EFs (Davidson et al., 2000;
Flechard et al., 2007; Skiba and Ball, 2006). Other factors have been
linked with N,O emissions, such as soil pH (Stevens et al., 1998),
temperature (Smith et al.,, 1998), carbon availability (Weier et al.,
1993) and presence of particular microbial species (Butterbach-Bahl
et al., 2013). Although individual studies have shown the significance
of each of these variables, there is still no reliable process-based model
capable of replicating N,O emissions at the plot or field scale.

As most nations have made binding agreements to reduce their
emissions of greenhouse gases such as N,O (i.e. the 1992 Kyoto
Protocol and the 2015 Paris Agreement), the ability to accurately report
emissions at national scales is of increasing importance. Over 70% of
the land area in the UK and Ireland is classed as agricultural in nature,
and much of this land is intensively managed with the frequent use of
mineral fertilisers. The two most common synthetic N fertilizers used in
the UK are ammonium nitrate (AN) and urea (CO(NH,),) (approxi-
mately 40% and 10% of applied mineral N, respectively) (BSFP, 2017).
The application of AN (including calcium ammonium nitrate (CAN))
and urea account for 2.2 of the 3.9 Tg of synthetic N applied annually in
Great Britain (BSFP, 2017). In the Republic of Ireland, CAN accounts for

approximately 30-49% of N applied (AN is commercially unavailable
across the island of Ireland), with urea contributing to 10-12%
(Teagasc, 2019).

Several methods have been tested to mitigate N pollution as a result
of the application of mineral fertilisers. Among the most promising is
the use of microbial inhibitors which directly target and slow a specific
biological pathway (Abalos et al., 2014; Modolo et al., 2015). These
inhibitors work by slowing the availability of N released from a ferti-
liser, allowing for the crop to uptake more of applied N at its own rate
of growth, outcompeting other loss pathways. Microbial inhibitors have
been shown to reduce Nr losses for both N,O and NH; under laboratory
conditions and in field trials, but with varying success (Sanz-Cobena
et al., 2014; Ni et al., 2014; Singh et al., 2013; Rose et al., 2017; Ruser
and Schulz 2015). There are positive studies which promote the pol-
lution reducing capabilities of these chemicals (Misselbrook et al.,
2014); however, questions remain over the overall effectiveness of the
inhibitors. This is especially true for nitrification inhibitors, which face
claims that potential reduction of N>O emissions may increase NH;
emissions, due to the longer residence time of ammonium (NH4*) in
the soil which can increase volatilization (Lam et al., 2016; Zaman
et al., 2009). Although commercially available, these inhibitors are not
yet used in significant amounts globally due to their higher costs.
However, this can vary, and inhibitor treated urea can be competitive
with AN and CAN fertilisers.

Much effort has been made in the UK and Ireland to improve N,O
emission inventories through experimental studies, with a further focus
on experiments that aim to find effective and applicable mitigation
strategies which result in lower N>O emissions (with commitments to
the delivery of the UN Sustainable Development Goals in mind, speci-
fically SDG 13: climate action). The aim of this study is to summarise
data collected from experiments over the past 20 years and apply a
Bayesian statistical approach to provide the most up to date knowledge
of N,O emission factors after applications of mineral nitrogen fertiliser,
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Fig. 1. Data from 38 experimental sites across the UK and Ireland were collated
in this study, providing a total of 623 separate mineral fertiliser N,O EF esti-
mates derived from field measurements. A total of 171 EFs were measured at
arable sites and 470 were measured at grassland sites.

using data from the British Isles (UK and Ireland) as an example. We
then discuss the implications of this research in terms of quantifying
N,O emissions and the potential for mitigation options and future re-
search.

