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Abstract: Agricultural soils account for about 60% of the global atmospheric emissions of the potent
greenhouse gas nitrous oxide (N2O). One of the main processes producing N2O is denitrification,
which occurs under oxygen-limiting conditions when carbon is readily available. On grazed pastures,
urine patches create ideal conditions for denitrification, especially in soils with high organic matter
content, like Andisols. This lab study looks at the effects of Urine-urea-N load on the Andisol potential
to emit N2O. For this, we investigated the effects of three levels of urea-N concentrations in cow urine
on emissions of N2O, N2, and CO2 under controlled conditions optimised for denitrification to occur.
Results show total N2O emissions increased with increasing urine-N concentration and indicate that
denitrification was the main N2O-producing process during the first 2–3 days after urine application,
though it was most likely soil native N rather than urine-N being utilised at this stage. An increase in
soil nitrate indicates that a second peak of N2O emissions was most likely due to the nitrification of
ammonium hydrolysed from the added urine, showing that nitrification and denitrification have the
potential to play a big part in N losses and greenhouse gas production from these soils.
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1. Introduction

Nitrogen (N) dynamics have been widely studied, particularly for managed grazed
pasture systems [1–5]. In a grassland’s soil–plant–animal system, numerous processes are
involved in the N-cycle, with many inputs and outputs. Nitrogen can enter the system via
the atmosphere or through amendment applications (organic or inorganic fertilisers), be
taken up by the plant, and leave the system through leaching, removal of plant or animal
material, or in gaseous forms via the atmosphere. How N moves through soil–plant–animal
systems is determined by physical, biological, and chemical processes [6–9].

In soil, N can be transformed via various processes, such as nitrification or denitri-
fication. The nitrification process oxidises ammonia/ammonium (NH3/NH4

+) to nitrite
(NO2

−), during which nitrous oxide (N2O) and nitric oxide (NO) can be released. NO2
− is

then further oxidised to nitrate (NO3
−) [8]. Denitrification is the reduction of nitrate (NO3

−)
to gaseous nitrogen (N2) via nitrite (NO2), nitric oxide (NO), and nitrous oxide (N2O) [10].
While nitrification requires oxygen, denitrification occurs under the absence/limitation of
oxygen by mainly facultative anaerobic bacteria that couple nitrate (NO3

−) reduction with
organic carbon (Corg) oxidation [10–12]. Denitrification is of particular concern because
N2O is an obligatory intermediate, which often represents the final stage of an incomplete
denitrification process [10]. Nitrous oxide is a potent greenhouse gas (GHG) with a global
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warming potential 265–298 times greater than carbon dioxide (CO2) over a 100-year hori-
zon [13]. Agricultural soils are a dominant source of N2O and account for about 60% of the
atmospheric N2O emissions globally [13–15].

A reduction in O2 availability in the soil can result from an increase in soil moisture
when liquid replaces air in pore spaces [16] which can be of particular concern in a changing
climate that results in higher and/or more intense rainfall events. In a soil–plant–animal
system, denitrifying conditions (low O2 availability resulting from increased soil moisture,
high N input, and sufficient carbon (C) supply) are created where animal excreta are
deposited [17]. Between 75 and 90% of the N consumed in animals’ diets is excreted
in the form of dung and urine [18], where over 70% of urine-N is in the form of urea,
with the rest being in the form of amino acids and peptides [1]. The frequency of urine
excretion for dairy cows is 7–12 times per day [3,19,20], with an average urination volume
of 1.5–3.5 L, resulting in a total production of 12–42 L of urine per day, with an estimated N
concentration of 2–15 g N L−1. In all instances, urine excretion causes extremely high rates
of N output. Urine patches can affect an area of 0.2–0.5 m2 [1] and may be equivalent to an
input of >50 g N m−2 and, in some cases, up to 100 g N m−2 [21].

