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Abstract

:

Agriculture plays a significant role in economic development and livelihood and is a key contributor to food security and nutrition. However, global concerns regarding the sustainability of the agricultural sector (mainly environmental damage) is linked to agricultural activities such as greenhouse gas (GHG) emissions, water pollution, and loss of biodiversity. The aim of this study was to assess the effectiveness of ORUN® (a formulated agricultural chemical mixture) to reduce N2O emissions from urine patches and to improve pasture yield, pasture N uptake, and soil mineral N concentrations. The field trials were conducted during the spring of 2015 on dairy urine patches at Massey University, New Zealand. Treatments consisted of control nil urine, control nil urine + ProGibb®, urine only, urine + ProGibb®, urine + ORUN®, and urine + ORUN PLUS® replicated four times in a randomized complete block design. At 31 days after treatment (DAT), analysis of soil samples in 0–5 cm soil profiles showed that urine + ProGibb® significantly (p = 0.0041) increased the soil nitrate concentration (121.40 kgN/ha) compared with 48.15 kgN/ha from urine only. The urine + ProGib® treatment produced significantly lower herbage N recovery (35% of applied N) compared with the urine only. Throughout the trial period, the urine patches treated with ProGibb® and ORUN® produced significantly higher N2O fluxes compared with urine only and urine + ORUN PLUS®, as well as higher surface soil nitrate and mineral N concentrations.
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1. Introduction


Environmental sustainability from agricultural activities is a major global concern despite the contribution of agriculture to food security, nutrition (human and livestock nutrition), economic development, and livelihood. Greenhouse gas (GHG) emissions, water pollution, and loss of biodiversity by deforestation and bush clearing are associated with agricultural activities [1,2,3]. The agricultural sector constitutes the largest anthropogenic source of nitrous oxide (N2O) emissions [4,5]. Analysis by Gaugler et al. [6] showed that large populations per unit areas, including their dietary needs (particularly from animal production), indicated a higher level of GHG emissions, especially CH4 and N2O.



Nitrous oxide is a potent anthropogenic GHG with a global warming potential 298 times higher than carbon dioxide (CO2) over a 100-year time horizon [7]. It is also a dominant stratospheric ozone-depleting substance [8]. In the phase of increasing human population with changing diet and bioenergy demand, the challenges for mitigating N2O emissions differ greatly from GHGs like CO2 and methane (CH4) because nitrogen (N) inputs are very important for food production [9,10]. Nitrous oxide production from agricultural soils results from the transformation of available mineral N (mainly NH4+ and NO3−) by microbiological processes of nitrification and denitrification [11,12]. Nitrification is an aerobic process that oxidizes NH4+ or NH3 to NO3− via NO2− by two groups of microorganisms referred to as NH3− and NO2− oxidizers, while denitrification, an anaerobic process, is the stepwise reduction of NO3− to N2 by denitrifiers [11]. A by-product of nitrification is also N2O, while in denitrification, N2O is an obligatory intermediate [13]. The sequence of climate and soil conditions and the concentration of available mineral N dictate the rate of N2O oxide production. For example, with the application of fertilizer urea or deposition of animal urine, urea hydrolysis creates zones of soil with raised NH4+ concentrations. In warm moist aerobic conditions, rapid nitrification of NH4+ to NO3− (1–7 days) occurs. If the daily rainfall exceeds evapotranspiration rates, drainage may occur or the soil may become progressively water-logged, leading to anaerobic conditions. Therefore, some NO3− may be leached and some may be denitrified to N2 or traces of N2O. In microaerophilic conditions, which occur in moist soils, more trace gas N2O is produced.



Agriculture, particularly pastoral farming, plays a substantial role in New Zealand’s economy, providing about 50% of total export value [14,15]. The significant contribution of agriculture to the total GHG emissions of New Zealand has focused the country’s research efforts on mitigation strategies to reduce CH4 and N2O emissions from this sector. New Zealand’s commitment to the Kyoto protocol has undertaken reduction targets below 1990 levels, i.e., 50% long-term target by 2050 [16,17]. Agricultural soils constitute the largest source of N2O emissions, with a contribution of 8453.4 kt CO2-e (93.4%) to the country’s total N2O emissions in 2013. From the 1990 level of 7294.7 kt CO2-e, N2O emissions increased by 24.1% (1758.1 kt CO2-e) in 2013 as a result of increases in urine and dung deposited by grazing livestock and the use of synthetic nitrogen fertilizers in the agriculture sector [18].



The major inputs of N in New Zealand pastoral agriculture are urea and biologically fixed N from pasture plants, especially white clover (Trifolium repens). New Zealand’s pastoral agriculture, which is the country’s prevalent industry, and land use is characterized by year-round grazing of grass–clover pastures [19]. Annually, the largest input/ha to soil arises from continued recycling of N via grazing and animal excreta (urine and dung) return. Urine-affected soil (urine patches) is the major contributor to gaseous N emissions (NH3, N2, N2O) and leaching losses (NO3−) rather than N fertilizer in grazed dairy pastures [20]. Saggar et al. [21] reported that in New Zealand, the N applied by fertilizers (0.31 Tg) is five times less compared with N (1.5 Tg) excreted by animals yearly. Approximately 60–75% of the dietary N ingested is excreted in the urine, containing about 70% urea [20]. The N load in urine and dung is between 50 and 200 g m−2 and 20 and 80 g m−2, respectively [22]. The urine patch concentrations commonly exceed the plant uptake demand of the pasture. After 7–14 days, urine patches develop high nitrate (NO3−) concentrations of about 418 mg N kg−1 soil compared with 1 to 11 mg N kg−1 soil from non-urine areas [23]. During the spring calving season in New Zealand, the population of dairy cattle can be about 7 million [24]. As the intensity of dairy farming increases, through more productive pastures and supplementary feeding of cows, the number of cows and urine patches per hectare increase, thus N loss to water and atmosphere increases [20].



