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Abstract

Fertilizer applications can enhance soil fertility, pasture growth and thereby increaseing
production. Nitrogen fertilizer has, however, been identified as a significant source of nitrous
oxide (N,O) emissions from agriculture if not used correctly and can thereby increase the
environmental damage costs associated with agricultural production. The optimum use of organic
fertilizers requires an improved understanding of nutrient cycles and their controls. Against this
context, the objective of this research was to evaluate the scope for reducing N,O emissions from
grassland using a number of manure management practices including more frequent applications

of smaller doses and different methods of application. We used a modified UK-DNDC model and
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N,O emissions from grasslands at Pwllpeiran (PW), UK, during the calibration period in autumn,
were 1.35 kg N/haly (cattle slurry) and 0.95 kg N/haly (farmyard manure), and-whie 2.31 kg
N/haly (cattle slurry) and 1.08 kg N/haly (farmyard manure) during the validation period in spring,
compared to 1.43 kg N/haly (cattle slurry) and 0.29 kg N/haly (farmyard manure) during the spring
at North Wyke (NW), UK. The modelling results suggested that the time period between fertilizer
application and sample measurement (TPFA), rainfall and the daily average air temperature are
key factors for N,O emissions. Also, the emission factor (EF) varies spatio-temporally (0-2%)
compared to the assumed uniform 1% EF used by theassumption—of IPCC. Predicted N,O
emissions were positively and linearly (R%=1) related with N loadings under all scenarios. During
the scenario analysis, the use of high frequency, low dose fertilizer applications compared to a
single one off application was predicted to reduce N,O peak fluxes and overall emissionsfor cattle
slurry during the autumn and spring seasons at the PW and NW experimental sites by 17% and
15%, respectively. These results demonstrated that an optimised application regime using outputs
from the modelling approach isapromising tool for supporting environmentally-friendly precision

agriculture.

Keywords

UK-DNDC, emission factor, farmyard manure, greenhouse gases (GHG), nitrous oxide, cattle

slurry

1. Introduction

Grazed grasslands provide us with food, biodiversity, and landscapes of high aesthetic quality,

whilst also offering considerable potential to enhance carbon storage and watershed functioning
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(Xu et a., 2019; Chianese et al., 2009). Grasslands and intensively managed pasture represent
about 30% of thetotal global land use area and about 70% of thetotal agricultural expanse (Latham
et a., 2014). Grazing livestock produce 33%-50% of global total agricultural gross domestic
product (GDP) (Herrero et al., 2013). However, anumber of challenges and risks exist for grazing
ecosystems due to a range of interconnected factors including, climate change, excessive nutrient
runoff, soil degradation, water shortages, changes in market demands, nitrous oxide (N,O)
emissions and over-grazing (Pulido et al., 2018; Thomas et al., 2018; Orr et a., 2016; Chen et al.,
2008; Baral et a., 2014; Kim et a., 2014).

Agricultural soils contribute about 65% of global nitrous oxide (N,O) emissions (Reay et a.,
2012), and this greenhouse gas has awarming potential of approximately 300 times that of carbon
dioxide (CO,) over 100 years. In the UK, agriculture contributes up to 75% of N,O emissions, of
which 75% originate from agricultural soils following nitrogen fertilizer (both synthetic and
organic) applications (Brown et al., 2016). In addition to the greenhouse effect, N,O also plays an
important role in ozone depletion (Smith, 2017). It has been reported that the contributions of
organic fertilizer applications to N,O emissions in the EU were approximately equal to 85% of
synthetic fertilizers (Velthof et al., 2015).

Key components of grassland management include grazing intensity resulting from livestock
stocking density and grazing regime, fertilization applications and, in some environmental settings,
irrigation. Fertilizer inputs are important for pasture and forage productivity and corresponding
livestock productivity (Bump and Baanante, 1996). However, fertilizer nitrogen can be a
significant source of N,O emissions from agriculture if not used correctly (Bodirsky et al., 2012).
Furthermore, fertilizer useis very expensive in terms of both private and public costs. Optimized

livestock production can reduce negative environmental impacts and assist adaptation to climate
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change if site-specific best management practices (BMP) are targeted to the four critical areas of
on-farm nutrient management (source, rate, time and place) (Patil et al., 2018; Goulding et al.,
2008). As a result, much effort has been made to assess the influence of inorganic and organic
fertilizers on nutrient cycles, N,O emissions and soil health (Bhogal et al., 2011; Evanylo et al.,
2008; Patil et al., 2018; ,Li et a., 2013; Noirot- Cosson et a., 2017; Diego et a., 2017). For
example, Pires et al., (2015) reported that the currently excessive use of N fertilizers not only
decreases efficiency, but also increases the CO, concentrations in atmosphere. The optimum use
of inputs using the 4R (Right source, Right rate, Right time, and Right place) principles will
enhance the efficiency, reduce the emissions, and improve the economic conditions of thosee
persoens directly and indirectly attached with the farming sector. Lassalettaet al ., (2014) concluded
that more than half of the total N applied to the-vegetation without following the 4R technique
hasis no beneficial impactuse and subsequently degradesaffects the sustainability of land, air, and
water resources over theen-alonger terms. Patil et al., (2018) showed that effective scheduling of
organic fertilizers improves the quantity and quality of sunflowers compared to recommended
traditional practices.

Organic fertilizer applications have potential benefits for grassland compared to synthetic
fertilizers, including: (1) increasing soil organic matter; (2) improving soil quality; (3) producing
organic foods, and; (4) increasing productivity (Zheng et al., 2010; Wang, 2014; FAO, 2017).
Consequently, organic fertilizers, such as FYM and cattle slurry (CS), are increasingly applied in
agriculture because of these wide-ranging benefits. However, organic fertilizers are more complex
than synthetic fertilizers due to varying compositions, as evidenced, for example, by the substantial
range in C/N ratios from 13 for FYM to 2 for cattle Slurry (Bouwman et a., 1997; McTaggart et

al., 1999; Akiyamaet a., 2004; Green, 2015). Factors such as compositional variability mean that
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it is more challenging to optimize organic fertilization management in grasslands in terms of
timing, frequency, and rates of application.

