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grazing events over the late summer and autumn period. Drainage water from the plots 

was monitored and analysed for total N and NO3
--N, and pasture accumulation 

measurements were also conducted. Overall N leaching losses were low, and the 

differences in total N and NO3
- leaching between the two treatments were small and not 

statistically significant (P>0.05). There were also no differences in pasture accumulation 

over a 9-month period.  

Further improvements to the device are required to consistently increase the spread area 

of urine patches and the uniformity of the spread. The improved device should then be 

evaluated over a number of years to assess its potential to reduce leaching of N and its 

impact on N gaseous emissions to the atmosphere. 
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Soil moisture can influence N2O emissions since it can directly regulate oxygen 

availability in soil pores, which determines the activity of nitrification and denitrification 

organisms within the soil profile (van der Weerden et al., 2023; Zheng et al., 2000). As 

soils become wetter, they become more anaerobic, which usually increases N2O 

emissions (Dobbie & Smith, 2001). In grazed pastures, N2O emissions are often greater 

when the water-filled pore space (WFPS) is above field capacity, as this is a conducive 

environment for denitrification (Saggar et al., 2004b). Di et al. (2014) also showed that 

soil moisture content was a major driver of N2O emissions from soils treated with animal 

urine. Furthermore, this study showed that the growth of ammonia oxidiser and denitrifier 

communities were significantly affected by the soil moisture content and the activity of 

functional genes increased with increased soil moisture content. As the soil moisture 

content increased, the soil became increasingly anaerobic, leading to higher 

denitrification rates. However, when the soil is completely saturated or at high soil 

moisture content level (> 90% WFPS), N2O is converted to N2 (Saggar et al., 2013; K. A. 

Smith et al., 1998). Heavy rainfall and irrigation can also cause denitrification (Di & 

Cameron, 2003).  

Soil texture influences N2O emissions (Jamali et al., 2016). For example, N2O emissions 

are higher in clay soils compared with sandy soils, due to higher denitrification activity 

because clay soils have slower drainage rates that cause longer periods of anaerobic soil 

conditions (Cameron et al., 2013; Jamali et al., 2016; Luo et al., 2010).  

Soil pH affects both the nitrification rate and the denitrification rate because it affects the 

abundance and activity of soil microbial communities (Mørkved et al., 2007; van der 

Weerden et al., 2023). For example, AOB and ammonia oxidising archaea (AOA) prefer 

to grow in different soil pH environments: the growth of AOB is favoured in neutral to 

alkaline pH soils and AOA may out-compete AOB in more acidic soils (Robinson et al., 

2014). Furthermore, this study found that N2O emissions increased when soil pH 

decreased. Contrary to this study, van der Weerden et al. (2022) found that when the soil 

pH increased (6.6-7.1), there was no significant effect on N2O emissions after urine 

deposition. 

Nitrogen (N) is available in the soil as NH4+ and NO3
- and this has a major influence on 

the denitrification process (Cameron et al., 2013; Saggar et al., 2013). During outdoor 

grazing, animal excreta (urine or dung) is deposited on the soil, and this results in 
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Urine N deposited on pastures during grazings in the late summer to early-winter period 

was identified as the main contributor to nitrate (NO3
-) leaching in drainage (in late 

autumn, winter and early spring) (Buckthought et al., 2015; Christensen, 2013; Howes, 

2019; Shepherd et al., 2011). Typically when grazing events occur from about mid-

summer and onwards, then there is limited time for the pasture to remove much of the 

inorganic N generated under urine patches, therefore, surplus NO3
- will be susceptible to 

leaching when drainage occurs (Cameron et al., 2013; Haynes & Williams, 1993). This 

poses environmental risks, such as the N enrichment of ground and surface waters 

(Cameron et al., 2013; Di & Cameron, 2002a; Selbie et al., 2015a). 

2.3 Methods for reducing N losses from grazed pastures 

2.3.1 Grazing duration 

Reducing grazing duration is one of the methods for reducing N losses from urine patches 

because it decreases the number of urine patches deposited during grazing. Christensen 

et al. (2019a); (2019b) studied the effect of Duration-controlled (DC) grazing over three 

years. In these studies, the cows were allowed to graze for four hours before they were 

moved to stand-off facilities to ruminate. The excreta collected from the stand-off facility 

was stored and then returned to pastures by an irrigator which spread the effluent evenly 

over a larger area. This resulted in a much smaller N application rate than typical urine 

patches. Furthermore, during the stand-off period, total GHG emissions were increased 

by 2-8% (Monaghan et al., 2008). Additionally, if there is sufficient capacity, the effluent 

can be stored for longer periods and only applied when the soil water deficit is larger, 

thereby increasing the uptake of applied N by pasture and reducing the risk of N leaching 

(Christensen et al., 2019b). Nitrate leaching under year-round DC grazing was 52% less 

than leaching under standard grazing management (SG) where cows were left at pasture 

between milking (Christensen et al., 2019b). 

A field study carried out by de Klein et al. (2006) over three years found restricted autumn 

grazing reduced both N2O emissions and NO3- leaching losses from grazed pasture by 

57% and 41%, respectively. In this study, cows were allowed 3 hours grazing per grazing 

and then moved to a feed pad. The NO3
- leaching results from this study are close to the 
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average reductions reported by Christensen et al. (2019b). Romera et al. (2017) also found 

23 to 32% reduction in NO3- leaching losses when modelling restricted grazing. In this 

modelling, restricted grazing for the treatments that they used was defined as keeping the 

cows on the standoff pad for 8 h d-1 with no feed between morning and afternoon milking. 

This did not stop the cows urinating and defecating on the standoff pad, which potentially 

could increase NH3 and N2O losses. 

Despite the benefits of reduced NO3
- leaching losses in restricted or DC grazing, it also 

has some disadvantages, such as increases in gaseous N losses (NH3 and N2O) from 

captured effluent and higher capital and/or operating costs (de Klein, 2001a; de Klein & 

Ledgard, 2001b). 

2.3.2 Animal diet 

Cows grazing dairy pastures have a diet which is rich in N diet, and this results in high N 

concentrations in their urine and large application rates in the patches. This leads to 

significant N losses (NO3- leaching and gaseous losses; NH3 and N2O) (Selbie et al., 

2015a). Therefore, manipulating animal diet is a potential method for reducing N losses 

from urine patches. Dairy cows that are on a low protein and high carbohydrate diet are 

likely to have smaller urinary-N concentration and lower N losses from the soil (Dalley 

et al., 2017; Lee et al., 2014). Diets high in soluble sugars and starch (SSS) content and 

16-20% crude protein (CP) are required by lactating cows for optimal milk production so 

it is important that farmers select feeds that meet animal metabolic requirements (Dalley 

et al., 2017; de Klein & Eckard, 2008a). In winter and spring the CP in pastures can vary 

between 20-28% (Burke, 2020) which is above the 16-20% CP range suggested by Dalley 

et al. (2017). Therefore, lower protein supplements can be added to the diet at these times 

to reduce the CP intake, which will help to reduce the N concentration in urine patches. 

N leaching can also be reduced by substituting the grass that would be grown with the 

use of N fertiliser in winter or early spring with supplements with a low CP content  (e.g. 

maize). 

Talbot et al. (2020) found that cattle on a fodder beet diet and grazing on a winter active 

crop reduces N leaching losses but has no significant effect on N2O emissions. Forage 

herbs such as chicory and plantain have the potential to reduce N load onto pasture by 

increasing the urination frequency and lowering urinary N concentrations i.e. a diuretic 
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effect (Box et al., 2017; Box et al., 2023; Mangwe et al., 2019; Nguyen, 2023; Podolyan 

et al., 2020). Rodriguez et al. (2020) found that plantain may also reduce N2O emissions. 

Vi et al. (2023) found that plantain in ryegrass and white clover pastures reduced urine-

N content and N2O emissions from cow urine patches in summer/late autumn. 

Cows taking in salt as a supplement with their feed will increase their water intake. For 

example, Ledgard et al. (2015) found that salt supplement given to cows (200 g sodium 

chloride per cow per day) increased their water intake and urination frequency, resulting 

in a 59% decrease in urine N deposition rate which, in turn, was likely to reduce N 

leaching. However, high rates of salt and prolonged use of salt supplement could result 

in soil degradation and affect animal health.  

2.3.3 Inhibitors 

Urease inhibitors (UIs) and nitrification inhibitors (NIs) have been used as mitigation 

tools to reduce gaseous losses (NH3 and N2O) and N leaching from grazed pastures. 

Urease inhibitors (UIs) are chemical compounds that regulate the transformation of urea 

in urine into NH4
+, resulting in less available NH4

+ to be converted into NH3 

(Volatilisation) (Bolan et al., 2004; Singh et al., 2013). Nitrification inhibitors inhibit the 

first-step of the nitrification process (NH3 oxidation) (Di & Cameron, 2018), which 

subsequently reduces NO3
- leaching and N2O emissions. A study by Di and Cameron 

(2012) suggested that the liquid formulations of nitrification inhibitors (NIs) 

dicyandiamide (DCD) and 3,4-dimethylpyrazole phosphate (DMPP) have the potential to 

reduce N2O emissions and NO3- leaching from grazed pastures in winter.  