2. Method

Data from 38 experimental sites across the UK and Ireland were
collated in this study, providing a total of 623 separate mineral fertiliser
N,O EF estimates derived from field measurements (Table 1, Fig. 1).
Data were either i) extracted from published studies in which one aim
of the experimentation was to explicitly measure N,O and report EFs
after a mineral fertiliser application, or ii) raw data were used from the
Agricultural and Environmental Data Archive (AEDA). The raw data
extracted from the AEDA was used to calculate EFs for 25 days after
fertiliser application using the log-normal Bayesian approach as de-
scribed in Levy et al., 2017 and Cowan et al., 2019a, which accounts for
the log-normal spatial and temporal distribution of N,O fluxes after
fertiliser events. Fertilisers treated with nitrification and urease in-
hibitors in these studies were included for comparison. To find the
published data, a survey of literature was conducted using Google
Scholar for articles considered ‘recent’ (20 years or fewer), i.e. pub-
lished after January 1998 and submitted before April 2019. The fol-
lowing search terms and their variations were used: N0, nitrous oxide,
emission factor, mineral fertiliser, ammonium nitrate, urea, nitrifica-
tion inhibitor, nitrogen use efficiency, agriculture, greenhouse gas,
grassland and arable. This search based on keywords was
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Table 2
A summary of data representation of the different fertiliser types and field
management reported in this study.

Fertiliser Type All Arable Grassland
AN 293 91 202
AN + Inhibitor 38 14 24
CAN 63 8 55
Urea 118 28 90
Urea + Inhibitor 129 30 99
Total 641 171 470

complemented with a search through the literature cited in the articles
found and known previous research.

Of the 641 events reported in these studies, 293 were of the appli-
cation of AN, 63 for CAN and 118 for urea. A further 38 EFs were re-
ported for AN (or CAN, n = 4) which had been treated with
Dicyandiamide (DCD, a nitrification inhibitor) and 129 EFs are reported
for urea that had been treated with either DCD or N-(n)-butyl) thio-
phosphorictriamide (NBTP, a urease inhibitor). There were more stu-
dies carried out at grassland field sites than under arable conditions
(470 compared to 171) (Table 2).

A variety of measurement methodologies and statistical analysis had
been used across the different experiments to calculate N,O EFs.
Fertiliser applications varied from 20 to 200 kg N ha™! for a single
event (mean values used when annual EF is reported for multiple
events; Fig. 2), using a variety of application methods (e.g. farm ma-
chinery or by hand). The studies report data collected using the flux
chamber approach with the exception of a single study which reports
data collected using the eddy covariance method (see Cowan et al.,
2019b). The flux chamber method uses an airtight enclosure placed
over the soil which allows for gas emissions from the surface to accu-
mulate (typically 30 to 60 min). This air is then extracted at timed
intervals via a tap (2 to 5 samples) and stored in an airtight vial for
analysis (typically gas chromatography). Fluxes are calculated using
Equation (1), where F is the gas flux from the soil dC/dt is the rate of
change in the concentration in time, p is the density of air, V is the
volume of the chamber and A is the ground area enclosed by the
chamber.

Fe dc pV

Tdt A @

Some of the EFs in the published studies are calculated by taking a
yearly average after several fertiliser applications, while others report
emissions for a shorter period after the event (e.g. Skiba et al., 2013;
Cowan et al., 2019a,b). The fluxes derived from the data taken from the
AEDA archives report EFs for emissions up to 25 days after fertilisation.
All of the studies measured from a “control” plot during experimenta-
tion. This is an area of the field in which no N is applied while mea-
surements are made during fertilisation events on other experimental
plots. After cumulative emissions were calculated for treated plots, the
cumulative flux from the control plot was subtracted, thus the EF only
represents the additional emission of N,O that occurs as a result of N
addition. Based on the inclusion of control plots and the subtraction of
“background” fluxes from final cumulative estimates, we can consider
EFs reported from annual or per event basis as comparable in this study.

Reported N,O EFs vary from 0.3 to 11.0% of the applied nitrogen
and follow a log-normal distribution (Fig. 2). Based on the log-normal
distribution of the data, we report means and confidence intervals of
the data using a Bayesian approach similar to that used in described in
Cowan et al. (2017) to constrain the plausible range of the mean N,O
flux. This allows for a more defensible statistical assessment of the
means and uncertainties in lognormal datasets than the arithmetic
method which is conventionally used in N,O EF studies.

The Bayesian analysis was carried out using Markov Chain Monte-
Carlo (MCMC) simulations with the freely-available JAGS software
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Fig. 2. Histograms of (a) the mass of N fertiliser applied per individual event and (b) the N,O EFs reported in the experiments included in this study.

