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Abstract

:

Emissions of nitrous oxide (N2O), a potent greenhouse gas, are a challenge associated with application of nitrogen (N) fertilizers to soil. However, N source selection can play a role in reducing these emissions. Nitrous oxide emissions were measured from ammonium (ammonium sulfate) and nitrate (calcium nitrate) fertilizers over one year in temperate grassland using the closed static chamber method. Nitrogen was applied at a system representative rate of 220 kg ha−1 y−1 in six split applications. Cumulative annual N2O-N emissions were 0.29 kg ha−1 for the control, 1.07 kg ha−1 for the ammonium fertilizer and significantly higher at 2.54 kg ha−1 for the nitrate fertilizer. The annual emission factor (EF) for the ammonium fertilizer was 0.35% vs 1.02% for the nitrate fertilizer, a 66% reduction in the EF for ammonium vs nitrate and a 2.9 times higher EF for nitrate compared with ammonium. No difference in grass yield or N uptake was detected between fertilizers. This study shows that an ammonium fertilizer produces the same yield and N efficiency as a nitrate fertilizer with lower N2O emissions. The results also demonstrate that the nitrate portion of fertilizers is a key factor in N2O emissions in temperate grassland. This work is the first of its kind detailing the annual EF of both a solely ammonium-N and a solely nitrate-N fertilizer we could find.
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1. Introduction


Nitrous oxide is a long-lived ozone-depleting greenhouse gas (GHG) with a high global warming potential, it has approximately 300 times greater heat-trapping capacity than carbon dioxide [1]. Nitrous oxide is the prime contributor to ozone layer depletion in the stratosphere [2], a problem which must be addressed by reducing of N2O emissions rapidly. Over the last 150 years, atmospheric concentrations of N2O have reached unprecedented levels, increasing from 270 parts per billion (ppb) to 335 ppb [3]. The Intergovernmental panel on climate change (IPCC) estimated that agriculture contributes about 60 to 70% of total global anthropogenic N2O emissions, mainly due to nitrogen (N) fertilizer use and emissions from animal waste. This is owing to the presence of readily available N [4]. To feed the world’s growing population, many agricultural systems require the frequent application of mineral N fertilizers to achieving high crop yield in non-leguminous species [5]. The N uptake by crops of applied mineral N is frequently low [6,7]. Global annual application of N is in excess of 100 Tg N [3], of which is estimated that more than 50 Tg of N lost from the system through various loss pathways. IPCC estimates the emission factor (EF) of 1% from the application of mineral N fertilizer in the soil and strategies to reduce N2O emissions are urgently needed.



Temperate grasslands that are fertilized for grazing or cutting contribute more than 10% of the total global anthropogenic GHG emissions [8]. More than two-thirds of the land area in Ireland is covered by agricultural/natural grasslands which is the highest proportion in Europe (62%) [9]. As agriculture in Ireland produces 90% of national N2O emissions and fertilizer accounts for 38% of these emissions the selection of fertilizers with low emissions is critically important for reducing on-farm emissions. In Ireland, calcium ammonium nitrate (CAN) accounts for approximately 37% of N applied, urea approximately 15% [10] with the remainder being applied in combination with other nutrients such as phosphorus (P) and potassium (K) with varying nitrate to ammonium-N ratios in the final product.



Nitrous oxide fluxes from the soil surface originate primarily from the nitrification-denitrification process in the soil [11]. During nitrification, aerobic microbial populations convert ammonium (NH4+) to nitrate (NO3−). Thereafter, NO3− can be converted to N2O by anaerobic microbial populations via denitrification. Synthesis and emission of N2O can occur in both steps (nitrification and denitrification) by microbial processes depending on the soil conditions (temperature, texture, structure, water availability and pH), decomposable organic material and availability of reactive N [11]. Nitrogen fertilization increases the mineral N (NH4+-N and NO3−-N) availability in the soil which is a positive for crop growth. However, these increases enhance nitrification-denitrification processes, which are responsible for the production of N2O [11]. The form of N applied to soil can be a determining factor in N2O loss. Denitrification is the direct source of N2O loss from nitrate fertilizers, while both nitrification and denitrification processes can be involved in N2O emissions from the ammonium-N sources [12]. Although both processes can contribute to the N2O emission from ammonium-N sources, several studies make the case that denitrification is the dominant process from soils when the water-filled pore space (WFPS) is higher than 70% [12]. Therefore, it is reasonable that the application of nitrate-N sources could promote greater N2O emissions than ammonium sources in poorly drained soils (>70% WFPS), particularly in temperate grasslands with regular rainfall such as those found in Ireland.