Process-based models, such as Denitrification and Decomposition (DNDC), can simulate the
dynamics of nutrient cycles, soil carbon, and greenhouse gas (GHG) emissions for assisting the
improved understanding of nitrogen cycles and their controls in grassland systems. DNDC can,
for instance, help reduce the need for replicated laboratory and fileld experiments and optimize
organic fertilizer management (Shen et al., 2018a; 2018b; Li et al., 1992; Y adav and Wang, 2017).
Gilhespy et a., (2014) presented the different phases of DNDC development for taking into
account integrated affects of soil, climate, vegetation type, management practices, and
biogeochemical processes. Zhang and Niu (2016) reviewed the plant growth sub-model of DNDC.
Shen et a. (2018a) modified the UK-DNDC model to analyse the effects of green compost and
FYM applied on winter wheat and grasslands on N,O fluxes at three UK research farms, whilst
Shen et al., (2018b) studied N,O emissions associated with slurry and digestate applications. The

latter study reported that although organic fertilizers enhance soil fertility and crop yields, they

have the potential tobut-might increase N,O emissions due to lower carbon and nitrogen ratios.
While Shen et al. (2018a; 2018b) developed DNDC functions for new organic fertilizers, such as
digestate and green compost, the effects of fertilization management and seasonality were not
simulated at the study sites. Many studies have shown, nevertheless, that N,O emissions can be
affected significantly by fertilization management including type (inorganic, organic), application
timing, application rate;; method of application (Deng et al., 2016; Zhao et al., 2016), and
environmental factors including seasonality. Therefore, there is a need for combining newly

available field data and modelling tools, such as DNDC, to explore optimized organic fertilization
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management under site-specific combinations of climate, soil and grazing, as captured by existing
UK research farms.

Because DNDC can be used for a Tier 3 approach to estimating the emission factors (EF) for
N0, it has been widely used for simulations of annual N,O emissions from various agricultural
soils treated with CS and FY M, including accounting for spatial and temporal variabilities (Kim
et a., 2013; Shen et a., 2018a,b). DNDC requires a range of input data including, for example,
soil hydraulic, chemical property, vegetation, and climatic parameters. The simplified regression
model for N,O emission factors can therefore be a useful means of simplifying the data needs of
process-based tools.

Inthisstudy, the overall aim wasto evaluate the efficiency and impacts of fertilizer management,
(i.e. manure application rate and split applications in grassland systems), on N,O emissions. The
research hypothesis was: split fertilizer applications according to crop physiological stages, as
opposed to a one time application, can optimize farm management for reducing N,O emissions.

The specific objectives were: (1) to assess the effects of fertilizer management, in the form of

more frequent doses and different application methods, on N,O emissions in grasslands; (2) to
simulate N,O fluxes from two UK soils treated with FY M and CSfertilizers using the UK-DNDC
model parameterised for specific soil, time between fertilizer application and measurement, and
environmental factors, (3) to determine emission factors based on simulated N,O emissions due
to application of thetwo fertilizersto soils, and; (4) to develop ameta-model to explore the effects
of climatic parameters (average daily temperature, precipitations) and the time interval (days)
between fertilizer application and subsequent (different times) sample measurements (TPFA) on

N->O emissions.

2. Material and M ethods
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2.1. Resear ch Sites

Two UK research sites were selected at Pwllpeiran (PW), Wales, and North Wyke (NW), England
(Fig. 1) for sensitivity analysisof DNDC under different environment and management conditions.
These two farms provide suitable datasets for two years (2011-2012) for representing variability
in soil and climatic conditions (Nicholson et al., 2017; Cardenas et al., 2010; 2019; Orr et al.,
2016). Table 1 summarisesshews the research site coordinates, soil physical and chemical
properties, climatic data, manure application scheduling data, and crop type for different
treatments during the autumn and spring at PW, and spring at NW. The treatments comprised a
control, plus FYM and CS inputs using surface broadcasting (CS-SB), and CS application using a

trailing shoe (CS-TS).

<Figure 1>

<Table 1>

The FYM is generated by beef cattle dung, urine, bedding material (such as straw) and uneaten
forage, whereas the CS comprises dung, urine and includes rainwater if stored in an uncovered
store (Pain and Menzi, 2011). The plants have immediate accessto the small portion of N available
in organic amendments;; however, the remaining larger percentage of N is available after the
decomposition of FY M. Irrigation water was not applied Bduring the experimental periods at the

two research farms. -rigation-waterwas-hot-apphied:

2.2. The DNDC model

2.2.1. Modél description
Li etal. (1992) devel oped the process-based DNDC model for simulation of GHG emissions (EPA,

1995) inthe USA. DNDC is composed of ecological drivers (climate, soil, vegetation, and human
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activity) and soil environmental factors (temperature, moisture, pH, E;,, and substratesNH,4*, NOs',
DOC after decomposition). The soil temperature and moisture profiles are determined by the soil
and climate module. Depending on the soil and climatic conditions, the vegetation module of
DNDC numerically ssmulates daily crop growth, nitrogen uptake, and root respiration. Asaresult,
this modul e cal culates biomass yields. The crop growth module is again composed of sub-routines
for controlling management practices such as crop rotation, tilling, irrigation, fertilizer
applications, and manure additions (Li et al., 1994). The decomposition module consists of four
soil carbon pools forineluding litter, microbial biomass, humads, and humus. This module
simulates daily substrates (NH4*, NOs, DOC) as a function of prevailing soil temperature and
moisture.

The final module for nitrification and denitrification hasve been improved using the concept of
the anaerobic balloon, which swells and shrinks as a function of soil redox potential (Li et al.,
2004). The substrates (such as DOC, NH4* and NOj3) alocated to the anaerobic or aerobic
compartments of each layer enable nitrification and denitrification processes to occur
simultaneously.

For the current study, we used UK-DNDC because thisversion has been calibrated and validated
under the UK-specific conditions for soil and climate combinations. In UK-DNDC, the soil is
considered as a series of discrete horizontal layers ranging from 0-50 cm depth. Some soil
properties (bulk density, porosity, hydraulic parameters) are assumed to be constant in each layer,
but most of the soil properties (soil moisture, temperature, pH, field capacity, wilting point, carbon
and nitrogen pools) can vary between layers. The model simulates dynamic variables for each
layer for each time step. Since the observed data collected at the two study sites was measured at

10 cm soil depth, the model simulations were used to output predictions at the same depth.
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2.2.2. Input parameters

Input parameters are daily weather data, soil physical and chemical properties, plants, and
agricultural practices. Agricultural practicesincludetillage, fertilization, manuring, irrigation, and
grazing/cutting. The soil parameters, including soil pH, SOC, NOs", NH,4* for both study sites, are
summarised in Table 1. The total N (kg-N/ha) contents in organic fertilizers for the CS-SB, CS-
TS, and FYM treatments applied during the autumn and spring at PW and the spring at NW are
also shownin Table 1.