A study by Singh et al. (2013) found that UI N-(n-butyl) thiophosphoric triamide 

(nBTPT), commercially named Agrotain, reduced NH3 and N2O emissions when applied 

with urine. Kim et al. (2012) suggested the potential increase in NH3 emission with the 

use of NIs. This was attributed to higher ammonium levels in NI treated soils as a result 

of slower transformation of NH4+ to NO3
-. A global meta-analysis by Wu et al. (2021) 

reported  NIs increased NH3 volatilisation by 36% and that contributed to increased 

indirect N2O emissions by 3-15%. 

When urine was applied 3 hours before or immediately before inhibitor application, 

nBTPT was not very effective at reducing NH3 emissions compared to UI N-(2-
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Nitrophenyl) phosphoric triamide (2-NPT) (Adhikari et al., 2020). Despite the 

effectiveness of  2-NPT in reducing NH3 emissions, it will be impractical on dairy farms 

to apply the UIs in less than 3 hours after urine deposition. Contrary to this study, 

Rodriguez et al. (2019) found a greater reduction in NH3 emissions when nBTPT was 

applied before urine deposition than when it was applied after urine deposition in autumn. 

However, the application of UIs before grazing is not recommended because the residues 

can remain on the pasture canopy, which can be subsequently grazed by the animals 

(Adhikari et al., 2020; Rodriguez et al., 2019). 

Although NIs have been shown in some conditions to be effective at reducing NO3
- 

leaching (59% reduction annually), N2O (62-66% reduction in total emissions) and NH3 

losses (52-73% reduction) (Adhikari et al., 2020; Di & Cameron, 2002b, 2012), there are 

disadvantages such as the expense to apply in winter, short-term effectiveness (UIs) and 

they have to be applied at the right time (e.g. not effective in summer). Recent studies 

have found that increasing the volume of NIs is a potential option for effectively 

mitigating N2O emissions from urine patches (Adhikari et al., 2024a; Adhikari et al., 

2024b; Giltrap et al., 2023). This reduces the NI residues on the pasture canopy, increases 

the movement of NIs into the soil profile, thus increasing effective mixing with urine-N. 

However, further research should be carried out to optimise NI application rates and 

volumes. Nitrification Inhibitors are not available for commercial use on farms in NZ 

because a maximum permissible level in foods has not yet been established. Currently, 

all the NIs in NZ must be registered under the MPI (Ministry for Primary Industries) 

ACVM (Agriculture Compounds and Veterinary Medicine) regulations and provide the 

scientific data on their effectiveness and residues.  

Furthermore, there were several studies of Biological Nitrification Inhibitors (BNIs) 

which could potentially reduce N2O emissions from grazed pastures. It was found that 

aucubin which is a secondary metabolite in plantain could potentially inhibit nitrification 

(Gardiner et al., 2018; Luo et al., 2018; Rodriguez et al., 2021; Simon et al., 2019). 

Although aucubin reduced N2O emissions, it did not have any effect on nitrate leaching 

and there was no significant differences in the soil inorganic nitrogen concentrations 

(Gardiner et al., 2018; Rodriguez et al., 2021). Recently, Vi et al. (2023) found that 30% 

and 50% plantain content in ryegrass white clover pastures reduced urine N content and 

N2O emissions from cow urine patches in summer/late autumn.  
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measurements of wetted areas using three sensor technologies: namely, thermal imagery, 

Spikey-R and a Drone. The wetted areas measured were 0.2-0.8 m2 depending on the 

urine volume (1 L to 3 L). The sensor technologies were effective in measuring the urine 

patch configurations; however, they still have some disadvantages which require more 

research.  

The urine patch area is determined by the volumes of deposited urine, environmental 

factors (e.g. wind and oxygen availability), soil physical conditions (e.g. moisture and 

temperature), and these factors can affect the plant uptake of urinary N, thereby, affecting 

the potential for N losses (Marsden et al., 2016; Selbie et al., 2015a). Ramirez (2017) 

demonstrated that increasing urine deposition area five-fold (from 0.2 to 1 m2) reduced 

the quantity of net inorganic N in the 45-120 cm soil depth by 63%.  This measurement 

of soil inorganic N occurred 53 days after urine deposition in autumn and 24 days after 

the commencement of the drainage season. A modelling study carried out by Cichota et 

al. (2018) found that there was a reduction in N leaching when the N deposited in urine 

patches was spread over a larger area. This demonstrates an effective reduction in the N 

load and a greater potential N uptake by plants.. Orwin et al. (2009) and Moir et al. (2016) 

found that large urine patches (e.g. 2 L) deposited from dairy cows have greater pasture 

yield and N uptake; which potentially reduces the N in soil at risk to loss.  

2.4 Cow urine spreading device developed by Novataro 

Ltd  
Novataro Ltd has developed a prototype urine-spreading device that is designed to be 

placed on cows to increase the size of urine patches and, thereby, reduce nitrate leaching. 

The intention is to use the device on dairy cows for up to about five and a half months 

each year (mid-January to late-June), after mating, to increase the spread area of urine 

patches.  

Novataro Ltd previously commissioned the Fertiliser and Lime Research Centre (FLRC), 

Massey University, to assess the urine spread achieved by the device using a small 

number of cows in initial evaluation studies (Hanly et al., 2018). One study, which used 

catch containers, demonstrated that the urine-spreading device could achieve low average 
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3.2.8 Climate data 

Daily air temperature, daily soil temperature and daily rainfall for the trial period were 

collected from the NIWA/AgResearch meteorological station located about 500 m from 

the experimental site. 

3.2.9 Data and statistical analysis 

The mean values and standard error of the means for NH3 emissions, soil pH and the soil 

NO3
- and NH4

+ concentrations were calculated, using Microsoft Excel for Microsoft 365. 

Least significant differences and p-values were calculated using one-way analysis of 

variance (ANOVA) to detect any significant difference and different treatment means 

were compared using Tukey Pairwise Comparisons in Minitab 19. 

The combined apparent recovery of urinary-N (Table 3.4) was calculated by adding the 

total amount of N measured in NH3-N emissions to net soil NO3
- and NH4

+ and then 

comparing this total with the amount of N added to each treatment in urine. 

3.3 Results 

3.3.1 Meteorological data 

During the experimental period (Day 1 to Day 20), the daily maximum air temperature 

ranged from 21.4 to 26.1°C and the daily minimum air temperature ranged from 10.5 to 

18°C (Fig 3.3). The daily average soil temperature ranged from 18.9 to 22.1°C. 
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3.3.2 Ammonia emissions 

One day after urine application, the NH3 emissions peaked at 39 (± 2.1), 60 (± 4.8) and 

115 (± 2.6) mg NH3-N chamber-1 day-1, for the 2.5, 5 and 10 mm urine application depth 

treatments, respectively (Fig 3.6 a). This compares to negligible NH3 emissions from the 

Control (no urine) treatment. After the peak, there was a steep decline over the following 

two days and then a gradual decrease to background levels approximately two weeks after 

urine application.  

When the net NH3 losses per chamber for each urine application depth treatment were 

extrapolated to the urine patch areas that they represented (i.e., 10 mm = 0.25 m2, 5 mm 

= 0.5 m2
,
 2.5 mm = 1 m2), the NH3 emissions from the 0.25, 0.5 and 1 m2 urine patch 

areas peaked, one day after urine application, at 1,620 (± 36), 1,702 (± 135) and 2,207 (± 

117) mg NH3-N patch-1 day-1, respectively (Fig 3.6 b). Comparing the NH3 emissions on 

Day 1, the NH3 emissions from the 1 m2 urine patch area was significantly different 

(P<0.05) from the 0.25 and 0.5 m2 urine patch areas, whilst the emissions from the latter 

urine patch areas were not significantly different from each other. The emission from the 

1 m2 urine patch remained significantly higher than the two smaller patches on Day 2, 3 

and, 4. On Day 5 till the end of the experiment (Day 20), the NH3 emissions from the 

0.25, 0.5 and 1 m2 urine patch areas declined to background levels and were not 

significantly different from each other. The total cumulative net NH3 emissions over the 

20-day period of the experiment was equivalent to an average of 2,867 (± 162), 3,087 (± 

122) and 4,019 (± 222) mg NH3-N patch-1 for the 0.25, 0.5 and 1 m2 urine patch areas, 

respectively (Fig 3.6 c). The total cumulative net value for the 1 m2 urine patch area was 

significantly different (P < 0.05) from the 0.25 and 0.5 m2 urine patch areas, whereas the 

emissions from the two smallest urine patch areas were not significantly different from 

each other. These losses represent 25, 27 and 36% of the total urine N applied (Table 3.4), 

respectively, which are also the NH3 emission factors. 
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Figure 3.6: Ammonia losses following dairy cow urine applications to pasture, presented 
as daily  NH3-N emitted per chamber (a), daily net NH3-N emitted per urine 
patch (b) and cumulative net NH3-N emitted per urine patch (c). Error bars 
are standard error of the mean. 
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3.3.3 Soil pH 

The effect of urine treatments on soil pH was more pronounced in the 0-25 mm soil depth 

than the 25-50 mm soil depth. During the experiment the pH for the Control (no urine) 

treatment remained between 5.6 and 5.8. One day after urine application, the soil pH in 

all the urine patch treatments increased to values in the range of 6.6 to 6.7 (Fig 3.7 a). At 

most of the sampling times, the highest urine application depth (10 mm) treatment had 

the highest surface soil pH, peaking at a pH of 6.8 four days after urine treatment. The 

highest soil pH for the other two treatments occurred at one day after urine application. 