(Plummer, 2016) which implements Gibbs sampling (Geman and
Geman, 1984) to estimate the posterior distribution of p, by combining
the prior with the data. We used the data as reported in Stehfest and
Bouwman (2006) as an informative prior with the same log-normal
distribution of data. The Stehfest and Bouwman (2006) dataset is a
compilation of 833 emission factors of fertiliser events reported from
around the world and is the basis for the IPCC default 1% EF. We used
the Bayesian approach for each estimation of the mean EF of a parti-
cular fertiliser use to calculate p, with 95% confidence intervals from
the quantiles of the posterior distribution.

3. Results

The mean EF and 95% confidence intervals (C.I.s) of all events in-
cluded in this study was 0.8 (0.74-0.87) % as calculated using the
Bayesian method. Overall, the mean EF of the compiled data is similar
to that of the 1% estimated by the IPCC, although the majority (74%) of
the individual fertiliser events report EFs below 1% due to the log-
normal distribution of the data (Fig. 1b). The distribution of individual
events varies widely across this range with 95 percentiles ranging from
0.02 to 3.8. However, these statistics are dominated by the large
number of experiments carried out on grasslands after AN application
which represent over one third of the dataset.

A comparison of the range of EFs reported after application of the
different fertiliser types shows that emissions for all categories follow a
lognormal skewed distribution, with a large overlap between the dif-
ferent EFs reported in the different studies (Fig. 3). This skewed dis-
tribution is similar for each of the fertilisers, including the inhibitor
treated compounds. Although the majority of individual EFs for all
fertiliser categories are more likely to be below 1% than above, there is
a considerable difference in the distribution of EFs > 1%, with in-
dividual events considerably more likely to surpass this threshold for
AN, CAN and treated AN applications than the urea fertiliser types.

Bayesian analysis of the compiled data shows that AN and CAN
application results in the largest EFs, with overall mean EFs of 1.11 and
1.04%, respectively. (Table 3). For AN, when separated between arable
and grassland applications, there is a large difference between the EFs,
suggesting that emissions from grassland applications of AN
(EF = 1.3%) are almost double the magnitude of arable applications
(EF = 0.6%) (Fig. 4). When all events are considered (arable and
grassland), the EFs associated with urea applications (EF = 0.6%) were
significantly lower than those for AN and CAN (t-test p < 0.01), al-
though the number of experiments carried out in arable areas was much
smaller than grassland experiments. Due to the small number of ob-
servations (n = 28), the uncertainty in EFs after urea application to

arable fields (0.4 to 1.4%) is larger than those reported for grassland
fields (0.5 to 0.7%) for which there are more data (n = 90).

EFs associated with the fertilisers treated with inhibitor compounds
(DCD or NBPT) suggest that overall, emissions are lower than for their
parent compound, with reductions in emissions of 28% and 40% for the
treated AN and urea compounds, respectively, when compared to un-
treated applications. However, some of these estimates have relatively
large uncertainties associated with them when separated into arable
and grassland categories due to the lower number of experimental
observations and wide range of observed EFs, thus limiting definitive
comparisons. Due to the large number of observations made for both
urea and inhibitor treated urea on grassland fields, it can be said with
confidence that in these circumstances, inhibitors are reducing N,O
emissions in a statistically significant manner (t-test, p < 0.01)
(Table 3 & Fig. 4). A comparison of the data analysed using both ar-
ithmetic (a.k.a. naive method, ignoring the skewed distribution) and
Bayesian statistical methods shows that there is a small difference be-
tween the methods when n is large (n > 40), but larger when n is small
and the mean EF is relatively large (i.e. > 0.5%).