Cowan et al. [13] reviewed a dataset of N2O-EFs from 21 separate studies carried out on arable land and managed grasslands across the UK and Ireland over the past 20 years. This study showed that ammonium nitrate (AN) and CAN, which both contain NO3−-N and NH4+-N in a 50:50 ratio on an N basis, were the largest N2O emitter of the fertilizer types examined. They also found that urea treated with inhibitors showed lower N2O emissions. This is in agreement with the results of studies in Irish grassland [14,15,16] that also found the highest losses from CAN fertilizer in the wet temperate grassland soils in Ireland. To reduce N loss in the form of N2O emissions, Harty et al. [14] proposed switching fertilizer formulation from CAN to urea fertilizer with the inclusion of a urease inhibitor and potentially also a nitrification inhibitor. However, in practice about half of the N in Ireland is applied as N, P and K blends or compounds. Compound fertilizers result from the intentional mixing of two or more nutrients in various percentages, contain the complete three macronutrients. These compounds contain varying proportions of total N content delivered as NH4+-N, from as little as 53% of N as NH4+-N to as much as 95% of total N delivered as NH4+-N. While N2O-EFs exist for CAN which these do not well describe the emissions from compound fertilizers as some contain little NO3−-N due to their formulation. As far the authors are aware, no studies have measured the direct N2O emissions of a nitrate only or an ammonium only fertilizer over a full year to generate an annual emission factor. This is a significant knowledge gap for the development of abatement strategies, for our understanding of the relative weighting of the NO3−-N and the NH4+-N portions in driving N2O losses from ammonium nitrate or compound fertilizers. For emission inventory calculations it is clear that N2O losses from several blended/compound products are not best characterized by either CAN/AN or urea emission factors which are abundant [17]. The direct comparison of fully ammonium with fully nitrate fertilizers is very scarce. In a recent work, Gebremichael et al. [17] performed a short-term experiment of three months, and the authors make the case that ammonium-based compound fertilizers have the potential to reduce N2O emissions compare to nitrate-based fertilizers and suggested a long-term study to capture the yearly N2O-EF. In the present study, an ammonium and a nitrate N2O-EF is measured which can be used to provide new information to characterize differences in N2O emissions between NO3−-N and NH4+-N in temperate grassland. The current information is potentially of important use in inventory calculations of emissions from compound/blended N, P, K fertilizers based on their NO3−-N:NH4+-N ratio. The specific research questions are (i) what is the effect of applying an ammonium and a nitrate fertilizer on N2O emissions? and (ii) what is the effect of providing nutrients in ammonium vs nitrate form on grass dry matter yield, N uptake and recovery? We hypothesized that (i) the ammonium fertilizer will have lower N2O emissions than the nitrate fertilizer and (ii) that N source will affect dry matter yield and N uptake, these hypotheses are tested.




2. Materials and Methods


2.1. Study Site


The field experiment was conducted at the permanent grassland site located at Johnstown Castle, Co. Wexford, Ireland (52°17′ N; 6°30′ W) during the period 11 February 2020 to 11 February 2021 capturing a full yearly cycle. The plot was in long-term pasture with perennial ryegrass (Lolium perenne L.) prior to the study. No field cropping took place and it was reseeded with perennial ryegrass in 2018. Generally, the site received 150–200 kg N ha−1 y−1 of N fertilizer in five equal splits between March and September in previous years. A basal application of P, K, and S was also applied in line with soil test recommendations in the year of the study. In the year immediately preceding the experiment, no fertilizers were applied as the site was being prepared for experimental use. Before the experimental setup in 2020, eight soil samples from 0–10 cm depth were collected from the experimental plots to determine the soil characteristics. A summary of soil physical and chemical characteristics are presented in Table 1. The soil is moderately drained sandy loam classified as a Stagnic Cambisol [18,19] with 14% clay, 52% sand, 34% silt, 5.3% organic matter and a water pH 6.2.




