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Abstract 16 

 17 

Despite only occupying 5% of the worldwide arable area, fruit tree crops are of vital 18 

economic importance in many regions. Intensive cropping practices can lead to 19 

greenhouse gas (GHG) emissions. In order to reduce these emissions, numerous studies 20 

have been made on lowering N inputs or applying nitrification inhibitors (NIs) which 21 

tend to maintain or even increase yield while reducing N leaching and nitrogenous 22 

emissions to the atmosphere. However, very few studies have been conducted on 23 

potential GHG emissions from the peach crop. In this work, a three-year study was 24 

carried out in a commercial peach orchard with a split-plot design with three replicates, 25 

in which the main factor was N dose (25, 50 and 100 kg N ha
-1

 year
-1

, and
 
50 kg N ha

-1
 26 
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year
-1

 applied during a shorter period of time in 2015 and 2016; and only 70 kg N ha
-1

 27 

year
-1 

in 2017). Subplots in the study were used to analyse the effect of the application 28 

of a NI (3,4-dimethylpyrazole phosphate; DMPP). The aim was to qualitatively 29 

compare the effect of these factors on N2O, N2O+N2, CH4 and CO2 emissions from a 30 

peach orchard soil in order to recommend agricultural practices that minimise emissions 31 

without concurrent yield reductions. We show that N2O and N2O+N2 emissions were 32 

linked to fertilisation and increased with N dose. The N2O emissions were mitigated (up 33 

to 49%) by DMPP up to the 50 kg N ha
-1

 dose (not significantly). It seems that between 34 

70 and 100 kg N ha
-1 

the application of DMPP loses effectiveness. Methane oxidation 35 

increased with N dose and decreased with DMPP application; CO2 emissions increased 36 

with DMPP and were unaffected by N dose. The intermediate N dose (50 kg N ha
-1

) 37 

applied during a shorter period of time increased yield (not significantly) and NUE 38 

without increasing GHG emissions.  39 

 40 

Keywords: fertigation, DMPP, N2O, CO2, CH4 oxidation, NUE 41 

 42 

HIGHLIGHTS 43 

 44 

- DMPP reduced N2O (losing efficacy at 70-100 kg N ha
-1

) and tended to increase yield 45 

- Methane oxidation increased with N dose but decreased with DMPP application 46 

- The 100 kg N ha
-1

 dose is the highest N2O emitter per canopy area unit 47 

- CO2 emissions increased with DMPP application, and were not affected by N dose 48 

- 50 kg N ha
-1

 applied until the start of pit hardening increased yield, not emissions 49 

 50 

 51 
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1. Introduction 52 

 53 

Mineral and organic fertilisers maintain high crop productivity. However, fertiliser 54 

application to crops, in rainfed and irrigated regions with a Mediterranean climate 55 

which experience high temperatures, may result in noticeable greenhouse gas (GHG) 56 

emissions (Florio et al., 2016). These emissions cause radiative forcing and, in the case 57 

of nitrous oxide (N2O), also deplete the ozone layer (Ravishankara et al., 2009). 58 

Greenhouse gas emissions are being quantified and reported by several authors (Smith 59 

et al., 2014; Oertel et al., 2016; EUROSTAT, 2017). 60 

 61 

Soils can be both sources and sinks of N2O and methane (CH4). Nitrous oxide mainly 62 

comes from nitrification and denitrification processes in soils. However, new pathways 63 

of N2O emission have been described in recent years (van Groenigen et al., 2015). 64 

According to Chapuis-Lardy et al. (2007) the soil can act as a N2O sink, at least 65 

temporarily. Methane is principally produced when organic matter is degraded under 66 

anaerobic conditions (Rime and Niklaus, 2017), although, according to Jugold et al. 67 

(2012) and Wang et al. (2013) aerobic CH4 production has also been validated from 68 

non-microbial processes. The soil CH4 oxidation is driven by methanotrophic bacteria 69 

(Rime and Niklaus, 2017). As for CO2, the soil acts a source primarily due to soil 70 

respiration, and can also be a sink by carbon sequestration in the soil (Rastogi et al., 71 

