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GRAPHICAL ABSTRACT

Current NZ-specific N,O emission fac-
tors (EF3) are 1.0% (urine) and 0.25%
(dung).

A meta-analysis of 1217 EF; data repre-
sentative of livestock grazing was com-
pleted.

The analysis showed that the dung EF;
values should be reduced to 0.12%.
Urine EF; values ranged from 0.08% to
0.98%, based on livestock type and to-
pography.

We recommend the revised values are
employed in NZ's national N,O
inventory.
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Globally, animal excreta (dung and urine) deposition onto grazed pastures represents more than half of anthro-
pogenic nitrous oxide (N,O) emissions. To account for these emissions, New Zealand currently employs urine and
dung emission factor (EF;) values of 1.0% and 0.25%, respectively, for all livestock. These values are primarily
based on field studies conducted on fertile, flatland pastures predominantly used for dairy cattle production
but do not consider emissions from hill land pastures primarily used for sheep, deer and non-dairy cattle.

The objective of this study was to determine the most suitable urine and dung EF; values for dairy cattle, non-
dairy cattle, and sheep grazing pastures on different slopes based on a meta-analysis of New Zealand EF; studies.
As none of the studies included deer excreta, deer EF; values were estimated from cattle and sheep values. The
analysis revealed that a single dung EF; value should be maintained, although the value should be reduced
from 0.25% to 0.12%. Furthermore, urine EF; should be disaggregated by livestock type (cattle > sheep) and to-
pography (flatland and low sloping hill country > medium and steep sloping hill country), with EF; values rang-
ing from 0.08% (sheep urine on medium and steep slopes) to 0.98% (dairy cattle on flatland and low slopes).
While the mechanism(s) causing differences in urine EF; values for sheep and cattle are unknown, the ‘slope ef-
fect’ on urine EF; is partly due to differences in soil chemical and physical characteristics, which influence soil mi-
crobial processes on the different slope classes.
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The revised EF; values were used in an updated New Zealand inventory approach, resulting in 30% lower national
N,0 emissions for 2017 compared to using the current EF; values. We recommend using the revised EF; values in
New Zealand's national greenhouse gas inventory to more accurately capture N,O emissions from livestock

grazing.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nitrous oxide (N,0) is the third most abundant anthropogenic
greenhouse gas (GHG), representing 6% of the total radiative forcing
over the industrial era (Myhre et al., 2013). By comparison, carbon diox-
ide (CO,) and methane (CH,4) represent, respectively, 64% and 17% of
total radiative forcing (Myhre et al., 2013). Despite its low concentration
of 328 ppb, N,0 has a significant effect on global warming as it has an
atmospheric lifetime of ~120 years and is 265 times more potent than
CO,, (IPCC, 2014) while also being a significant contributor to strato-
spheric ozone depletion (Myhre et al., 2013; Ravishankara et al,,
2009). Grasslands worldwide, covering about 40.5% of the terrestrial
area (52.5 million km? World Resource Institute, 2000), emitted 2.2 Tg
N,O-N in 2006 (equal to 54% of agricultural N,O emissions), of which
74% were derived from anthropogenic sources (Dangal et al., 2019). An-
imal excreta (dung and urine) deposition is the single largest source
(54%) of annual N,0 emissions from grasslands averaged over 1961 to
2014, followed by manure application (13%) and nitrogen
(N) fertiliser application (7%) (Dangal et al., 2019). Nitrification and de-
nitrification are the dominant processes responsible for N,O production
in soils, although nitrifier-denitrification, co-denitrification and chemo-
denitrification can also lead to N,O formation given a suitable microbial
community and environmental conditions (Hallin et al., 2018; Selbie
etal, 2015).

The current Intergovernmental Panel on Climate Change (IPCC)
guidelines for calculating national GHG inventories provide default
emission factors for direct N,O emissions from excreta deposited during
livestock grazing (EFspgp; representing the percentage of N deposited
being lost as N,O from pasture, range and paddock). Values are disag-
gregated by animal type, where cattle, poultry and pigs have a default
value of 2% of the N deposited, while sheep and ‘other animals’ have a
value of 1% (IPCC, 2006). However, there is a growing body of evidence
that shows N,O emissions are also affected by excreta type (dung vs
urine). Several countries, for which N,O emissions from excreta repre-
sent a significant proportion of the national inventory (e.g. UK,
Ireland, New Zealand), have therefore recommended country-specific
EF; values, disaggregated by excreta type (dung and urine) (Chadwick
et al., 2018; de Klein et al., 2001; Krol et al., 2016; Luo et al., 2009a;
van der Weerden et al., 2011; Zhu et al., 2019). Recently, the IPCC
have published a refinement of the 2006 guidelines, where the default
EF; values have been updated by including results from recent studies
(IPCC, 2019). Excreta EF; values were disaggregated by livestock type
(cattle vs sheep), excreta type (dung vs urine) and climate (wet vs
dry). In New Zealand, EF; values for urine and dung are currently 1%
and 0.25%, respectively; both have been implemented in the national
agricultural greenhouse gas inventory (Ministry for the Environment,
2019). The New Zealand values, applied to all major livestock classes
(sheep, cattle and deer), are similar to the results from recent cattle ex-
creta studies in the UK (urine and dung averaging 0.69% and 0.19%, re-
spectively; Chadwick et al.,, 2018) and Ireland (urine and dung
averaging 1.18% and 0.31%, Krol et al., 2016).

These New Zealand EF3 values for urine and dung were calculated
from a series of field trials primarily conducted on relatively fertile, flat-
land pastures (e.g. Carran et al., 1995; Muller et al., 1995; de Klein et al.,
2003; Luo et al., 2009a). However, about one-third of New Zealand's
14.7 Mha of pastural land has been identified as grazed hill country
(de Klein et al., 2009), where slope influences soil characteristics, pas-
ture production, pasture N content, pasture intake by livestock, excreta

deposition and soil conditions (e.g. soil bulk density, moisture and soil
nutrient status) (Saggar et al., 1990a; Mackay et al., 1995; Luo et al.,
2019). These factors can also affect N,O production processes and emis-
sions (Luo et al., 2019). Field trials conducted in hill country pasture
sites over the past 10 years demonstrate that N,O emissions and EF3
values for sheep, non-dairy- and dairy-cattle excreta on hillslopes are
generally lower than on flatter areas due to highly variable spatial dif-
ferences in soil conditions (e.g. microbial biomass, soil moisture and fer-
tility status) and climatic conditions (e.g. temperature and rainfall)
across the slopes (de Klein et al., 2009; Hoogendoorn et al., 2013; Luo
etal, 2013, 2016, 2019; Saggar et al.,, 2015). An earlier meta-analysis
confirmed that EF3 values for livestock urine and dung deposited on me-
dium (12-24°) slopes were significantly lower than those from low
(0-12°) slopes (Kelliher et al., 2014). It is thus suggested that disaggre-
gating EF; by slope class would provide a more accurate inventory of na-
tional N,O emissions. Saggar et al. (2015) proposed a revision to New
Zealand's agricultural greenhouse gas inventory structure that would
account for the effect of urine and dung deposited by different livestock
classes (non-dairy cattle, sheep and deer) onto different hill country
slope classes on the N,O emissions from livestock grazing hill country.
The New Zealand EF; database used in the Kelliher et al. (2014) meta-
analysis did not include EF3 values for steep slopes as no results were
available at the time. However, in recent years, field trials have begun
to incorporate steep (> 24°) hill country slopes for determining dung
and urine EF3 values (Luo et al., 2016). The objectives of this study
were to update the New Zealand EF; database with slope-based values
and to determine the most suitable urine and dung EF; values for
dairy cattle, non-dairy cattle and sheep grazing pastures on different
slope classes based on a meta-analysis. As none of the studies included
deer excreta, with deer EF; values were estimated from cattle and sheep
values. We hypothesized that there would be significant differences in
EF3 due to livestock type, excreta type and slope class. This study will
help to improve the accuracy of New Zealand's national GHG inventory
for estimating N,O emissions from livestock grazing.

2. Methods
2.1. Database description

The New Zealand N,O emission factor database was first constructed
for the earlier meta-analysis found in Kelliher et al. (2014) where data
was compiled from journal publications and reports detailing field stud-
ies funded by the New Zealand Ministry for Primary Industries (MPI) for
the purpose of developing country-specific N,O emission factors. The
database contained replicate-level cumulative N,O emissions measured
from N sources (e.g. cattle and sheep urine and dung, N fertiliser, dairy
cattle effluent) and associated control treatments (nil N and nil water)
applied to field plots situated largely on ryegrass/white clover pastures,
representative across regions of New Zealand's dominant pasture spe-
cies. Authors were contacted for replicate-level N,O emissions data
and other key data not included in publications and reports.

Following the approach of Kelliher et al. (2014), the database was
updated for the current study. For our EF3-specific meta-analysis,
fertiliser studies from the original EF database were excluded. A similar
approach was taken when the original EF database was expanded for a
meta-analysis of fertiliser EF,, where the excreta EF; data were excluded
(van der Weerden et al., 2016). The updated EF; database contained
field studies conducted from 2000 to 2017 across a range of soil types,
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climates, slopes, seasons, regions, and soil drainage classes. The addi-
tional data came from field studies reported either in journal publica-
tions (Cameron et al., 2014; de Klein et al., 2003, 2011, 2014;
Hoogendoorn et al., 2008, 2016; Ledgard et al., 2014; Luo et al., 2008,
2013, 2015, 2019; van der Weerden et al., 2011) or as reports to MPI
(de Klein et al., 2004; Hoogendoorn et al., 2013; Luo et al., 2009b,
2010, 2016; Sherlock et al., 2003a, 2003b). Again, authors were
contacted for replicate-level emissions data and any missing key data.