2.2. Experimental Set Up


The experimental design was a randomized complete block design with five replicates per treatment. The chamber size was 40 cm × 40 cm and it was to this area fertilizer treatments were applied. The experimental treatments were ammonium sulfate (AS ((NH4)2SO4), 21% N) and calcium nitrate (CN (Ca(NO3)2), 17% N) fertilizers and a zero N control. Fertilizers were applied in six split applications between February and September of 20 (11 February 2020), 40 (23 March 2020), 40 (27 April 2020), 40 (8 June 2020), 40 (13 July 2020) and 40 (2 September 2020) kg N ha−1 which corresponded to an annual application of 220 kg N ha−1. Both fertilizers were granular products. Experimental plots received a basal application of P, K, and S during the experimental period in line with soil test recommendations to ensure that these nutrients were not limiting.




2.3. N2O Sampling and Analysis and Calculation of Flux


Fluxes of N2O were measured for 12 months using the closed static chamber technique [16]. The chambers were made of stainless steel which comprised of a chamber base measuring 0.4 m × 0.4 m wide and 0.1 m high. The chambers were inserted into the ground to a depth of ≥5 cm, with a corresponding lid of the height of 0.1 m. The base chambers were inserted into the soil before the experiment commenced and left in position for the duration of the experiment.



Gas sampling was commenced between 9.00 and 11.00 h, as this was reported as the best time to represent the average daily flux [20]. For gas sampling, three samples were taken at 0, 15 and 30 min after closing the chamber, using a 20 mL syringe and were injected into pre-evacuated 10 mL gas vials. Gas samples were collected five times in the first week after N application, three times in the second week. Gas sampling was reduced to twice per week for the next two weeks and once per week until the next N application. Once the N2O fluxes returned to baseline (control) levels over the winter period (November 2020–February 2021), gas samples were collected every two weeks.



The concentrations of N2O were analyzed using a gas chromatograph (Bruker Scion 456) equipped with a 63Ni electron capture detector (ECD). Gas samples were injected into GC using a Combi-PAL xt® auto–sampler (CTC Analytics AG, Zwingen, Switzerland). Daily fluxes were calculated using the following equation given by Smith and Conen [21]:


  F =   Δ C   Δ t   ×  v A  ×  M V  ×  P  P o   ×  (   (  273 + T  )  / R  )     



(1)




where F is the daily flux rate of the gas studied (g m−2 day−1),   Δ C / Δ t   is the slope of the line for T0, T15 and T30, ΔC is the change in concentration in the chamber headspace during the enclosure period in ppbv, Δt is the time interval (15 min), v (m3) and A (m2) are the chamber volume and the soil surface area respectively, M is the molecular weight of the gas (44 for N2O), V is the volume occupied by 1 mol of the gas at standard pressure (22.4 L) and temperature, P is the barometric pressure (mbar), Po is the standard pressure (1013 mbar), and T is the average temperature in Kelvin (°K). The final N2O flux rate was presented as kg N ha−1 day−1.



The cumulative emissions were calculated separately from the integration of the area under the curve of each measurement point. The area between two adjacent intervals on the measurement days was calculated using the trapezoid formula as follows [22]:


   A  t  (  a b  )    =  (   t b  −  t a   )  ×  (   F  t a   +  F  t b    )  / 2    



(2)




where At(ab) is the area of the two adjacent intervals on the measurement days (in kg ha−1 between ta and tb), ta and tb are the number of days from the start of the experiment of the two adjacent measurements, and Fta and Ftb are the fluxes of the gas of interest (kg ha−1 day−1) on ta and tb.



The total cumulative emissions were calculated as the sum of the emissions    A  t  (  a b  )      for all time intervals.



The N2O-EFs from AS and CN treatments were calculated using the equation proposed by the IPCC [23]:


    N 2  O − E F = (    ∑   N 2  O −  ∑   N C     N a      ) × 100   



(3)




where ∑N2O is the cumulative N2O-N emissions (kg ha−1) from each treatment, ∑NC is the cumulative N2O-N emissions (kg ha−1) from the control plot, and Na is the amounts of N applied in the field expressed in kg N ha−1.