Table 2 presents the nitrogen loadings for two fertilizers applied at the study sites, following the
methods of Kim et a., (2013). The default C/N ratios were considered in DNDC to determine the
carbon loading of FY M and CS treatments applied to the two study sites (Table 2). The term factor
used in Table 2 shows the nitrogen loading according to Kim et a. (2013) for the reference case
(factor = 1), 1.5 times the reference, and 2 times the reference.

Measurements of direct N,O-N were made using 5 static chambers (0.8 m? total surface area) per
plot over 12 months after manure applications. Gas sampleswere anaysed by gas chromatography.
The measured daily fluxes were regressed through linear gas accumulation. For further details,
readers are referred to Chadwick et al. (2014) and Nicholson et a. (2017). Standard protocols were
deployed for measuring soil moisture and soil temperature (Nicholson et al., 2017; Cardenaset al.,
2010; Orr et al., 2016).

<Table 2>

For comparing and controlling the N,O peak and overall annual emissions, CSwas applied by two
different methods, including one single time application and split applications according to the
grass crop physiological stages (Moore et a., 1991) as shown in Table 3.

<Table 3>
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As the soil at the two experimental sitesis typically wet given the prevailing climatic conditions
on the western side of the UK, UK-DNDC simulations assumed field capacity initially, with soil
moisture varying from that point onwards as a function of soil and climatic parameter variability
during the simulation period.

2.3. Emission factorsfor nitrous oxide

The emission factor_(EF) is a measure of transformation proficiency of nitrogen available in

fertilizer into N,O emissions:

N20f - N2O¢
BF ==,
a

100% (1)

Where: N,O is the total N,O produced from the fertilized soils (kg N/haly);- N,O; is the N,O
produced from the soil without application of fertilizer (kg N/haly), and;- N, is the total nitrogen
(kg N/haly) availablein the fertilizer applied to the soil.

Thedefault EF fixed by IPCC Tier 1is0.01 (1%) and isrelated with N,O emissionsdueto fertilizer
applications toin agricultural soils (Eggleston et al., 2006). The net emission flux, Ny, is strongly
linear with Ng:-

Nnet = EF X Na )

2.4. Statistical measuresfor UK-DNDC performance evaluation

The performance of UK-DNDC was evaluated using the observed N,O emission data at the two

UK sites. The Ccoefficient of determination (R?) and the root mean square error (RM SE) wereare

used for testing model performance. i

data-The relative error (RE) wasis used to compare approximations between the modeled results

and the observed data:

(5" (Si - Sm)(Oi - Omi))”

R? 3)

n 2 2
2. = 1(Si - Sm,i) (Oi - Om,i)

10
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RMSE = (4)

Oi - Si
RE = =5, ®)

Where: the subscripts i and m represent the index number and average value, respectively. The
symbols Sand O are UK-DNDC simulated and observed values, respectively. nisthetotal number
of values. Based on the research objectives, statistical criteria for evaluating model performance
were set as R2>0.5, and average RM SE<0.5.

2.5. UK-DNDC calibration and validation

The UK-DNDC simulations were performed from 1 January to 31 December (Julian days) and
annua (365 days) simulated and observed values were used to compare the cumulative N,O
emissions. The UK-DNDC model calibration was based on autumn and validation for spring at
PW. The trapezoidal rule of interpolation wasis used to calculate the observed annual fluxes
between measurement points.

The UK-DNDC model was tested against the datasets of water filled pore space (WFPS), soil
temperature and N,O emissions from the two study farms (Fig. 1). We firstly calibrated and
validated the WFPS and soil temperature to calculate their correlation coefficient, R?, (Eq. 3),
RSME (Eg. 4) and RE (Eg. (5). (Fig. 2). Then, we calibrated and validated daily N,O flux (Figs. 3,
4 and 5). We aso calibrated annual N,O emissions (Figs., 6 and 7). The best fitness parameters
were obtained by finding the maximum coefficient of determination (R2) and the minimum root
mean sguare error, RMSE (%), through OFAT (one factor at atime) anaysis. After calibration,
the RM SE between annual observed and simulated values for N,O emissions reduced from 2.7
(3.48 kg N/haly) to 1.51 (2.31 kg N/haly) in the case of the CS-SB treatment, and from 2.31 (3.49
kg N/haly) to 1.19 (2.33 kg N/haly) for CS-TS in the spring at PW. After calibrationed and

validationed, UK-DNDC was used to simulate different rates of nitrogen loading to explore

11
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relationships between nitrogen loading and annual N,O emissions under site-specific conditions
and to explore optimal organic fertilizer applications and strategiesin the two intensively managed
grassland settings.

2.6. Nitrous oxide flux and a EF linear model

As there is a strong relationship between N,O flux and N loading applied to agricultural soils, a
linear regression model can be developed for reducing the input and calculation requirements
(Cardenas et a., 2010).

w=aN+b (6)

_ w(N) - w(control) _

a=—y  =EF (7)
Where: w and N represent the N,O emission flux (kg N/haly) and nitrogen loading (kg N/haly),
respectively. Theslope“a” isequivaent to the EF and intercept “b” isthe controlled emission flux
(kg N/haly).

Although equation (6) isfit to describe the linear relationship on an annual basis, this relationship
does not work on a daily time step due to the spatio-temporal variability of soil properties and
climate change impacts (Laville et a., 2011).

3. Resultsand discussion

We examined the performance of UK-DNDC against the observed data for WFPS, soil
temperature, and N,O emissions at the two study sites. We subsequently performed scenario

analyses to explore optimal timing; and applications for organic fertilizers.