Field studies conducted on contrasting topographies were grouped
as either flatland or hill country. ‘Flatland’ is defined as large areas of
flat fertile pastoral land typically represented as plains and undulating
hills, where the slope is typically <12°. These landscapes largely support
New Zealand's dairy cattle production, while also providing suitable
land for sheep, non-dairy cattle and deer production. Farmers will gen-
erally maintain soil fertility within the biological optimum ranges for
pasture production (e.g. soil Olsen P test of 20-30 pg P/mL soil and
soil pH of 5.8-6.0; Morton and Roberts, 2016; Morton, 2019; Roberts
and Morton, 2016), given the relatively higher returns from these
soils. While flatland pastures often contain N-fixing legumes (generally
mixed ryegrass/white clover swards), strategic N fertiliser applications
of between 30 and 50 kg N/ ha per application are commonly practiced
to help minimise feed deficits (Roberts and Morton, 2016). ‘Hill country’
represents hill and high-country pastoral land where annual pasture
dry matter production and stock numbers per hectare are lower than
flatland. Hill country covers both the North and South Islands of New
Zealand, whereas high country is defined as land over 700 m altitude,
only found in the South Island (Swaffield and Hughey, 2001). We
have separated ‘hill country’ into three slope classes: low (0-12°), me-
dium (12-24°) and steep (> 24°) slopes. Much of New Zealand's
sheep, non-dairy cattle and deer production are situated on hill country
landscapes.

The dataset included data generated from field plot and lysimeter
trials. Field plots typically had an area of 2 m?, providing enough area
for greenhouse gas emission measurements using static chambers (ap-
proximately 0.05 m?) and soil sampling during the course of a field trial.
Lysimeter trials consisted of large intact columns of soil (700 mm deep x
500 mm diameter) excavated from their natural field locations and
enclosed in steel cylinders. For urine EF; studies, either real or synthetic
urine was used. All studies included at least four replicate plots per
treatment. Field trials averaged 173 days, with the duration of all but
one study being equal to or greater than the 30-day threshold recom-
mended by the IPCC (IPCC, 2019). A further criterion used for study in-
clusion was for N,O fluxes and soil mineral N concentrations from the N
source to return to background (control) levels (de Klein and Harvey,
2015).

For the meta-analysis, EF3 values were calculated at the replicate-
level for each individual study using the following equation (de Klein
and Harvey, 2015):

Excreta N,O—Control N,O

EFs = N load

x 100% (1)

where, EF; is the emission factor of an N source (dung or urine) (N,O
lost as % of N source applied); Excreta N,O is the cumulative N,O loss
(kg N,0-N/ha) from the N source (dung or urine); Control N,O is the cu-
mulative N0 loss from the control treatment (kg N,O-N/ha) and N load
is the amount of N applied with the N source (dung or urine in kg N/ha).

2.2. Assessment of data suitability

To determine whether EF; values obtained from lysimeter studies
and from synthetic urine application were suitable for the meta-
analysis, the data were initially graphed and, where deemed necessary,
analysed by testing the effect of trial method or urine type using the
meta-analysis models described below. The rationale for determining
whether lysimeter studies were suitable for inclusion relates to the

potential effect of restricted lateral movement of urine-derived avail-
able N on N,O EF5 values. While others have included both lysimeter
and field plot-derived data in EF3 meta-analysis studies (e.g. IPCC,
2019; Lopez-Aizpn et al., 2020), we considered this assessment was
necessary to remove any potential bias in the resulting EF; values. Sim-
ilarly, the rationale for determining whether synthetic urine studies
suitably represented the N,O emissions from real urine relates to
whether the inclusion of the former would bias the analysis. Synthetic
urine has been compared to real urine by several workers, with some
observing either lower (de Klein et al., 2003) or higher (Kool et al.,
2006) N,0 emissions from synthetic urine. Previous meta-analyses
have either included (IPCC, 2019) or excluded (Lopez-Aizptn et al.,
2020) synthetic urine studies.

Furthermore, the field trials encompassed a wide range of nitrogen
(N) loads. While field trials apply urine or dung in terms of g N/m?, N
loads are presented with units of ‘kg N/ha'. Given the uncertain effect
of N load on EF3 (de Klein et al., 2019), we analysed the dataset for
any possible ‘N load effect’. A positive or negative effect of N load on
EF; would most likely require excreta N load to be included in national
inventory methodologies for estimating N,O emissions from livestock
grazing. Thus, N load was included in the models described below as a
covariate and its effect assessed in the model.

2.3. Meta-analysis

To analyse the data, two generalized linear mixed models were
fitted: one using log-transformed data and a Gaussian (or normal) dis-
tribution, and one using untransformed data with a Poisson distribution
and, following standard theory, a logarithmic link function (McCullagh
and Nelder, 1989). As there were negative and zero values in the
dataset, log transformation was not possible for all values, so, prior to
analysis, a small positive offset was added to all data points, which
was equal to the lowest negative value plus 0.0001. The Poisson
model required the same adjustment to eliminate negative and zero
values. For both models, excreta type (urine and dung), livestock type
(dairy cattle, non-dairy cattle and sheep), topography (flatland, low
slope, medium slope and steep slope) were fitted as fixed effects
while site was included as a random effect. Excreta type was included
because the form of excreta-N in urine and dung differs (Krol et al.,
2016; Luo et al,, 2019), which affects the magnitude of EF3, as noted ear-
lier. Livestock type was included due to its influence on the amount of
dung and urine per excretion event (Selbie et al., 2015), as well as
lower soil compaction from sheep due to lower body liveweight com-
pared with cattle (Houlbrooke et al., 2011). The models were used to
group animal types and topographies for dung and urine excreta. All
analysis was carried out using the R statistical package (R Core Team,
2017). The emission factors were arithmetic means of each identified

group.
24. Influence of topography on EFs

The earlier meta-analysis of New Zealand data by Kelliher et al.
(2014) noted that average urine and dung EF3 values for low and me-
dium slopes were significantly different. Given the larger dataset used
in the current study, we hypothesized a similar ‘slope effect’ on EF;
may occur. Therefore, available soil variables were collated to investi-
gate potential drivers of a ‘slope effect’ on EFs. Soil variables included
soil bulk density (Mg/m?), soil pH, soil Olsen P (a measure of the avail-
able P supply to plants; pg/mLdry soil), soil organic C (%), soil total N (%)
and volumetric water content (v/v) averaged over 30 days following ex-
creta deposition. These soil variables were chosen based on literature
suggesting they are influential drivers of N,O production and emission
(Baggs et al., 2010; Bhandral et al., 2007; Bremner, 1997). Soil water
content is inversely proportional to soil oxygen and is thus a readily-
determined proxy for soil oxygen level. The most commonly used
proxy for soil oxygen status is soil water filled pore space (WFPS)
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(Linn and Doran, 1984; Dobbie and Smith, 2001; van der Weerden et al,,
2017). However, a recent analysis of key drivers influencing dairy cattle
urine EF; revealed that volumetric water content (v/v), averaged over
30 days following urine deposition, best described the variation in EF3
across 70 field studies (van der Weerden et al. unpubl. data). It has
been suggested that volumetric water content is potentially a better de-
scriptor of nitrification and denitrification-induced N,O emissions com-
pared to WEFPS, as it directly accounts for variation in soil bulk density
(Farquharson and Baldock, 2008). We therefore used this metric for
our analysis. We included soil Olsen P content as a proxy for soil fertility
status that may reflect soil microbial activity (Luo et al., 2013). Data on
all these soil variables were not available for all hill country sites, and
therefore our analysis may only partially explain any observed ‘slope
effect’.

2.5. Implications for the national agricultural N,0 inventory

Following the meta-analysis and determination of new EF3 values
for different excreta types and slope classes, national direct N,O
emissions from excreta deposition were calculated for three years
(1990, 2005 and 2017). These years were selected as representing
the baseline year for national GHG inventory reporting (1990;
Ministry for the Environment, 2019), the most recent published na-
tional inventory (2017; Ministry for the Environment, 2019), and
an approximate mid-point between these two years (2005). There
are no field results for deer excreta; therefore, we used the average
of the sheep and non-dairy cattle EFs given the average live body
weight of deer is close to the average of sheep and non-dairy cattle.
As deer excreta only accounts for 2-3% of the national N excreta,
this assumption has little impact on the total N,O emission. The
total amount of dung and urine N excreted by year and by animal
species was taken from the national agricultural inventory model
(data provided by MPI).

Dairy cattle typically graze flatland areas, which are generally fertile
pastoral plains with slopes typically <12°. For sheep, non-dairy cattle,
and deer we used survey data from Beef + Lamb New Zealand that di-
vided animal numbers into 17 different regional farm classes, where
each class represented a similar geography and farm management.
The proportion of low, medium and steep lands was also given for
each farm class. For each stock type, we allocated the total urine and
dung N between farm classes in proportion to the number of animals
in each class. Then for each farm class, the nutrient transfer model de-
scribed in Saggar et al. (2015) was used to allocate dung and urine N be-
tween low, medium, and steep slopes based on the fractional land area
in each slope category for that farm class. Briefly, as animals prefer to
spend more time on flatter land, the excretal N deposits onto each
slope class is not proportional to the area of each slope class. To success-
fully account for the effect of topography-driven spatial variability of N
excretion rates, a mass balance approach was included in the model to
explain the accumulation or depletion of nutrients in soils by consider-
ing animal-associated nutrient return through variable excretal deposi-
tion across the slopes. The model was developed from New Zealand hill
country sheep grazed pasture data collected from Ballantrae hill country
farm in the lower North Island, New Zealand (Saggar et al., 1990a) and
tested at Whatawhata hill country farm in the upper North Island, New
Zealand (Saggar et al., 1990Db). It should be noted that sheep, non-dairy
cattle, and deer were not assigned to a single slope class (it was assumed
they could move between slope classes), with the nutrient transfer
model taking account of animal behaviour with relatively more time,
and therefore excreta deposition, on the lower slopes. Employing the
nutrient transfer model in the national GHG inventory disaggregates ac-
tivity data (urine and dung N load) by slope class, with proportionately
more urine and dung N being ‘deposited’ onto lower slopes than on
steeper slopes due to animal behaviour. The mean percentage of dung
and urine deposition by sheep, non-dairy cattle, and deer are shown

in Table 1. As dung tends to roll down slopes, its nutrient transfer values
are slightly higher (Saggar et al., 2015).

3. Results
3.1. Database description

The updated database contains 139 field studies supplying 1217
replicate-level EF; values, representing 781 (64%) for urine and 436
(36%) for dung (Table 2). An examination of the dataset showed that
the distribution of EF3 values across the topographies was biased to-
wards flatlands, which accounted for 515 (42%) of the datapoints. On
hill country terrain, low slope data dominated the dataset, at 382
(31%), followed by medium and steep slopes, at 240 (20%) and 80
(7%) EF5 values, respectively. Furthermore, on flatland, no data existed
for non-dairy cattle dung and only one study contained non-dairy cattle
urine data (Table 2). The distribution of EF; values across the topogra-
phy classes is also shown (Table 2).