A comparison of the EFs reported in this study for AN, CAN and urea
fertilisers with the most up-to-date iteration of the UK National
Agricultural Emission Inventory (developed under the UK agricultural
emission factor, e.g. Brown et al. 2019) is presented in Table 4. Using
the different methods to calculate N,O emissions at the UK scale for the
year 2017, the emission estimates are 7.07 kt N per year for the agri-
cultural inventory and 5.34 (95% C.I. = 4.72-6.32) kt N per year using
the Bayesian method. Where the methods differ most is the EFs of
fertilisers applied to arable fields and the particularly high EFs used for
AN and CAN in the agricultural inventory. The Bayesian method in this
study predicts lower EFs for AN and CAN for arable fields, and a higher
urea EF than those used in the Agricultural Inventory. In the case of
urea, the C.Ls are comparable in range due to the lower number of data
points (see Table 4).

In this study, a t-test suggests that there is no significant difference
between the EF’s measured from AN and CAN (p = 0.79), and there is
little difference in the mean estimates calculated using the Bayesian
approach, 1.09 (0.97-1.22) % and 0.98 (0.74-1.30) % (Fig. 5). How-
ever, there is a noticeable difference between untreated urea and urea
fertilisers treated with DCD (n = 87), NBPT (n = 63). There is also a
relatively large difference in EFs when both DCD and NBPT are applied
with urea together (n = 9), resulting in the lowest EF of any treatment
at 0.13 (0.07-0.22) %. DCD treated urea is second lowest with an EF of
0.3 (0.22-0.57) %, followed by urea treated with NBPT at 0.45
(0.36-0.57) %, with untreated urea at 0.59 (0.48-0.73) %.
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Table 3

Mean values and 95% confidence intervals (C.1.s) are calculated for EFs for each
of the five fertiliser types for arable and grassland field types using both ar-
ithmetic and Bayesian statistical methods.

Arithmetic Bayesian
Fertiliser n Mean EF 95% C.I. Mean EF  95C.L
All
AN 293 1.11 (0.97-1.24) 1.09 (0.97-1.22)
AN + Inhibitor 38 0.75 (0.49-1.00)  0.79 (0.54-1.16)
CAN 63 1.04 (0.64-1.43)  0.98 (0.74-1.30)
Urea 118 0.58 (0.44-0.72)  0.58 (0.48-0.72)
Urea + Inhibitor 129 0.36 (0.28-0.45) 0.35 (0.29-0.41)
Arable
AN 91 0.61 (0.48-0.74)  0.60 (0.50-0.72)
AN + Inhibitor 14 0.37 (0.17-0.56) 0.42 (0.22-0.78)
CAN 8 0.42 (0.29-0.55)  0.49 (0.29-0.88)
Urea 28 0.51 (0.30-0.72)  0.74 (0.38-1.38)
Urea + Inhibitor 30 0.46 (0.26-0.65)  0.47 (0.32-0.71)
Grass
AN 202 1.33 (1.16-1.50)  1.34 (1.18-1.52)
AN + Inhibitor 24 0.97 (0.60-1.33) 1.16 (0.71-1.95)
CAN 55 1.13 (0.68-1.57) 1.11 (0.81-1.51)
Urea 920 0.60 (0.43-0.77)  0.58 (0.47-0.72)
Urea + Inhibitor 99 0.34 (0.24-0.44)  0.32 (0.27-0.39)

4. Discussion

This study is the largest compiled analysis of N,O EFs carried out
across the British Isles to date, representing a combined total of 641
separate events from 23 studies across 40 experimental locations. These
results show that there is a sizable difference in the magnitude of EFs
for the different types of mineral N fertiliser applied in the UK and
Ireland. Overall these events report a mean EF of 0.8 (0.74-0.87) %.
This value is close to the IPCC default EF of 1 (0.3-3.0)% (IPCC, 2014)
which is a skewed mean based on the compiled data of Stehfest and
Bouwman (2006) which has an arithmetic mean EF of 2.0%. However,
the mean EF of all events reported in this study over-represents the
application of AN and CAN to grassland fields, which are also the
conditions with the largest emission rates for the application of mineral
fertilisers across the British Isles. The majority of EFs for all fertiliser
types fall below the 1% threshold.