The adoption of mitigation technology for N2O emissions from agricultural soils requires the considerations of its effects on pasture yield, soil mineral N concentrations, and plant N uptake. Therefore, it is important that the development of effective management systems for the reduction of N2O emissions from grazed dairy pastures should incorporate the understanding and quantification of N sources, transformation processes, and effects of soil and climatic conditions on N2O emissions. The interrelationships between soil physical and chemical properties, soil microbiological populations, climate, and animal management practices are used to mitigate N2O emissions [25]. Strategies trialed for the reduction of N2O emissions from pastoral agriculture in New Zealand include spraying gibberellins on pasture [25], reducing urinary N concentrations, modifying nitrification by introducing plantain swards (Plantago lanceolata L.) [26,27,28,29,30,31,32,33], improving production efficiency [34,35,36,37], adjusting the time of grazing [38,39,40,41], reducing the N intake of animals/managing animal diets, reducing the N concentration of individual urination [27,42,43,44,45,46], and using N process inhibitors to improve the efficiency of plant N use.



Maximizing N use efficiency in pasture systems via the use of N process inhibitors such as urease and nitrification inhibitors (NIs) is an effective approach for decreasing NH3 volatilization and NO3− leaching, increasing N uptake by grass, and reducing N2O emissions. Nitrification inhibitors such as dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP), and 2-chloro-6-(trichloromethyl) pyridine (nitrapyrin) have been effectively used to decrease NH3 volatilization and NO3− leaching, increase N uptake by grass, and reduce N2O emissions in pasture systems [47,48,49,50]. Between 50 and 60% direct reduction of N2O emissions by the addition of NIs to N inputs in grazing systems has been reported [50]. The review of Adhikari et al. [46] showed reductions of 44 ± 2%, 28 ± 38%, and 28 ± 5%, (average ± s.e.) of N2O emissions from urine patches by using NIs (DCD, DMPP, and nitrapyrin, respectively). The laboratory incubation studies of Chibuike et al. [48] revealed reductions of 43–47% with DCD, 19–46% with DMPP, and 45–59% with nitrapyrin of N2O emissions from two urine-amended pasture soils under different amounts of clay and organic matter content.



Dicyandiamide was sprayed on grazed pastures in New Zealand to reduce nitrate leaching and nitrous oxide emission from urine patches [51,52,53]. Separately, the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) was used in a coating to decrease NH3 loss from urea fertilizer applications [54]. Detecting [55] and spraying urine spots in pastures with NBPT has been researched as a method of N loss reduction [56]. Nonetheless, the use of NIs in urine patches has the risk of NI entry into the food chain [47]. In early 2012, there was a voluntary withdrawal of DCD for use on dairy grazed pasture in New Zealand because of the detection of its residues in milk. However, NBPT is less mobile in soil and does not pose the same risk [57].



Building on this earlier research, ORUN® was developed as a potential alternative to nitrification inhibitors like DCD. ORUN® is combination of urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) and growth stimulant gibberellin (GA3) [58]. This combination is designed to reduce urine N loss from soils by allowing more time for the movement of urine and urea in the soil before chemical transformation to NH3 and NH4+. Dilution of NH3 in a greater volume of soil will reduce NH3 volatilization and allow greater uptake of N by gibberellin-stimulated plant growth. The aim of this study was to assess the effectiveness of ORUN® to slow the hydrolysis of urea-N to NH4+ and nitrification NO3− in soil under urine patches and increase plant N uptake, thereby reducing N leaching and N2O emissions.




2. Materials and Methods


2.1. Trial Site


The trial was conducted on grazed dairy pastures located at the No.1 Dairy Unit (latitude −40.383757, longitude 175.610145), Massey University, New Zealand. The recent soil was Manawatu mottled fine sandy loam [59]—a fluvent [60]. The profile for available water was estimated at 142 mm to 1 m depth via https://smap.landcareresearch.co.nz/ (accessed on 19 February 2024).




2.2. Treatments and Experimental Design


The area for the trial was cleared of stock (3 September 2015), fenced, and mown to a cover of about 1200 kg dry matter/ha (estimation using a rising plate meter). The trial plots were 1 square meter (m2). On 9 September 2015, the following treatments were applied: (a) control nil urine (Cnil U), (b) control nil urine + ProGibb® (CnilU + PrGb), (c) urine only (U0), (d) urine + ProGibb® (U + PrGb), (e) urine + ORUN® (U + O), and (f) urine + ORUN PLUS® (U + OPLUS). Treatments were replicated 4 times in a randomized complete block design (RCBD). The urine treatments (fresh cow urine collected 4 h earlier) consisted of 5090 mg N/L at a rate of 549 kgN/ha, which was confined during application using a 40 cm diameter infiltration ring. Three hours after urine application, ORUN® was sprayed over a 1 m2 area covering the circular cow urine patches of 20 cm radius. The treatments contained the active ingredients of ORUN® (3.2 mg GA3 m−2, 100 mg NBPT m−2), ORUN® PLUS (3 mg GA3 m−2, 100 mg NBPT m−2, and 600 mg AlpHa Na m−2 (sodium salt of polymaleic acid)), and ProGibb® (3 mg GA3 m−2) applied in 60 mL m−2 of water.