The effects of soil type, including its organic matter (OM) content and microbial activ-
ity, on soil N transformation processes, such as nitrification and denitrification, resulting
in N emissions, have been reported [22,23]. Andisols are soils formed on volcanic ash
and are characterised by high porosity, low bulk density, high water holding capacity, and
an ability to accumulate organic matter [24,25]. The Andisols of Southern Chile have a
high OM concentration of >10% [26] and studies of N emissions have so far focused on
the use of N fertilisers and slurry application [27]. Results of those studies identify NH3
volatilisation as the main pathway for N losses from these soils [27,28], with a low contri-
bution of N2O [29,30]. However, with beef production systems and pasture areas in Chile
increasing [31], N2O emissions caused by grazing animals are becoming more important.

With NH3 volatilisation having been identified as the main pathway for N losses [32],
other N-loss processes have been overlooked. There is currently no evidence evaluating
N2O and N2 emissions from cow urine patches under different N concentration rates
in Andisols from southern Chile. In this study, we aim to understand the potential of
an Andisol to emit N2O from incomplete denitrification by investigating the effect of
the application of cow urine with increasing N concentrations on the N2O/(N2O + N2)
ratios and resulting CO2 emissions under controlled conditions using the gas-flow-soil-
core technique [33]. The ratios will be compared with a zero-N control treatment. We
hypothesise that at higher N application rates, larger N2O/(N2O + N2) ratios occur due
to incomplete denitrification. With this study, we aim to provide mechanistic data to
be incorporated into models as well as to help in making decisions on treatments for
larger-scale experiments to ultimately determine more specific emission factors for grazed
pastures on Andisol soils in Chile.

2. Materials and Methods
2.1. Soil Sampling and Preconditioning

The soil was collected in March 2019 from a natural polyphytic grassland located in
southern Chile (Valdivia series, Andisol, Typic Hapludands; 39◦47′10 S 73◦13′ W; see Table 1
for physical and chemical characteristics). The climatic conditions for the soil sampling
area from 2017 to 2019 were as follows: average annual temperature fluctuated between
10.4 and 11.6 ◦C, with rainfall between ~1500 and ~2300 mm per year during the summer
season (Dec–Feb). The temperature ranged from 12 to 30 ◦C, with long periods without rain.
Climatic data were collected with a weather station located in the Estación Experimental
Agropecuaria Austral (EEAA, Red Agrometeorológica del Instituto de Investigaciones
Agropecuarias, INIA, Valdivia, Chile, 2021).

Spade-cut squares (20 × 20 cm to a depth of 15 cm) of soil were taken from 10 locations
along a ‘W’ line across a field of 1200 m2 size. After sampling, the soil was dried at ambient
temperature to 30–40% moisture content (dry basis), and roots and plant residues were
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removed. In order to concentrate on treatment effects rather than the natural variability
of the soil, the soil was homogenised to optimise the response to each N application rate
by sieving to <2 mm and mixing well before being used for further analysis and soil core
packing. Samples were stored at 4 ◦C before sending to the UK to be packed into cores for
the incubation study.

Table 1. Physical and chemical characteristics of the soil. Values are the averages of triplicate soil
analysis ± standard deviation.

Property Units Soil

Soil type Silandic Andosol; Eutric, Siltic
(IUSS Working Group 2006)

Texture Silty clay loam—silt loam
(FAO 2006)

pH 5.55 ± 0.50
Phosphorus (P) mg kg−1 dry soil 26.11 ± 7.14
Potassium (K) mmol kg−1 dry soil 3.3 ± 1.6

Magnesium (Mg) mmol kg−1 dry soil 5.6 ± 2.4
Calcium (Ca) mmol kg−1 dry soil 42.7 ± 22.4
Sodium (Na) mmol kg−1 dry soil 1.6 ± 0.4

Aluminium cation (Al) mmol kg−1 dry soil 5.4 ± 3.5
Organic matter g kg−1 dry soil 168 ± 15
Particle density g cm−3 2.24

Water content at core packing % w/w 39

2.2. Urine Collection and Preparation

Urine was collected the day before treatment application from Taw River Dairy, Wes-
tacre, Sampford Courtenay, Okehampton, UK, from silage-fed Jersey dairy cows during
morning milking from at least seven different cows. After collection, urine was bulked and
stored in 5 L tight sealed plastic containers below 4 ◦C to avoid urine hydrolysis. Three
urine subsamples were taken and analysed for total N and C using a Shimadzu TOC/TN
analyser (Shimadzu UK Ltd., Milton Keynes, UK). Cow urine contained 2.89 ± 0.04 g L−1

total N and 12.4 ± 0.04 g L−1 total organic C.