The soil pH levels in the 0-25 mm soil depth for the three urine treatments gradually 

decreased and returned to levels close to the Control treatment value (pH 5.8) by Day 20 

after urine application.  

In the 25-50 mm soil depth, the 10 mm urine application depth treatment also had the 

highest soil pH of 5.9 at one day after urine application, compared to the other three 

treatments (Control, 2.5 and 5 mm), which had pH values of 5.6, 5.8 and 5.6, respectively 

(Fig 3.7 b). At four days after urine application, the pH decreased to pH 5.3, 5.3, 5.4 and 

5.7, for the Control, 2.5, 5 and 10 mm urine treatments, respectively, and continued to 

decrease to pH values of  between 5.1 and 5.2 by Day 7 and showed little change until 

Day 14. Between Day 14 and the end of the experiment at Day 20, the pH values increased 

again to 5.6, 5.3, 5.4 and 5.2 for the Control, 2.5, 5, and 10 mm urine treatments, 

respectively. 
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treatments showed a general trend of net NH4
+ concentrations decreasing over the 

remainder of the experiment up to 20 days after urine application to be between 8-34% 

of their Day 1 values. When the net NH4
+ concentrations were used to extrapolate the 

amounts of net NH4+ patch-1, based on the different urine patch areas that they each 

represent, then there were clear differences between the urine application treatments. The 

peak values, at one day after urine application, were 2,609 (±136),  5,437 (±920) and 

11,016 (±634) mg NH4+-N patch-1 for the 0.25, 0.5 and 1 m2 urine patch areas, 

respectively (Fig 3.8 b). At the end of the experiment (Day 20), the net NH4
+ quantities 

in the soil were 884 (±189), 1,064 (±62) and 920 (±315) mg NH4
+-N patch-1, respectively.  

In the 25-50 mm soil depth, the net NH4
+ concentrations were lower (Fig 3.8 c) compared 

to the surface soil depth (Fig 3.8 a). Over the duration of the experiment, the 10 mm urine 

application depth consistently had the highest net soil NH4
+ concentrations, peaking one 

day after urine application at 221 (±18) mg NH4
+-N kg soil-1. In comparison, the net NH4

+ 

concentrations for the 5 and 2.5 mm urine application depth treatments were 47 (±6) and 

113 (±72) mg NH4+-N kg soil-1, respectively. When extrapolated to 0.25, 0.5 and 1 m2 

urine patch areas, the estimated net NH4
+ quantity was 1,661 (±138), 704 (±92) and 3,389 

(±2,173) mg NH4
+-N patch-1, respectively (Fig 3.8 d). By Day 4 there were little 

differences between the three treatments, with the treatment values remaining similar 

until the end of the experiment. At Day 20, the estimated net NH4
+ quantities had 

decreased to 207 (±39), 209 (±64) and 150 (±19) mg NH4
+-N patch-1, for the 0.25, 0.5 

and 1 m2 extrapolated urine patch areas, respectively (Fig 3.8 d).  

At Day 20, the percentage of urine N applied (Total N) which was lost as NH4
+-N in the 

0-25 mm soil depth was 8, 9 and 8% for the 0.25, 0.5 and 1m2 urine patch areas, 

respectively. In the 25-50 mm soil depth, the percentage of urine N applied which was 

lost as NH4
+-N was 2, 2 and 1% for the 0.25, 0.5 and 1 m2 urine patch areas, respectively 

(Table 3.3).
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Figure 3.8: Soil net NH4

+-N concentration and the equivalent average net NH4
+-N quantity per urine patch for each urine application treatment at 

two soil depth (0-25 mm a & b; 25-50 mm c & d). The error bars indicate standard errors of the mean (SEM). 
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3.3.4.2 Soil nitrate 

In the surface soil depth (0-25 mm), there was initially only a small increase in net soil 

NO3
- concentrations in all the urine patch treatments during the first week after urine 

application (Fig 3.9 a). From day 8 after urine application there was a steady increase in 

soil net NO3
- concentrations, peaking at Day 14 at 98 (± 37), 34 (± 6) and 78 (± 6) mg 

NO3
--N kg soil-1 for the 2.5, 5 and 10 mm urine application depths, respectively. After 

the peak, the net NO3- concentrations for all urine treatments decreased over the 

subsequent week but remained high. While all three urine application treatments had 

somewhat similar net NO3- concentrations in the 0-25 mm soil depth, there were clear 

differences in the amount of NO3
- in the soil when extrapolated to their respective patch 

sizes (Fig 3.9 b). At 14 days after urine application, the 1 m2 urine patch peaked at 2,937 

(± 1118) mg NO3
--N patch-1, compared to only 515 (± 85) mg NO3

--N patch-1 in the 0.5 

m2 urine patch and 582 (± 47) mg NO3
--N patch-1 in the 0.25 m2 urine patch. By Day 20, 

the amount of NO3- in the soil for the 1 m2, 0.5 m2 and 0.25 m2 urine patches were 1,058 

(± 43) mg NO3
--N patch-1, 455 (± 82) mg NO3--N patch-1 and 274 (± 32) mg NO3--N 

patch-1 (Fig 3.9 b), respectively. 

In the 25-50 mm soil depth, there was an increase in the net NO3
- concentrations until 

Day 14 days after urine application where concentrations peaked at 24 (± 3), 40 (± 3) and 

93 (± 13) mg NO3--N kg soil-1 for the 2.5, 5 and 10 mm urine treatments, respectively 

(Fig 3.9 c). After the peak, the net NO3
- concentrations for all urine treatments decreased 

over the subsequent week. When the net NO3
- concentrations at Day 14 were extrapolated 

to the urine patch areas they represented, then the quantities of net NO3
- per patch were 

similar for the three treatments, being 697 (± 96), 599 (± 51) and 721 (± 86) mg NO3
--N 

patch-1 for the 0.25, 0.5 and 1 m2 urine patches, respectively. Between Days 14 and 20, 

there was a decrease in NO3
--N patch-1 for all the urine patches but concentrations 

remained high. At Day 20, the net NO3
- concentrations per patch were 214 (± 13), 137 (± 

9) and 504 (± 88) mg NO3--N patch-1 for the 0.25, 0.5 and 1 m2 urine patches, respectively 

(Fig 3.9 d). 

At Day 20, the percentage of urine N applied (Total N) which was lost as NO3
--N in the 

0-25 mm soil depth was 2, 4 and 9% for the 0.25, 0.5 and 1m2 urine patch areas, 

respectively. In the 25-50 mm soil depth, the percentage of urine N applied which was 
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lost as NO3
--N was 2, 1, and 5% for the 0.25, 0.5 and 1 m2 urine patch areas, respectively 

(Table 3.3).    
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Figure 3.9: Soil net NO3-N concentrations and the equivalent average net NO3-N quantity per urine patch for each urine application treatment at 
two soil depth (0-25 mm a & b; 25-50 mm c & d). The error bars indicate standard errors of the mean (SEM). 
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Table 3.3: The effect of increasing the size of urine patches on extrapolated soil net NH4
+ 

and NO3
- present in the soil, as a percentage (%) of total urinary N applied. 

Treatments (size of 
urine patches) 

Day 1 Day 7 Day 14 Day 20 

  
Net NH4

+-N present in the soil as a percentage (%) of total urine N 
applied  

 Soil depth 0-25 mm 
0.25 m2 23 18 14 8 
0.5 m2 48 31 15 9 
1 m2 97 57 16 8 

 Soil depth 25-50 mm 
0.25 m2 15 7 2 2 
0.5 m2 6 5 3 2 

1 m2 30 10 0 1 

  
Net NO3

--N present in the soil as a percentage (%) of total urine N 
applied  

 Soil depth 0-25 mm 
0.25 m2 1 1 5 2 
0.5 m2 2 2 5 4 
1 m2 12 3 26 9 

 Soil depth 25-50 mm 
0.25 m2 1 2 6 2 
0.5 m2 1 3 5 1 

1 m2 3 5 6 5 
 

3.3.5 Total nitrogen recovered from the urine patch areas 

The amount of total urine N applied to each urine patch treatment was at an equivalent 

rate to 11330 mg N patch-1 (2.5 L of urine per patch with an N content of 4532 mg N L-

1) being applied to the patch areas that they represent. On Day 1, the apparent recovery 

total percentage of urine-N together as NH3 emissions and soil (0-50 mm soil depth) net 

NH4
+ and NO3

- were 54, 72 and 161% for the 0.25, 0.5 and 1 m2 extrapolated urine 

patches, respectively (Table 3.4). The  1 m2 urine patch, which  had a 2.5 mm depth of 

application of urine, had the highest total percentage of urine N recovery, which suggests 

that most of the urinary N is likely to have been retained in the surface 0-50 mm of the 

soil. An apparent recovery greater than 100% may be due to the addition of urine N 

stimulating greater N mineralisation from soil organic matter in the surface 0-25 mm of 

the loose surface area of these patches. This is supported by 97% of the amount of urinary 
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N applied as being recovered as net NH4
+ on Day 1 (Table 3.3).  In contrast, for the 0.25 

m2 urine patch (10 mm application depth of urine), it is likely that close to half of the 

urinary-N applied may have moved below the 0-50 mm soil depth soon after application. 