The EF3 dataset is reasonably representative of the actual distribu-
tion of dairy cattle, non-dairy cattle, sheep and deer excreta N across dif-
ferent topographies in New Zealand, as indicated by a comparison of
dung and urine EF; data with this distribution (Fig. 1). For this compar-
ison, the distribution of non-dairy cattle, sheep and deer N excreta was
calculated using the nutrient transfer model (Saggar et al., 2015), ap-
plied to the percentage of low, medium and steep land used for these
livestock classes in 2017-18 (source: Beef & Lamb Economic Farm Sur-
vey), with ‘low slope’ including any stock on ‘flatland’. Although dairy
cattle typically graze flatland fertile plains (Ministry for the
Environment, 2019), dairy excreta treatments were included in several
hill country studies (e.g. Luo et al., 2013) to provide a reference for com-
parison with non-dairy cattle livestock. However, the inclusion of the
dairy cattle excreta EF3 data from these hill slope studies only represents
2% of the EF3 dataset.

Similar to Kelliher et al. (2014), ‘season’ was based on the month of
the 15th day of the trial: December, January, and February for summer,
March, April and May for autumn, June, July and August for winter and
September, October and November for spring. Winter contained the
largest number of EF; values (447, or 37% of the dataset) and covered
the greatest range of N sources (livestock type and excreta type). Au-
tumn was the next best represented season, followed by spring. The
least represented season was summer, with 132 EF; values (11% of
the total dataset) limited to cattle excreta only, and mainly on low
slopes or flatland, apart from 40 replicate-level EF; values for non-
dairy cattle excreta on medium slopes. All data was log-transformed
prior to statistical analysis - see visual representation of data in Supple-
mentary file (Fig. S1).

The field trials were conducted in seven regions across New Zealand,
from the north (Northland) to the south (Southland) (Fig. 2, Table 3).
While the dataset does not fully represent the national distribution of
livestock classes and numbers, we consider the field study locations
were reasonably representative for the purposes of generating national
EF; values. It should be noted that the national distribution of livestock
classes and numbers is ever-changing, making it somewhat challenging
to ensure the EF; dataset structure is representative of livestock activity
at the regional and national scale.

Table 1
Allocation of dung and urine depositions across slope categories (mean of sheep, non-
dairy cattle, and deer; modified from Saggar et al.,, 2015).

Slope Sheep, non-dairy cattle, and deer Dairy cattle
Mean % dung Mean % urine Mean % dung and urine
deposition deposition deposition

0-12° 61 55 100

12-24° 30 31

>24° 9 14
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Table 2 o
Number of replicate-level EF; values for each N source, topography class and season. 1 70 E Northland
o an
N source Topography  Autumn Winter Spring Summer Total
class
Dairy cattle urine  Flatland 128 105 88 12 333 North Island
Low 34 34 28 20 116 H
Medium 20 20 Waikato
Steep
Dairy cattle dung Flatland 14 34 36 84
Low 26 20 46
Medium 20 20
Steep
Nonjdalry cattle Flatland 8 8 Hawkes
urine Low 20 20 40 Manawatu
Medium 10 30 20 60 41°S Bay
Steep 10 10 20 pas
Non-dairy cattle Flatland 4\/
dung Low 20 28 8 20 76
Medium 10 30 20 60
Steep 10 10 20
Sheep urine Flatland 8 8 20 36 South Island
Low 24 44 68
Medium 30 10 20 60 Canterbury
Steep 10 10 20
Sheep dung Flatland 10 16 28 54
Low 20 8 8 36
Medium 10 10 20
Steep 10 10 20 f_— Otago 46 o S
Total ﬁ
160 171 172 12 515
Flatland
Total Low 98 116 88 80 382
Total ﬁ : S
Medium 60 120 20 40 240 Southland
Total Steep 40 40 80
Total 358 447 280 132 1217

Fig. 2. Location of regions used for EF; field trials.

N excreta EF;data : N excreta EF;data : N excreta EF;data :

Dairy cattle urine 36% 37% 1 0% 2% 1 0% 0% |
I I I

dung 13% 1% 1 0% 2% 1 0% 0%

Non-dairy cattle urine 7% 4% RV TA 5% I 29, 20/ I
I I I

dung 4% 6% 1 2% 5% | 1% 2%

Sheep urine 12% 9% | 6% 5% I 3% 2% |
I I I

dung 6% % 3% 2% 1% 2% 4

Deer urine 1% 0% I 0% 0% I 0% 0% |
dung 0% 0% : 0% 0% : 0% 0% :

I I I

Flatland /Low slopes I Medium slopes I Steep slopes I

(<12°) I (12 - 25°) I (>25°) l

[ [ |

, ) ) I ) | ) |

Fertile plains Hill country I Hill country I Hill country I

Fig. 1. Distribution of livestock excreta (% of total N excreted) in 2017 (Ministry for the Environment, 2019) and EF; data (% of total dataset, n = 1218 values). Non-cattle, sheep and deer
excreta distribution based on proportion of land area by slope class for 2017-18 (source: Beef & Lamb New Zealand Sheep and Beef Farm Survey) and nutrient transfer model (Saggar et al.,
2015).



6 T.J. van der Weerden et al. / Science of the Total Environment 732 (2020) 139235

Table 3
Distribution of EF; values by N source and region.

N source North Wai HB Man Cant Otago South Total
Dairy cattle urine 10 209 31 44 56 109 10 469
Dairy cattle dung 10 50 5 21 14 50 150
Non-dairy cattle urine 10 30 20 38 30 128
Non-dairy cattle dung 10 35 41 35 35 156
Sheep urine 34 42 46 62 184
Sheep dung 40 31 15 44 130
Total 40 398 170 199 70 330 10 1217

Key: North = Northland, Wai = Waikato, HB = Hawkes Bay, Man = Manawatu, Cant =
Canterbury, South = Southland.

3.2. Assessment of data suitability

Emission factors derived from lysimeter studies were restricted to
flatland trials and included both dairy cattle dung and dairy cattle
urine N sources. EF; values from 44 lysimeter trials were evenly distrib-
uted amongst plot-based field trials and were all included in the meta-
analysis. See Supplementary file Fig. S2 for further information.

The use of synthetic urine was restricted to trials conducted on flat-
land and low slope sites. The synthetic urine EF; data from flatland trials
were evenly dispersed throughout the real urine EF; dataset. However,
the results from synthetic urine applied to low slopes appear to be at the
upper end of urine EF; values obtained using real urine collected from
dairy cattle and sheep. An analysis of the entire low slope urine dataset
for dairy cattle and sheep showed synthetic urine had no significant ef-
fect on EF3 (P >.05) and we therefore retained the synthetic urine EF;
data for the meta-analysis. See Supplementary file Fig. S3 for further
information.

There was no effect of N load on EF; when all data were pooled (P =
.85) and was generally the same when data were separated into live-
stock class (dairy cattle, non-dairy cattle and sheep) and excreta type
(urine and dung), apart from beef urine. For this latter N source, there
was a significant N load effect on EF; (P < .05). However, the range of
N loads used for beef urine field trials ranged from ca 200 to 600 kg N/
ha (Table 4). Because the pooled data showed no N load effect on EF;,
data analysis proceeded without including the effect of N load. See Sup-
plementary file Fig. S4 for further information.

3.3. Meta-analysis

Results from the two models were similar in all analyses, with slight
variations in the level of significance between groups in certain in-
stances (see supplementary file Tables S1-S4). The results reported
here are from the Gaussian linear mixed model. As urine EF; values
were significantly greater than dung EF; values (P <.001), we disaggre-
gated urine and dung data for subsequent analyses.

3.3.1. Dung

The analysis showed there was no significant effect of livestock type
or slope class on dung EF; values (P = .60 and P = .90, respectively),
and the dung EF; values were therefore pooled to a single value of
0.12% (Tables S1 and S2).

Table 4
Mean and range of excreta N loads (kg N/ha) in the dataset for each livestock type and ex-
creta type.

N source Mean Minimum Maximum
Dairy cattle urine 717 367 1130
Dairy cattle dung 1002 574 1390
Non-dairy cattle urine 340 207 589
Non-dairy cattle dung 847 481 1217
Sheep urine 231 47 504
Sheep dung 293 191 449

3.3.2. Urine

The analysis showed that urine EF; was significantly influenced by
livestock type (P < .05), with significantly lower values for sheep urine
compared with dairy and non-dairy cattle urine (Table S3). We there-
fore combined dairy and non-dairy cattle urine into a single category
and treated sheep urine separately. The results also showed urine EF3
was influenced by topography (Tables S4 and S5). Specifically, both
the Gaussian and Poisson distribution models supported grouping flat-
land and low slope urine EF3 values into a single category, distinct
from medium and steep slope urine EF; values.

On flatland and low slopes, sheep urine EF; was 0.50%, which is ap-
proximately half of cattle's EF3 value of 0.98% (Table 5). On medium/
steep slopes, sheep urine EF; was 0.08%, approximately one quarter of
the cattle EF; value of 0.33%. The effect of slope was evident, with cattle
urine EF; on medium/steep slopes being one third of that for flatland
and low slopes, and the sheep urine EF; for medium/steep slopes
being only one sixth of that for flatland and low slopes. Dung EFs3
(0.12%) was lower than urine EF3 for all combinations, except for
sheep on medium/steep slopes, which were approximately 50% higher
than that for sheep urine (Table 5).

3.4. Influence of topography on urine EF3

Soil variables from field trial sites were collated and analysed to im-
prove interpretation of the observed ‘slope effect’ on urine EFs. Our anal-
ysis of available soil properties (soil bulk density, soil pH, soil Olsen P,
soil organic C, soil total N and volumetric water content (v/v) averaged
over 30 days following urine deposition) showed that soil bulk density
was significantly lower on low slopes compared to medium and steep
slopes (P <.05) (Fig. 3). In contrast, soil Olsen P, soil organic C, soil
total N and volumetric water content were all significantly higher on
low slopes compared to steeper slopes (P <.05). Soil pH did not vary sig-
nificantly across slope classes (Fig. 3).