3.1. Daily WFPS and soil temperature
The UK-DNDC model simulates soil temperature based on WFPS (%) and soil hydraulic
properties at adaily time step. Although the averaged observed event rainfall at both PW and NW

isin therange of 7-10 mm, the variability of rainfal is different in terms of variance and standard

12
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deviation. This variability has an important influence on N,O emissions. The simulated and
observed WFPS (%) for both locations are in good agreement in terms of relative error (RE: 0.09-
0.15) and RMSE (0.11-0.17), but the magnitude of the R?(0.12-0.27) islow (Fig. 2A). The reason
for thisrelates to the irregular time intervals of the observed values. In the UK-DNDC model, the
simulated values of WFPS are continuous and based on the previous time step value (Shen et al.,
2018a). The model fit could be further improved by collecting continuous observed values, but
this option is physically impossible. Fig.2B shows that the model captured the variations in soil
temperature and matched the observed data well. However, the air temperature is sightly lower
than the soil temperature due to being open to the atmosphere in both locations and climates. This
can be explained by the fact that the UK-DNDC model simulates soil temperature and WFPS (%)
using the thermos-hydraulic model at a daily time step. Because the heat transfer in soil is
calculated using the Fourier law, the soil temperature is a balance between heat dissipation and
soil heat capacity. When the heat capacity islarger than heat dissipation, the soil temperature could
be dlightly higher than the air temperature due to being open to the atmosphere in both locations
and climates. Also, the continuous aerobic and anaerobic chemical reactions and subsequent heat
transfer between soil layersis slow so more heat is kept in the soil, resulting in a warmerhetter
internal soil layer than the atmosphere.

<Figure 2A>

<Figure 2B>

3.2. Daily nitrous oxide fluxes

Fig. 3A shows the observed and simulated values for N,O emissions for the four treatments
including CS surface broadcasting (CS-SB, Fig. 3A(c)), CStrailing shoe (CS-TS, Fig. 3A(d)), and

FYM (Fig. 3A(b)), plus theard control treatment (Fig. 3A(a) for the autumn at PW. The ssmulated

13
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values of N,O emissions follow the same trend of the observed values, but again the model fit is
poor due to the irregular interval of the observed measurements. Forla the control and FYM
treatments (Fig. 3A(a), 3A(b)), the magnitude of N20 emissions varied between 0-12 g-N/ha/d,
but the treatments (Fig. 3A(c), 3A(d)) showed higher emission ranges between 0-80 g-N/ha/d. This
greater magnitude is due to CS applications of 24 kg-N/ha in both treatments compared to the
control. The FYM treatment received 131 kg-N/ha but the emission was in the same range as the
control treatment, reflecting the fact that readily available nitrogen is only 0.9 kg/ha in FYM
compared to 9.4 kg/ha for the CS treatments. For daily N,O fluxes, CS holds more water than
FYM. UK-DNDC generally over-predicts N,O emissions. This could be dueto poor representation
of water factorsin the denitrification process, in which the water is assumed to be constant. The N
loading rateswerelow compared to typical applications. Inthelatter, the application ratesnormally
vary between 200-250 kg N/hafor FY M and 150-400 kg-N/hain the case of CS (Thomas and Hao,
2017; Kim et a., 2013). The lower application rates at the study sites reduced the N,O emissions.
The decision of whether to apply FYM or CS depends on the soil fertility status, crop N demand,
and level of precision technology available for supporting field application. At the experimental
sites, the soil fertility isrelatively good and N demands are limited due to the prevalence of short
root grassland compared with longer root crops; therefore, the application rates of CS and FYM
are quite low compared to typical application rates reported more generally. At the experimental
sites, the gradient of application rates wasere used for a comparison of-ameng lower and higher
rates.

<Figure 3A>

Fig. 3B compares the observed and simulated values of N,O emissions for the three treatments

(CS-SB, CS-TS, and FYM) and control-treatment for the spring at PW. The simulated values for

14
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N,O emissions follow the same trend of the observed values, but again the model fit was not good
because of the irregular interval of observed measurements (TPFA). In the control and FYM
treatment (Fig. 3B(a), 3B(b)), the magnitude of N,O emissions varied between 0-20 g-N/ha/d,
compared with the higher magnitude of between 0-130 g N/ha/d for the treatments (Fig. 3B(c),
3B(d)). This greater magnitude reflected the CS applications of 67 kg N/hain both treatments. In
contrast, the FY M treatment received a nitrogen application of 122 kg N/habut the emissions were
in the same range as the control-treatment, reflecting the fact that readily available nitrogen in
FYM isonly 0.5 kg/ha compared to 35 kg/hafor the CS treatments. Here, it isimportant to bear in
mind that readily available nitrogen from manure is 5 times greater in spring compared to autumn
since moreintense and recurring rainfall allows for agreater magnitude of redox potentia (Ey) and
subsequently a higher magnitude of N,O emissions.

<Figure 3B>

Fig. 3C compares the observed and simulated values of N,O emissions for the threefeur treatments
and thetnekuding control for the spring at NW. The magnitude of N,O emissions varied between
0-20 g N/hald for the control, but between 0-200 g N/ha/d for the treatments. The latter reflected
the CS applications of 77.4 kg-N/ha in both treatments. The FYM treatment received an
application of 144 kg N/ha but the emission was in the same range as the control since readily
available nitrogen in FYM is only 0.67 kg N/ha compared to 43.5 kg N/ha for the CS treatment.
The readily available nitrogen in manure is 20% greater in spring at NW compared to spring at
PW. As the N,O emission depends on the rainfall intensity, initial soil moisture and temperature,
application rate, timing, and frequency, the magnitude of simulated peak N,O emission under the
CS-SB and CS-TS treatments was greater (200 g N/ha/d) during the spring at NW than the

magnitude (140 g N/hal/d) during the spring at PW. Furthermore, the rainfall during the spring at
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PW islessintense and erratic compared to spring at NW. In the case of the FY M treatment during
the spring at PW and NW, the average N,O emission remains within 2-5 g N/ha/d, but the N,O
emission during the spring at PW (Fig. 3C) is more erratic than during spring at NW (Fig. 3C).
This may be due to the erratic patterns of rainfall, soil temperature, and WFPS (%).