2.3. Climate Data


The climatic data, including rainfall and estimated drainage, were gathered via the https://cliflo.niwa.co.nz (accessed on 19 February 2024) database accessing the NIWA/AgResearch weather station positioned 300 m north of the trial site. Cumulative rainfall (mm) and average soil temperature per day (°C) at 10 cm depth were computed from the available rainfall data and hourly soil temperature, respectively.




2.4. Soil Mineral N


A 43 mm diameter core was used for taking soil samples (0–5 and 0–60 cm depth) from the urine patch areas (10 to 15 cm from the center). The resulting holes from 0 to 60 cm coring were sealed by driving in 50 mm diameter × 50 cm depth PVC tubes to prevent artificial aeration and drainage by bypass flow. The soil core sections were stored at 4 °C for 24 h. Soil water content was determined and subsamples were taken for mineral N analysis (2 M KCl extraction for NO3−N and NH4+ N) using the autoanalyzer method adapted from Kamphake et al. [61].




2.5. Herbage Analysis


Pasture samples from the 1 m2 plots were harvested (cut to a cover of 1200 kgDM/ha) twice over the period of the trial (15 October 2015 and 19 November 2015, representing 36 and 71 days after treatment application). The herbage samples were dried at 65 °C for five days to determine dry matter yield, milled to <1 mm particle size, and subsamples (0.1 g) were digested in 5 mL of Kjeldahl mixture for 3 h at 350 °C, then the NH4+ N concentration in the digest was measured by a Technicon 11 autoanalyzer (SEAL Analytical, Albany, Auckland New Zealand), as described by Blakemore et al. [62].




2.6. Measurement of Nitrous Oxide Flux


Nitrous oxide flux measurements were carried out at 5 days interval during 71 days of the trial, regardless of rainfall events. Static gas chambers with a diameter of 19 cm (20 cm high) were installed in the center of the urine patches. The lower 10 cm of the chamber was pressed into the soil to ensure a good seal between the soil–air interfaces. Gas samples were taken with a 60 mL plastic syringe and a 20-gauge hypodermic needle. Nitrous oxide samples were collected at 0, 30, and 60 min (i.e., over one hour to have a linear build-up of the concentration of the gas being measured) after placing the lids on the chambers. The gas samples were immediately transferred to 12 mL evacuated vials for N2O analysis by gas chromatography–electron capture detector (GC-ECD, SpectraLab Scientific Inc., Markham, ON, Canada) as described by Zaman et al. [63].



N2O fluxes were calculated from the increase in concentration during chamber closure and the volume of the chamber enclosing surface area. The following closed-chamber equation [64,65] was used:


f(gas) = V/A·∆C/∆t



(1)




where f is the N2O gas flux (g gas m−2 s−1), V is the volume of chamber headspace (m3 gas volume), A is the soil surface area, and ∆C/∆t is the change in N2O gas concentration per unit of time within the chamber.



The cumulative N2O emissions in g/ha for the urine patch area were calculated by integration and accumulation of individual flux measurements over time.




2.7. Statistical Analysis


The treatment effects from the trial were tested using analysis variance (ANOVA) using SAS software Version 9.4. Significant means were separated using Duncan’s multiple range test (DMRT) at p = 0.10.





3. Results and Discussion


3.1. Climatic Data


The climatic data (amount of rainfall, cumulative rainfall, and daily mean soil temperature per day at 10 cm depth and soil moisture deficit) at the trial site are shown in Figure 1. Peak rainfall (23, 15, and 21 mm) occurred on 23 September 2015, 23 October 2015, and 24 October 2015, respectively (Figure 1A). Cumulative rainfall for these dates was 36, 93, and 114 mm, respectively, while, at the end of the trial (19 November 2015), a cumulative amount of 147 mm was recorded. The water balance model (Figure 1A) indicated that field capacity (where soil moisture deficit = 0) occurred on 5 September 2015; 10 September 2015; 22, 23, and 24 September 2015; and 23 and 24 October 2015. On the soil sampling days (1, 4, 17, 19, 22, 25, 31, 37, and 76), the soil moisture content (g water/g soil) of the surface soil (0–5 cm) ranged between 0.5 and 0.3, approximately 100% and 50% of field capacity, respectively. By 16 October 2015 (37 DAT), there had been 38 mm of cumulative drainage, followed by a further 26 mm on 23 and 24 October 2015 and no further drainage until after 24 November 2015 (76 DAT). Cumulative drainage after urine application totaled 64 mm.



The lowest (10 °C) mean daily soil temperature at 10 cm depth was recorded on 12 September 2015, 21 September 2015, and 27 September 2015, while the highest (19 °C) was recorded on 9 November 2015 and 10 November 2015 (Figure 1B). On day 1, the soil moisture content near field capacity after urine application was optimal for the diffusion of inhibitors into the soil surface [66].