2.3. Experimental Setup

One way to determine denitrification as an occurring process is the detection of N2,
which can only be produced in soil via this process. Because of the high background
concentration of N2 under ambient conditions, this incubation was carried out using the
DENitrification Incubation System (DENIS), a specialised gas-flow-soil-core incubation
system [33], at Rothamsted Research North Wyke, UK, which allows the replacement of
the natural atmosphere by a helium (He)/Oxygen (O) one. The experiment comprised four
treatments with three replicates each. A total of 13 cores (one for soil analysis before starting
the incubation and 12 for the incubation experiment) were packed with the sieved soil to a
bulk density of 0.65 g cm3 (simulating the in situ soil bulk density) into stainless steel rings
to a height of 7.5 cm with an internal diameter of 14 cm. To investigate the denitrification
potential of the soil, conditions were optimised to promote denitrification by adjusting
the soil moisture so that 85% water-filled pore space (WFPS) would be reached after
amendment addition [34–36]. Following this, one core was used for the soil analysis before
starting the incubation, and the remaining twelve were placed in the incubation system.

In order to measure N2 fluxes, the native atmosphere was removed. To remove the
N2 from the soil matrix, the soil cores were flushed with a mixture of He:O2 (80:20) at a
flow rate of 30 mL min−1 for 4 days from the bottom through the soil core (flow-through
mode). Flow rates were then decreased to 12 mL min−1, and the flow was redirected over
the surface of the soil core for 6 h before amendment application. The N2 concentrations
from the vents of the vessels were very small (99% of the N2 was removed from the system),
and the maintenance of these low N2 concentrations indicated that N2 had been removed
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from the soil matrix and that it was not diffusing from the soil. Oxygen was kept in the gas
mixture at atmospheric levels as the objective was to investigate denitrification achieved by
high WFPS/urine instead of forcing anaerobic conditions by preventing any O2 diffusion.
The incubation was carried out in a controlled temperature cabinet at 20 ◦C containing the
incubation chambers.

The four treatments of this experiment comprised different urine-N concentrations:
0N (N free water); 25N (4.20 ± 0.05 g N L−1 of urine = 24 g N m−2); 50N (7.98 ± 0.18 g
N L−1 of urine = 45.6 g N m−2); 100N (15.83 ± 0.09 g N L−1 of urine = 90.5 g N m−2).
To achieve the target N rates for all the treatments, the natural concentration of N in the
urine was adjusted by adding urea powder (CO(NH2)2, 98% purity). Deionised water
was used as 0N treatment. For each core, the volume of the amendment applied was
87 mL, equivalent to applying 2 L of urine to an area of 0.35 m2, calculated based on field
conditions. The amendments were added to the twelve cores packed with the homogenised
soil in a completely randomised design. After amendment application, the cores were
incubated under the previously described conditions for a further 35 days.

2.4. Gas Analyses and Data Management

Emissions from cores were measured sequentially, with gas samples being taken every
8 min resulting in measurements every 96 min for each core. Fluxes of N2O and CO2
were quantified using a Perkin Elmer Clarus 500 gas chromatograph (GC; Perkin Elmer
Instruments, Beaconsfield, UK) equipped with an electron capture detector (ECD) for N2O.
Emissions of nitrogen gas (N2) were measured by GC with a helium ionisation detector
(HID, VICI AG International, Schenkon, Switzerland) [33]. All gas concentrations were
corrected for flow rate through the vessel, which was measured daily, and fluxes were
calculated on a g N or C m−2 d−1 basis.

Cumulative emissions of N2O were calculated over the whole incubation period
(day 0 to day 35). Data analysis showed that the amendment solution contained some
atmospheric N2 as well as CO2, which was quickly flushed out of the system but resulted
in initial N2 and CO2 peaks with amendment application. Those peaks quickly dropped to
background levels. Cumulative CO2 and N2 emissions, as well as N2O/(N2O + N2) ratios,
were therefore determined from day 0.5 onwards.