The breakdown of datasets into grassland and arable shows that
differences in EFs are statistically significant, especially the comparison
of AN with urea (p < 0.01). Overall, for both grassland and arable

studies combined, AN has a mean EF of 1.1 (1.0-1.2) % compared to an
estimated 0.6 (0.5—0.7) % for an equivalent application of urea.
Differences are well categorised for the application of the fertilisers to
grasslands (n = 470), although uncertainties remain somewhat larger
in the case of arable applications, due to the smaller number of ex-
perimental studies (n = 171). This is partly due to the prevalence of
studies investigating the application of animal manures to arable crops
in the UK (as opposed to mineral fertilisers), the complexities of which
are not discussed in this study.

EFs estimated using the Bayesian approach in this study and the
values from the current UK agricultural inventory show similarities,
with most values comparable in magnitude once 95% C.Ls are taken
into account. Total emissions at the UK scale for AN and urea appli-
cation (based on fertiliser use for 2016, (BSFP, 2017)) are estimated at
7.07 and 5.34 (95% C.I. = 4.72-6.32) kt N for the agriculture inventory
and Bayesian methods, respectively. The Bayesian method generally
reports smaller EFs for the different fertiliser categories, with the ex-
ception of urea application to arable fields, although uncertainty re-
mains high for this estimate. Interestingly, this difference suggests that
application of urea to arable fields emits more N,O than an equivalent
application of AN, although uncertainties overlap between the values.
This is in contrast to observations made on grassland fields where AN is
the largest emitter.

Reasons for differences between EFs observed from grassland and
arable fields are likely to be numerous, and the range of EFs observed
for both range from 0 to > 3% for each category; however, one plau-
sible explanation for the change in behaviour regarding the largest
emitter being AN or urea is the difference in aeration between com-
pacted grazed fields and regularly tilled arable soils. Crops tend to be
more productive on better drained soils and lower rainfall areas than
grasslands (Ball et al., 2008), with much of the UK’s arable fields in the
drier southern and eastern regions. By contrast, intensively grazed and
upland grasslands are more likely to be damper or compacted (Sharrow,
2007), favouring N,O production. In this regard, it is not unexpected
that EFs of the different forms of fertiliser may behave differently in
these contrasting conditions.

Our study suggests that, based on the experimental work carried out
in the UK and Ireland, microbial inhibitors have an impact on N,O
emissions from both AN and urea application. In the case of the ni-
trification inhibitor DCD applied with AN, there is still a relatively large
uncertainty associated with it and it is unclear what conditions the
inhibitor is best suited for, but overall AN treated with the nitrification
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Fig. 4. Mean EFs are reported for different fertiliser types applied to (a) arable and (b) grassland fields. Bayesian statistical methods were used to estimate mean and
95% C.Is for each treatment. The number of data points for each category is included (n).

inhibitor DCD appears to consistently emit less N,O from both arable
and grassland fields than conventional application. Further field mea-
surements would be required to reduce the uncertainties in these va-
lues. There appears to be no statistically significant difference in EFs
associated with AN and CAN, estimated at 1.09 (0.97-1.22) and 0.98
(0.74-1.30) %, respectively. AN is not commercially available in
Ireland (for security reasons), while the UK predominantly applies AN.
This study suggests differences between the two could justifiably be
ignored at national scales and a common EF may be applied for the two
treatments in national inventories.

Of the two inhibitors applied to urea fertilisers, DCD appears to
reduce N,O emissions more than NBPT with EFs of 0.30 (0.22-0.39) %,
and 0.44 (0.35-0.55) % for DCD treated urea and NBPT treated urea,
respectively. Due to the large number of grassland experiments re-
ported, this study can say definitively that urea treated with microbial
inhibitors can significantly reduce N,O emissions at a national scale.
This is especially true when urea is applied with both DCD and NBPT
inhibitors, although this estimate is based on very few experimental
observations (n = 11). Theoretically, if urea treated with DCD and

Table 4

NBPT were applied in place of all AN and untreated urea fertiliser in the
UK, we can approximate using the data presented in this study that
emissions could fall from our nationwide estimate of 5.34 (4.72-6.32)
kt N to 0.89 (0.52-1.37) kt N, a drop of 84%. However, this approx-
imation is based on very few experimental data points and does not
represent the reality of fertiliser requirements for particular environ-
ments, or the logistics and economics of agricultural activities in the
UK.