3.5. Implications for the national N,O inventory

To assess the impact of updating EF3 values for flatland and hill coun-
try soils on the national N,O inventory, we compared N,O emissions

Table 5
Pooled emission factors (%, mean and 95% confidence interval (CI)) calculated for excreta
type, livestock type and topography where values were not significantly different.

Livestock type Excreta type Topography
Flatland & Low Medium &
slope Steep
(<12°) slopes (>12°)
Mean 0.12
All livestock Dung 2154 0.11-0.15
Cattle (dairy Urine g/l;:n 0.98 033
+ non-dairy) a 0.87-1.09 0.23-0.42
Mean 0.50 0.08
Sheep Urine 315‘ 0.34-0.67 0.05-0.11
Deer* Urine Mean 0.74 0.20
95% b
a n/a n/a

2 N,O emissions have not been measured for deer urine. Deer EF; values were esti-
mated as the average of EF; values for cattle and sheep based on the following rationale:
i) Cattle and sheep urinate, on average, 1.7 and 0.15 L per urination event respectively,
while average N concentrations are similar (between 7 and 9 g N/L) (Haynes and Williams,
1993; Selbie et al., 2015). On this basis, we propose that the difference in EF; for sheep and
cattle was due to differences in urine volume per event; ii) No data exist for deer urine vol-
umes. But given urine volume is generally related to body size (i.e. the larger the body, the
larger the bladder), and the average liveweights for sheep, deer and non-dairy cattle New
Zealand are 52, 127 and 552 kg, respectively, we have assumed the volume of urination
events from deer will lie between that of cattle and sheep.

b n/a, not applicable.
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Fig. 3. Pre-treatment soil properties (0-7.5 cm depth) measured at cattle and sheep EF; field sites on low, medium and steep slopes. Each black marker represents a single field site, with
the box plot representing the median (solid black line), 25th and 75th percentile (lower and upper limits of box, respectively), and 95% confidence interval (upper and lower whiskers).
Note that the soil properties were not measured at all field study sites, with degree of representation shown on the right hand side.

using country-specific livestock EF; values (EF; = 1% and 0.25% for
urine and dung respectively; Ministry for the Environment, 2019) to
emissions estimated using mean values from the meta-analysis results
herein (Table 4).

Adopting the revised EF; values reduced the calculated total direct
N,0 emissions for 1990, 2005 and 2017 (Fig. 4). Calculated total direct
N,0 emissions from livestock grazing in 1990, 2005 and 2017 were
44%, 37% and 30% lower than those based on the current EF; values. Ni-
trous oxide emissions from dairy cattle grazing flatland pastures were
6% less than those based on current EF; values for all three years. For

non-dairy cattle and sheep grazing on hill country, calculated direct
N,O emissions were, respectively, ~34% and ~ 66% less than those
based on current EF3 values for all three years. The reduction in calcu-
lated emissions from deer were between sheep and non-dairy cattle,
at ca 50% of those based on the current EF; values.

When using country-specific EF5 values of 1% (urine) and 0.25%
(dung) for all livestock species, total N,O emissions in 2005 and 2017
respectively increase by 12% and 8% compared with 1990. However,
using revised livestock-specific EF3 values show that total N,O emis-
sions in 2005 and 2017 were 28% and 33% higher compared to the
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Fig. 4. Change in national N,O emissions (Gg N,O/annum) from dairy cattle, non-dairy
cattle, sheep and deer for 1990, 2005 and 2017, estimated using livestock population
data and current EF; values (left) and revised EF; values proposed herein (right).

1990 estimates. This relatively larger increase in emissions since 1990
reflects sheep emissions accounting for a much smaller proportion of
the total emissions compared to dairy cattle N,O emissions which
have nearly doubled since 1990.

While low slopes represented only 20% of pastoral hill country, the
nutrient transfer model estimated that around 57% of the excretal N
was deposited on this low slope area (Saggar et al., 2015). Based on
the revised EF; values and the nutrient transfer model, low slopes rep-
resented 80% of the calculated total direct N,O emissions (Fig. 5).

4. Discussion

The findings of this study corroborate results of an earlier meta-
analysis (Kelliher et al., 2014), showing a significant difference in EF;
values between cattle and sheep, low and medium slopes, and urine
and dung. The New Zealand agricultural GHG inventory currently em-
ploys single urine and dung EF3 values of 1.0% and 0.25%, respectively,
for all livestock (Ministry for the Environment, 2019). Our meta-
analysis of EF3 data from New Zealand provides a significant update to
the previous analysis (Kelliher et al., 2014) by nearly doubling the num-
ber of replicate-level dung and urine data (from n = 691 to 1217) and
hill country data increasing almost three-fold (from n = 252 to 702).
This expanded dataset now includes EF3 data collected from sheep
and beef cattle trials conducted on steep slopes, providing an opportu-
nity to revise and disaggregate EF3 values based on topography for
New Zealand's agricultural N,O inventory. While the distribution of
EF; values is relatively representative of the distribution of excreta N
across different topographies, the locations of field studies do not
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Medium, 30.2%

Low, 80.4%

Medium, 37.5%

Low, 19.6%

Land area
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Excretal N Direct N,O emissions

Fig. 5. Proportion of land area (source: Beef + Lamb Economic Farm Survey), excretal N
(via nutrient transfer model; Saggar et al., 2015) and N,O emissions by hill slope
category for sheep, non-dairy cattle and deer farms in 2017.
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represent all New Zealand's pastoral soils, climates and topographies.
However, we believe that they provide a sufficient geographical spread,
thereby improving the accuracy of the agricultural inventory relative to
the current methodology.

4.1. Excreta type

The updated analysis confirmed the earlier results from Kelliher
et al. (2014) that dung EF; is significantly lower than urine EFs. For ex-
ample, Kelliher et al. (2014) reported dairy dung and urine deposited
onto flatland (= ‘lowland’) pastures have mean EF; values of, respec-
tively, 0.23 and 1.16%, while sheep urine and dung on flatland pastures
have mean EF; values of, respectively, 0.08% and 0.55%. Similar differ-
ences between dung and urine EF; were found on hill country slopes,
with Kelliher et al. (2014) reporting beef dung and urine EF; values of,
respectively, 0.06% and 0.32% on medium slopes. The current study
also showed that livestock class and topography had no significant ef-
fect on dung EF3, and therefore a revised single country-specific value
of 0.12% is recommended for New Zealand. The current country-
specific dung EF; value of 0.25% was based on 128 replicate-level values
from New Zealand and a review of international literature (Luo et al.,
2009a). Our value of 0.12% proposed here is based on 436 replicate-
level EF; values for cattle and sheep dung measured from representative
pastoral sites over the past ca 10 years.

The difference in dung and urine EF3 values observed herein is sup-
ported by international studies conducted in Europe, Africa and South
America (Bastos et al., 2020; Chadwick et al., 2018; Hoeft et al., 2012;
Krol et al., 2016; Pelster et al.,, 2016; Simon et al., 2018; Sordi et al.,
2014). Average cattle dung EF; values reported by these workers ranged
from 0.1% to 0.31%, while average urine EF; values ranged from 0.26% to
1.18%. For sheep, average dung EF; values ranged from 0.03% to 0.09%
while average urine EF; values ranged from 0.21% to 0.48%. This differ-
ence in dung and urine EF3 values is supported by current understand-
ing of differences in chemical and physical properties of dung and urine.
The urine N loading rate often exceeds the N requirements of pasture,
with the excess being vulnerable to loss (Selbie et al., 2015). The urea
contained in urine is rapidly hydrolysed to mineral N available for nitri-
fication and denitrification, leading to relatively high N,O emissions
(Luo et al,, 2019). In contrast to urine, there is significantly less mineral
N in dung (Krol et al., 2016; van der Weerden et al., 2011). For example,
van der Weerden et al. (2011) observed that, on average, only 7% of total
N in sheep and cattle dung was present as ammoniacal-N, while urine
typically contained >90% available N (mainly as urea; Selbie et al.,
2015). With typical loading rates of 700 and 1000 kg N/ha for urine
and dung, respectively, these percentages equate to loading rates of
readily-available N of >630 and 70 kg N/ha respectively. This partly ex-
plains lower rates of soil N transformation beneath dung pats compared
to urine patches. Temporary N immobilisation during C decomposition
in dung may explain the often-observed delay in N,O emissions (Van
Groenigen et al., 2005). Subsequent mineralization of organic N is po-
tentially utilized by pasture, which limits the buildup of excess ammo-
nium and nitrate in the soil, thereby restricting nitrification and
denitrification activities (van der Weerden et al., 2011).

Urine infiltrates rapidly into soil while dung tends to remain on the
soil surface where it slowly decomposes. Rainfall or irrigation can aid
the transport of dung below the soil surface. However, under dry
weather conditions, crusting of dung may affect rates of N infiltration
into soil, thereby restricting interaction with soil properties such as or-
ganic C and pH and the soil microbial community (van der Weerden
et al, 2011, Zhu et al., 2018, 2019). This limited interaction between
dung and soil, relative to urine, may partly explain why there was no
slope effect on dung EFs. While we observed a ‘slope effect’ on urine
EFs, it was actually a reflection of differences in soil properties across
slopes that impacted N,O emissions from urine (see discussion
below). We suggest that underlying soil properties interact less with
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dung compared to urine, thereby reducing the influence of any apparent
‘slope-effect’ on dung N,O emissions and EFs.

4.2. Influence of livestock type on urine EF3

Our analysis showed that cattle urine EF3 was double that of sheep
urine EF; on flatland and low slopes, while the difference was four-
fold on medium to steep slopes. Thus, livestock type significantly influ-
enced urine EF3 values, which supports the need to disaggregate emis-
sions from sheep and cattle urine. This is in line with the current IPCC
guidelines, where cattle excreta have an EF; value twice that of sheep
excreta (2% vs 1%, respectively; IPCC, 2006). However, compared with
the current IPCC values, our values are substantially lower, which cor-
roborates other international studies that reported lower values than
the current IPCC defaults (Chadwick et al., 2018; Krol et al., 2016;
Pelster et al., 2016; Simon et al., 2018; Thomas et al., 2017; Voglmeier
et al.,, 2019). The 2019 refinement of the 2006 IPCC guidelines has
lowered EF3 values, with default cattle and sheep urine EF3 values of, re-
spectively, 0.77% and 0.39% for wet climates being proposed (IPCC,
2019). It is noteworthy that New Zealand is classified as having a wet
climate.