3.2. Soil Mineral N Concentration


3.2.1. Ammonium N and Nitrate N (0–5 cm Depth)


Analysis of soil extractable ammonium-N (NH4+ N) and nitrate-N (NO3− N) in the 0–5 cm depth over the trial period is shown in Table 1 and Table 2, respectively There was no significant difference in NH4+ N in urine patches treated with or without ORUN®, ProGibb®, or ORUN® PLUS until 17 days after application treatment (DAT). On Day 4, the difference in extractable NH4+ N concentrations between the control and the urine treatments ranged from 364 to 490 kg NH4+ N (Table 1), but there was no elevation of extractable NO3− N above the control (Table 2). N loss by NH3 volatilization would also have occurred over this period [22]. The increase in soil NH4+ concentrations alone indicated that urine/urea hydrolysis was at least between 66 and 89% complete by day 4. The urease inhibitor spray treatments ORUN®, ORUN® PLUS, and ProGibb® had the highest NH4+ N concentrations, leading to the conclusion that the inhibitors had not come into contact with a significant quantity of the urine-affected soil. This problem with urease inhibitor sprays applied post-urination was identified in this research and that of Adhikari et al. [66] and researched further by Rodriguez et al. [56]. Both studies evaluated the effectiveness of NBPT sprays in reducing NH3 volatilization from urine patches. The results of Adhikari et al. [66] suggested that the limitations with the low volume (equivalent to 0.06 mm of rainfall) fine sprays were the retention of the inhibitor on the pasture leaves and lack of penetration into drier soils, i.e., below 50% field capacity moisture content. Rodriguez et al. [56] had similarly high soil NH4+ concentrations (200–350 mgN/kg soil) 1–5 days after urine application, leading to 14% of the urine- N being volatilized as NH3 by day 10. Rodriguez et al. [56] found that only NBPT sprayed on pasture 3 to 5 days before urine deposition significantly reduced NH3 volatilization. Both in our study (Table 1) and that of Rodriguez et al. [56], soil extractable NH4+ concentrations in the urine-treated soil (0–5 cm) fell to near background levels (that of the control) after 30 days. In our study, soil extractable NO3− concentrations in the urine-treated soil increased to a peak (92–167 kgN/ha) at 22 days. By 76 days, however, soil extractable NO3− concentrations in the urine-treated soil (0–5 cm) had returned to near background levels (that of the control, Table 2). Similar patterns of delayed nitrification and rate of NO3−N increase to 22 DAT were seen in the urine patches of Adhikari et al. [66] and Rodriguez et al. [56]. These were both shorter studies, <30 days, and soil extractable NO3− concentrations did not return to background levels by the end of soil sampling.




3.2.2. Total (NH4+ N + NO3− N) Soil Mineral N (0–5 cm and 0–60 cm)


The analysis of extractable soil mineral N (kgN/ha) from soil profiles of 0–5 cm (Figure 2) showed no significant difference in urine-treated plots between 10 September 2015 and 13 September 2015 (1 to 13 DAT, respectively). However, rainfall events of 9, 11, and 28 mm on 10 September 2015 (2 DAT), 22 September 2015 (13 DAT), and 23 September 2015 (14 DAT), respectively, resulted in field capacity on 22 September 2015 and 23 September 2015 and created 33 mm of drainage (Figure 2). This contributed to leaching of mineral N (mainly nitrate). At this point, ORUN® PLUS significantly (p < 0.001) had lower N (146.6 kgN/ha) compared with 261.2 and 305.2 kgN/ha for urine only and urine + ORUN®, respectively. On the 28 September 2015 (19 DAT), ORUN® PLUS significantly (p = 0.002) had lower N (88.6 kg/ha) compared with 176.1 and 187.5 kgN/ha for urine + ORUN® and urine + ProGibb®, respectively. There was no significant difference (p = 0.102) in soil mineral N between all treatments on the 1 October 2015 (22 DAT). Urine + ProGibb® and urine + ORUN® significantly (p = 0.001) had highest soil mineral N (149.70 and 140.33 kg/ha) on 4 October 2015.



The analysis of soil samples taken on the final date in Figure 2 (10 October 2015, (31 DAT)) revealed that ProGibb® had the highest N (138 kgN/ha) compared with 70, 86, and 73 kgN/ha for urine only, urine +ORUN®, and urine + ORUN® PLUS, respectively. When these values (for the 0–5 cm depth) were compared with the amounts of total soil mineral N (37 DAT) in the 0–60 cm soil profiles of 326, 245, 293, and 305 kgN/ha (Table 3) for urine only, urine + ProGibb®, urine +ORUN®, and urine + ORUN® PLUS, respectively, it was clear that at least 14–37% of the applied urine N had now leached to depths lower than 5 cm. Approximately 80% of the total mineral N in the 0–60 cm depth was in the form of NO3− N, and analysis of the individual depths indicated that 50% of the extractable NO3− N was deeper than 10 cm in the soil profile. This depth of urine-derived N (solute front) was consistent with a cumulative drainage of 38 mm by 37 DAT (15 October 2015, Figure 1) in a soil that had approximately 23 mm of available water in the top 10 cm. By 76 DAT (Table 3), even the total mineral N in the 0–60 cm depth had returned to near background levels (that of the control) following a cumulative drainage of 64 mm (24 November 2015, Figure 1A). A cumulative drainage volume of 64 mm was insufficient to push a nitrate leaching front beyond 60 cm depth and the front would be expected to be found around 30 to 40 cm depth. This suggests that the major pathway for loss of nitrogen from the 0–60 cm depth between DAT 37 and 76 was not leaching but denitrification (see later discussion on the low recovery of urine N by plant uptake).