In terms of mitigation potential, the results presented in this study
have mixed implications. Here we show that wide scale use of urea
fertilisers would result in significantly less N5O than AN applications;
however, past studies have shown that yield and quality of crops are
higher when AN is applied, especially for grasslands (Chambers and
Dampney, 2009; Cowan et al., 2020). Urea is also associated with much
higher ammonia (NH3) emissions than AN (Burchill et al., 2016;
Forrestal et al., 2016), and so an element of pollution swapping is es-
timated to occur if urea fertilisers were used to replace AN at a national
scale. Previous studies have indicated that urea treated with microbial
inhibitors may result in slightly higher yields and lower NH3; emissions

UK scale emissions of N,O from the application of AN, CAN and urea fertilisers for the year 2017 are estimated using the agricultural inventory EFs (developed under
the UK agricultural emission factor, e.g. Brown et al. 2019) and the EFs calculated by applying the Bayesian method to 623 events in this study.

UK 2017 Agricultural Inventory Bayesian Method

Fertiliser Application Mean EF Emission Mean EF 95% C.I. Emission 95% C.I.
(kt N) % (kt N) % % (kt N) (kt N)

All

AN 460.1 1.15 5.29 1.09 (0.97-1.22) 5.02 (4.49-5.61)

CAN 46.9 1.6 0.75 0.98 (0.74-1.30) 0.46 (0.35-0.61)

Urea 159.9 0.66 1.06 0.58 (0.48-0.72) 0.93 (0.76-1.14)

Arable

AN 325.6 0.99 3.22 0.60 (0.50-0.72) 1.96 (1.63-2.35)

CAN 10.5 1.1 0.12 0.49 (0.29-0.88) 0.05 (0.03-0.09)

Urea 131.6 0.66 0.87 0.74 (0.38-1.38) 0.97 (0.51-1.82)

Grass

AN 134.5 1.54 2.07 1.34 (1.18-1.52) 1.80 (1.58-2.04)

CAN 36.1 1.7 0.61 1.11 (0.81-1.51) 0.40 (0.29-0.55)

Urea 28.2 0.62 0.17 0.58 (0.47-0.72) 0.16 (0.13-0.20)
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Fig. 5. All different mineral fertiliser types reported in this study are presented, broken down into smaller groups to compare AN with CAN, and the effect of urea
coated with the microbial inhibitors DCD and NBPT (and both DCD and NBPT applied together). The IPPC default EF of 1% is added for comparison (dashed line).

than untreated urea (Cantarella et al., 2018; Misselbrook et al., 2014;
Silva et al., 2017), but this is still uncertain (some experiments show
reduced yield (Harty et al. 2016)) and AN (or CAN) remains the ferti-
liser favoured by farmers in the UK for yield and crop quality.

While the use of inhibitors appears to reduce N,O emissions sig-
nificantly, these compounds incur additional cost for farmers, and may
not consistently reduce N,O emissions across different environmental
conditions and management practices. Without clear economic in-
centives, it is unlikely that the uptake of nitrification or urease in-
hibitors such as DCD or BTPT (or both) is likely to occur at a large scale
in the current economic climate. Before further uptake of microbial
inhibitors can be fully justified, more research is required to further
determine the impact on agricultural practice, including yields, eco-
nomic connotations and the long term ecological impacts.

A significant observation made in this study, which may not be
immediately apparent to policy makers or those researching N,O
emissions, is that due to the log-normal nature of the EF data, a very
large number of observations are required to provide robust statistical
analysis. The large variability of EFs reported in these studies (ranging
from —0.28 to 10.98% of the applied nitrogen) is partly due to the
environmental and management differences between field sites (as al-
ready surmised by the authors of the studies), but also the large un-
certainties caused by measurement and statistical methodology de-
ployed and the statistical means by which data are interpolated (i.e.
bias and uncertainty in trapezoidal integration techniques) (Levy et al.,
2017). In the studies used in this compilation, large variations in EFs
are reported within the same sites under similar environmental condi-
tions and no consistent predictive model is provided that can accurately
predict N,O emissions from any given event. In some of the studies used
in this compilation, rainfall and the resultant water filled pore space
(WFPS) of the soil are found to correlate to some extent with the ob-
served EFs (Bell et al., 2015; Dobbie and Smith, 2003; Skiba et al.,
2013), but these comparisons are often weak and inconsistent due to
the number of other influencing factors. This lack of correlation is
frustratingly common for N,O studies (Butterbach-Bahl et al., 2013),
and is likely to be partly a consequence of the combination of high
measurement uncertainty and the large number of variables that con-
tribute to microbial processes in heterogeneous conditions such as
agricultural soils.