Cumulative emissions of N2O, N2, and CO2 were calculated from the area under the
curve after linear interpolation between sampling points for the whole experimental period.

2.5. Soil Analysis

Physical and chemical soil characteristics, as presented in Table 1, were determined
in triplicate using a subsample of the bulked and homogenised soil obtained from the
field and analysed by the Institute of Agricultural and Soil Engineering laboratory at the
Universidad Austral de Chile.

Soil samples from cores packed for the incubation experiment were taken at the
beginning and end of the incubation to determine the initial and final moisture contents,
mineral N (NH4

+ and NO3
−), and soil organic carbon (SOC) concentrations. In the final

sampling of the incubation, each core was divided into halves to separate the top (0–3.8 cm
soil depth) section from the bottom (3.8–7.5 cm soil depth) section to allow analysis of
potential redistribution of nutrients within the soil. Soil NH4

+ and total oxidised nitrogen
(TON: NO3

− + NO2
−) were analysed by automated colourimetry from 2M KCl soil extracts

using a Skalar SANPLUS Analyser (Skalar Analytical B.V., Breda, The Netherlands) (Searle,
1984). As nitrite (NO2

−) is thought to accumulate very rarely in nature and has been
shown to rapidly mineralise in soil [37–40], it is assumed that TON is nearly exclusively
made up of nitrate (NO3

−). Total SOC was analysed from 0.05 M K2SO4 extractions [41]
by Shimadzu Total Organic Carbon Analyser TOC-L Series (Shimadzu UK Ltd., Milton
Keynes, UK), and WFPS was calculated from soil moisture contents by drying a subsample
(50 g) at 105 ◦C overnight, using the known particle size density for the Andisol and the
bulk density of the packed cores.
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2.6. Statistical Analysis

Differences in total emissions for each gas measured between treatments, as well
as differences in soil characteristics between treatments of soil cores before and after
incubation, were assessed by an ANOVA with 5% significance. The normal distribution of
the residuals and homoscedasticity was tested using the Kolmogorov–Smirnov test and
Levene test, respectively, and the Tukey HSD Test was used as a post hoc test for means
separation. Statistical analysis was performed using GraphPad Prism 5 and GenStat 16th
edition (VSN International Ltd., Hemel Hempstead, UK).

3. Results
3.1. Gaseous Emissions

Nitrous oxide fluxes (Figure 1) started to increase immediately after amendment
application and showed a short, small peak of emissions with maximum average fluxes of
0.008, 0.014, and 0.016 g N m−2 d−1 for 25N, 50N, and 100N, respectively, at day 1 before
decreasing again to a minimum under 0.0025 g N m−2 d−1 where they remained until day
6. All but the N0 treatment showed another increase in N2O fluxes from day 6. In the 25N
treatment, N2O fluxes increased to about 0.005 g N m−2 d−1 (day 18) before declining on
day 19 and reaching levels similar to 0N. Treatments 50N and 100N showed a second, much
larger than the first peak, reaching mean fluxes of 0.035 g N m−2 d−1 on day 12 and lasting
for 10 days, after which emissions declined in the 50N treatment, while the 100N treatment
remained high with the indication of a slight increase until the end of the incubation with
fluxes around 0.040 g N m−2 d−1.

Nitrogen 2024, 5, FOR PEER REVIEW 6 
 

 

 
Figure 1. Mean of the three replicate cores of each treatment for N2O, N2, and CO2 emissions over 
the course of the incubation (1 g m-2 d-1 = 4.17 × 10−3 mg cm−2 h-1). Black and grey lines correspond to 
the standard error of the means. The light grey-coloured lines in the N2 and CO2 graphs show the 
emissions due to atmospheric N2 and CO2 introduced with the amendment (see text). The insert in 
the N2 graph provides a closer look at the N2 emissions during the first week after the amendment 
application, including the N2 peak attributed to denitrification (see text). 

The pattern of N2 fluxes (Figure 1) was very similar in all treatments, showing high 
emissions immediately after amendment application, which decreased rapidly within the 
first 16 h. All but the 0N treatment showed a subsequent peak in N2 fluxes of 0.17 to 0.18 
g N m−2 d−1, decreasing to fluxes of around 0.009 g N m−2 d−1 for treatments 25N and 100N 
by day 2, while treatment 50N only dropped to levels of 0.06 before decreasing slowly and 
reaching similar levels by day 13.  