On each sampling day during the experimental period, soil moisture and atmospheric pressure (Garmin PSmap 64 s) and soil temperature (5 cm depth) were recorded. Air temperature and daily rainfall were also collected from the nearest (≤1 km) meteorological station. Water-filled pore space was calculated using the soil bulk density and the volumetric moisture content recorded each sampling day.



Water-filled pore space (WFPS, %) was calculated according to the following relationship.


Water-filled pore space (WFPS) = 100 × (volumetric moisture content/total soil porosity).








where total soil porosity = (1 − (soil bulk density/soil particle density)) × 100 and the soil particle density was assumed to be 2.65 g cm−3.




2.4. Grass Harvesting


The chamber area was harvested six times between March to October, 2020 (23 March 2020, 21 April 2020, 4 June 2020, 8 July 2020, 28 September 2020 and 15 October 2020). At each harvesting date, the grass was cut to a height of 5 cm and removed. The total grass fresh weight per plot was recorded to determine grass yield and a subsample was collected to determine dry matter (DM) content and N uptake. Fresh subsamples of grass were weighed and dried at 70 °C until reaching a constant weight. Once dried, grass dry weight was recorded to calculate dry matter (DM) and subsequently dried samples were ground and passed through a 2 mm sieve and used for further analysis. Nitrogen percentage was determined using a LECO combustion analyzer (St. Joseph, MI, USA).



Grass dry matter yield was calculated as:


Grass dry matter yield (kg ha−1) = (Green grass weight × dry matter (%) × plot size)/100.








where dry matter (%) = (Dry grass sample/wet grass sample) × 100.



Total grass dry matter yield (kg ha−1) was calculated to combine the yield from six harvest.



N uptake was calculated as:


N uptake (kg ha−1) = (Grass dry matter yield × N content (%))/100.











Total N uptake (kg ha−1) was calculated to combine the N uptake from six harvest.



Apparent N recovery (%) was calculated as:


Apparent N recovery (%) = ((N uptake from the fertilized plot − N uptake from the control plot)/Fertilizer N applied) × 100.












2.5. Statistical Analysis


Statistical analyses were done using Statistical Analysis System (SAS) Proprietary Software version 9.4 (SAS Institute Inc., Cary, NC, USA). Homogeneity of variance was tested with the PROC GLM test of equality of error variance, and normal distribution was tested with the PROC UNIVARIATE test for normality. All the data met the assumptions without transformation. Differences between the treatments’ effect on total cumulative N2O emission, grass dry matter yield and N uptake were examined by the analysis of variance (ANOVA), using general linear models (GLM) procedure in SAS. Significance was determined at an alpha level of 0.05. In the cases where ANOVA was significant, all the means were compared using the F-protected least significant difference (LSD) test at the 95% confidence level.





3. Results


3.1. Nitrous Oxide Emissions


Nitrous oxide fluxes were measured from 11 February 2020 to 11 February 2021. Environmental conditions varied considerably during this period. The daily rainfall varied from 0 to 23 mm corresponding to water-filled pore space (WFPS) levels as high as 91% (Figure 1). Such high WFPS levels are favorable to the coupled nitrification-denitrification process [24]. During the gas sampling, the soil temperature ranged between 2 °C and 26 °C. Annual rainfall was 1176 mm (February 2020–February 2021) compared to the long-term (2010–2020) average of 1035 mm. The temporal dynamics of N2O flux are presented in Figure 1. Nitrous oxide dynamics over the sampling year were considerably affected by the fertilizer treatments (Figure 1a). Nitrous oxide fluxes started to increase directly after fertilizer application. Under the conditions of the study, daily N2O emissions ranged from 0.04 to 185 g N2O-N ha−1 d−1 for the ammonium AS fertilizer and from 0.01 to 462 g N2O-N ha−1 d−1 for the nitrate CN fertilizer (Figure 1a). The most pronounced peaks in N2O emissions were associated with fertilizer applications and the magnitude of the peaks differed between fertilizer treatments. For both fertilized treatments, the highest peaks were obtained on the seventh day after the first fertilizer application in February, coinciding with WFPS values of 82% which is most favorable for denitrification [12] (Figure 1b). Under these conditions favoring denitrification the peak of N2O flux of 462 g N2O-N ha−1 d−1 at day seven for CN treatment was more than double the peak associated AS treatment which was 185 g N2O-N ha−1 d−1. Nitrous oxide flux was higher for the first three splits of fertilizer application applied prior to May compared to the 4th, 5th and 6th fertilizer application due to the lower rainfall and the lower soil water content later in the growing season. During the summer period WFPS dropped to as low as 25% (Figure 1b). The average N2O flux for both fertilizer treatments (8.67 g N2O-N ha−1 day−1 for AS and 26.41 g N2O-N ha−1 day−1 for CN) in the period prior to the fourth fertilizer application on 8 July was considerably higher than the average in the period following the 4th, 5th and 6th split of fertilizer application (2.15 g N2O-N ha−1 day−1 for AS and 3.18 g N2O-N ha−1 day−1 for CN). The yearly average N2O flux for CN treatment was 13 g N2O-N ha−1 day−1 which was 2.7 times higher than for the AS treatment (4.9 g N2O-N ha−1 day−1). For comparison, the average daily N2O flux of the unfertilized control treatment was 0.96 g N2O-N ha−1 day−1.