Our comparisons highlight that, due to the wide ranging log-normal
distribution of observed EFs, comparison of different fertiliser treat-
ments in small scale experimentation (including testing of mitigation

efforts) or direct comparisons with environmental variables are unlikely
to yield statistically significant comparisons that would reflect N,O
emissions at regional scales without a very large number of replicates.
However, the data from numerous small studies are very valuable as
they can be combined to provide a more robust comparison once many
have been carried out.

The Bayesian method used in this study has proven robust and
capable of handling the log-normally distributed data and providing
realistic uncertainties around the mean values of these data. This is an
important statistical development, as conventionally used “naive”
methods (i.e. arithmetic means) should not technically be applied to
data with a log-normal distribution. Due to the large number of data
points, there is a similarity between values calculated using arithmetic
and Bayesian methods (Table 3), although this is true of any method
where the number of data points (n) is large. Where the Bayesian
method is valuable is when n is small (n > 5and n < 50), and un-
certainties are more difficult to estimate using conventional means.

We decided that the most relevant prior dataset to use in this study
was that of Stehfest and Bouwman, (2006), although few of these stu-
dies were carried out in the UK. The data collated for this study will
provide future studies in the British Isles (or abroad) with the means by
which to create more relevant priors for further use of Bayesian
methods when calculating EFs. Future studies may decide to use some,
or all of the available data from this study to carry out Bayesian analysis
depending relevancy. Future studies may also wish to collate the raw
experimental data from databases such as the Agricultural and En-
vironmental Data Archive (AEDA) used in this study so that all events
can be analysed in a similar statistical manner, based on further
Bayesian approaches (Levy et al., 2017).

5. Conclusions

This study shows that Bayesian statistical methods can be used to
determine means and reliable confidence intervals when applied to log-
normally distributed N,O EF data. Applying a Bayesian approach to 641
fertiliser events carried out at 40 different field sites in the UK and
Ireland, shows that emissions of N,O associated with AN, CAN and urea
based fertilisers vary depending on fertiliser type, field use and the use
of microbial inhibitors. The study highlights the large difference be-
tween observed EFs of grassland applications of AN (EF = 1.3%
(1.2-1.5)) which are approximately double that of an equivalent arable
application (EF = 0.6% (0.5-0.7)). The study also suggests that urea
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application to arable fields (EF = 0.7% (0.4-1.4)) is higher than that
observed for grassland fields (EF = 0.6% (0.5-0.7)), although con-
fidence intervals overlap in this comparison. The nitrification and ur-
ease inhibitors, DCD and NBPT, are shown to have a sizable impact on
N,O emissions when applied in combination with both AN and urea
fertilisers, reducing emissions considerably. In the case of urea treated
with both DCD and NBPT, the reported EF in this study is estimated at
0.13% (0.08-0.21), the lowest EF of all treatments.

The study highlights, that due to the log-normal distribution of EF
data, a statistical analysis is not straightforward and combined data
from many studies are required to obtain sufficiently large datasets to
perform a robust analysis of treatment effects. Using the Bayesian
method to combine data from multiple studies to estimate EFs at na-
tional or continental scales is likely to estimate a more realistic range of
uncertainties where datasets are smaller (i.e. lower income countries)
than using conventional statistical methods. The study also highlights
that more research is also required to calculate EFs of mineral fertilisers
on arable fields in countries with established research portfolios, in
order to reduce the relatively large uncertainties of the EF values.
Further agronomic research with urease and nitrification inhibitors may
lead to sizable reductions in agricultural N,O emissions at a national
scale, however pollution swapping (i.eNH3 emissions) and the eventual
fate of the applied nitrogen should be taken account of in all experi-
mentation.
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