The percentage recoveries of the urine patch areas decreased by Day 7 but did not show 

further large changes between Day 7 and Day 20. By Day 20 , the total percentage 

recovery of urine N decreased to 39, 44 and 59% for the 0.25, 0.5 and 1 m2 urine patches, 

respectively (Table 3.4).   

Table 3.4: Apparent recovery of total urine-N applied per patch as NH3 emissions and 
soil net NH4

+ and NO3
-. 

Treatments (size 
of urine patches) Day 1 Day 7 Day 14 Day 20 

  
Cumulative NH3-N emissions as a percentage of total urine N applied 

per patch  

0.25 m2 14 22 25 25 
0.5 m2 15 24 27 27 

1 m2 20 32 35 36 

  
Net NH4

+-N present in the soil (0-50 mm) as a percentage (%) of total 
urine N applied per patch 

0.25 m2 38 24 16 10 
0.5 m2 54 36 18 11 

1 m2 127 66 16 9 

  
Net NO3

--N present in the soil (0-50 mm) as a percentage (%) of total 
urine N applied per patch  

0.25 m2 2 3 11 4 
0.5 m2 3 5 10 5 

1 m2 14 8 32 14 

  
Combined apparent recovery*  (NH3-N emissions, net NH4+-N and NO3

--
N) as a percentage (%) of total urine N applied per patch 

0.25 m2 54 49 52 39 
0.5 m2 72 65 55 44 

1 m2 161 106 83 59 
*Recovery does not include plant uptake, which is expected to be only a minor contribution for periods less 
than 20 days. 

3.4 Discussion 
The findings from this study showed that NH3 emissions peaked 24 hours after cow urine 

application and exhibited a trend of increasing with increasing urine application depth. 
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which accounts for the emissions that will be lower at other times of the year when 

conditions are less conducive to NH3 volatilisations, such as Winter and early-Spring.  

The higher extrapolated NH3 volatilisation for the largest urine patch area (1 m2), 

demonstrates the influence that increasing surface area has on retaining a higher 

proportion of urinary N in the surface soil (0-25 mm soil depth) and, in turn, on 

volatilisation. The increase in surface soil (0-25 mm soil depth) pH and net NH4
+ 

concentrations at 1 day after urine application were similar for the three urine patch 

treatments. However, because these increases occur over a larger surface area for the 

extrapolated 1 m2 urine patch, then this favours greater NH3 volatilisation (Bolan et al., 

2004; Cameron et al., 2013; Selbie et al., 2015a).  

The results from this study showed that the soil NH4
+ concentrations, which peaked on 

Day 1, were the result of rapid hydrolysis of urea to NH4
+ soon after urine application and 

declined thereafter over the first 14 days. This coincided with an increase in soil NO3
- 

concentration, which will be due to the majority of nitrification occurring over this period. 

Soil NO3
- increased and reached a peak at 14 days after urine application. This agrees 

with the established understanding that the majority of nitrification in a urine patch occurs 

during the first 10-14 days after urine deposition (Adhikari et al., 2020; Bolan et al., 2004; 

Haynes & Williams, 1993; Selbie et al., 2015a).  

High NH4
+ volatilisation from urine patches represents a potential loss of N from the 

soil/plant system and contributes to indirect GHG emissions. However, there are also 

some potential benefits from reducing the quantity of inorganic N in autumn urine 

patches, which includes the potential of lower risk of N being subsequently lost via 

leaching or N2O emissions. In addition, increasing the spread area of a urine patch (i.e., 

lowering the application depth) results in a greater proportion of the urinary N being 

retained in the surface soil over a larger area. This can enhance the potential for greater 

plant uptake of urinary N and reduce the N that moves to lower soil depths. For example, 

by Day 7 after urine application the net inorganic N, in the 0-50 mm soil depth, for the 

extrapolated 1 m2 urine patch treatment was equivalent to 74% of urinary N applied, 

compared to only 27% for the 0.25 m2 treatment. This was despite the 1 m2 urine patch 

treatment also having higher NH4
+ volatilisation losses. This suggests that a higher 

proportion of urinary N is likely to have moved below the 0-50 mm soil depth for the 0.25 

m2 urine patch treatment, which has potential to increase the leaching risk. Ramirez 
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from windblown loess. The soil has been artificially drained with a mole and pipe 

drainage system. Soil characteristics are described in Table 4.1. 

Table 4.1: Physical and chemical characteristics of the Tokomaru silt loam for the 0-100 
mm depth. Adapted from Pereira et al. (2019), Palmada (2020) and author's 
own results. 

Early-winter experiment (2020) 
Depth 
(mm) 

Soil pH 
(water) 

Total C 
(%) 

Total N 
(%) 

CEC 
(meq 100 g-1) 

Total 
porosity 

(%) 

Field 
capacity 

(%) 

Bulk density 
(Mg m-3) 

0-100 5.8 3.8 0.4 13.9 58.9 45 1.1 

Early-autumn experiment (2022) 

0-100 6.0 3.8 0.4 12.1 54.7 45 1.2 

The pasture consisted of predominantly a mixture of ryegrass (Lolium perenne) and white 

clover (Trifolium repens) with some weed species. The experimental sites were fenced 

off six months prior to the Early-winter experiment, and three months prior to the Early-

autumn experiment. The sites remained fenced off for the duration of N2O flux 

measurement, which was over a period of 94 days for the Early-winter experiment, and 

over a period of 132 days for the Early-autumn experiment. This was to exclude grazing 

cows depositing excreta on the sites.  

4.2.2 The experimental design, treatments, and application 

The experimental design consisted of four treatments and five replicates of each 

treatment, which were randomised (Table 4.2). The experiments consisted of twenty static 

gas chambers, where N2O emissions were measured, and a series of rings adjacent to 

these chambers, which were used to collect soil samples. All treatments except for the 

control treatment received cow urine in the area within these rings (Fig 4.1). Soil samples 

collected from the plots were for NO3
- and NH4

+ analysis.  

 The treatments were no dairy cow urine (control treatment), and dairy cow urine applied 

to pasture at application depths of 10, 5 and 2.5 mm, which represent the depths that 

would result from the deposition of 2.5 L of urine to patch areas of 0.25, 0.5 and 1 m2, 

respectively (Table 4.2). These treatments were allocated to plots randomly (Fig 4.1). The 

application depth of 10 mm was used to represent the typical urine application depth in a 

naturally deposited urine patch, whereas the lower application depths represent soil urine 

concentrations for urine patches with higher levels of urine spread.  
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The area inside the gas chambers is 0.5 m2. Therefore, to achieve the 10 and 5 mm urine 

application depth treatments, urine volumes of  2.5 L were applied to cover areas of 0.25 

and 0.5 m2, respectively, in the gas chamber areas. For the 2.5 mm urine application depth 

treatment, 1.25 L of urine was applied to the area of 0.5 m2 in the chamber (Fig 4.2, Table 

4.2).  The 2.5 mm application depth represented the same application depth that would be 

achieved by applying 2.5 L of urine to a 1 m2 urine patch. For the soil plot areas, 2.5 L of 

urine was applied to 0.25 and 0.5 m2 urine patch areas and 1.6 L of urine was applied to 

a confined area of 0.64 m2 (simulating the urine application depth of a 1 m2 urine patch 

area). Urine was measured using a measuring jug and uniformly applied to the chambers 

and soil plots using a watering can. The concentration of total N and urea in the applied 

urine is presented in Table 4.3. 

 

Figure 4.1: Layout of static gas chambers and soil sampling plots. 
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Table 4.3: Total N and urea-N of the cow urine used in the two experiments (Early-winter 
and Early-autumn). 

Seasons Urine Total N  
(g L-1) 

Urine Urea-N  
(g L-1) 

Urea as a 
percentage of 

Total N 
(%) 

Urine Total N 
applied per patch 

(g N/patch) 

Early-winter 2020 5.80 4.69 78 14.5 

Early-autumn 2022 4.00 2.65 66 10.0 

 

4.2.4 Nitrous oxide measurement 

Gas sampling was conducted in the field using the static chamber method (Fig 4.4) to 

measure N2O emissions. The methodology used was based on previous published studies 

that also measured N2O emissions from livestock excreta (de Klein et al., 2003; Luo et 

al., 2019; Rodríguez Gelós, 2020; Saggar et al., 2004a; van der Weerden et al., 2017b). 

In this method, a chamber is placed inside a base, which is a galvanised metal ring (900 

mm diameter). The ring was inserted 50-100 mm into the soil, one week before the 

experiments began and remained in the field until the end of each experiment. Each 

chamber had a 800 mm internal diameter (0.5 m2), a height of 300 mm and a volume of 

151 L. Bicycle tyre inner tubes were fitted around the perimeter of the base of each 

chamber to establish a seal between the chamber and metal ring (Fig 4.3).  
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Figure 4.3: The chambers lined up beside the metal bases. 