Carbon dioxide emissions increased immediately after amendment application (Fig-
ure 1), reaching maximum average fluxes of 27.5, 31.0, and 26.8 g C m−2 d−1 for 25N, 50N, 
and 100N treatments, respectively, after the first day of incubation. Fluxes decreased grad-
ually over the course of the incubation, reaching values below 2 g C m−2 d−1 by the end of 
the experimental period. The 0N treatment showed fluxes between 0.9 and 1.9 g C m−2 d−1 

during the 35 days of incubation.  
Cumulative emissions over the course of the experiment (Table 2) show that losses of 

N via N2O emissions increased with increasing N concentration and were nearly 2 times 
higher in 25N, 12 times higher in 50N, and 15 times higher in 100N than in the control 
treatment (0N). Contrary to this, cumulative emissions of N2 were similar in treatments 
0N, 25N, and 50N but significantly lower in 100N. This is reflected in the ratios of 
N2O/(N2O + N2) increasing with increasing N concentrations in the treatments.  

Figure 1. Mean of the three replicate cores of each treatment for N2O, N2, and CO2 emissions over the
course of the incubation (1 g m−2 d−1 = 4.17 × 10−3 mg cm−2 h−1). Black and grey lines correspond
to the standard error of the means. The light grey-coloured lines in the N2 and CO2 graphs show the
emissions due to atmospheric N2 and CO2 introduced with the amendment (see text). The insert in
the N2 graph provides a closer look at the N2 emissions during the first week after the amendment
application, including the N2 peak attributed to denitrification (see text).
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The pattern of N2 fluxes (Figure 1) was very similar in all treatments, showing high
emissions immediately after amendment application, which decreased rapidly within the
first 16 h. All but the 0N treatment showed a subsequent peak in N2 fluxes of 0.17 to
0.18 g N m−2 d−1, decreasing to fluxes of around 0.009 g N m−2 d−1 for treatments 25N
and 100N by day 2, while treatment 50N only dropped to levels of 0.06 before decreasing
slowly and reaching similar levels by day 13.

Carbon dioxide emissions increased immediately after amendment application
(Figure 1), reaching maximum average fluxes of 27.5, 31.0, and 26.8 g C m−2 d−1 for
25N, 50N, and 100N treatments, respectively, after the first day of incubation. Fluxes de-
creased gradually over the course of the incubation, reaching values below 2 g C m−2 d−1

by the end of the experimental period. The 0N treatment showed fluxes between 0.9 and
1.9 g C m−2 d−1 during the 35 days of incubation.

Cumulative emissions over the course of the experiment (Table 2) show that losses of
N via N2O emissions increased with increasing N concentration and were nearly 2 times
higher in 25N, 12 times higher in 50N, and 15 times higher in 100N than in the control treat-
ment (0N). Contrary to this, cumulative emissions of N2 were similar in treatments 0N, 25N,
and 50N but significantly lower in 100N. This is reflected in the ratios of N2O/(N2O + N2)
increasing with increasing N concentrations in the treatments.

Table 2. Cumulative emissions of CO2 (as g C m−2), N2O, and N2 (as g N m−2), N losses via N2O
(calculated by subtracting the emissions of the control treatment (0N) from the urine treatments
expressed as the percentage of the total N applied in the urine) for 0N, 25N, 50N, and 100N treatments
for the experimental period, and N2O/(N2O + N2) ratios for denitrification period from day 0.5 to 3.
N2 is the baseline subtracted. Different letters indicate a significant difference between treatments for
each measurement (n = 3, p < 0.05).