Regarding the mismatch between daily observed and simulated N,O emissions, there are multiple
reasons including the irregular intervals of the empirical datafor soil WFPS and soil temperature
and the impact of delayed bacterial activity due to daily corresponding temperature and/or rainfall
events. During a specific day, the optimum range of soil WFPS and soil temperature favours
biogeochemical processing due to nitrification and denitrification and subsequently N,O
emissions. The magnitude of emissions again depends on the fertilizer (organic/inorganic) rate. It
means that if the soil WFPS and soil temperature are not within the optimum range, the bacterial
activity slows down and results in an underestimation/ overestimation for the simulated N,O
emissions. Actually, the UK-DNDC model works well for annual emission fluxes (cumulative
daily emissions), compared to daily emissions, due to the reasons mentioned above. Bearing the
above in mind, the calibration and validation of annua emission fluxes under the different
treatments, locations, and weather conditions, shows acceptable statistical performance (Table 4).
<Figure 3C>

Generaly speaking, UK-DNDC generally over-predicts daily N,O fluxes for the CS treatment.
The UK-DNDC model was calibrated by fitting the stress coefficient of manure (S;,,) in the main
nitrifier and denitrifier equations, which are one of the main drivers for optimizing annual N,O
emissions and peaks. Table 4 presents the results for the calibration and validation periods at PW.
The R?isabove 0.5 under all treatments during autumn (calibration) and all treatments, except CS-

TS, during spring (validation), which suggested that simulated and observed annual N,O emissions
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wereare in good agreement. Similarly the RMSE was predicted to be below 0.62 (having R>0.5
in most cases) under all treatments during the autumn (calibration) and all treatments except CS-
SB and CS-TS during spring (validation).

<Table 4>

3.3. Annual nitrous oxide emissions and emission factors

Many national and international reports, such as the annual 1PCC report foref GHGs report total
emissions including seasonal and annual values rather than high resolution estimates. Therefore,
UK-DNDC was aso calibrated (during the autumn season at PW) and validated (during the spring
season at PW) for annual N,O emissions. Fig. 4 shows ssimulated and observed annual N,O
emissions under the CS-SB, CS-TS, and FYM treatments for the autumn and spring at PW and the
spring at NW. The simulated emissions were relatively higher than the observed datain the case
of the CS-SB (2.31 kg-N/haly versus observed 0.80 kg-N/haly), and CS-TS (2.33 kg-N/haly versus
1.20 kg-N/haly) treatments for spring at PW. In all other treatments, the model overestimated the
annua emissions for the CS applications by 10-20% compared to the observed data, while it
underestimated the emissionsfor FY M. This may be because the observed datais not available for
the non-growth period in the winter and we used trapezoida interpolation for the annual
cumulative emissions, resulting in an overestimation bias.

The highest observed emission isfrom FY M for the autumn and spring seasons at PW (1.28 kg-
N/haly, 1.277 kg-N/haly, respectively) dueto the erratic rainfall patterns (Dobbieet al., 1999). The
nitrogen loading (144 kg-N/haly) is greatest during the spring season at NW compared to autumn
(131 kg-N/haly) and spring (122 kg-N/haly) at PW, but the erratic pattern of rainfall and WFPS at
PW ismore favourable than at NW. In addition, a higher soil pH value (>7) favours denitrification
(Li et a., 1992), whereas a low pH (<5.6) strongly inhibits soil microbia nitrification and

denitrification (Wang et al., 2013). The R? for the controls treatments-ranged from 0.01 in the
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spring season at PW (Fig. 3B(@)) to 0.17 in the autumn season at PW (Fig. 3A(a)), while the R?
for the ether-treatments ranged from 0.01 (CS-SB applied during the spring season at PW, (Fig.
3B(c)) to 0.17 (CS-SB applied during autumn season at PW, Fig. 3A(c)). Potential Fhe R reasons
for theef lower value-ef-correlation coefficients forin some treatments ean-include: (1) the daily
N,O emission is strongly correlated with corresponding daily temperature and rainfall (Giltrap et
al., 2010)—H-also meanings that these climatic parameters are strong drivers of nitrous oxide
emissions without depending on the measured day, and; (2) the bacterial activity is delayed for

several days due to the temperature-and-rainfall events and corresponding temperatures but is then

and-stimulateds due to an increase in temperature.

The modelled N,O fluxes treated with CS-SB and CS-TS for the autumn and spring seasons at
PW and for the spring season at NW were higher than the observed valuesenes (Fig. 6) because
the modelled peak values were more numerous and higher (Fig. 3A©, 3A(d), 3B©, 3B(d), 3CO,
3C(d)), but thean opposite trend was observed in the other treatmentsexperiments (Fig. 3A(b),
3B(b), 3C(b)) (i.e. the modelled N,O fluxes for the spring and autumn seasons at PW treated with
FYM, and for the spring season at NW treated with FY M were lower than the observed ones). The
over and under predictions of observed annual N,O emissions using the UK-DNDC model reflect
the irregular intervals of observation, soil WFPS and the soil temperature status at a specific day
and time.
<Figure 4>
Using eg.1 (Fig. 6) and modelled data, EFs for FYM and CS at the two sites were also calcul ated.
The modelled EF exceeded the observed EFs except for the FY M treatment during the autumn and
spring seasons at PW and the spring season at NW. The IPCC Tier 1 default (EF=1%)

underestimated the observed EF (<1%) in all cases except the CS-SB treatment during the autt™
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season at PW, and overestimated the smulated EFs (1% > EF <2%) for al cases except FYM
during the autumn and spring seasons at PW and the spring season at NW. One of the reasonsis
that the-some values of the observed emissions were negative (Fig. 3B, 3C), whereas modelled
emission values produced by UK-DNDC were all positive (Myrgiotis et a., 2016). The-beth
negative and positive values offset each other. Another reason is that, the UK-DNDC model
produced many sharp and narrow peaks at low emissions in the case of the FYM treatment (Fig.

3A(b), 3B(b), 3C(b)), which contributed smaller percentages to the overall modelled emissions.