3.3. Herbage Analysis from Spring Urine Patches Treated with and without ProGibb®, ORUN®, and ORUN® PLUS from Manawatu Mottled Fine Sandy Loam


Herbage analysis (dry matter yields, herbage N and P) is shown in Table 4.



3.3.1. Dry Matter Yields


The dry matter (DM) yields from the first harvest showed that plots treated with urine + ORUN® PLUS significantly (p = 0.042) produced higher DM yield (2386 kg/ha) compared with the urine only and the control nil urine (2052 and 1820 kg/ha), respectively. There was no significant difference in dry matter yield between plots treated with control nil urine + ProGibb®, urine + ProGibb®, urine + ORUN®, and urine only (2186, 2183, 2312, and 2052 kg/ha, respectively).



At the second harvest, the urine only significantly (p < 0.001) produced the highest DM (2801 kg/ha) compared with all treatments applied (control nil urine, control nil urine+ ProGibb®, urine + ProGibb®, urine + ORUN®, and urine + ORUN® PLUS with 2262, 1448, 2263, 2126, and 2086 kg/ha, respectively). Control nil urine + ProGibb® had the lowest (1448 kg/ha) DM yield, while no significant difference in DM yield was observed between control nil urine, urine + ProGibb®, urine + ORUN®, and urine + ORUN® PLUS.



Similarly, the cumulative DM yield over both harvests showed that plots treated with urine only produced a significantly (p < 0.001) higher DM yield (4854 kg/ha) compared with all treatments applied (control nil urine, control nil urine+ ProGibb®, urine + ProGibb®, urine + ORUN®, and urine + ORUN® PLUS with 3881, 3634, 4446, 4438, and 4471 kg/ha, respectively). Furthermore, there was no significant difference in cumulative DM yields between urine + ProGibb®, urine + ORUN®, and urine + ORUN® PLUS.




3.3.2. Herbage N


Herbage N analysis at the first harvest showed that all urine treatments significantly increased herbage N above the nil urine control (55.82 kgN/ha). Urine + ORUN® PLUS significantly (p < 0.001) produced higher herbage N uptake (85.18 kg/ha) compared with the urine + ProGibb® treatment (73.15 kgN/ha), while no significant difference was observed between urine only, urine + ORUN®, and urine + ORUN® PLUS. At the second harvest, the nil urine + ProGib® control produced significantly lower herbage N compared with all other treatments. Urine only produced significantly (p = 0.007) higher herbage N (67.11 kgN/ha) compared with the urine + ORUN® and urine + ORUN® PLUS treatments (55.25 and 53.29 kgN/ha, respectively). There was no significant difference observed between the urine only and urine + ProGibb®. The cumulative herbage N over both harvests revealed a significant (p < 0.0001) difference between urine only (147.72 kg/ha) and urine + ProGibb® (131.29 kgN/ha), with no significant difference between plots treated with urine only, urine + ORUN, and urine + ORUN® PLUS. The cumulative additional herbage N recovered from the urine treatment areas (minus control) ranged from 24.8 to 41.2 kgN/ha for urine + ProGib® and urine only, respectively. This additional plant uptake over 76 days (2.5 months) accounted for 4.6 and 7.6% of the applied urine N, respectively. These values for urine N recovery by the grass sward were lower than those measured by Adhikari et al. [66], which ranged from 13.5 to 18% over a growth period of 3.5–4 months after urine deposition.




3.3.3. Herbage P


The herbage P (% P) in all treatments was above 0.3% w/w and only just lower than the optimal range of 0.38–0.48% P for dairy and within the optimal range of 0.3–0.45% P for dry stock pasture [67]. The plant P uptake at first harvest showed no significant difference (p = 0.5324) between all treatments applied, while, at second harvest, plots treated with urine only significantly (p = 0.022) had higher herbage P (9.60 kg/ha) compared with 7.45, 7.60, and 7.01 kgP/ha for urine + ProGibb®, urine + ORUN, and urine + ORUN® PLUS, respectively. There was no significant difference in herbage P between plots with urine only and control nil urine. The cumulative P over the two harvests showed that plots treated with urine only significantly (p = 0.079) had higher cumulative P (18.29 kg/ha) compared with 15.65 and 16.00 kgP/ha from urine + ProGibb® and urine + ORUN® PLUS, respectively, while no significant difference in cumulative P was observed between control nil urine, urine only, and urine + ORUN® treatments.





3.4. Nitrous Oxide Emissions from Combined Effects of Climatic Data of Trial Site and the Application of ProGibb, ORUN®, and ORUN® PLUS to Spring Urine Patches from Manawatu Mottled Fine Sandy Loam


3.4.1. N2O Flux


Figure 3 shows nitrous oxide flux per day influenced by the combined effects of climatic data of the trial site and the application of ProGibb®, ORUN®, and ORUN® PLUS to spring urine patches on the Manawatu mottled fine sandy loam. Peak N2O flux occurred for all urine treatments on 23 September 2015 following a major rainfall event of 28 mm during the day prior to gas sampling. Following the peak N2O flux on the 23 September 2015, N2O fluxes decreased as the soil moisture deficit increased.