On each sampling day, before samples were collected, a small fan was placed inside the 

top of each chamber (to circulate air in the chamber) and the chambers were placed into 

the galvanised metal rings and the bicycle tyre inner tubes were inflated to provide a gas-

tight seal (Fig 4.3).  

 

Figure 4.4: Trial treatment plots showing the chambers used for N2O collection and the 
set up used for N2O gas sampling. 
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The chambers were covered with wet towels to help minmise temperature increases inside 

the chambers during sampling (Fig 4.4). The schedule for gas sampling conformed to 

those recommended in the guidelines for N2O chamber methodology (Harvey et al., 

2020). Gas samples were taken from the chamber headspace immediately (t0), 60 minutes 

(t60) and 120 minutes (t120) after covering. On each sampling day, three background air 

samples were also taken at t0, t60 and t120.  

A plastic syringe (60 mL volume) was used to collect gas samples from each chamber. 

This involved inserting the syringe into the sampling port on the chamber, drawing 

chamber air, closing the chamber and syringe taps and then removing the syringe (Fig 

4.5). Another syringe (35 mL volume) with a needle (plunger fully pushed in) was 

connected to the 60 mL syringe then their taps were opened and the chamber air was 

exchanged between the two syringes in order to mix the chamber air. Then 25 mL of 

chamber air was transferred from the 60 mL syringe into the 35 mL syringe. The syringe 

contents were compressed into evacuated septum-sealed screw-capped glass vial: the vial 

was then removed (with 12 mL of compressed chamber air) and the remaining chamber 

air in the syringe was discarded. Gas sampling was carried out between 10:00 am and 

12:00 noon on each sampling day, a time when N2O daily flux can be extrapolated without 

bias (van der Weerden et al., 2013).  

 
Figure 4.5: Collecting gas samples from the chamber and mixing the chamber air in the 

syringes. 
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4.2.9 Climate data 

For the early-winter and early-autumn experiments, daily soil temperature, rainfall and 

volumetric soil moisture content data for the trial period were obtained from the 

NIWA/AgResearch weather station, which is located approximately 3 km from the field 

trial sites. 

4.2.10 Data and statistical analysis 

The mean values and standard error of the means for daily and total N2O emissions, NO3- 

and NH4
+ concentrations, pasture DM and N uptake were calculated based on the five 

replicates for each treatment using Microsoft Excel for Microsoft 365. Least significant 

differences and P values were calculated using one-way analysis of variance (ANOVA) 

to detect any significant difference and different treatment means were compared using 

Tukey Pairwise Comparisons in Minitab 19.  

4.3 Results 

4.3.1 Climate 

In 2020 and 2022, when the two N2O experiments were conducted, the annual rainfall at 

the study sites were 826 and 1,136 mm, respectively. In comparison, the long-term (2002-

2022) average annual rainfall for the study sites was 980 mm (Appendix A). The two 

study years especially had contrasting winter (June-August) rainfall, being 169 and 460 

mm in 2020 and 2022, respectively. Compared to the long-term (2002-2022) average 

winter rainfall of 281mm, the winter rainfall was 40% lower in 2020, making it a 

relatively dry winter. Whereas the winter rainfall in 2022 was 64% higher than the long-

term average, therefore was a comparatively wet winter. 

During the 14-week monitoring period of the Early-winter grazing experiment (9th June 

to 10th September 2020), the total rainfall was 165 mm. The highest weekly rainfall was 

recorded in the fifth week of the trial (29 mm) and the lowest weekly rainfall was in the 

eighth week (0 mm). From the eleventh week to the fourteenth week, the weekly rainfall 

ranged from 7 to 19 mm (Fig 4.7). As expected, the soil moisture content (SMC) showed 
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peaks after rainfall events. Throughout the 14-week period after urine application, the soil 

moisture content was relatively uniform, ranging from 38 to 44% (WFPS of 64-75%) in 

the 0-200 mm soil depth. This indicates that the soil moisture content was close to, or at, 

field capacity for most of the experimental period (Table 4.1). 

During the 19-week monitoring period of the Early-autumn grazing experiment (30th 

March to 11th August 2022), the total rainfall was 508 mm. The highest weekly rainfall 

was recorded in the eleventh week of the experiment (107 mm) and the lowest weekly 

rainfall was in the fourteenth week (5 mm). From the fifteenth week to the nineteenth 

week (the last week of the experiment), the weekly rainfall ranged from 15 to 69 mm (Fig 

4.8). During the first 40 days after urine application, the soil moisture content was 

relatively dry, ranging from 22-30% (WFPS of 40-56%). From Day 41 to Day 49, the soil 

moisture content increased from 22 to 40% and then stayed above 40% (WFPS of 72%) 

for much of the remainder of the experiment. Therefore, the soil moisture content was 

only close to, or at, field capacity, after the first 40 days of the experimental period.  

 
Figure 4.7: Daily rainfall, cumulative rainfall and volumetric soil moisture content 

following urine application on 8 June 2020 (Early-winter experiment). 
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Figure 4.8: Daily rainfall, cumulative rainfall and volumetric soil moisture content 

following urine application on 29 March 2022 (Early-autumn experiment). 

In the Early-winter experiment, the soil temperature ranged from 8-12.7°C (Fig 4.9). In 

comparison, the soil temperature range was wider for the Early-autumn experiment, being 

4.9-18.3°C (Fig 4.10).  
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4.3.2 Nitrous oxide emissions 

4.3.2.1 Daily Nitrous oxide emissions 

Urine application increased daily N2O emissions for all the urine treatments, during both 

the Early-winter and Early-autumn experiments (Fig 4.11). The daily N2O fluxes showed 

temporal variations and varied responses to rainfall events in both experiments after the 

background emissions (control no-urine values) were subtracted. During the Early-winter 

experiment, N2O flux was 0.55, 0.50 and 0.80 g N2O-N day-1 kg N applied-1 on Day 1 for 

the 0.25, 0.5 and 1 m2 (extrapolated, hereafter referred to as 1 m2) urine patch area 

treatments, respectively. On Day 4, the N2O flux showed a small further increase to 0.53 

g N2O-N day-1 kg N applied-1, for the 0.5 m2 urine patch area, whilst the fluxes declined 

to 0.40 and 0.53 g N2O-N day-1 kg N applied-1 for the 0.25 and 1 m2 urine patch area 

treatments, respectively. After Day 4, emissions declined in all urine patch treatments. A 

second peak in daily N2O fluxes was observed on Day 11 with 0.39, 0.61 and 0.81 g N2O-

N day-1 kg N applied-1 for the 0.25, 0.5 and 1 m2 urine patch areas, respectively. This 

increase in N2O-flux values can be attributed to rainfall on Days 9, 10 and 11, which 

increased the soil moisture content from 39% to 42% in the 200 mm soil depth (Fig 4.6). 

After the peak on Day 11, the N2O flux for all the urine patch treatments gradually 

declined, with a series of smaller peaks on Day 21, Day 28, Day 35, and Day 45. These 

smaller peaks were also the result of rainfall events increasing the soil moisture content 

from 39-44%.  

After the N2O fluxes peaked on Day 45, they gradually declined close to background 

levels, with only a very minor peak on Day 80, even though regular rainfall maintained 

moisture content close to, or at, field capacity (Fig 4.11 a & Fig 4.7). This indicated that 

by this time a diminished urinary N supply was likely to be limiting further substantive 

increases in N2O emissions.  

During the Early-autumn experiment (Fig 4.11 b), N2O fluxes peaked at 0.36, 0.27 and 

0.21 g N2O-N day-1 kg N applied-1 on Day 1 for the 0.25, 0.5 and 1 m2 urine patch area 

treatments, respectively. The fluxes declined subsequently to low levels until Day 24, 

when there were small peaks in the N2O flux of 0.10, 0.04 and 0.07 g N2O-N day-1 kg N 

applied-1, for the 0.25, 0.5 and 1 m2 urine patch areas, respectively. This was likely due 

to the rainfall event of 10.2 mm on Day 24 (Fig 4.8). Subsequent smaller peaks in the 



 

64 
 

N2O flux were attributed to the rainfall events after Day 42, which resulted in an increase 

in soil moisture content (Fig 4.8). It is interesting to note that on Day 70, there was a 

higher peak in the N2O flux (0.24 g N2O-N day-1 kg N applied-1) for the 0.25 m2 treatment, 

compared to the 0.5 and 1 m2 treatments (0.05 and 0.02 g N2O-N day-1 kg N applied-1, 

respectively), which coincided with high soil moisture contents which ranged from 40 to 

41% leading up to this day. Smaller peaks in N2O fluxes followed and remained close to 

background levels after Day 94, even though soil moisture content remained high (Fig 

4.11 b & Fig 4.8). This indicated that the availability of urinary N supply in the soil was 

likely to have become a limiting factor at this stage.  
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Figure 4.11: Net daily N2O emissions (a) Early-winter experiment and (b) Early-autumn 

experiment. The error bars indicate standard errors of the mean (SEM). 
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Figure 4.12: Net cumulative N2O emitted for the three urine patch areas during the (a) 
Early-winter experiment and the (b) Early-autumn experiment. The error 
bars indicate standard errors of the mean (SEM). 