3.4. Effect of nitrogen loading rates on annual nitrous oxide emissions and EFs

Optimized fertilizer applications can mitigate N,O emissions from grazing lands. N,O emissions,
with respect to fertilizer N input, depend on location, climate, crop type, fertilizer type, soil
properties, N,O emission measurement period, N input rates, biomass yield, cumulative N,O
emissions and the N,O EF. Kim et al., (2013) applied four different levels of N inputs based on
the-26 published datasets. These experimental siteswere distributed globally in Canada, USA, and
Europe. Their application rates on grassland are almost the same factor (1.5x and 2x). Therefore
we used scenarios for FYM and CS by increasing by factors of 1.5 and 2 times the experimental
loadings at the two study sites (Table 2) (Kim et al., 2013; Shen et al., 2018). The annua N,O
fluxes increased as a result of increasing the fertilizer loadings (CS and FY M) at both sites (Fig.
5). The response of the N,O emissions as a function of nitrogen loading was similar in the case of
CS-SB and CS-TS, as wasnd the gradual change (almost constant) due to the smaller percentage
of readily available nitrogen in FYM compared to CS for the spring and autumn seasons at PW

and the spring season at NW. The different scenarios of nitrogen loading forecasted the simulated
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emission fluxes and a regression model between nitrogen loading and emission fluxes wasere
developed (EQ. 6).

<Figure 5>

The fitted constants “a” and “b” for the scenario analysis and the corresponding linear lines are
shown in Table 5 and Fig. 5, respectively. All of the coefficients of determination (R?) exceeded
0.99 (Table 5), which indicates that the N,O emissions increase linearly with increasing nitrogen
loading. The projected constants (EFs) (Table 5) were much lower than 0.01 (1%) in most of the
cases except the CS-SB and CS-T'S treatments during the spring season at PW. The maximum EF
was 2% for CS under the trailing shoe application method applied during the spring season at PW,
and the minimum EF was 0.002% for FY M applied during the spring season at NW. The annual
N,O fluxes as a function of nitrogen loading are strongly (R? ~ 1) dependent on each other in all
cases. For every 50 kg-N/haly of nitrogen loading, there was an increase of 0.5 kg-N/haly in the
simulated annual N,O emissions, which shows 1% emission flux in ailmost all cases except the
FYM treatment, as shown in Figure 5. This response is due to the slower rate of degradation of
FYM compared to CS.

<Table 5>

AccordingtoKimet a., (2013), the relationship between N input and direct N,O emissionsfollows
three successive phases using the optimal N uptakes of both vegetation and soil microbes as
boundaries. As N input initially increases (phase ), the N provided is consumed by plants and
microbes, and N,O emissions are primarily controlled by plant vs microbial competition for the
available N. Therefore, in phase I, direct N,O emissions increase linearly. Subsequently, as N
additions exceed optimal N plant uptake rates, phase Il would exhibit exponential increases of

direct N20 emissions, since soil N,O production increases rapidly with excess N supply. Finally,

20



461
462
463
464
’465
466
467
’468
469
470
471
’472
473
474
475
476
W77
78
79

A80

481

482

’483

as N additions continue to increase progressively beyond the capacity of soil microbes to take up
and utilize N (Phase 111), the rate of N,O production would slow down and reach a steady state.
Accordingly, the N input ranges of phases|, I, and 1l may change. If the N input range of phase
| islarger than the tested range of N input, it would appear to be a linear response of direct N,O
emission and N input as verified in Figure 5.-of the-manuseript: In contrast, if the N input range of
phase | is smaller than the tested range of N input, an abrupt increase in direct N,O emissions
would occur inside the tested range of N input and it would appear as an exponential response of
direct N,O emissions with N input, as reported byfitted-wel-by Kim et al., (2013).

The optimal N uptakes of both vegetation and soil microbes may change depending on
vegetation type, climate conditions (e.g. temperature, precipitation) and soil properties (e.g. Ph,
redox potential, soil aeration, organic and mineral N, amount and availability of C, texture,
mineralogy-). All these conditions used in this manuscript are different from those used in the
study by Kim et al., (2013); therefore, regression models can be fitted well using both linear and
non-linear models, depending on optimal N uptake by both vegetation and soil microbes at the
locality in question.

3.5. Effectsof N loading timing, dose and times on daily N,O fluxes

Fig. 6 shows the correlation coefficients between observed annual N,O emissions and three
dynamic variables including TPFA, daily rainfall, and daily air temperature under the three
treatments-Hackuding the control, CS, and FYM for autumn and spring at PW and spring at NW.
The N,O emissions occurs due to the nitrification and denitrification processes, which are strongly
related with these dynamic variables (Smith et a., 2003). The Arrhenius equation causes these
chemical reactionsto occur and N,O emissions depend on temperature and soil aggregation (Smith

et al., 2003). The variable WFPS does not take part directly in the reactions;; however, the
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completion of these reactions depends on soluble substrates and oxygen as required by
microorganisms. Under all casestreatments (control, CS, and FYM), and for both the spring and
autumn seasons at PW and the spring season at NW, the variable air temperature shows positive
and rainfal negative correlation coefficients. Whereas; tThe third variable, TFPA,
exhibitedrepresentsthe negative correlation under all treatments and seasons at both PW and NW.
This shows that with the increase of TFPA, the soil N content will decrease, which is logical.-and
makes-sense. Based on the positive and negative magnitude of correlation coefficients betweenef
TFPA, rainfall and temperature, it can be concluded that N,O emissions at both research farms
increases with the increase of temperature and decreases with the increase of magnitude of rainfall
and TFPS.

<Figure 6>

3.6. Effect of scheduled and unscheduled fertilizer application on nitrous oxide emissions
The optimization of fertilizer input requires scheduled (split application during the growing
season) and precise fertigation based on the required nitrogen in the soil under different crop
physiological stages (Moore et al., 1996). These frequent but scheduled doses, according to the
crop physiological stages, significantly reduce peaks and overall emissions compared to a one-
time (unscheduled) application of fertilizer (Table 3). The optimum timing of organic fertilizer
applications should not affect the silage quality, marginal profit, and grazing livestock. in order to
guantify the reduction in peaks using both methods, the CS-TS treatment was selected for the
autumn and spring seasons at PW and the spring season at NW (Fig. 7). The reason is that readily
available nitrogen (RAN) in FYM is present in a smaller percentage compared to CS, which will
take longer to degrade and be available to plants. The reduction in peak fluxes (schedule vs

unscheduled) was 85% for the autumn season at PW (Fig. 7(a)) and 50% for spring at PW (Fig.
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7(b)) and NW (Fig. 7(c)). The overall annual N,O emissions (schedul e vs unscheduled) decreased
by 17% and 15% for the autumn season at PW and the spring season at NW, respectively
(Lassaletta, 2014, Pires et a., 2015). On the other hand, these emissions can also show increases,
such as an increase inef overall annual emissions by 9% in the case of the spring season at PW.
This makes sense as N,O emissions are a function of air temperature, precipitation, and TPFA.