Treatment CO2
(g C m−2)

N2O
(g N m−2)

N2
(g N m−2)

N Loss via N2O
(% of Applied N) N2O/(N2O + N2)

0N 47.41 ± 0.11 a 0.059 ± 0.029 a 0.681 ± 0.257 ab 0.059 ± 0.013 a
25N 113.44 ± 1.05 b 0.100 ± 0.004 a 0.670 ± 0.325 ab 0.17 ± 0.02 a 0.086 ± 0.028 a
50N 139.06 ± 0.82 c 0.690 ± 0.091 b 0.660 ± 0.030 b 1.39 ± 0.20 c 0.069 ± 0.006 a

100N 184.98 ± 2.04 d 0.855 ± 0.051 b * 0.268 ± 0.188 a 0.88 ± 0.06 b * 0.183 ± 0.069 a

* N2O emissions were still high and increasing slightly for this treatment at the end of the experimental period;
see Figure 1.

3.2. Soil Chemistry

Before amendment application, 58.8 mg TON-N and 9.6 mg NH4
+-N was available

per kg dry soil throughout each core. As amendments were applied to the top of the
core, these values were assumed to initially remain the same for the bottom half of the
cores, while the combined available N (TON-N, NH4

+-N, and urine–N) in the top half
of the cores increased to 1.13, 2.15, and 4.26 g kg−1 dry soil in the treatments 25N, 50N,
and 100N, respectively. Table 3 shows the results of the final soil analysis after 35 days
of incubation. With the exemption of treatment 50N for TON and 100N for NH4

+, no
differences in TON or NH4

+ concentrations could be detected between the top and bottom
of cores. Between treatments, the concentrations of TON showed a significant increase with
increasing urine–N concentration, being lowest and not significantly different from the
pre-amendment concentrations in the 0N treatment and highest in 100N. Concentrations of
NH4

+ were only significantly increased in the 100N treatment, while they remained similar
to starting conditions in the other treatments.

Soil organic carbon (SOC) did not show any significant differences between the soil
before amendment application and after the 35-day incubation period. However, the 50N
treatment showed a significantly lower SOC concentration in the top half of the core than
treatments 25N and 100N, while the bottom halves remained unchanged (Table 3).

Soil moisture after amendment application was at 90.6%, equivalent to a WFPS of
85%. By the end of the experiment, the moisture contents in all vessels were similar to the
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ones before the amendment application. Only treatments 0N and 50N showed a difference
between the top and the bottom of the core, with the moisture content at the top being ~4%
higher (Table 3).

Table 3. Soil concentration of total oxidised N (TON) and ammonium (NH4
+) as g N kg−1 dry soil,

soil organic carbon (SOC) as g C kg−1 dry soil, and moisture content (H2O, %) before amendment
application and at the end of the incubation period. A total of 87 mL of urine was applied to each core,
adding 1.13 ± 0.013, 2.15 ± 0.049, and 4.26 ± 0.024 g urea N as well as 3.49 ± 0.02, 3.99 ± 0.08, and
4.92 ± 0.03 g urea C per g dry soil to the treatments 25N, 50N, and 100N, respectively (treatment 0N
received water only), and bringing the average moisture content up to 90.6% (=85% WFPS). Different
letters indicate a significant difference between treatments, including the native soil before incubation
for each layer [Top (A/B/C) or Bottom (a/b/c/d)]. Mean ± standard error. (*) indicates significant
differences between the Top and Bottom layers within a single treatment. (n = 3, p < 0.05).

Treatment Before Amendment
Application After Incubation

Parameter Native Soil 0N 25N 50N 100N

TON Top 0.059 ± 0.002 A 0.108 ± 0.002 A 0.605 ± 0.079 B 1.223 ± 0.027 * C 1.451 ± 0.078 C
g N kg−1 soil Bottom 0.059 ± 0.002 a 0.108 ± 0.001 a 0.500 ± 0.078 b 0.873 ± 0.034 * c 1.167 ± 0.069 d

NH4
+ Top 0.010 ± 0.002 A 0.004 ± 0.000 A 0.004 ± 0.000 A 0.007 ± 0.001 A 1.016 ± 0.114 * B

g N kg−1 soil Bottom 0.010 ± 0.002 a 0.004 ± 0.000 a 0.004 ± 0.000 a 0.007 ± 0.000 a 0.241 ± 0.034 * b
SOC Top 0.877 ± 0.011 AB 0.931 ± 0.034 AB 0.984 ± 0.026 B 0.798 ± 0.039 A 0.988 ± 0.019 * B

g C kg−1 soil Bottom 0.877 ± 0.011 a 0.874 ± 0.054 a 0.892 ± 0.023 a 0.838 ± 0.014 a 0.791 ± 0.016 * a
H2O Top 79.32 ± 0.28 A 83.27 ± 0.44 * A 80.32 ± 1.78 A 82.53 ± 0.85 * A 81.39 ± 1.26 A