Nitrous oxide emission factors (EF3) for the Early-winter experiment are presented in 

Table 4.5 for each of the urine patch treatments. The EF3 values for the urine patch areas 

0.25, 0.5 and 1 m2 were 0.93, 1.04 and 1.28%, respectively. For the Early-autumn 
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experiment, the EF3 values for the urine patch areas 0.25, 0.5 and 1 m2 were 0.50, 0.29 

and 0.22%, respectively. While the  EF3 values for the three treatments during the Early-

winter experiment were close to or above a value of 1%, for the Early-autumn experiment, 

the EF3 values were all below 1%.  

Table 4.5: Emission factors from each of the urine patches (Early-winter and Early-
autumn experiments).  

Experiments Urine patch area 
(m2) 

Net N2O-N emissions 
(g N kg N-1) EF3 (%) 

  0.25 9.26a (± 0.68) 0.93 

Early -winter  0.5 10.41a (± 1.45) 1.04 

  1 12.84a (± 1.04) 1.28 

  0.25 5.04a (± 0.92) 0.50 

Early -autumn 0.5 2.91ab (± 0.55) 0.29 

  1 2.21b (± 0.65) 0.22 
Note: values with the same superscript letters indicate that the treatments are not significantly different. 

4.3.3 Soil inorganic N 

4.3.3.1 Soil ammonium 

Early-winter experiment 

In the 0-50 mm soil depth, net NH4+-N concentration for the 10, 5 and 2.5 mm urine 

application depth treatments peaked at 436, 318 and 266 mg N kg soil-1, respectively, on 

Day 1 and decreased thereafter to background levels by Day 31 (Fig 4.13 a). These peak 

concentrations equate to 5,337, 7,795 and 13,011 mg NH4
+-N patch-1 when extrapolated 

to the urine patch areas of 0.25, 0.5 and 1 m2, respectively (Fig 4.13 b). The highest (10 

mm) urine application treatment had the highest NH4
+-N concentration in the surface soil 

(mg N kg soil-1), however, when extrapolated to the urine patch areas they represent, the 

smallest application depth (2.5 mm) had a higher proportion of urinary N retained in the 

surface soil but spread over a larger area (extrapolated to 1 m2).  

In the 50-100 mm soil depth, net NH4+-N concentration for the 10, 5 and 2.5 mm urine 

treatments peaked at 195, 75 and 52 mg N kg soil-1, respectively, on Day 1 after urine 





 

70 
 

 
Figure 4.13: Soil net NH4

+-N concentrations (a and c) and equivalent urine patch quantity of net NH4
+-N (b and d) at two soil depths for each 

urine application depth treatment for the Early-winter experiment. The error bars indicate standard errors of the mean (SEM). 
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Figure 4.14: Soil net NH4

+-N concentrations (a and c) and equivalent urine patch quantity of net NH4
+-N (b and d) at two soil depths for each 

urine application depth treatment for the Early-autumn experiment. The error bars indicate standard errors of the mean (SEM).
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Figure 4.15: Soil net NO3-N concentrations (a and c) and equivalent urine patch quantity of net NO3-N (b and d) at two soil depths for each urine 
application depth treatment for the Early-winter experiment. The error bars indicate standard errors of the mean (SEM). 
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Figure 4.16: Soil net NO3-N concentrations (a and c) and equivalent urine patch quantity of net NO3-N (b and d) at two soil depths for each urine 

application depth treatment for the Early-autumn experiment. The error bars indicate standard errors of the mean (SEM). 
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4.3.3.3 Changes in net inorganic N with soil depth 

On Day 14 after urine application in the early-autumn experiment, the highest urine 

application depth (10 mm) treatment had the highest soil net inorganic N concentrations 

at all sampling depths down to a soil depth of 300 mm (Fig 4.17 a). This treatment had 

soil net inorganic N concentrations of between 81 and 179 mg N kg-1, with the highest 

concentration being in the surface (0-50 mm). In comparison, the soil net inorganic N 

concentrations for the other two treatments remained below 50 mg N kg-1 in all soil depths 

measured. When these soil concentrations were extrapolated to the urine patch areas 

represented by each treatment, the quantity of net inorganic N per patch was estimated to 

be highest for the 10 mm application depth (0.25 m2 urine patch area) treatment, being 

4,109 mg N patch-1 in the top 0-100 mm soil depth (Fig 4.17 b). There was a similar 

quantity of N per patch in the 100-200 mm soil depth but then decreased to 3,041 mg N 

patch-1 in the 200-300 mm soil depth. The quantities of net inorganic N per patch were 

lower for the other two treatments at all three soil depths. The 2.5 mm application depth 

(1 m2 extrapolated urine patch area) treatment had the second highest quantity of N per 

patch in the 0-100 and 100-200 mm soil depths, being 2,842 and 2010 mg N patch-1. The 

net inorganic N per patch for this treatment then decreased to 799 mg N patch-1 in the 

200-300 mm soil depth, which was lower than the values for the two smaller urine patch 

treatments. Having more inorganic N in the soil at this depth has potential to increase the 

risk of nitrate leaching, as there will be less opportunity for recovery of this N by plant 

up take.  

On Day 78 after urine application, all treatments had net inorganic N concentrations 

below 50 mg N kg-1 in the 0-50 m soil depth and below 15 mg N kg-1 at all other soil 

depths (Fig 4.17 c). This is a reduction in inorganic N concentrations, compared to the 

previous sampling (Day 14). At this time, when the 2.5 mm urine application depth 

treatment was extrapolated to 1 m2, the estimated quantity of soil net inorganic N 

remained relatively constant down the soil profile up to 300 mm, ranging from 1,276 mg 

N patch-1 (0-100 mm soil depth) to 748 mg N patch-1 (100-200 mm soil depth). In 

comparison, the 10 mm urine application depth treatment (0.25 m2) resulted in lower 

quantities of N in the 0-200 mm soil depth, ranging from 674 mg N patch-1 (0-100 mm 

soil depth) to 52 mg N patch-1 (100-200 mm soil depth) (Fig 4.17 d). Over the 64 day 
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period between sampling times, the amount of net inorganic N measured in the 0-300 mm 

soil depth decreased by 10,082 mg N patch-1 for the 0.25 m2 compared to only 2,756 mg 

N patch-1 for the 1 m2. The larger loss of inorganic N for 0.25 m2 urine patch treatment 

could be due to a number of losses including plant uptake, soil immobilisation, nitrous 

oxide emissions and nitrate leaching.  
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Figure 4.17: Soil net inorganic N (nitrate and ammonium) concentrations (a and c) and 
equivalent urine patch quantity of net inorganic N (b and d) at four soil 
depths (0-50, 50-100, 100-200, 200-300 mm) for each urine application 
depth treatment during the Early-autumn experiment. The error bars 
indicate standard errors of the mean (SEM). 
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4.3.4 Pasture yield and N uptake 

During the Early-winter experiment, the cumulative pasture dry matter (DM) yield (g 

patch-1) at Days 25, 63 and 95 after urine application for each treatment were not 

significantly different from each other (P>0.05) (Table 4.6). The contribution of each 

urine patch treatment, from a single grazing event to total DM accumulation on a per 

hectare basis was estimated over 95 days. This was calculated assuming 2400 urine 

patches per hectare for a 24 hour grazing event (see details of assumption in Appendix 

B). This approach estimated that the contribution from the 0.25, 0.5 and 1 m2 patch areas 

would be 148, 98 and 138 kg DM ha-1, respectively. Therefore, the urine patch 

contribution from a single grazing was estimated to be minor, with no additional benefit 

from increasing the urine spread area. It is worth noting that more of the edge effect 

influence on pasture response would have been included for the 0.25 m2 urine patch, 

compared to the two larger urine patch treatments (0.5 and 1 m2). Therefore, the additional 

yield responses for the two larger urine patches are likely to be underestimated.  

The cumulative N uptake on Day 25 was not significantly different between the three 

urine patch treatments (P>0.05). On Day 63 and Day 95 (end of the experiment), the 

cumulative N uptake was only significantly different (P<0.05) between the 0.5 m2 urine 

patch and the 1 m2 (extrapolated) urine patch areas (Table 4.6). By Day 95, the cumulative 

N recovery in the larger urine patch treatment (extrapolated to 1 m2) was 3.9 g N patch-1, 

compared to 2.0 g N patch-1 for the 0.5 m2 urine patch treatment. The cumulative plant N 

uptake value was equivalent to a urinary N recovery of 25.8% for the 1 m2 urine patch 

area, which was about double the recovery of 13.2% for the 0.5 m2 urine patch area.  
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Table 4.6: Effect of urine patch areas on cumulative pasture DM, N uptake and estimated 
urinary N recovery during the Early-winter experiment on Day 25, 63 and 95 
after cow urine application. 

 
Values are mean ± standard error of mean (SEM). Treatments with the same superscript letters in each 
column are not significantly different. 
*Refer to Appendix B for how pasture DM was extrapolated from g patch-1 to kg ha-1. 