In practice, it iswell realized that fertilizer best management practices (BMP) should utilize the
4R principle (Right source, Right rate, Right time, and Right place). Thisis embodied in Nutrient
Stewardship addressing the right fertilizer source, at the right rate, the right time, and in the right
place (IFA, 2007; Lassaletta et a., 2014; Wang et a., 2016). However, although at a first glance,
this best management appears simple, it is, in fact, complex with respect to considering how to
split nitrogen applications according to plant growth stages, especialy in the context of ambient
weather and soil conditions. Our results showed that NUE could be much improved by changing
from low frequently split to high frequently split applications, such as changing from 1 timeto 4
times. However, the corresponding improvement in NUE decreases if the frequency of split
applicationsiseven higher, asreported by Cardenaset a (2019). Cardenaset al., (2019) compared
N,O emissions associated with 4 split applications of inorganic fertilizers (AN320) with 6 split
applications (AN320-split) (intheir Fig. 4 and Table 2). However, it isimportant to note here that
the times of the additional 2 applications were very close compared with the 4 time application
scenario. Since both split application scenarios reported by Cardenas et a. (2019) were high
frequency, their results did not show any significant effects of the number of split applications on
N>O emissions.

Atmospheric CO, enrichment could inhibit the assimilation of nitrate into organic nitrogen

compounds (Bloom et al., 2010). The DNDC model takes into account the atmospheric
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background CO, concentration with a default value of 350 ppm, which affects plant
photosynthesis. Also, according to Bloom et al., (2010), the concentration of CO, in the earth’s
atmosphere ranges between 280 and 390 ppm, which confirmsthat the default value used in DNDC
iswithin this reported range. It is predicted that this concentration will reach between 530 and 970
ppm by the end of 21% century. Within this range of CO, concentrations, plant photosynthesis
behaves normally and therefore, there is no significant impact on N,O emissions. Of course, if this
concentration doubles, as predicted by Bloom et al., (2010), the response of higher plantsto a CO,
doubling would be a decline in nitrogen status. Overall, this means that the frequency of split
applications of organic/inorganic fertilizers according to crop physiological stages would likely
decrease the emission rate and overall emissions (Reich et al., 2018).

Some comparisons between organic and inorganic sources of nitrogen showed the influence of
fertilizer types on N,O flux (Cardenas et al., 2019; Shen et al., 2018; 2020; Thomas and Hao,
2017). Cardenas et a., (2019) concluded that these emissions depend on the type and rate of N
applied. For organic fertilizers, readily available nitrogen is much less than that reported for
inorganic fertilizers, therefore, the emission rate, overall emission and emission factor (EF) is
much lower than for inorganic fertilizers. Even within different forms of organic fertilizer such as
cattle manure, digestate, and separated solids, the emission rate varies. For example, Thomas and
Hao (2017) concluded that liquid biogas residues have a higher risk for N,O emissions than both
the separated solid fraction of the biogas residues and undigested cattle manure. Similarly, Shen
et al., (2018; 2020) modelled N,O emission following application of farmyard manure and green
compost. The results showed that organic fertilizers applied to soils may increase nitrous oxide

emissions due to their lower C/N rations, and therefore potentially contribute to global warming.
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It was further concluded that N,O emission is mainly related to air temperature, precipitation, as
well as the time period between fertilizer application and sample measurement.

Keeping in view the reduction in peaks and overall emissions compared to one-time
applications, it was concluded that scheduling compared to one-time applications per season
(unscheduled) is an important factor for sustaining soil and water productivity, and reducing N,O
emissions for environmentally-friendly smart agriculture and for contributing to a climate change

mitigation strategy. Therefore, our results are not in conflict with_those reported by Cardenas et

al.>s (2019). Our results imply there is an optimal number of split applications. Our model can be
helpful to determine additional nitrogen needs. Timeliness of application is essential to be sure
plant yields do not suffer from nitrogen deficiency.

<Figure 7>

4. Conclusions

Organic fertilizers such as FYM and CS, are increasingly applied in agriculture because of the
benefits they provide in terms of plant nutrients, and soil quality. However, the varying
compositions of organic fertilizers, causes difficulties for precision fertilizer management.
Therefore, it is still a challenge to plan organic fertilization, such as timing, frequency, and dose
in site-specific conditions. In this study, the UK-DNDC model was applied to grazing grasslands
treated with FYM, CS-SB, and CS-TStreatmentstypical of intensive grassland farming in the UK.
The use of frequent low dose applications compared to one time amendments significantly reduced
N,O peaks, fluxes and overall emissions by 17% for CS-TS during autumn at PW and 15% for
CS-TSduring spring at NW, but increased emissions for CS-TS by 9% during spring at PW. It is
therefore concluded that organic amendments scheduling compared to a traditional one-time

application per season can be a useful on-farm mitigation measure for minimizing N,O emissions.
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The application of liquid manure in modern agriculture is one of the most important techniques
for controlling overall N,O emissions and fertilizer use efficiency, and this study demonstrates
how the integration of empirical and modelling data can be used to help design the optimum use

of farm organic manures and surries.
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Table 1. Soil, vegetation, and climatic parameters along with manure application rates for four different treatments
including control, cattle dlurry surface broadcast, cattle slurry trailing shoes, and farmyard manure during autumn
and spring seasons at PW and the spring season at NW, UK.
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# both autumn and spring seasons at PW

autumn season at PW (Source: Nicholson et a., 2017)
**spring season at PW (Source: Nicholson et al., 2017)
$spring season at NW (Source: Cardenas et al., 2010)

Table 2. Loadings of nitrogen and carbon applied to grassland under two different treatments (cattle slurry and
farmyard manure) during autumn and spring at PW and spring at NW.