Significant differences in N2O flux between urine treatments occured in the period following 4 DAT, with urine + ProGibb® and urine + ORUN® PLUS (p = 0.0268) producing lower N2O flux (63.69 and 43.08 gN2O N/ha/d, respectively) compared with 140.40 gN2O N/ha/d from urine only, while no significant difference in N2O flux was observed between urine + ProGibb®, urine + ORUN®, and urine + ORUN® PLUS. On 13 DAT, plots treated with urine + ProGibb® and urine + ORUN® produced significantly (p < 0.0001) higher N2O flux (527.73 and 634.79 gN2O N/ha, respectively) compared with plots with urine only (334.72 gN2O N/ha). However, there was no significant difference in N2O flux between urine only and urine + ORUN® PLUS treatments, which was consistent with the differences between surface (0–5 cm) nitrate concentrations. A continuous decrease in N2O flux per day was observed until 25 DAT (4 October 2015). On DAT 25, following a series of rainfall events that lowered the soil moisture deficit to between 4 and 14 mm, the urine + ProGibb® and urine + ORUN® treatments produced significant (p = 0.0010) increases in N2O flux (319.35 and 279.93 gN2O N/ha/d, respectively) compared with 162.04 gN2O N/ha/d from urine only. Urine + ProGibb® treatment continued to produce significantly (p = 0.0033) higher N2O flux (391.89 gN2O N/ha/d) compared with urine only (104.20 gN2O-N/ha), while no significant difference in N2O flux was observed between urine only, urine + ORUN®, and urine + ORUN® PLUS treatments, following rainfall on 45 DAT (22, 23, and 24 October 2015). From 51 to 71 DAT, a remarkable decrease in N2O flux was observed, with no significant difference in N2O flux between urine patches treated with or without ProGibb®, ORUN®, and ORUN® PLUS at 71 DAT. This period recorded the highest (19 °C) mean daily soil temperature and highest (65 mm) highest (27 mm) soil moisture deficit. The fluctuations in N2O flux recorded in our experiments were consistent with other field trial research, in which soil moisture and temperature were identified as key drivers for soil N2O emissions [24,68,69,70,71,72]. In the absence of other limiting factors, an increase in soil temperature could result in an increase in soil–atmosphere exchange of N2O [70]. Soil temperatures of 15–20 °C are suitable for N2O production [72]. Soil aeration has an inverse relationship with soil moisture, precipitation, soil temperature, and available mineral N (ammonium, NH4+; nitrate, NO3−; nitrite, NO2−), which are major factors that influence N2O emissions from the soil [11,73]. In previous studies on N2O emissions from temperate grassland systems in the Southern and Northern Hemispheres (New Zealand and Germany, respectively), N2O emissions by denitrification were highest with water-filled pore space values of about 80% at relatively low NO3− concentrations, while N2O emissions by nitrification resulted from high NH4+ levels shortly after N application at soil temperatures around 10 °C [73]. Our highest flux rates (15–17 DAT) in a similar range of 650–700 g N2O-N ha–1 day–1 from spring-applied urine were reported in previous studies [51,52], which were associated with higher urine-N application rates of up to 1000 kgNha–1 and the application of irrigation.




3.4.2. Cumulative N2O Flux


Figure 4 shows the cumulative N2O emissions over the period of the trial, notably the lowest cumulative emissions from urine-treated soils were from urine only and urine + ORUN® PLUS; all other treatments had higher emissions, with urine+ ProGibb® being the highest. None of the inhibitor treatment sprays were able to decrease the emissions of N2O, and the treatments of ProGibb® and ORUN® had increased emissions. The NBPT in ORUN® did not have a significant effect on the reduction of N2O emissions from the urine patches during springtime. Similar results were reported in a previous study [63] when the application of NBPT to urine patches during autumn, spring, or summer showed no significant effect on N2O emissions. In our study, higher emissions of N2O by urine + ProGibb® and urine + ORUN® treatments were associated with peaks of denitrification (Figure 3), when high soil NH4+ N concentrations (at 0–5 cm depth) on 13 September 2015 (Table 1) were first oxidized to NO3−N during the period 13 September 2015–26 September 2015 (Table 2), but then rainfall on the 18, 21, and 22 September 2015 decreased the soil water deficit to zero (field capacity) (Figure 1), creating microaerophilic conditions and denitrification.