In the Early-autumn experiment, the cumulative pasture DM yield (g patch-1) on Day 23 

was not significantly different between the 0.25 and 0.5 m2 urine patch treatments, but 

the 1 m2  urine patch treatment was significantly different from the two smaller urine 

patch areas (P<0.05) (Table 4.7). However, by Days 66 and 135, any differences between 

treatments were no longer statistically significant (P>0.05). The contribution of each 

urine patch treatments, from a single grazing event to total DM accumulation on a per 

hectare basis was estimated over 135 days. This was calculated assuming 1000 urine 

patches per hectare for a 10-hour grazing event (see details of assumption in Appendix 

1). The approach estimated that the contribution of the 0.25, 0.5 and 1 m2 patch areas 

would be 82, 102 and 128 kg DM ha-1, respectively (Table 4.7). As with the Early-winter 

experiment, the urine patch contribution from a single grazing is small, with negligible 

benefit from increasing the urine spread area. .  

Cumulative Dry Matter (g patch-1) Extrapolated Dry Matter (kg ha -1 )*

Treatments Day 25 Day 63 Day 95 95 Day Total

Urine (0.25 m2) 3.2 (± 0.9) a 17.6 (± 4.6) a 61.8 (± 11.5) a 148

Urine (0.5 m2) -0.6 (± 4.5) a 12.5 (± 9.2) a 40.9 (± 10.7) a 98

Urine (1 m2) 9.7 (± 4.9) a 30.6 (± 11.2) a 57.6 (± 11.6) a 138

Cumulative N uptake (g patch-1)

Urine (0.25 m2) 0.2 (± 0.02) a 1.2 (± 0.2) ab 3.5 (± 0.5) ab

Urine (0.5 m2) 0.1 (± 0.2) a 0.9 (± 0.4) b 2.0 (± 0.3) b

Urine (1 m2) 0.7 (± 0.2) a 2.0 (± 0.2) a 3.9 (± 0.5) a

Cumulative N Recovery (%)

Urine (0.25 m2) 1.6 7.9 23.2

Urine (0.5 m2) 0.8 6.0 13.2

Urine (1 m2) 4.7 13.4 25.8
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The effect of treatments on cumulative N uptake on Day 23,  was only significantly 

different between the extrapolated 1 m2 urine patch area  (2.2 g N patch-1) and 0.25 m2 

urine patch area  (1.0 g N patch-1) (P<0.05) (Table 4.6). However, by Days 66 and 135, 

there were no longer any significant difference between  treatments (P>0.05). Overall, by 

Day 135 the estimated urinary N recovery was higher for this experiment, compared to 

the Early-winter experiment, with values ranging from 32.5% for the 0.25 m2 urine patch 

area to 42.1% for the  0.5 m2 urine patch area. The recovery for the extrapolated 1 m2 

urine patch area was estimated to be  40.2%, which was similar to that of the 0.5 m2 urine 

patch area. 

Table 4.7: Effect of urine patch areas on mean cumulative pasture DM, N uptake and 
estimated urinary N recovery during the Early-autumn experiment on Day 23, 
66 and 135 after cow urine application. 

 
Values are mean ± SEM. Treatments with the same superscript letters in each column are not significantly 
different. 
*Refer to Appendix B for how DM was extrapolated from g patch-1 to kg ha-1. 
 
 

Cumulative Dry Matter (g patch-1) Extrapolated Dry Matter (kg ha -1)*

Treatments Day 23 Day 66 Day 135 135 Day Total

Urine (0.25 m2) 21.5 (± 2.2) b 71.6 (± 3.2) a 81.9 (± 10.0) a 82

Urine (0.5 m2) 23.7 (± 3.0) b 82.8 (± 11.8) a 102.2 (± 23.6) a 102

Urine (1 m2) 46.7 (± 5.6) a 104.7 (± 11.5) a 127.7 (± 33.4) a 128

Cumulative N uptake (g patch-1)

Urine (0.25 m2) 1.0 (± 0.4) b 3.0 (± 0.4) a 3.2 (± 0.5) a

Urine (0.5 m2) 1.4 (± 0.1) ab 3.8 (± 0.4) a 4.2 (± 0.7) a

Urine (1 m2) 2.2 (± 0.1) a 3.7 (± 0.3) a 4.0 (± 0.9) a

Cumulative N Recovery (%)

Urine (0.25 m2) 9.9 29.7 32.5

Urine (0.5 m2) 14.2 38.4 42.1

Urine (1 m2) 21.5 37.4 40.2
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emissions, which will be discussed in Chapter 6. In addition, the effect of increasing urine 

spread in early-autumn decreased the urinary-N present in the soil when the drainage 

season starts. Therefore, there is a potential in reducing the risk of NO3
- leaching. The 

effect of a urine spreading device, worn by dairy cows, on NO3
- leaching was assessed in 

an experiment that is presented in the next chapter (Chapter 5). 
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was a composite of three cores, a core from the centre line and a core from approximately 

10 cm from each side of the line. After sampling, the soil samples were stored at room 

temperature (22°C) for up to 7 days, to ensure that all the urine urea N had converted to 

either NO3
- or NH4

+. The fresh soil samples were mixed by hand and  then analysed for 

inorganic N (NH4
+-N and NO3

--N) concentrations in the laboratory. Five grams of fresh 

soil was weighed and 30 ml of KCl was added to extract the NO3
--N and NH4

+-N (Refer 

to Chapter 3 for further details of the method). Approximately 19 g of fresh soil of each 

sample was weighed, and oven dried to determine gravimetric soil moisture content. 

 

Figure 5.6: A thermal image of a urine patch from a cow wearing a urine spreading 
device, showing the distance from 0 (centre of urine patch) to 50 cm to the 
left, which was the zone used for soil sampling. The diameter of the ring is 
20 cm. 

5.2.8 Climate Data 

Rainfall and daily soil water deficit for the trial period were taken from the 

NIWA/AgResearch weather station, which is approximately 3 km from the trial site. 

5.2.9 Data and statistical analysis 

The mean values and standard error of the means for drainage water depth, NO3
--N, Total 

N (TN) concentrations, and pasture accumulation were calculated based on the six 

replicates for each treatment using Microsoft Excel for Microsoft 365. The least 

significant differences and p values were calculated using one-way analysis of variance 
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Figure 5.7: Daily rainfall and soil water deficit at Dairy Farm 4 from January to October 
of 2022. 

5.3.2 Urine spreading device performance 

Cow observations were used to provide an indication, rather than an exact value, of how 

well the spreading devices worn by cows (Device treatment) were intercepting and 

spreading urinations (Table 5.3). This is because it was not possible to observe all the 

urinations that occurred during the observation period. It was more difficult to monitor 

cows when they were in groups or grazing further away from the observer. Furthermore, 

the last two grazing events occurred mostly at night, so only the initial part of these 

grazings was observed. 

At the first grazing event in February, approximately 28% of the observed urinations were 

not intercepted by the spreading device worn by the cows. This was mostly due to the 
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urination stream passing to one side or over the top of the splash plate. This decreased to 

only approximately 15% at the second grazing event in March. For the remaining two 

grazing events in April and May, the percentage of observed urinations that were not 

intercepted by the urine spreading device remained at less than 20%. 

Table 5.2: Summary of cow observation data for the four grazing events in 2022. 

 

Grazing 
event 
(date) 

 

Grazing 
duration 
(hours) 

 

Observati
on 

duration 
(hours) 

Average number of 
urinations observed 

per plot 

Average percentage (%) of 
observed urinations 

intercepted by device 

Control 
treatment 

Device 
treatment 

Yes No *Not 
fully 
seen 

1 (8-10 Feb) ~6 ~6 30 40 62 28 10 

2 (7-9 Mar) ~6 ~6 38 47 84 15 1 

3 (11-13 Apr) ~13.5 ~2.5 15 18 77 18 5 

4 (25-27 May) ~18 ~2.5 15 19 78 11 11 

*Not fully seen means observers only saw the end of urination being intercepted by the device. 

 
At all four grazing events, the number of observed urinations was higher for the Device 

treatment than the Control treatment. At the first and second grazing events, the number 

of observed urinations were 33% and 24% higher, respectively, for the Device treatment. 

The relatively short observation times (~2.5 hours) at the last two grazing events meant 

the ability to compare the treatments was limited. The reason for this difference is not 

clear, but it is possible that wearing the device is influencing cow behaviour in a way that 

results in more frequent urination. However, there was also a large variation in the 

frequency of observed urination between cows in the Device treatment group, ranging 

from 1-8 observed urination cow-1 over a ~6-hour grazing duration at the first and second 

grazing events. Therefore, any possible effect of the device on urination frequency was 

not consistent for all cows.  

Photographs of the 24 Device treatment cows taken on the 28th of May 2022, after the 

fourth grazing event, were grouped into three levels of dirtiness (nil, minor, moderate) 

(Table 5.4). The assessment showed that wearing the device for 18 hours day-1 for three 

days in a row, resulted in nil or minor dirtiness for 79% of cows, and only 21% of cows 

showed moderate levels of dirtiness.  
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Table 5.3: Visual assessments of cow dirtiness for the Device treatment cows after the 
fourth grazing event on 28th May 2022. Photographs provide examples of 
each level of dirtiness.  