2002).  72 

 73 

It is known that higher N doses lead to higher GHG emissions. According to Xie et al. 74 

(2017) cumulative emissions of N2O increase with N fertiliser dose. A recent review of 75 

N2O emissions from fruit orchards (Gu et al., 2019) showed that they were much higher 76 



4 

 

than those from cropland. Fruit orchard soil N2O emissions have been found to range 77 

between 0.23 and 8.64 kg N2O-N ha
-1

year
-1

 (Liu et al., 2008; Pang et al., 2009; Lin et 78 

al., 2010; Lin et al., 2012; Alsina et al., 2013; Fentabil et al., 2016; Swarts et al., 2016; 79 

Decock et al., 2017; Pang et al., 2019). Overall, the N doses of these studies were high, 80 

between 200 and 300 kg N ha
-1

 year
-1

. In tree orchards, the soil acts mainly as a sink of 81 

CH4 (Schellenberg et al., 2012; Iqbal et al., 2013). Sitaula et al. (2000) reported that 82 

NH4
+
 fertilisers may inhibit CH4 oxidation in agricultural soils at least in the early stage 83 

of N input. The same was observed by Schellenberg et al. (2012) in an almond orchard, 84 

although the authors did not find any significant correlation with soil NH4
+
. Aronson 85 

and Helliker (2010) reported that CH4 oxidation may increase at low N content, whereas 86 

at higher N content, with 100 kg N ha
-1

 year
-1

 as the turning point, tends to inhibit CH4 87 

oxidation. Plaza-Bonilla et al. (2014) observed no significant differences in cumulative 88 

CO2 emissions when increasing the mineral N applied to barley. In a study by Morell et 89 

al. (2011) also in a barley crop, the soil mineral N application seemed to enhance CO2 90 

emissions in the wettest season. In summary, increasing our knowledge about GHG 91 

emissions from orchard crops will enable the development of measures to better 92 

mitigate them. 93 

 94 

In tree crops, higher N inputs are not always associated with higher crop productivity, 95 

and applying excessive N has several disadvantages, including excessive canopy 96 

growth, negative effects on peach quality, a delay of fruit maturation and N leaching 97 

below the rooting zone (Domingo, 2010). It is probably for these reasons that, in recent 98 

years, many growers have cut back substantially on the amount of N applied to peach 99 

orchards. At one time, doses above 200 kg N ha
-1

 and even more were common (Daane 100 

et al., 1995). Current recommendations are 100 kg N ha
-1

 for peach (Tagliavini and 101 
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Marangoni, 2002). Although lower N doses than the current recommendation one have 102 

been tested in few studies (Dolinski et al., 2005; Brunetto et al., 2007), there are also 103 

some papers where remarkable doses of mineral N are applied (Guo et al., 2018).  104 

 105 

Management agricultural practices that synchronise N supply with crop uptake or keep 106 

the N in a form that is less prone to losses are required to meet food security goals and 107 

protect the environment (Vilas et al., 2019). This could be achieved following the 4R 108 

approach - right time (timing of N application), right amount (dose), right placement 109 

(e.g. use of drip-fertigation), and right source- to N fertiliser management (Venterea et 110 

al., 2016). The use of nitrification inhibitors (NIs), which are a type of enhanced-111 

efficiency fertilisers, allow to better synchronize fertiliser N release with crop uptake, 112 

offering the potential for enhanced N use efficiency (NUE) and reduced losses to the 113 

environment (Li et al., 2018). Nitrification inhibitors have been shown to reduce the risk 114 

of N leaching and GHG emissions without reducing either crop yields or N inputs 115 

(Florio et al., 2016) because of their potential to delay bacterial NH4
+ 

oxidation to NO2
−
 116 

for a certain time span (Zerulla et al., 2001). In fact, the Intergovernmental Panel on 117 

Climate Change (IPCC) recognises their use as an option with promising potential for 118 

reducing agricultural N2O emissions (Smith et al., 2014). Along with dicyandiamide 119 