4. General Discussion


Fate of Urine-Applied N


After urine application of 540 kg N/ha, it is expected that approximately 14% (~75 kg N/ha) will be volatilized as NH3, as reported in similar studies [56,66] and the review by Selbie et al. [22]. Pasture growth after 76 days took up only an apparent 25–40 kgN/ha of urine-derived N (urine-treated minus control). Only approximately 6 kgN/ha of apparent urine-derived N remained in the soil profile at 76 DAT. The measured N2O N emissions were 6–12 kgN/ha (Figure 4); however, the combined emission of N2O and N2 would be significantly higher. We can speculate on the size of N2 emissions by referring to the recent studies of Ding et al. [74]. Following synthetic urine-15N application at either 400 or 800 kg N ha−1, Ding et al. [74] found that cumulative N2O emissions from soil after 95 days represented 0.16 ± 0.08% and 0.43 ± 0.08% of deposited N, respectively, while emitted N2 accounted for 32.1 ± 4.1% and 14.4 ± 1.7%, respectively. Therefore, with a urine-N application rate of 540 kg N ha−1 and similar soil moisture conditions, we might expect N2 emissions to be in the region of 162 kg N ha−1 (30% of 540 kg N ha−1). These estimates of NH3 loss, measured pasture N uptake, residual soil N, and N2O and N2 emissions accumulate to (75 + 40 + 6 + 12 + 162) 295 KgN/ha, which only accounts for 55% of the urine-N applied. As we expect the N leaching lost over this period to be low because of the low estimated drainage volume (64 mm, Figure 1), then it is likely that dentrification losses of N2 would be larger than estimated from the observations of Ding et al. [74]. Progib and Orun treatments had higher NO3−N concentrations during a period of low soil water deficits, which led to higher N2O emissions and higher N2-N emissions. None of the inhibitor treatments increased the half life of urine N in soil for N to be used more productively for plant growth. Future research needs to focus on how to increase the contact between inhibitor sprays and the soil containing urine N if the management of inhibitor application is to reduce NH3 and N2O emissions from urine patches.





5. Conclusions


The results from this study revealed that the combined application of NBPT and gibberellic acid (patented as ORUN®) to urine patches during springtime over 76 days did not effectively reduce N2O emissions, increase soil mineral N concentrations, or increase plant N uptake. The fine spray application of NBPT did not delay the hydrolysis of urinary urea. This was likely due to poor contact between the NBPT in ORUN® and the urine-affected soil, resulting from spatial separation within the soil profile. In addition, the pasture plant growth rates in this trial were not stimulated by the application of gibberellic acid. Thus, the soil and plant processes required for the initial hypothesis to be proven did not occur under the climate and soil conditions of this trial. Whereas future research could be focused on how to increase the contact between urease and denitrification inhibitor sprays and the soil containing the urine N, a more effective solution to the high N2O and N leaching loss from dairy cow urine patches is likely to be feeding systems that reduce the surplus N intake by dairy cows grazing ryegrass/clover pastures.
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Figure 1. Climatic data at trial site. 
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Figure 2. Daily rainfall, drainage, soil moisture deficit, and extractable total mineral N (kg/ha) in 0–5 cm soil profiles for spring urine patches treated with and without ProGibb, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam. Note: Cnil U—control nil urine, U + PrGb—urine + ProGibb®, U0—urine only, U + O—urine + ORUN®, U + OPLUS—urine + ORUN® PLUS. 
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Figure 3. Nitrous oxide emissions from combined effects of climatic data of trial site and the application of ProGibb, ORUN®, and ORUN® PLUS to spring urine patches from Manawatu mottled fine sandy loam. 
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Figure 4. Cumulative N2O emissions from combined effects of climatic data of trial site and the application of ProGibb, ORUN®, and ORUN® PLUS to spring urine patches from Manawatu mottled fine sandy loam. 






Figure 4. Cumulative N2O emissions from combined effects of climatic data of trial site and the application of ProGibb, ORUN®, and ORUN® PLUS to spring urine patches from Manawatu mottled fine sandy loam.



[image: Sustainability 16 02843 g004]







 





Table 1. Extractable kg NH4+ N/ha in 0–5 cm soil profiles for spring urine patches treated with and without ProGibb®, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam.






Table 1. Extractable kg NH4+ N/ha in 0–5 cm soil profiles for spring urine patches treated with and without ProGibb®, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam.





	
Treatment

	
10 September 2015

	
13 September 2015

	
26 September 2015

	
28 September 2015

	
1 October 2015

	
4 October 2015

	
10 October 2015

	
16 October 2015

	
24 November 2015




	
Days after Application of Treatment (DAT)

	
1

	
4

	
17

	
19

	
22

	
25

	
31

	
37

	
76






	
Cnil U

	
28.9 b

	
20.84 b

	
10.65 c

	
6.55

	
21.11

	
14.72

	
13.17

	
6.22

	
13.11




	
CnilU + PrGb

	
15.9 b

	
12.82 b

	
13.15 c

	
10.24

	
19.88

	
14.36

	
13.78

	
nd

	
nd




	
U0

	
377.8 a

	
384.29 a

	
195.52 ab

	
54.57

	
31

	
14.12

	
11.91

	
6.05

	
11.76




	
U + PrGb

	
481.9 a

	
501.05 a

	
130.90 ab

	
86.1

	
53.18

	
27.78

	
16.63

	
8.62

	
8.13




	
U + O

	
457.2 a

	
509.93 a

	
231.85 a

	
66.52

	
22.02

	
29.47

	
11.27

	
8.49

	
8.8




	
U + OPLUS

	
320.7 a

	
502.63 a

	
98.11 bc

	
31.24

	
51.4

	
14.95

	
18.45

	
8.41

	
9.65




	
LSD

	
184.89

	
164.98

	
114.57

	
67.32

	
48.945

	
18.579

	
6.804

	
3.862

	
4.804




	
SEM

	
78.1

	
61.8

	
42.1

	
26.7

	
20.37

	
6.98

	
2.6

	
1.532

	
1.906




	
p value

	
0.0005

	
<0.0001

	
0.0152

	
0.2891 NS

	
0.7046 NS

	
0.4861 NS

	
0.4383 NS

	
0.593 NS

	
0.362 NS








Note: means with the same letter (s) within a column are not significantly different; LSD—least significant difference, SEM—standard error of means, NS—not significant; Cnil U—control nil urine, CnilU + PrGb—control nil urine + ProGibb®, U + PrGb—urine + ProGibb®, U0—urine only, U + O—urine + ORUN®, U + OPLUS—urine + ORUN® PLUS, nd—not determined.