The difference in EF; values between cattle and sheep could be due
to differences in N loading rate and/or urination volume and urine
patch size. The amount of N deposited or the “N loading rate” in a
urine patch is a function of the N concentration of the urine, the urine
volume excreted, and the surface area receiving urine (Selbie et al.,
2015). Our meta-analysis showed that the N loading rate (kg N/ha)
did not influence EFs. A similar conclusion was reached in a recent re-
view of N,O emissions from deposited livestock urine (de Klein et al.,
2019). New Zealand field studies typically use sheep and cattle urine
volumes per patch area of 4 L/m? (150 mL applied to 0.0375 m?) and
10 L/m? (490 mL applied to 0.049 m?), respectively (e.g. de Klein
et al.,, 2003; Luo et al., 2013; van der Weerden et al., 2011). The effect
of sheep urine volume and urine patch size on cumulative N,O emis-
sions and EF3 was examined in a study conducted by Marsden et al.
(2016). Using either a low or high N concentration (4 and 16 g N/L),
sheep urine was applied to a relatively moist pastoral soil (volumetric
water content of 0.46 cm?/cm?) as either a single large patch (250 mL
applied to 0.05 m?; equivalent to 5 L/m?) or as four small urine patches
(62.5 mL applied to 0.0125 m?; also equivalent to 5 L/m?). For the low
urine N concentration, EF; values were similar when calculated from cu-
mulative N,O emissions measured from a single large urine patch ver-
sus the sum of four small urine patches. However, for the high urine N
concentration plots, EF; values were significantly greater for the four
small urine patches compared to a single large patch. Marsden et al.
(2016) found little to no effect of urine patch size on pasture biomass
production and N uptake. The sheep and cattle urine N concentrations
used in most New Zealand studies lie within the values used by
Marsden et al. (2016), 6-8 g N/L (NZ data not shown). From an agro-
nomic/soil process viewpoint, we expect the sum of four small urine
patches may lead to greater N uptake by pasture compared to that of a
single large urine patch due to the increased volume of soil and pasture
roots having access to the urine-affected soil due to a higher surface to
volume ratio.

Given our analysis showed that sheep urine EF3 was significantly
lower than cattle urine EF3, further research is required to elucidate
drivers of this difference. We support the suggestion made by
Marsden et al. (2016) for repeated studies conducted under different
environmental conditions, but also to examine the effect of typical cattle
and sheep urine volumes, either by expanding the experimental design
and/or conducting mechanistic modelling.

Another possible driver worthy of investigation is physiological dif-
ferences in the digestion of forages by sheep and cattle, which may af-
fect subsequent urine characteristics. Lopez-Aizptn et al. (2020)
proposed that the differences in sheep and cattle urine EF;3 may relate

to differences in urine constituents other than the urine N content,
which could be driven by diet (Dijkstra et al., 2013).

4.3. Influence of topography on urine EF3

The effect of slope on urine EF; is thought to be due to a combination
of reduced soil fertility and soil moisture on steeper slopes relative to
gentler slopes (Luo et al., 2013). Our finding of lower soil bulk density
(but higher N,O emissions) on gentle slopes compared with medium
and steep slopes, is a somewhat unexpected finding as results from pre-
vious studies suggest that increasing soil bulk density generally in-
creases N,O emissions and EF values (Bhandral et al., 2007; Van
Groenigen et al., 2005) due to reduced oxygen availability. Soil bulk
density data were available for most sites (95%) and are therefore rea-
sonably robust. However, our analysis also showed that many other
properties that often show a positive relationship with N,O emissions
were significantly higher on low slopes (e.g. soil organic C, soil N and
soil water content). It is possible that the lower bulk density values for
low slopes reflect higher organic C content, which, together with
other soil properties, appear to have outweighed the effect of bulk den-
sity on N,O emissions.

Although soil P does not directly affect N,O emissions under C-
limited soil conditions (e.g. O'Neill et al., 2020), higher Olsen P levels
can be an indicator for soil fertility status in legume-based New
Zealand pastures, and therefore may be associated with labile N and C
supply which influence soil microbial processes. The suggestion of a re-
lationship between soil fertility and labile N and C supply is partially
supported by the significantly greater soil organic C and total N content
on low slopes. Indeed, greater nitrifying and denitrifying enzyme activ-
ity and higher abundance of soil microbial functional groups have been
measured in higher fertility low slopes compared to lower fertility me-
dium slopes (Letica et al., 2006; Zhong et al., 2016). Given the impor-
tance of nitrification in supplying substrate for denitrification, N,O
emissions could be expected to vary with slope (Luo et al., 2013). Ni-
trous oxide emissions and EF3 values generally increase directly with
soil water content (Dobbie and Smith, 2001; van der Weerden et al.,
2017). Our data suggests medium and steep slopes have lower soil
water content than gentle slopes, which will influence the oxygen status
and therefore nitrification and denitrification processes. While data
were not available for all sites, our analysis provides information on po-
tential drivers explaining the observed ‘slope effect’ on urine EF.

Recent studies from the UK support the use of lower emission factors
for extensively grazed ‘uplands and hill areas’ compared to intensively
grazed pastures (Marsden et al., 2018, 2019). Marsden et al. (2018)
measured EF; values from —0.02% to 0.08% for real and synthetic
sheep urine deposited onto a semi-improved upland mineral soils in
North Wales in spring and autumn. The trial sites had a 13% gradient
(7° slope), which lies within New Zealand's ‘low slope’ category. The au-
thors noted that these values are lower than UK-specific cattle urine
value of 0.69% (Chadwick et al., 2018), which would be due to different
climates, soils, vegetation, stocking density and, as discussed above,
livestock type (Marsden et al., 2018). Their range of values for urine
from sheep grazing a ‘low slope’ (—0.02% to 0.08%) is much lower
than the proposed value of 0.50% for New Zealand (Table 4), with the
difference likely reflecting some of the factors listed above i.e. climate,
soil and vegetation. Marsden et al. (2019) measured N,O emission fac-
tors for urine deposited onto upland peat soils of <0.01% and suggested
that the UK may wish to adopt an inventory approach separating low-
land, upland and hill areas, akin to New Zealand's proposed structure.
Their study also indicated that low nitrification rates, possibly due to
low soil pH and/or high soil water content, were the most likely reason
for low EF; values in upland organic soils, as EF3 increased to 0.69%
when NO3™ and glucose were added to the soil. It is worth noting that
the peat soils used in their study had soil pH levels of 4.4. In contrast,
New Zealand's hill country is on mineral soils with a soil pH between
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5 and 6 (Morton, 2019). The field sites used for our EF; studies are rep-
resentative, with soil pH generally between 5.2 and 6.0 (see Fig. 3).

Dung EF; was lower than urine EF; for all combinations, except for
sheep on medium/steep slopes, where it was approximately 50% higher
than that for sheep urine. This was probably due to lower microbial ac-
tivity on steep sloping soils (Zhong et al., 2016) that results in lower
rates of nitrification and consequently lower N,O emissions from
urine. As dung provides additional organic C, denitrification rates may
have been higher under the dung pats than under the urine patches,
thereby resulting in higher N,O emissions.

4.4. Implications for the national N,0 inventory

An inventory methodology that can account for the effect of slope on
both EF3 values as well as on the transfer of nutrients will improve the
accuracy of N,O emission estimates from dung and urine for New
Zealand hill country. Based on New Zealand's current inventory ap-
proach, direct N,O emissions from excreta deposition in 2017 were
18.2 Gg N,O (Ministry for the Environment, 2019), representing 76%
of direct N,O emissions from agricultural soils and 14% of GHG emis-
sions from the agricultural sector. New Zealand's 2017 N,O emissions
from urine and dung deposited onto soil increased by 7% since 1990 pri-
marily due to a 90% increase in the dairy cattle population over this pe-
riod, while sheep, non-dairy cattle and deer populations have reduced
by 53%,21% and 14%, respectively (Ministry for the Environment, 2019).

Applying the updated New Zealand inventory approach for three
years (1990, 2005, 2017) showed that the impact of the revised EF3
values on calculated N,0 emissions varied between years. For instance,
in 1990, the estimated N,O emissions based on the revised EF; values
were ca 44% of those based on the current approach. For 2005 and
2017 the estimated emissions were reduced by 37% and 30%, respec-
tively (Fig. 3). The reduced impact of the revised EF; values over time
(from 1990 to 2017) is due to the increasing influence of the dairy cattle
population as a proportion of total livestock excreta deposited onto pas-
ture, thereby offsetting some of the reduced N,O emissions as a result of
the lower (sheep and non-dairy cattle) hill land EF; values.

On average, low slopes represent only 20% of pastures grazed by
sheep, non-dairy cattle and deer. However, these low sloping pastures
represent 80% of direct N,O emissions from excreta deposited by
these livestock types. These values are based on land use data from
2017 (Fig. 5), however the same 80:20 ratio was found for 1990 data
(data not shown). Thus, low slopes could be regarded as ‘critical source
areas’ (CSAs) of direct N,O emissions, a concept discussed for water
quality considerations, where CSAs are considered as small areas of a
farm or catchment that account for a disproportionately large amount
of contaminant loss such as phosphorus (McDowell et al., 2019). Any ef-
forts to apply technologies and practices to mitigate direct N,O emis-
sions from sheep, non-dairy cattle and deer grazing may, therefore,
want to focus on grazed low slopes.

The New Zealand agricultural greenhouse gas inventory structure al-
ready includes a nutrient transfer model to account for livestock grazing
and excretion behaviour (Saggar et al., 2015). We recommend applying
the disaggregated EF3 values (presented herein) to the national inven-
tory to improve the accuracy of N,O emission estimates for grazing
livestock.

4.5. Limitations of the analysis

We have identified three key limitations of our database and the
meta-analysis. Firstly, the significant N load effect on EF; observed for
non-dairy cattle urine was possibly due to the limited N loads in the tri-
als, which ranged from 207 to 589 kg N/ha. Nitrogen loads used for dairy
urine field trials ranged from 367 to 1130 kg N/ha, which better repre-
sents reported ranges in N loads for cattle (200-2000 kg N/ha; Selbie
et al,, 2015). We therefore suggest additional experimental data using

a wider range of N loads would aid in confirming whether an N load ef-
fect exists for non-dairy cattle urine.