3.2. Cumulative Emissions and Emission Factors


The total cumulative emission from nitrate CN fertilizer is significantly higher (p ≤ 0.05) than for the ammonium AS fertilizer and the zero N control treatment. Cumulative N2O emissions for the 365 day experimental period (Table 2) for the CN treatment was 2.54 kg ha−1 compared to the AS treatment (1.07 kg ha−1), net of the control a 66% reduction in N2O emission using an ammonium fertilizer compared using a nitrate fertilizer source. Additionally, the yearly emission factor which represents the percentage of the applied N-fertilizer per year that has been lost in the form of N2O was lower for the ammonium AS fertilizer (0.35%) compared to the nitrate CN treatment with an EF of 1.02%. Thus, net of the control fertilizer associated N2O emissions were 2.9 times higher for nitrate compared with ammonium. The CN EF was similar to the IPCC default value for N fertilizers of 1% but the ammonium AS fertilizer was some 65% lower than the IPPC default.




3.3. Grass Dry Matter Yield, N Uptake and Recovery


Total dry matter yield and N uptake results show a significant difference between treatments (Table 3). AS and CN fertilizers produced significantly higher dry matter yield compared to the unfertilized control treatment. However, the N fertilizer treatments were not different from each other. As with dry matter yield, no significant differences were observed between the AS (208 kg N ha−1 y−1) and CN (207 kg N ha−1 y−1) fertilizers for N uptake. Apparent N recovery was equivalent between fertilizers at 48% and 47% for AS and CN treatments, respectively.





4. Discussion


4.1. Effect of Fertilizer N Formulation on Annual Emission Factor


The Ammonium fertilizer (AS) resulted in a lower N2O emission compared to the nitrate fertilizer (CN). The nitrate fertilizer CN contains 100% of delivered N in the nitrate form which increases soil NO3−-N concentrations and primes the soil system for denitrification loss of N2O if other factors particularly WFPS favor this loss pathway. Compared to CN fertilizer, AS fertilizer supplies 100% of applied N in NH4+-N form which is available for first the processes of nitrification and then denitrification. In both steps, N2O emission can occur. However, in this grassland soil decreased rather than increased N2O losses resulted from ammonium usage. Ammonium has to go through one extra step (nitrification) which may delay the overall production of N2O in the soil by limiting the soil nitrate pool available for denitrification. As nitrification is occurring, both ammonium and nitrate formed by nitrification is been taken up by plants in the case of the AS fertilizer. As a result, in the present study, AS (1.07 kg ha−1) showed a significant reduction of cumulative annual N2O-N emission compared to the nitrate source CN fertilizer (2.54 kg ha−1) while producing the same yield and N recovery efficiency as the nitrate fertilizer (Table 3). Bremer [25] found that cumulative annual emissions of N2O-N were 1.60 kg ha−1 after application of 250 kg AS-N ha−1 in perennial ryegrass field near Manhattan, Kansas in the USA. The cumulative annual N2O emission from AS fertilizer was reported by Bremer [25] is 33% higher than the present study, which could be affected by many factors (soil, temperature, rainfall, etc.). Bremer [25] mentioned that they irrigated the land after fertilization to incorporate fertilizer into the soil and reduce ammonia volatilization. Several other studies also reported the ammonia volatilization loss especially from urea applications from grass-based pasture [26,27]. There are also volatilization losses reported from fertilizers such as AS but the extend of volatilization loss is much less in AS (8%) in comparison with urea (15%) [27,28], nevertheless the ammonia loss potential should be assessed in any fertilizer strategy.