(DCD), 3,4-dimethylpyrazole phosphate (DMPP) is one of the most commonly used 120 

commercial NIs in Europe (Gilsanz et al., 2016). The effectiveness of DMPP in 121 

reducing N losses depends to a large extent on the longevity of the inhibitory effect, but 122 

it is also been affected by complex interactions between crop, soil, climate, and 123 

management factors (Vilas et al., 2019). 124 

 125 
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To date, it has been demonstrated the effectiveness of DMPP in reducing N2O 126 

emissions in both field (De Antoni Migliorati et al., 2014; Scheer et al., 2016; Recio et 127 

al., 2018) and laboratory conditions (Di and Cameron, 2011; Menéndez et al., 2012; 128 

Huang et al., 2014) when added to mineral and organic fertilisers. However, its 129 

effectiveness can be limited at high environmental temperatures (Chen et al., 2010; 130 

Mahmood et al., 2011) and is highly dependent on soil moisture content (Menéndez et 131 

al., 2012).  132 

 133 

Some studies have shown neither a reduction in methanotrophic activity nor a positive 134 

effect on soil CH4 oxidation after DMPP application (Zerulla et al., 2001; Menéndez et 135 

al., 2012; Rime and Niklaus, 2017). Menéndez et al. (2012) found that DMPP 136 

application did not reduce CO2 emissions in a laboratory experiment, while Maienza et 137 

al. (2014), in a microcosm study, observed almost a 10% reduction in soil respiration 138 

after DMPP addition. However, Weiske et al. (2001) found up to 28% lower CO2 fluxes 139 

during a certain period of time after the application of DMPP in the fertilised plots. 140 

Nevertheless, more information is needed about the effect of DMPP application on the 141 

emission of both gases. 142 

 143 

Likewise, there is little consensus on the agronomic benefits of DMPP (Vilas et al., 144 

2019). Several studies have shown a positive effect of DMPP application on yield, for 145 

instance, Guillaumes et al. (2007) observed an increase in ryegrass yield from pots, 146 

while Casar et al. (2007) reported a higher yield in pear and apple orchards located in 147 

northeast Spain in comparison with conventional fertilisation. However, other authors 148 

found no yield improvement with DMPP use (Scheer et al., 2016; Li et al., 2017).  149 

 150 
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Different field studies with NIs conducted under semiarid Mediterranean conditions 151 

have been carried out on irrigated crops (Villar and Guillaumes, 2010; Guardia et al., 152 

2017; Recio et al., 2018). However, none of them analysed their effect on GHG 153 

emissions from a peach orchard.  154 

 155 

Tagliavini and Marangoni (2002) suggested that the timing of N applications could has 156 

an effect on peach yield. Villar et al. (2018), in the same study as the current, have 157 

shown a positive effect when N fertiliser is applied until pit hardening. However, 158 

themselves recommend further research in order to confirm these findings. Different 159 

timings of N fertiliser application have been  tested in other tree crops (Braun et al., 160 

2009 (hazelnut); Rowlings et al., 2013 (lychee)). Nevertheless, there is little information 161 

about the effect of timing on peach fertilisation. To our knowledge, no studies have 162 

been conducted to evaluate the effect on GHG emissions of applying the same dose of 163 

nitrogen during a shorter period of time. 164 

 165 

Agricultural lands cultivated with fruit crops have expanded across the globe in the last 166 

decade. Globally, in 2016, the orchard area was 65 Mha, accounting for approximately 167 

5% of crop fields (Gu et al., 2019). They are of great economic importance in many 168 

regions as well as in world trade (Carranca et al., 2018). In 2017, total fruit production 169 

in Europe (excluding nuts and berries) amounted to 32.6 million tonnes. Of that, 2.9 170 

million tonnes corresponded to peach. With 37.2% of production, Spain is the leading 171 

peach producer in Europe (EUROSTAT, 2018). 172 

 173 

The agriculture sector needs to reduce GHG emissions while at the same time delivering 174 

food to a growing society, and climate friendly farming can provide practices for 175 
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intensive cropping systems that can contribute to solving climate challenges (European 176 