Secondly, there is potential to improve the distribution of EF3 data
with respect to livestock type, excreta type, topography, season and re-
gion/soils/climate. Non-dairy cattle and sheep urine data for low slopes
is under-represented (Fig. 1). Furthermore, seasonal distribution of the
data is unbalanced, with only 10% (132/1218) of replicate-level EF3
values coming from summer measurements (Table 1). Of these summer
values, none relate to sheep excreta. Therefore, we recommend future
EF; studies focus on non-dairy cattle and sheep urine deposited onto
summer grazed pastures, including rain-fed and irrigated low sloping
environments.

Thirdly, we found that data were not available for all field studies in
order to explore potential drivers of the observed ‘slope effect’. We en-
courage future field studies, both within and outside New Zealand, to
measure key urine, climate and soil variables (Buckingham et al.,
2014; Lépez-Aizpin et al., 2020). In addition to characterizing the
dung and urine, including urine constituents, future studies should
measure rainfall, temperature, soil bulk density, soil pH, soil total N
and organic C and soil water content. Proxies for soil nutrient cycling
(for example, in our case, Olsen P) and/or soil microbial activity should
also be considered for inclusion. Analysis of diverse, large datasets will
aid our understanding of N,O emissions and associated EF3 values for
excreta deposited on contrasting soils and topographies under different
climatic conditions.

Finally, there is also a limitation of the analysis relating to the assess-
ment of the implications on the national N,O inventory, which uses the
nutrient transfer model to estimate the distribution of animal excreta
across different slope classes. Although this model is based on only
one study on the effect of slope on dung deposition, Saggar et al.
(2015) concluded that urine deposition is likely to follow similar pat-
terns. We recommend further field studies are conducted to improve
our understanding of the transfer of nutrients via dung and urine depo-
sition on different slopes by grazing livestock.

5. Conclusions

Our meta-analysis of an expanded N,O EF; database revealed that
the current single EF3 value for livestock dung should be reduced from
0.25% to 0.12%, while the current urine EF3 value for urine should be dis-
aggregated by livestock type (cattle, deer and sheep) and topography
(flatland and hill country with low, medium and steep slopes). Disag-
gregated EF; values of 0.08% (sheep urine on medium and steep slopes)
and 0.98% (dairy cattle on flatland and low slopes) should be used. We
recommend implementing revised EF; values in an updated version of
New Zealand's national greenhouse gas inventory that accounts for nu-
trient transfer by grazing livestock. This change will provide a more ac-
curate accounting of N,O emissions from New Zealand's grazing
livestock.

CRediT authorship contribution statement

TJ. van der Weerden:Conceptualization, Data curation, Funding ac-
quisition, Investigation, Methodology, Project administration, Writing -
original draft, Writing - review & editing.A.N. Noble:Formal analysis,
Methodology, Writing - original draft, Writing - review & editing.J.
Luo:Conceptualization, Data curation, Funding acquisition, Investiga-
tion, Methodology, Writing - original draft, Writing - review & editing.
C.A.M. de Klein:Data curation, Writing - review & editing.S. Saggar:Con-
ceptualization, Data curation, Funding acquisition, Methodology, Writ-
ing - original draft, Writing - review & editing.D. Giltrap:
Conceptualization, Data curation, Funding acquisition, Methodology,
Writing - original draft, Writing - review & editing]. Gibbs:Conceptual-
ization, Data curation, Writing - review & editing.G. Rys:Conceptualiza-
tion, Writing - review & editing.



T.J. van der Weerden et al. / Science of the Total Environment 732 (2020) 139235 11

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The Ministry for Primary Industries is acknowledged for funding this
research. Beef 4+ Lamb New Zealand provided data used to calculate hill
country emissions. We also acknowledge and thank the New Zealand
farmers and farm managers for access to sites, as well as all technicians,
researchers and post-graduate students who carried out the field exper-
iments and contributed EF; data over the years.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.139235.

References

Baggs, E.M., Smales, C.L., Bateman, E.J., 2010. Changing pH shifts the microbial source as
well as the magnitude of N,O emission from soil. Biol. Fert. Soils 46, 793-805.

Bastos, D., Cavazini, E., Tomazi, M., Schirmann, J., Velozo, M., Carvalho, P., Bayer, C., 2020. A
3-year assessment of nitrous oxide emission factors for urine and dung of grazing
sheep in a subtropical ecosystem. J. Soils Sediments 20, 982-991.

Bhandral, R, Saggar, S., Bolan, N.S., Hedley, M., 2007. Transformation of nitrogen and ni-
trous oxide emission from grassland soils as affected by compaction. Soil Tillage Res.
94, 482-492.

Bremner, .M., 1997. Sources of nitrous oxide in soils. Nutr. Cycl. Agroecosyst. 49, 7-16.

Buckingham, S., Anthony, S., Bellamy, P.H., Cardenas, L.M., Higgins, S., McGeough, K., Topp,
CF.E, 2014. Review and analysis of global agricultural N,O emissions relevant to the
UK. Sci. Tot. Environ. 487, 164-172.

Cameron, K.C,, Di, HJ., Moir, ].L., 2014. Dicyandiamide (DCD) effect on nitrous oxide emis-
sions, nitrate leaching and pasture yield in Canterbury, New Zealand. N. Z. ]. Agric.
Res. 57, 251-270.

Carran, R.A., Theobold, P.W., Evans, J.P., 1995. Emissions of nitrous oxide from some
grazed pasture soils in New Zealand. Aust. J. Soil Res. 33, 341-352.

Chadwick, D.R,, Cardenas, L.M., Dhanoa, M.S., Donovan, N., Misselbrook, T., Williams, J.R.,
Thorman, R.E., McGeough, K.L., Watson, CJ., Bell, M., Anthony, S.G., Rees, R.M., 2018.
The contribution of cattle urine and dung to nitrous oxide emissions: quantification
of country specific emission factors and implications for national inventories. Sci.
Tot. Environ. 635, 607-617.

Dangal, S.R.S,, Tian, H., Xu, R,, Chang, J., Canadell, ].G., Ciais, P., Pan, S., Yang, ]., Zhang, B.,
2019. Global nitrous oxide emissions from pasturelands and rangelands: magnitude,
spatiotemporal patterns, and attribution. Glob. Biogeochem. Cycles 33, 200-222.

Dijkstra, J., Oenema, O., van Groenigen, J.W., Spek, J.W., van Vuuren, A.M., Bannink, A.,
2013. Diet effects on urine composition of cattle and N,O emissions. Animal: an inter-
national journal of animal bioscience 7 (Suppl. 2), 292-302.

Dobbie, K.E., Smith, K.A., 2001. The effects of temperature, water-filled pore space and
land use on N,O emissions from an imperfectly drained gleysol. Eur. J. Soil Sci. 52,
667-673.

Farquharson, R., Baldock, J., 2008. Concepts in modelling N,O emissions from land use.
Plant Soil 309, 147-167.

Hallin, S., Philippot, L., Léffler, F.E., Sanford, R.A., Jones, C.M., 2018. Genomics and ecology
of novel N,O-reducing microorganisms. Trends Microbiol. 26, 43-55.

Haynes, RJ., Williams, P.H., 1993. Nutrient cycling and soil fertility in the grazed pasture
ecosystem. Adv. Agron. 49, 119-199.

Hoeft, 1, Steude, K., Wrage, N., Veldkamp, E., 2012. Response of nitrogen oxide emissions
to grazer species and plant species composition in temperate agricultural grassland.
Agric. Ecosyst. Environ. 151, 34-43.

Hoogendoorn, CJ., de Klein, C.A.M., Rutherford, AJ., Letica, S., Devantier, B.P., 2008. The ef-
fect of increasing rates of nitrogen fertiliser and a nitrification inhibitor on the nitrous
oxide emissions from urine patches on sheep grazed hill country pasture. Aust.
J. Experim. Agric. 48, 147-151.

Hoogendoorn, CJ., Luo, J., van der Weerden, T., Saggar, S., Wise, B., Lloyd-West, C., Judge,
A., 2013. Evaluation of beef cattle excreta nitrous oxide emission factors. Agreement
Number 15425. MP], p. 58 Report prepared for MPL

Hoogendoorn, CJ., Luo, J., Lloyd-West, CM., Devantier, B.P., Lindsey, S.B., Sun, S., Pacheco,
D., Li, Y., Theobald, P.W., Judge, A., 2016. Nitrous oxide emission factors for urine from
sheep and cattle fed forage rape (Brassica napus L.) or perennial ryegrass/white clo-
ver pasture (Lolium perenne L./Trifolium repens). Agric. Ecosyst. Environ. 227, 11-23.

Houlbrooke, D.J., Paton, R.J., Littlejohn, R.P., Morton, J.D., 2011. Land-use intensification in
New Zealand: effects on soil properties and pasture production. J. Agric. Sci. 149,
337-349.

IPCC, 2006. IPCC Guidelines for National Greenhouse Gas Inventories. Institute for Global
Environmental Strategies (IGES), Tokyo.

IPCC, 2014. In: Edenhofer, O., Pichs-Madruga, R., Sokona, Y., Farahani, E., Kadner, S.,
Seyboth, K., Adler, A., Baum, I, Brunner, S., Eickemeier, P., Kriemann, B., Savolainen,
J., Schlémer, S., von Stechow, C., Zwickel, T., Minx, J.C. (Eds.), AR5, Climate Change
2014: Mitigation. Contribution of Working Group III to the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY http://www.ipcc.ch/report/ar5/wg3/.

IPCC, 2019. 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas In-
ventories. Available at. https://www.ipcc-nggip.iges.or.jp/public/2019rf/pdf/4_Vol-
ume4/19R_V4_Ch11_Soils_N20_CO2.pdf.