   

Nil dirtiness Minor dirtiness Moderate dirtiness 

3 cows (12%) 16 cows (67%) 5 cows (21%) 

 

5.3.3 Drainage water nitrate and total nitrogen 

The first drainage sample was collected on 1st June 2022 and the last drainage sample was 

collected on 6th October. Drainage samples were collected from the experimental plots on 

37 occasions. The average total drainage on the Control and Device treatment plots was 

264 (± 28) and 277 (± 29) mm, respectively (Fig 5.8).  
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Figure 5.8: Average cumulative drainage water depth for the Control and Device 
treatment plots. The error bars indicate standard errors of the mean (SEM). 

 

Drainage water nitrate concentrations started high and decreased as the drainage season 

progressed (Fig 5.9), The Device treatment average nitrate concentration at the first 

sampling (1st June 2022) was 7.4 (± 1.8) mg NO3
--N L-1, which was 46% less than the 

Control treatment value of 13.8 (± 4.4) mg NO3
--N L-1. The difference in nitrate 

concentration between the two treatments reduced over the subsequent five sampling 

times.  By the sixth sampling time (13th June 2022) there was less than 1 mg NO3
--N L-1 

difference between the average drainage water nitrate concentrations for the two 

treatments. The differences between treatments were small or negligible for the rest of 

the drainage season. For both treatments, the nitrate concentrations remained below 1 mg 

NO3
--N L-1 from the end of July until the end of the drainage season on the 6th of October 

2022.  
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Figure 5.9: Average drainage water NO3
--N concentrations for the Control and Device 

treatment plots. The error bars indicate standard errors of the mean (SEM). 

 

On average, the total cumulative nitrate leaching in drainage from the Device treatment 

was 5.7 (± 1.8) kg NO3--N ha-1 year-1, which was 12% lower than the Control treatment 

value of 6.5 (± 1.0) kg NO3
--N ha-1 year-1 (Fig 5.10). However, due to the variation 

between the replicate plots for both treatments, this difference between the treatments was 

not statistically significant (P>0.05). Furthermore, for the first five events combined for 

each of the treatments, there was no statistically significant difference between the 

treatments (P>0.05). 

The total cumulative Total N (TN) leaching in drainage from the Device treatment was 

7.2 (± 1.7) kg N ha-1 year-1 on average, which was 8% lower than the Control treatment 

value of 7.8 (± 0.9) kg N ha-1 year-1 (Fig 5.11). As with nitrate leaching, the differences 

in TN leaching between treatments were not statistically significant (P>0.05).  
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Figure 5.10: Average cumulative nitrate-N leaching for the Control and Device treatment 

plots. The error bars indicate standard errors of the mean (SEM). 

 

 

Figure 5.11: Average cumulative total N leached for the Control and Device treatment 
plots. The error bars indicate standard errors of the mean (SEM). 
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5.3.4 Pasture accumulation 

There were seven pasture accumulation periods assessed over a duration of 9 months (Fig 

5.12). The total pasture accumulation for the Control treatment was 8,317 kg DM ha-1, 

which is similar to the value of 8,540 kg DM ha-1 for the Device treatment. The largest 

difference between treatments occurred in the late autumn accumulation period (14 April 

to 26 May), where the average pasture accumulation for the Device treatment was 22% 

higher than the Control treatment value. However, differences between the two treatments 

for any of the individual accumulation periods and for the total 9-month period, were not 

large enough to be statistically significant (P>0.05). 

 
Figure 5.12: Average estimated pasture accumulation for the Control and Device 

treatment plots (10 February to 14 November 2022). Error bars are ± SEM. 

5.3.5 Urine Spreading Device (Device) and urine patch 

configuration. 

Six hours after a urination event, the soil moisture content (SMC) in the 0-10 cm soil 

depth ranged from 23 to 26% for the Control and Device treatments and was higher than 

the SMC in the 10-30 cm soil depth, which ranged from 17 to 18% for the Control and 

Device treatments (Fig 5.13). The SMC in both soil depths slightly decreased as the 

distance from the centre of the cow urine increased.  
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Figure 5.13: Soil moisture content at 0-10 cm and 10-30 cm soil depths at different 
distances from the centre of the cow urine patch for the Control and Device 
treatments. 

Figure 5.14 shows thermal images of urine patches taken immediately after the 

completion of each urination. Five images were taken of urine patches from cows not 

wearing a spreading device (Control treatment) and another five images were of urine 

patches from cows wearing a spreading device (Device treatment). Caution must be taken 

when comparing the images because they were taken at various heights from the ground, 

so they are of different sizes and scales. However, a 20 cm diameter ring was used to 

provide a reference to allow comparisons. In addition, the temperature ranges also varied 

between the images, which are shown on the right side of each image. The other 

consideration is that urine volume for each urination is also likely to vary, but this was 

not measured as part of this assessment.  Overall, the images show that the initial areas 

of the urine patches were consistently smaller for the Control treatment, with the majority 

of each urination area from this treatment being within a diameter of approximately 40 

cm (i.e. about twice the diameter of the ring). In contrast, the initial urine patch area of 

the urinations for the Device treatment area appears to be a least 2-3 times larger.  While 

this assessment did not provide a quantitative difference between the treatments, it helps 

explain differences observed between the urine patch soil inorganic N concentrations.  
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Figure 5.14: Thermal imagery of urine patch sizes for the Control treatment (images on 

left) and Device treatment (images on right). In all images, the circle in the 
centre of the urine patch has a diameter of 20 cm, to provide a scale 
comparison. The values on the right provide the range of temperature (oC) 
values.  
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Additional improvements to the device to increase the urine spread area may also help 

reduce leaching losses. At the first treatment grazing event only 62% of the observed 

urination was intercepted by the urine device. While this increased at subsequent grazing 

events (77-84%), not having all urination consistently intercepted and spread by the 

device would have had a bearing on the effectiveness of the Device treatment in reducing 

drainage water N losses. In addition, although the assessment of spread (Section 5.3.5) 

using thermal imaging demonstrates that the device does increase the spread area of the 

urination, compared to no device, it did not result in substantive lower soil inorganic N 

levels in the urine patch. This is likely because the device did not achieve a uniform 

application of urine over a larger area (e.g. 1 m2), as simulated in previous studies 

(Chapters 3 and 4 in this thesis; (Ramirez, 2017)). Furthermore, Cichota et al. (2018) 

reported that the lateral movement of urinary N beyond the urine patch (non-device patch) 

can reduce the N load of urine patches. This contributes to the reduction of differences in 

soil inorganic N concentrations between the treatments. Overall, before further leaching 

studies are conducted, improvements in the device in terms of reliability of urine 

interception and more uniform spread over a larger area are needed. 

5.4.3 Pasture accumulation 

In this study, there was no difference in pasture accumulation between the Control and 

Device treatments. Ramirez (2017) also did not observe pasture growth response from an 

increase in the cow urine patch spread area in autumn. Possible reasons Ramirez (2017) 

gave for this, were the high clover content of the pasture. In addition, during autumn, 

background soil inorganic N levels are likely to be better able to supply pasture 

requirements, which could contribute to pasture not being as responsive to N, or more 

variable in response, compared to other times of the year (e.g. late-winter and spring) 

(Cameron et al., 2013; Moir et al., 2011).  

Urine patches from any individual grazing event, are deposited on a relatively small 

proportion of a paddock area per year (i.e. 20-30%), depending on the number of cows 

(Moir et al., 2011). Therefore, at the paddock or farm levels, the ability of the device to 

influence total pasture growth by increasing the spread of urine at only four grazing 

events, will be limited by the relatively small additional area of pasture that is influenced. 

However, further improvements on the device on urine spread, as discussed above, are 

needed before further evaluation on pasture production is assessed. 
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5.5 Conclusions 
The objectives of this study were to quantify the effect of a urine spreading device worn 

by dairy cows during summer and autumn grazing events, on, urine patch area, N leaching 

and pasture growth accumulation. The differences in N leaching between the Device 

treatment and the no-device Control treatment were small and not statistically significant. 

While the device did increase urine spread, further improvements to increase the spread 

area and the uniformity of spread, may be required. This study was conducted for a single 

drainage season, which happened to be a season with small overall N leaching losses, 

making it more difficult to identify treatment differences. Therefore, any further research 

is recommended to be conducted over multiple drainage seasons.  

There was also no statistically significant observed benefit from using the device on 

pasture production. While improvements to the device to further increase the spread area 

and uniformity of the urine patch, may be needed for any gains in pasture production, this 

will depend on the pasture responsiveness to further N at the time of year that the device 

is used. The device is mainly recommended for use at 4-5 grazing events during the 

summer and autumn periods to target the urine patches that have the most influence on N 

leaching. Therefore, the combination of pasture responsiveness to N being more variable 

at this time of year and the small proportion of the grazed area being influenced by urine 

patches, may limit the ability of the device to have an important influence on total annual 

pasture production. 

While the dirtiness levels on most of the cows in this study were minor, the device was 

only on the cows for durations of up to about 18 hours at a time. Therefore, further 

research evaluating the dirtiness of cows wearing the device over longer durations would 

also be useful. 
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Appendix C. Statement of contribution forms (DRC 16) 
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