 





Table 2. Extractable kg NO3– N/ha in 0–5 cm soil profiles for spring urine patches treated with and without ProGibb, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam.
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Treatment

	
10 September 2015

	
13 September 2015

	
26 September 2015

	
28 September 2015

	
1 October 2015

	
4 October 2015

	
10 October 2015

	
16 October 2015

	
24 November 2015




	
Days after Application of Treatment (DAT)

	
1

	
4

	
17

	
19

	
22

	
25

	
31

	
37

	
76






	
Cnil U

	
10.06

	
6.11

	
3.67 b

	
6.30 c

	
10.14 b

	
4.95 c

	
6.16 cd

	
4

	
4.84




	
CnilU + PrGb

	
2.2

	
2.2

	
1.47 b

	
2.92 c

	
33.20 b

	
2.78 c

	
4.24 d

	
nd

	
nd




	
U0

	
2.26

	
3.58

	
65.72 a

	
90.21 ab

	
126.77 a

	
42.08 b

	
48.15 bcd

	
67

	
4.04




	
U + PrGb

	
2.39

	
2.06

	
55.56 a

	
101.36 a

	
165.82 a

	
121.92 a

	
121.40 a

	
72

	
2.23




	
U + O

	
1.8

	
3.27

	
73.34 a

	
109.62 a

	
161.75 a

	
110.86 a

	
74.86 ab

	
89

	
4.84




	
U + OPLUS

	
2.17

	
3.07

	
48.47 a

	
57.34 b

	
91.82 ab

	
61.98 b

	
54.56 bc

	
36

	
2.59




	
LSD

	
5.942

	
3.185

	
40.139

	
42.664

	
83.305

	
37.647

	
49.638

	
58.8

	
4.087




	
SEM

	
2.397

	
1.285

	
13.63

	
15.27

	
34.9

	
14.32

	
20.02

	
23.3

	
1.622




	
p value

	
0.1686 NS

	
0.3900 NS

	
0.0188

	
0.0006

	
0.0174

	
<0.0001

	
0.0041

	
0.142 NS

	
0.683 NS








Note: means with the same letter (s) within a column are not significantly different; LSD—least significant difference, SEM—standard error of means, NS—not significant; Cnil U—control nil urine, CnilU + PrGb—control nil urine + ProGibb®, U + PrGb—urine + ProGibb®, U0—urine only, U + O—urine + ORUN®, U + OPLUS—urine + ORUN PLUS®, nd—not determined.













 





Table 3. Extractable mineral N from soil profiles of 0–60 cm for spring urine patches treated with and without ProGibb, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam.
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Treatment

	
16 October 2015

	
24 November 2015




	
Days after Application of Treatment (DAT)

	
37

	
76




	

	
NH4+ N

	
NO3− N

	
Total Mineral N

(kg/ha)

	
NH4+ N

	
NO3– N

	
Total Mineral N

(kg/ha)






	
Cnil U

	
20.4

	
13.3 b

	
33.7 b

	
61.7

	
6.4

	
68.1




	
U0

	
40.6

	
285.6 a

	
326.2 a

	
60.6

	
13.5

	
74.1




	
U + PrGb

	
40.6

	
204.8 a

	
245.4 a

	
54.4

	
18.3

	
72.7




	
U + O

	
44.4

	
248.8 a

	
293.2 a

	
61.7

	
10.5

	
72.2




	
U + OPLUS

	
64.8

	
240.4 a

	
305.2 a

	
62.5

	
12

	
74.5




	
LSD

	
51.33

	
134.3

	
180.8

	
7.59

	
9.3

	
6.77




	
SEM

	
20.36

	
53.3

	
71.7

	
3.01

	
3.69

	
2.69




	
p value

	
0.671 NS

	
0.026

	
0.076

	
0.357 NS

	
0.292 NS

	
0.499 NS








Note: means with the same letter (s) within a column are not significantly different; LSD—least significant difference, SEM—standard error of means, NS—not significant; Cnil U—control nil urine, U + PrGb—urine + ProGibb®, U0—urine only, U + O—urine + ORUN®, U + OPLUS—urine + ORUN® PLUS.













 





Table 4. Herbage analysis from spring urine patches treated with and without ProGibb, ORUN®, and ORUN® PLUS from Manawatu mottled fine sandy loam.
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Treatment

	
Dry Matter (kg/ha)

	
Herbage N (kgN/ha)

	
Herbage P (kgP/ha)




	

	
First Harvest

	
Second Harvest

	
Cumulative Harvest

	
First Harvest

	
Second Harvest

	
Cumulative N

	
First Harvest

	
Second Harvest

	
Cumulative P






	
Cnil U

	
1820 c

	
2262.6 b

	
3881 c

	
55.82 c

	
50.72 b

	
106.54 c

	
8.046

	
8.80 ab