% Bottom 79.32 ± 0.28 a 79.84 ± 0.51 * a 79.01 ± 1.29 a 78.41 ± 0.20 * a 78.10 ± 0.22 a

4. Discussion

Emissions of CO2 and N2O increased with the increased rate of N applied, as was
expected. The very low emissions of the 0N treatment suggest that the emissions of
the measured gases in the treatments receiving urine were almost exclusively a result
of the amendment application, through the utilisation of the applied N and/or through
stimulation of the microbial community enabling it to utilise native soil N. The first peak of
N2O emission on day 1 after starting the incubation was most likely due to denitrification
of the NO3 native to the soil, which is supported by findings in other studies [5,42]. At
this stage, denitrification would have been the promoted process due to the high WFPS of
the soil, resulting in anaerobic sites [43,44] and the addition of readily available C via the
urine [10,45]. This is also supported by the appearance of an N2 peak lasting from about
day 0.6 to 1.2 shortly after the N2O peak.

The N2O/(N2O + N2) ratios can be used to estimate to what degree the denitrification
process is completed to N2. In this experiment, the ratio was calculated for the initial period
(day 0.5–3, Table 2), where we believe denitrification was the dominant N2O-producing
process. The ratios were highly variable within each treatment and did not show any
significant differences between the treatments, indicating that there was no influence of the
urine N load on the completeness of the denitrification process at this stage.

Soil moisture analysis showed that over the course of the experiment, the WFPS de-
creased from 85% to around 75%. This resulted in drier and, therefore, more oxygenated
areas within the soil, providing conditions suitable for nitrification. When urea is applied
to soil, the enzyme urease rapidly breaks it down into ammonia and carbonic acid. In the
soil, NH3 can react and bind with soil fractions such as organic matter and react with water
to form NH4

+ [46], which can then be nitrified. Several studies have shown that the nitrifi-
cation process begins immediately after the application of the urine to the soil [5,45,47–49]
and the large increase in TON measured in the soil at the end of the experiment (between
10 and 30 times more than before amendment application), indicates that nitrification was
one of the major soil processes during the experiment, especially as there was no further N2
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observed after the initial peak. The second N2O peak from the two highest N treatments,
which started from day 6 after urine application, is, therefore, most likely the result of
nitrification of the nitrified N from the hydrolysed urea. Second peaks like this have been
observed from the application of nitrogen fertilisers in other studies [42,50]. There is the
potential, however, that some of the measured N2O originated from denitrification of the
produced nitrate, taking place in anaerobic sites where microbial respiration increases and
O2 is being extinguished, promoting denitrification from NO3

− [51].
During the incubation, the pattern and amount of N2O emission in the 50N and 100N

treatments were practically the same until day 22 of the incubation. Other studies have
found an inhibition of nitrification at high N application rates [5,43,52], which could explain
the results of the 100N treatment in our study. The initially similar behaviour of the 50N
and 100N treatments could indicate that the volcanic soil used in this study might have
reached its maximum capacity for N mineralisation, denitrification, and immobilisation by
soil microorganisms at a rate below 50 N g m−2. This could explain the relatively high N2O
emissions from day 11 to 22, after which readily available NH4

+ becomes depleted, resulting
in decreasing N2O emissions from nitrification in the 50N treatment, while the substrate
is still available in the 100N treatment, resulting in continued higher N2O emissions. Soil
analysis at the end of the incubation showed that NH4

+ concentrations were similar to
those before amendment application for all but the 100N treatment, further supporting the
theory that nitrification was still happening within this treatment.