In the present study, a strong influence of soil moisture was observed after the first split application of fertilizer, at the time WFPS was at 82%, which is favorable for denitrification. Under this condition the peak of N2O flux for the CN treatment was more than double the peak associated with AS treatment (Figure 1). However, in contrast to the present study, Soares et al. [29] found that CN fertilizer resulted in very low N2O emissions compared to urea in a sugarcane field in Brazil. They reported a maximum WFPS in the soil of 40% which is more favorable for nitrification [12]. They also mentioned an alternate explanation for the low N2O emissions in the CN treatment could be NO3− leaching. Nitrate is an anion which is mobile and vulnerable to leaching loss, while NH4+ is a cation and not lost as easily from the soil a potential strong advantage in a moist temperate region such as Ireland where water quality is a pressing issue facing agriculture. Fixation of the NH4+ ion by clay mineral interlayers can be increased by increasing the application of NH4+ containing fertilizers in the soils which can be a way in building up an available N pool in soils to optimize crop recovery and minimize N losses into the environment [30]. Ammonium is taken up by plants for direct use in plant protein formation [31]. Therefore, it is often desirable to use ammonium fertilizers to retain N fertilizer in the plant-available NH4+ form to limit NO3− leaching.



The nitrous oxide EF was 0.35% for the AS treatment which is 66% lower compared to the CN treatment in the present study. The N2O-EF for the CN treatment was 1.02% which is very similar to the default value of 1% by IPCC Tier 1 [1]. Globally, the N2O-EF for N fertilizers ranged from 0.01% to 6.70%, and 75% of these EFs reported (or calculated) were in the range given by the IPCC for the Tier 1 default EF (0.30–3%, mean 1% [27]). Bouwman [32] analyzed the global values reporting that an average fertilizer-induced N2O emission is 1.25% ± 1% of N applied. A recent meta-analysis based on Brazilian cropland done by Mazzetto et al. [27] reported the average N2O-EF was 1.12%, whereas a lower value was found when using AS (0.60%) fertilizer and a higher value from urea (1.45%) fertilizer. The N2O-EF for AS fertilizer presented by Mazzetto et al. [27] is 42% higher than that of the present study. The annual N2O loss from AS fertilizer in the present study in cool temperate maritime grassland showed 46% lower than the value (0.65%) reported by Bremer [25] in the humid mid-Altantic region in Kansas, USA. From our knowledge the work of Bremer [25] is the only previous experiment where the annual N2O emissions were measured from AS fertilizer (250 kg N ha−1 y−1) and it was conducted in turfgrass ecosystems in the USA [25]. However, control treatment was not included in their experiment which is necessary to derive N2O-EF. Emission factors derived for pure nitrate fertilizers are very limited in the literature. Soares et al. [29] reported that only 0.04% of N2O was lost after the application of 120 kg ha−1 CN fertilizer after 278 days of the experiment from a sugarcane field in Brazil. However, in the present study, 220 kg ha−1 CN was applied and the experiment was conducted for 365 days giving a contrasting loss of 1.02%. The only comparison of AS and CN we could find was by Zanatta et al. [33] conducted an experiment for 15 days with the application of 30 kg N ha−1 in a cornfield in sub-tropical Porto Alegre, Brazil. They found that the application of CN and AS resulted in the losses of 1.03% and 0.45%, respectively in this very short-term experiment. Their results followed a similar trend to those of our 365 day experiment. In contrast to the results of the present study, Bergstrom et al. [34] reported no differences in N2O emissions induced by urea, AS and CN fertilizers. However, due to a short 24 days of evaluation, this study may not capture the variability of N2O emissions and is also not be comparable with the present year-long study. As N2O emissions could be affected by many factors and some of the factors especially rainfall could be varied year to year. Harty et al. [14] found that a prolonged water saturation condition promoted longer lasting N2O emissions. Although the present study was lasted for one year, a multi year and site study for the development of more robust nitrate and ammonium EFs would be beneficial.