Kelliher, F.M., Cox, N., van der Weerden, T.J., de Klein, C.A.M., Luo, ]., Cameron, K.C,, Di, HJ.,
Giltrap, D., Rys, G., 2014. Statistical analysis of nitrous oxide emission factors from
pastoral agriculture field trials conducted in New Zealand. Environ. Poll. 186, 63-66.

de Klein, C.A.M., Harvey, M., 2015. Nitrous oxide chamber methodology guidelines. Global
research alliance on agricultural greenhouse gases. Version 1.1. Retrieved from.
https://globalresearchalliance.org/n/nitrous-oxide-chamber-methadology-guidelines/.

de Klein, CA.M.,, Sherlock, R.R.,, Cameron, K.C, van der Weerden, TJ., 2001. Nitrous oxide
emissions from agricultural soils in New Zealand-a review of current knowledge and
directions for future research. J. Royal Soc. N. Z. 31, 543-574.

de Klein, C.A.M,, Barton, L., Sherlock, R.R,, Li, Z, Littlejohn, R.P., 2003. Estimating a nitrous
oxide emission factor for animal urine from some New Zealand pastoral soils. Aust.
J. Soil Res. 41, 381-399.

de Klein, C.AM.,, Li, Z,, Sherlock, R.R., 2004. Determination of the N,O and CH4 Emission
Factors from Animal Excreta and Urea Following a Winter Application in 2 Regions
of New Zealand. Report for MAF Policy, Wellington. p. 27.

de Klein, C., Hoogendoorn, C., Manderson, A, Saggar, S., Giltrap, D., Briggs, C., Rowarth, J.,
2009. Refinement of the Framework for Upscaling Nitrous Oxide Emissions from Hill
Country. Report for MAF Policy, Wellington. p. 77.

de Klein, C.A.M., Cameron, K.C,, Di, HJ,, Rys, G., Monaghan, R.M., Sherlock, RR., 2011. Re-
peated annual use of the nitrification inhibitor dicyandiamide (DCD) does not alter its
effectiveness in reducing N,O emissions from cow urine. Anim. Feed Sci. Technol.
166-167, 480-491.

de Klein, CA.M.,, Luo, ]., Woodward, K.B., Styles, T., Wise, B., Lindsey, S., Cox, N., 2014. The
effect of nitrogen concentration in synthetic cattle urine on nitrous oxide emissions.
Agric. Ecosyst. Environ. 188, 85-92.

de Klein, C.A.M., van der Weerden, T.J., Luo, J., Cameron, K.C,, Di, HJ. 2019. A review of
plant options for mitigating nitrous oxide emissions from pasture-based systems. N.
Z.]. Agric. Res. doi.org/https://doi.org/10.1080/00288233.2019.1614073.

Kool, D.M,, Hoffland, E., Abrahamse, S., van Groenigen, ].W., 2006. What artificial urine
composition is adequate for simulating soil N,O fluxes and mineral N dynamics?
Soil Biol. Biochem. 38, 1757-1763.

Krol, DJ., Carolan, R., Minet, E., McGeough, K.L., Watson, CJ., Forrestal, P.J., Lanigan, G.J.,
Richards, K.G., 2016. Improving and disaggregating N,O emission factors for rumi-
nant excreta on temperate pasture soils. Sci. Tot. Environ. 568, 327-338.

Ledgard, S.F, Luo, ], Sprosen, M.S., Wyatt, ], Balvert, S., Lindsey, S., 2014. Effects of the ni-
trification inhibitor dicyandiamide (DCD) on pasture production, nitrous oxide emis-
sions and nitrate leaching in Waikato, New Zealand. N. Z. ]. Agric. Res. 57, 294-315.

Letica, S.A,, Tillman, R, Littlejohn, R., Hoogendoorn, CJ., De Klein, C.A.M., Kemp, P., 2006.
Spatial distribution and rate of nitrification activity in two hill country pastures.
Proc. N. Z. Grassl. Assoc. 68, 369-373.

Linn, D.M,, Doran, J.W., 1984. Effect of water-filled pore space on carbon dioxide and ni-
trous oxide production in tilled and nontilled soils. Soil Sci. Soc. Am. ]. 48, 1267-1272.

Lopez-Aizptn, M., Horrocks, C.A., Charteris, A.F.,, Marsden, K.A,, Ciganda, V.S., Evans, J.R.,
Chadwick, D.R., Cardenas, L.A. 2020. Meta-analysis of global livestock urine-derived
nitrous oxide emissions from agricultural soils. Glob. Chang. Biol. doi.org/https://
doi.org/10.1111/gcb.15012.

Luo, ], Lindsey, S.B., Ledgard, S.F., 2008. Nitrous oxide emissions from animal urine appli-
cation on a New Zealand pasture. Biol. Fert. Soils 44, 463-470.

Luo, J., van der Weerden, T.J., Hoogendoorn, C., de Klein, C.A.M., 2009a. Determination of
the N,O Emission Factor for Animal Dung Applied in Spring in Three Regions of New
Zealand. Report Prepared for Ministry of Agriculture & Forestry, Wellington. p. 49.

Luo, J., Cameron, K.C., de Klein, C.A.M., Di, HJ., Sherlock, R.R., 2009b. Effects of nitrification
inhibitor on N,O emissions associated with the P21 lysimeter trial - final report. Re-
port for MAF Policy 34.

Luo, ], de Klein, CA.M,, Di, H]J., Cameron, K., Saggar, S., Singh, ]., 2010. Effect of Application
of DCD with Nitrogen Fertiliser and Animal Urine on N,O Emissions. Report for MAF
Policy. p. 21.

Luo, J., Hoogendoorn, C., van der Weerden, T.J., Saggar, S., de Klein, CA.M., Giltrap, D.,
Rollo, M., Rys, G., 2013. Nitrous oxide emissions from grazed hill land. Agric. Ecosyst.
Environ. 181, 58-68.

Luo, J., Sun, X.Z., Pacheco, D., Ledgard, S.F,, Lindsey, S.B., Hoogendoorn, CJ., Wise, B.,
Watkins, N.L., 2015. Nitrous oxide emission factors for urine and dung from sheep
fed either fresh forage rape (Brassica napus L.) or fresh perennial ryegrass (Lolium
perenne L.). Animal 9, 534-543.

Luo, ], Hoogendoorn, C.,, van der Weerden, T., Saggar, S., de Klein, C,, Giltrap, D., 2016. Ni-
trous Oxide Emission Factors for Animal Deposited on Hill Country Steep Slopes -
Final Report. MPI Agreement Number 16799. p. 47.

Luo, J., Saggar, S., van der Weerden, T., de Klein, C., 2019. Quantification of nitrous oxide
emissions and emission factors from beef and dairy cattle excreta deposited on
grazed pastoral hill lands. Agric. Ecosyst. Environ. 270-271, 103-113.

Mackay, A.D,, Saggar, S., Trolove, S.N., Lambert, M.G., 1995. Use of an unsorted pasture sample
in herbage testing for sulphur, phosphorus and nitrogen. N. Z. J. Agric. Res. 38, 483-493.

Marsden, KA., Jones, D.L, Chadwick, D.R., 2016. Disentangling the effect of sheep urine patch
size and nitrogen loading rate on cumulative N>O emissions. Anim. Prod. Sci. 56, 265-275.

Marsden, K.A., Holmberg, J.A,, Jones, D.L., Chadwick, D.R., 2018. Sheep urine patch N,O
emissions are lower from extensively-managed than intensively-managed grass-
lands. Agric. Ecosyst. Environ. 265, 264-274.


https://doi.org/10.1016/j.scitotenv.2020.139235
https://doi.org/10.1016/j.scitotenv.2020.139235
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0005
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0005
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0005
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0010
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0010
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0010
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0015
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0015
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0015
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0020
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0025
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0025
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0025
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0030
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0030
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0030
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0035
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0035
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0040
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0040
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0040
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0045
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0045
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0050
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0050
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0050
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0055
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0055
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0055
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0055
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0060
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0060
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0060
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0070
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0070
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0070
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0075
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0075
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0080
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0080
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0080
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0085
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0085
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0085
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0085
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0090
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0090
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0095
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0095
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0095
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0100
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0100
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0100
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0105
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0105
http://www.ipcc.ch/report/ar5/wg3/
https://www.ipcc-nggip.iges.or.jp/public/2019rf/pdf/4_Volume4/19R_V4_Ch11_Soils_N2O_CO2.pdf
https://www.ipcc-nggip.iges.or.jp/public/2019rf/pdf/4_Volume4/19R_V4_Ch11_Soils_N2O_CO2.pdf
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0125
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0125
https://globalresearchalliance.org/n/nitrous-oxide-chamber-methadology-guidelines/
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0135
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0135
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0135
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0140
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0140
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0140
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0145
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0145
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0145
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0145
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0145
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0150
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0150
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0155
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0155
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0155
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0155
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0155
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0160
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0160
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0160
https://doi.org/10.1080/00288233.2019.1614073
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0165
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0165
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0165
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0165
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0175
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0175
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0175
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0180
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0180
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0185
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0185
https://doi.org/10.1111/gcb.15012
https://doi.org/10.1111/gcb.15012
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0190
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0190
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0195
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0195
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0195
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0195
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0200
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0200
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0200
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0200
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0205
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0205
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0205
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0205
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0210
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0210
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0215
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0215
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0215
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0220
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0220
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0220
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0230
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0230
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0235
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0235
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0235
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0240
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0240
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0240
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0240

12 T.J. van der Weerden et al. / Science of the Total Environment 732 (2020) 139235

Marsden, K.A., Holmberg, J.A., Jones, D.L, Charteris, A.F.,, Cardenas, L.M., Chadwick, D.R.,
2019. Nitrification represents the bottle-neck of sheep urine patch N,O emissions
from extensively grazed organic soils. Sci. Tot. Environ. 695. doi.org/https://doi.org/
10.1016/j.scitotenv.2019.133786.

McCullagh, P., Nelder, J., 1989. Generalized Linear Models. 2nd ed. Chapman and Hall/CRC,
Boca Raton, FL (ISBN 0-412-31760-5).

McDowell, RW., Hedley, M J., Pletnyakov, P., Rissmann, C., Catto, W., Patrick, W., 2019.
Why are median phosphorus concentrations improving in New Zealand streams
and rivers? J. Royal Soc. N. Z. 49, 143-170.

Ministry for the Environment, . New Zealand's Greenhouse Gas Inventory
1990-2017www.mfe.govt.nz.

Morton, J., 2019. Lime Use on New Zealand Pastoral Farms. Fertiliser Association of New
Zealand, p. 40 (ISBN 978-0-9951151-1-8).