Cumulative N2O emissions in this study were neither significantly different between
0N and 25N treatments nor between 50N and 100N treatments, but there were differences
between both groups. Similar results were reported by Selbie et al. [53], where the cumula-
tive emission of N2O from pasture over sandy loam amended with urine treatments of 300
and 500 kg N ha−1 (30 and 50 g N m−2) vs. 700 and 1000 kg N ha−1 (70 and 100 g N m−2)
which resulted in cumulative N2O emissions of around 1.7 and 3.7 kg N ha−1, respectively,
over an 80-day period. However, N2O emissions in our study were still high in the 100N
treatment by the end of the experiment, which was shorter than the Selbie et al. [53] study.
We are, therefore, not able to estimate the final cumulative emissions from this treatment.

The ratios of applied N lost as N2O for the 25N and 50N treatment were 0.17 ± 0.02%
and 1.39 ± 0.20% of the applied urine N, respectively. In a review by Oenema et al. [19] the
authors reported that emissions of N2O from animal urine deposited on grassland range
from 0.1 to 3.8% of the excreted N. Clough et al. [43] performed an incubation applying
urine at similar rates to our study. Although their experiment stopped after 21 days while
the second N2O peak was still occurring, they reported that under a rate of 250, 500 and
1000 kg N ha−1 (25, 50 and 100 g N m−2), losses were 2.4, 3.2, and 0.5% of the applied
N, which was already higher than the values in our study. The relatively low losses of
applied N via N2O emissions in our study can partly be explained by the high amount
of organic matter in the soil. The content of SOC plays a critical role in determining the
N2O emission response from urea deposition. Soil with a high organic matter content,
such as the one used in this study, has a higher cation exchange capacity, reducing the
concentration of available NH4

+ in the soil solution due to adsorption by soil colloids,
which in turn leads to the reduction of NO3

−, thus reducing N2O emissions derived from
urea [54]. Moreover, denitrification is a microbial process requiring an electron donor such
as C, which is contained within the soil as well as being added with the urine amendments.
Carbon dioxide emissions are a measure of biological activity and are often used to indicate
microbial activity or respiration [55]. Overall, emissions of CO2 increased with increasing
urine-N concentration.

Cumulative N2 emissions, the majority of which were emitted within the first 2 to
3 days of the experiment, were very variable in treatments 0N and 25N, averaging to values
similar to those in the 50N treatment, while the 100N treatment showed less than half
of those emissions. The N2 emissions indicated denitrification occurred in the first 2 to
3 days of the experiment, but the fact that the highest N treatment had the lowest emissions
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suggests that there could have been a toxic effect on the microbial population at these very
high N rates, inhibiting the reduction of N2O to N2 which would need further investigation.

5. Conclusions

We hypothesised that the contribution denitrification can make to N losses from an
Andisol will depend on the soil N input rate. The experiment was set up to provide
conditions ideal for denitrification, and as expected, our results showed that denitrification
was the main contributor during the first three days. However, N losses attributed to this
process were still low and only increased from 0 over 25 to 50 g N m−2 application rates,
while no further increase was detected when the rate was increased from 50 to 100 g N m−2.
Additionally, it seems most likely that gaseous N emissions are the result of the added
moisture and readily available C enabling microorganisms to utilise soil nitrate and thereby
directly affecting soil fertility, rather than due to the utilisation of the added amendment-N.
With the moisture content of the soil decreasing from 85 to 75% WFPS over the course of
the 35-day experiment, results suggest that nitrification or nitrifier denitrification was the
main N2O-producing process afterwards.

Our results showed total N2O emissions increasing with increasing urine–N concen-
tration and amounting to over 0.85 g N2O-N m−2, indicating that there is the potential that
grazed Andisols can be a source of N2O. As these are emissions from urine applications, the
overall contribution of this source to total GHG emissions under natural grazing and field
conditions will depend highly on stocking rates and grazing times. This study provides a
first insight into the potential of different GHG-producing processes occurring in Andisols.
As this study was set up to look specifically at the potential effects of urine–N load on
Andisol soil, the soil itself had been homogenised and kept under controlled conditions,
therefore eliminating any natural variability. To evaluate the importance of these types of
soils to national and global GHG emissions, further studies are needed, especially on the
field scale, to investigate environmental and management effects, such as pasture types,
grazing animals, climate, etc., and take natural variabilities such as soil structure and
microbial loads into account. This will hopefully lead to the development of more accurate
Emission Factors and potential mitigation strategies.
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