Urea, CAN and AN are the most commonly used straight fertilizers in the UK and Ireland [14,15,16,35,36,37]. A detailed meta-analysis done by Cowan et al. [13] reported that urea fertilizer had a lower N2O-EF value (EF = average 0.6%; range 0.5–0.7%) compared with the AN (range 1.0–1.2%) and CAN (range 0.7–1.3%) fertilizers. Rahman et al. [16] reported the average EF for CAN was approximately 3.5 times higher than EFs from the urea formulations in Ireland. Krol et al. [15] also reported a higher annual N2O-EF from CAN (0.58%) compared with urea (0.07%) and urea + urease inhibitor NBPT (0.06%) in Ireland. However, in these studies, urea was compared with CAN fertilizer. CAN contains nitrate-N and ammonium-N in a 1:1 ratio. Therefore, the present study is unique in providing insight into the weighing of nitrate and ammonium separately in their relative contribution to N2O losses. This feature of the present work is not derived from previous studies in Irish grassland or indeed in the vast majority of N2O studies. The absence of separate nitrate and ammonium EFs hampers efforts to accurately quantify national emissions because in Ireland where for example compound or blended fertilizers containing other nutrients such as P in addition to N accounted for approximately half of all nutrient N sales [10]. The EFs generated in previous work for urea and CAN do not best represent these compound fertilizers with differing nitrate to ammonium ratios. A recently published short-term study by Gebremichael et al. [17] with artificial watering to promote emissions showed nitrate to ammonium ratios (NO3−:NH4+ = 0.05, 0.53, 0.80, 0.88) for the commonly used compound fertilizers (10-10-20, 18-06-12, 27-2.5-5 and 24-2.2-4.5). Emission measurements conducted in July and August 2021 showed an average N2O loss of 1.8% from ammonium-based (NO3−:NH4+ = 0.05 and 0.53) and 2.37% from nitrate-based (NO3−:NH4+ = 0.80 and 0.88) compound fertilizers.




4.2. Effect of Fertilizer N on Annual Yield


Ammonium sulfate produced the same level of yield as calcium nitrate but with significantly lower emissions and an annual emission factor that was 66% lower. A blanket application of S was applied to ensure that S limitations do not occur, and ammonium and nitrate nutrition resulted in the same grass yield. The nitrogen uptake of the AS treatment (208 kg ha−1 y−1) was also not significantly different from the CN treatment (207 kg ha−1 y−1). Plant fertilizer N requirement has been linked to soil nitrate levels [38]; however inorganic nitrate and ammonium ions are available for plant uptake. The current work demonstrates that ammonium nutrition incurred no yield or N uptake penalty compared to nitrate in a temperate grassland. Both mineralization of indigenous soil N resources and applied N inputs contribute to the plant-available N pool [31] and plants are able to assimilate NH4+-N, NO3−-N and organic N forms [39]. From an energetic point of view, NH4+ uptake and assimilation are less costly than that of NO3− [40]. This could constitute an advantage for plants that are very competitive for NH4+ absorption. Previous studies have reported significant temperate grassland yield responses under cutting up to 400 kg N ha−1 [41] indicating that in the present study the N rate was on the responsive part of the response curve and any disadvantage of either fertilizer would be expected to result in a reduced yield, which it did not, indicating similar performance.



Several studies also reported no difference in the biomass yield with regards to the effect of N fertilizer treatments and type in Irish grasslands [41,42]. A previous study by Forrestal et al. [41] found no significant difference in annual grass yield between CAN, urea and urea + NBPT (urease inhibitor) fertilizers; however, urea showed reduced N uptake. Harty et al. [42] also conducted experiments at three locations over two years (6 site-years) in Ireland and UK, covering a range of soils and climatic conditions, and found that CAN, urea + NBPT, urea + NBPT + dicyandiamide (NI), and urea produced equal annual dry matter yield. Our findings concerning ammonium and nitrate fertilizers similarly found no difference indicating that fertilizer N source is not a major factor affecting yield performance in temperature grassland. In the present study, the total yield across six harvests resulted in cumulative DM yields of 12.4, 12.2 and 6.2 tonnes ha−1 y−1 for AS, CN and zero N treatment respectively. These values are comparable to the annual grass DM yield which was varied between 10 to 13 tonnes ha−1 for the application of 200 kg N ha−1 y−1 in Irish grass land [42]. Eveillard et al. [43] compared urea and AN applied to the same plots over multiple years and for individual years in France. They detected a statistically significant fertilizer type effect on total yield more frequently when urea and AN were applied over multiple years compared to where they were applied for a single year. Continuous application of N fertilizers can increase soil acidification in the reported order AS > NH4Cl > AN > urea [44,45]. In the present study, calcium nitrate fertilizer has been used which contains calcium ions; however, we expect the likely effect of Ca on soil pH is minor compared to liming which is recommended to occur on a five-year cycle. These results point toward a need for long-term trial data to inform our understanding of relative fertilizer N performance along with multiple sites.