N and C loading by Treatment
FHAWSIEE Site Copliral CSSB E¥M s FYM
Datitnole PW PW?# 52.3526°N 52.3526°N 52.3526°N 52.3526°N
Factor* NW 1 50.7783°N  50.77035°N 1 50.77035p. 5 50 720350 N
S GoNnay Do SETEN TN SETIMe  SEETW
SIP3diRg ka-N/haly) 48 Clay Ioagm ay Ioamw03 CI ay]g&l%v éﬁB
Clay (%) PW# 28 28
Spring PW NW 29 29 29 29
Patsity (g/cm?) PW 1 09515 095 1 095 15 0952
N loading (kg-N/haly) EW”W 8-2%00.5 1@@8 122 8-28 183 0944
P9 (KN ary) 3 515201 2%.?5 1586 515 237 %@2
. NW 0.36 0.36 0.36 0.36
8B MaHN Y\ mg/kg) PW# 2.22 2.22 2.22 2.22
Factor NW 1 065 15 055 1 065 15 0652
Nereing @@N/haly) PW74 471161 1548/ 144 47 216 4788
loading (kg-N/haly) "¥¥ag 365355 30835 1872 365 303 394
Ann. Rainfall (cm) PW* 143 143 143 143
PW** 203 203 203 203
NW 148 148 148 148
Annua Ave.Temp. PW*
(°C) .88 0.88 .88 9.88
PW** 9.1 9.1 9.1 9.1
NWs 10.21 10.21 10.21 10.21
Cropping Grassland Grassland Grassland Grassland
Manure. App. PW"
Rate(kg-N/ha) 0 24 24 131
PW** 0 67 67 122
NW 0 77.4 77.4 144
Date fertilized PW* NA Sep 28,2011  Sep28,2011  Sep 28,2011
PW** NA May 2,2012 May 2,2012 May 2,2012
NW NA Apr.17,2012  Apr.17,2012  Apr. 17,2012
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*The default values of the C/N ratio for cattle lurry and farmyard manure are 2 and 13, respectively.
**Thenitrogen loading factor was taken fromhas-been-used-foHewing Kimet a., (2013).

PW-Pwllpeiran
NW-North Wyke

Table 3. Application of readily available nitrogen under the cattle slurry (CS) treatment in a single application and
split applications (according to crop physiological stages) during autumn and spring at PW and spring at NW.

Total

RAN’ Splitl Split2 Split3 Split4

kgN/ha kgN/ha kg N/ha kg N/ha kg N/ha
Autumn, PW 94 1.63 135 1.63 4.80
Application Date April 52011  April 15,2011  April 30,2011 May 20,2011
Spring, PW 35 6.06 5.01 6.06 17.88
Application Date April 52011  April 15,2011  April 30,2011 May 20,2011
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875
876
877
878
879
880

81
82
83

Spring,NW 43.5 7.53 6.22 7.53 22.22
Application Date May 12,2012 May 22,2012  07-Jun-12 29-Jun-12

* Readily available nitrogen

Table 4: Statistical measures including coefficient of determination (R?), root mean square error (RM SE), absolute
error (AE), and relative error (RE), for comparing between-observed and simulated annual nitrous oxide emissions
under the different treatments during the calibration (autumn and spring at PW in 2011) and validation (spring at
NW in 2012) periods.

Control CSSB” CSTS™ FYm=
Autumn PW
(Calibration)
30bs.N,0 0.78 1.03 0.99 1.28
aSim.N,O 0.99 141 1.42 1.00
R2 0.81 0.54 0.89 0.96
RMSE 0.24 0.48 0.62 0.61
AE?2 0.22 0.39 0.53 0.54
RE(%) 28.04 37.47 43.27 -21.56
Spring PW
(Validation)
20bs.N,O 0.57 0.80 1.20 1.28
aSim.N,O 1.09 231 2.33 1.10
R2 0.74 0.39 0.01 0.97
RMSE 0.60 152 1.18 0.42
AE? 0.52 151 1.13 0.29
RE(%) 91.65 188.28 93.81 -14.22

* cattle slurry treatment using surface broadcasting method
** cattle slurry treatment using trailing shoe method

** farmyard manure

aAnnual average nitrous oxide flux (kg-N/haly)

Table 5. The regression coefficients in equation (6) during the scenario analysis for nitrogen loadings under the
cattle slurry surface broadcast (CS-SB), cattle slurry trailing shoe (CS-TS), and farmyard manure (FY M) treatments
during the autumn season at PW, spring season at PW, and spring season at NW.

Cs (O FYM Cs (O FYM CS CS FYM
SB TS SB TS SB TS

Autumn Spring Spring

PW PW NW
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Figure 4: Observed and simulated annual nitrous oxide fluxes and emission factors (EFs) for the
cattle slurry surface broadcast treatment (CS-SB) during the autumn (CS-SB1) and spring (CS-
SB4) seasons at PW and the spring season (CS-SB7) at NW, —Ffor the cattle slurry trailing shoe
(CS-TS) treatment during the autumn (CS-TS2) and spring (CS-TS5) seasons at PW and the spring
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98 season (CS-TS8) a NW_and—SimHarly for the farmyard manure (FYM) treatment during the
99 autumn (FYM3) and spring (FYM6) seasons at PW and the spring season (FYM9) at NW. The

1000 error barsindicates the standard deviations among replications of each treatment.
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1002

1003  Figure5: Predicted annual nitrous oxide fluxes with respect to increasing nitrogen loading under
1004 the cattle durry surface broadcast (CS-SB), cattle dlurry trailing shoe (CS-TS), and farmyard
1005 manure (FYM) treatments during the autumn at PW (@), spring at PW (b), and spring at NW (c).
1006  Shmiarh-eCorresponding emission factors (EFs) during the autumn at PW (d), spring at PW (e),
1007  and spring at NW (f).
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Figure 6: Linear correlation coefficients betweenef the observed N,O emissions andwith TPFA,
rainfall (R), and average air temperature (T) under the control, cattle Slurry and farmyard manure
(FYM) treatments during the . autumn at PW (Au PVV) spnng at NW (Sp NW) and the spnng
season at P\N (Sp P\N) . ;

indicates the standard dew atl on among repllcatlons of each treatment
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1037
1p38  Figure7: Comparison of nitrous oxide fluctuations after one time spht-(black line) and four times

1039  gplit (red line) sphit-organic fertilizer applications under the cattle slurry treatment during the
1040  autumn at PW (a), spring at PW (b), and spring at NW (c).
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