Morton, ]J., Roberts, A., 2016. Fertiliser Use on New Zealand Sheep and Beef Farms.
Fertiliser Association of New Zealand, p. 52 (ISBN 978-0-9941087-1-9).

Muller, C., Sherlock, R.R., Williams, P.H., 1995. Direct field measurements of nitrous oxide
emissions from urine-affected and urine-unaffected pasture in Canterbury. Proceed-
ings of the Workshop on Fertilizer Requirements of Grazed Pasture and Field Crops:
Macro and Micronutrients. Currie LD, Loganathan P (Eds). Occasional Report No. 8.
Massey University, Palmerston North pp. 243-34.

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, ]J., Huang, J., Koch, D.,
Lamarque, ].-F., Lee, D., Mendoza, B., Nakajima, T. Robock, A., Stephens, G.,
Takemura, T., Zhang, H., 2013. Anthropogenic and natural radiative forcing. In:
Stocker, T.F,, Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, ]., Nauels, A.,
Xia, Y., Bex, V., Midgley, P.M. (Eds.), Climate Change 2013: The Physical Science
Basis. Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

O'Neill, R.M,, Girkin, N.T., Krol, D.J., Wall, D.P., Brennan, F.P., Lanigan, G.J., Renou-Wilson, F.,
Miiller, C., Richards, K.G., 2020. The effect of carbon availability on N,O emissions is
moderated by soil phosphorus. Soil Biol. Biochem. 142. doi.org/https://doi.org/
10.1016/j.s0ilbio.2020.107726.

Pelster, D.E., Gisore, B., Koske, ].K., Goopy, J., Korir, D., Rufino, M.C., Butterbach-Bahl, K.,
2016. Methane and nitrous oxide emissions from cattle excreta on an East African
grassland. J. Environ. Qual. 45, 1531-1539.

R Core Team, 2017. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria URL. https://www.R-project.org/.
Ravishankara, A.R., Daniel, ].S., Portmann, R.W., 2009. Nitrous oxide (N,0): The dominant

ozone-depleting substance emitted in the 21st century. Science 326, 123-125.

Roberts, A.,, Morton, J., 2016. Fertiliser use on New Zealand dairy farms. Fertiliser Associ-
ation of New Zealand, p. 56 (ISBN 978-0-9,941,087-1-5).

Saggar, S., Mackay, A.D., Hedley, M J., Lambert, M.G., Clark, D.A., 1990a. A nutrient transfer
model to explain the fate of phosphorus and sulphur in a grazed hill country pasture.
Agric. Ecosyst. Environ. 30, 295-315.

Saggar, S., Hedley, M.J,, Gillingham, A.G., Rowarth, J.S., Richardson, S., Bolan, N.S., Gregg,
P.E.H., 1990b. Predicting the fate of fertiliser sulphur in grazed hill country pastures
by modelling the transfer and accumulation of soil phosphorus. N. Z. J. Agric. Res.
33, 129-138.

Saggar, S., Giltrap, D.L., Davison, R., Gibson, R., de Klein, C,, Rollo, M., Ettema, P., Rys, G.,
2015. Estimating direct N>O emissions from sheep, beef, and deer grazed pastures
in New Zealand hill country: accounting for the effect of land slope on the N,O emis-
sion factors from urine and dung. Agric. Ecosyst. Environ. 205, 70-78.

Selbie, D.R., Buckthought, L.E., Shepherd, M.A., 2015. The Challenge of the Urine Patch for
Managing Nitrogen in Grazed Pasture Systems. Adv. Agron. 229-292.

Sherlock, R.R., de Klein, C.A.M.,, Li, Z,, 2003a. Determination of the N,O and CH4 emission
factors from animal excreta, following a spring application in 3 regions of New
Zealand. Report for MAF Policy, Wellington, p. 28.

Sherlock, R.R,, de Klein, C.A.M.,, Li, Z., 2003b. Determination of the N,O and CH4 emission
factors from animal excreta, following a summer application in 3 regions of New
Zealand. Report for MAF Policy, Wellington, p. 27.

Simon, P.L., Dieckow, ]., de Klein, C.A.M., Zanatta, J.A., van der Weerden, T.J., Ramalho, B.,
Bayer, C., 2018. Nitrous oxide emission factors from cattle urine and dung, and
dicyandiamide (DCD) as a mitigation strategy in subtropical pastures. Agric. Ecosyst.
Environ. 267, 74-82.

Sordi, A., Dieckow, ]., Bayer, C., Alburquerque, M.A,, Piva, J.T,, Zanatta, J.A., Tomazi, M., da
Rosa, C.M., de Moraes, A., 2014. Nitrous oxide emission factors for urine and dung
patches in a subtropical Brazilian pastureland. Agric. Ecosyst. Environ. 190, 94-103.

Swaffield, S., Hughey, K., 2001. The South Island High Country of New Zealand: landscape
challenges and future management. Mountain Res. Develop. 21, 320-326.

Thomas, BW., Gao, X,, Beck, R, Hao, X., 2017. Are distinct nitrous oxide emission factors
required for cattle urine and dung deposited on pasture in western Canada? Environ.
Sci. Poll. Res. 24, 26,142-26,147.

Van Groenigen, ].W., Kuikman, P.J., De Groot, W.J.M,, Velthof, G.L., 2005. Nitrous oxide
emission from urine-treated soil as influenced by urine composition and soil physical
conditions. Soil Biol. Biochem. 37, 463-473.

Voglmeier, K., Six, J., Jocher, M., Ammann, C., 2019. Grazing-related nitrous oxide emis-
sions: From patch scale to field scale. Biogeosci 16, 1685-1703.

van der Weerden, T.J., Luo, ]., de Klein, C.A.M., Hoogendoorn, CJ,, Littlejohn, R.P., Rys, GJ.,
2011. Disaggregating nitrous oxide emission factors for ruminant urine and dung de-
posited onto pastoral soils. Agric. Ecosyst. Environ. 141, 426-436.

van der Weerden, TJ., Cox, N., Luo, J., Di, HJ., Podolyan, A,, Phillips, R.L.,, Saggar, S., de Klein,
C.AM.,, Ettema, P, Rys, G., 2016. Refining the New Zealand nitrous oxide emission fac-
tor for urea fertiliser and farm dairy effluent. Agric. Ecosyst. Environ. 222, 133-137.

van der Weerden, TJ., Styles, T.M., Rutherford, AJ., de Klein, C.A.M.,, Dynes, R., 2017. Ni-
trous oxide emissions from cattle urine deposited onto soil supporting a winter for-
age kale crop. N. Z. J. Agric. Res. 60, 119-130.

World Resource Institute, 2000. A guide to world resources 2000-2001, People and
ecosystems- the fraying web of life. Pp.389 https://wriorg.s3.amazonaws.com/s3fs-
public/pdf/world_resources_2000-2001_people_and_ecosystems.pdf

Zhong, L., Hoogendoorn, CJ., Bowatte, S., Li, F.Y., Wang, Y., Luo, D., 2016. Slope class and
grazing intensity effects on microorganisms and nitrogen transformation processes
responsible for nitrous oxide emissions from hill pastures. Agric. Ecosyst. Environ.
217, 70-78.

Zhu, Y., Merbold, L., Pelster, D., Diaz-Pines, E., Wanyama, G.N., Butterbach-Bahl, K., 2018.
Effect of dung quantity and quality on greenhouse gas fluxes from tropical pastures
in Kenya. Global Biogeochem. Cycles 32, 1589-1604. https://doi.org/10.1029/
2018GB005949.

Zhu, Y., Merbold, L., Leitner, S., Xia, L., Pelster, D.E., Diaz-Pines, E., Abwanda, S., Mutuo,
P.M., Butterbach-Bahl, K. 2019. Influence of soil properties on N,O and CO, emissions
from excreta deposited on tropical pastures in Kenya, Soil Biol. Biochem. doi.org/
10.1016/j.50ilbi0.2019.107636.


https://doi.org/10.1016/j.scitotenv.2019.133786
https://doi.org/10.1016/j.scitotenv.2019.133786
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0245
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0245
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0250
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0250
http://www.mfe.govt.nz
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0260
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0260
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0265
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0265
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0270
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0270
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0270
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0270
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0270
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0275
https://doi.org/10.1016/j.soilbio.2020.107726
https://doi.org/10.1016/j.soilbio.2020.107726
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0280
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0280
https://www.R-project.org/
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0290
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0290
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0290
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0295
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0295
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0300
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0300
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0300
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0305
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0305
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0305
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0310
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0310
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0310
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0310
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0310
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0315
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0315
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0325
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0325
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0325
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0325
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0325
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0330
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0330
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0330
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0330
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0330
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0335
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0335
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0335
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0340
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0340
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0345
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0345
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0350
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0350
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0350
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0355
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0355
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0355
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0360
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0360
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0365
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0365
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0370
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0370
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0375
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0375
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0375
http://wriorg.s3.amazonaws.com/s3fs-public/pdf/world_resources_2000-2001_people_and_ecosystems.pdf
http://wriorg.s3.amazonaws.com/s3fs-public/pdf/world_resources_2000-2001_people_and_ecosystems.pdf
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0380
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0380
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0380
http://refhub.elsevier.com/S0048-9697(20)32752-2/rf0380
https://doi.org/10.1029/2018GB005949
https://doi.org/10.1029/2018GB005949
http://doi.org/10.1016/j.soilbio.2019.107636
http://doi.org/10.1016/j.soilbio.2019.107636

	Meta-�analysis of New Zealand's nitrous oxide emission factors for ruminant excreta supports disaggregation based on excret...
	1. Introduction
	2. Methods
	2.1. Database description
	2.2. Assessment of data suitability
	2.3. Meta-analysis
	2.4. Influence of topography on EF3
	2.5. Implications for the national agricultural N2O inventory

	3. Results
	3.1. Database description
	3.2. Assessment of data suitability
	3.3. Meta-analysis
	3.3.1. Dung
	3.3.2. Urine

	3.4. Influence of topography on urine EF3
	3.5. Implications for the national N2O inventory

	4. Discussion
	4.1. Excreta type
	4.2. Influence of livestock type on urine EF3
	4.3. Influence of topography on urine EF3
	4.4. Implications for the national N2O inventory
	4.5. Limitations of the analysis

	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