5. Conclusions


The ammonium AS fertilizer significantly reduced the yearly N2O emissions compared to the nitrate CN fertilizer without compromising grass yield or N uptake. Thus, ammonium fertilizers or compound fertilizers that contain a high proportion of N as ammonium represented an opportunity for decreasing N2O emission compared to nitrate fertilizers while sustaining yield in temperate grassland. The ammonium sulfate fertilizer is less leaching vulnerable, with lower N2O emission potential, while being more nutrient dense and producing similar yield compared to the calcium nitrate fertilizer. However, AS has a relatively higher acidifying potential and is likely to increase ammonia volatilization loss compared to nitrate. Approximately half of the total N applied in Ireland is applied as CAN or urea. The other half is made up of compound products with varying proportions of nitrate and ammonium ranging from total N delivery of 53% as ammonium-N to 95% as ammonium-N. Thus, the EFs from the separate ammonium and nitrate fertilizers reported in this study are needed and useful for emission inventory and mitigation strategy development. The currently available EFs for CAN (50% ammonium-N), urea or urea with inhibitors do not best represent the emissions of the compound fertilizers. Our results suggest that applying ammonium fertilizers is an option to maintain grass yield and decreasing N2O losses.
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Figure 1. (a) Average N2O flux from the fertilizer treatments during the experimental period. Arrows indicate fertilizer application timing. The insert is an enlargement of the plot for improved visibility. Error bars indicate 1 SE (n = 5). (b) Average soil (5 cm depth) temperature, rainfall and water-filled pore space (WFPS) over the measurement period. 
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Table 1. The initial physical and chemical characteristics of the study site.
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	Soil Properties
	Values





	Sand (%)
	52



	Silt (%)
	34



	Clay (%)
	14



	Textural class
	Sandy loam



	Bulk density (g cm−3)
	1.4



	Soil pH
	6.2



	Organic matter (%)
	5.97



	Organic carbon (%)
	2.1



	Total N (mg kg−1)
	48



	NH4+-N (mg kg−1)
	4.6



	NO3−-N (mg kg−1)
	11



	Morgan’s P (mg/L)
	7.37



	Morgan’s K (mg/L)
	118



	Morgan’s Mg (mg/L)
	97



	SO42− (mg/L)
	1.2
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Table 2. Total cumulative N2O emission and the emission factor for 365 days.
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	Treatments
	Total Cumulative

(kg ha−1)
	Emission Factor (%)





	Control
	0.29 ± 0.12 c
	



	Ammonium Sulfate
	1.07 ± 0.12 b
	0.35



	Calcium Nitrate
	2.54 ± 0.15 a
	1.02







Cumulative emissions represent a mean ± 1 standard error (n = 5). Mean comparison by F-protected LSD test (p ≤ 0.05); values with different letters within a column indicating significant differences between treatments.
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Table 3. Annual dry matter yield, N uptake and N recovery for different treatments.
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	Treatments
	Total Dry Matter Yield

(kg ha−1 y−1)
	N Uptake

(kg ha−1 y−1)
	Apparent N

Recovery (%)





	Control
	6247 ± 464 b
	104 ± 7 b
	



	Ammonium sulfate
	12,412 ± 594 a
	208 ± 10 a
	48



	Calcium nitrate
	12,276 ± 535 a
	207 ± 10 a
	47







Total dry matter yield and N uptake represent a mean ± 1 standard error (n = 5). Mean comparison by F-protected LSD test (p ≤ 0.05); values with different letters within a column indicating significant differences between treatments.
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