Commission, n.d.).  177 

 178 

The hypothesis considered in the current study is that the agricultural practices of 179 

decreasing N dose, applying a NI, and applying N during a shorter time span can help to 180 

minimise GHG emissions without compromising yield. Therefore, the objective of this 181 

study was to qualitatively assess the effect on GHG emissions and yield from a peach 182 

orchard of different N doses combined with and without DMPP application and 183 

considering the duration of fertilisation application. 184 

 185 

2. Materials and Methods 186 

 187 

2.1. Experimental site  188 

 189 

The study was carried out at a commercial peach orchard (Prunus persica (L.) Batsch 190 

var. platycarpa (Decne.) L. H. Bailey 'Planet Top') grafted onto GF-677 rootstock in the 191 

Ebro Valley in the municipality of Aitona (Lleida, NE Spain, 41º 31' 23'' N; 0º 26' 03'' 192 

E; 131 a.s.l.) during 2015, 2016 and 2017.  193 

 194 

The climate is continental semi-arid Mediterranean with an average annual rainfall of  195 

362 mm and an average annual air temperature of 14.7ºC (Meteorological Service of 196 

Catalonia, n.d.). 197 

 198 

Annual total rainfall was 240 mm in 2015, 420 mm in 2016 and 219 mm in 2017. 199 

However, during the sampling period the total rainfall was only 97 mm in 2015, 56 mm 200 

https://ec.europa.eu/clima/policies/international/paris_protocol/agriculture_en
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in 2016, and 58 mm in 2017. The average daily air temperature during the sampling 201 

period was 24 ºC in 2015 and 2016, and 22 ºC in 2017 (Fig. 1, see Supplementary 202 

material). Meteorological data were obtained from the closest meteorological station 203 

located at Aitona. 204 

 205 

Soil temperature was recorded in the field every sampling day using a digital 206 

thermometer (SA880SSX, Oregon Scientific, Tualatin, Oregon, US) inserted into the 207 

soil at a depth of 10 cm. 208 

 209 

The soil is classified as a Typic Calcixerepts (SSS, 2014), with a moderate depth and a 210 

silty loam texture. Some of the relevant soil properties are presented in Table 1 (see 211 

Supplementary material). The study site is on both claystone and calcareous rock with 212 

intercalations of marls and claystone units. These geological materials have low 213 

permeability.  214 

 215 

2.2. Experimental design 216 

 217 

The peach trees, spaced 4.5 x 2.5 m (889 trees ha
-1

), were planted in April 2009 in a 218 

ridge system. The ridge was formed using the soil already present in the field. The 219 

irrigation water quality was very good: without nitrates and with low electrical 220 

conductivity (EC1:5< 0.5 dS m
-1

). The crop irrigation needs were calculated using the 221 

FAO methodology described in Allen et al. (1998). All treatments received the same 222 

amount of water per year, 682 mm in 2015; 589 mm in 2016 and 478 mm in 2017. 223 

 224 

https://www.google.cat/search?biw=1366&bih=657&q=Tualatin,+Oregon&stick=H4sIAAAAAAAAAOPgE-LSz9U3MDJLLiqoVOIEsQ2Ns7PStLSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAOT9okxFAAAA&sa=X&ved=2ahUKEwif9cGv6eDfAhVMTBoKHSIyAPYQmxMoATAcegQIBRAH
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There were two different experimental designs at the same site: one during 2015 and 225 

2016, and a different one in 2017. The experimental design in 2015 and 2016 was a 226 

split-plot with three replicates. The main factor was nitrogen (N) dose and the 227 

fertilisation duration for one of the N doses. There were subplots with the application or 228 

not of a nitrification inhibitor (NI). The NI added to the fertiliser solution was the 3,4-229 

dimethylpyrazole phosphate (DMPP; indicated with “+” when added) at 1% w/w. Four 230 

nitrogen (N) doses were tested using a NPK (5-2.2-6) fertiliser solution with N as 50% 231 

ammonium and 50% nitrate (pH<2): (1) N25: 25 kg of N ha
-1

 as a control treatment to 232 

guarantee a minimum crop productivity; (2) N50: 50 kg N ha
-1

; (3) N100: 100 kg N  233 

ha
-1

; (4) N50s: 50 kg N ha
-1

 applied only until the start of pit hardening. The first three 234 

doses were applied until the end of pit hardening as traditionally done in the area. 235 

Therefore, the N dose was the same for N50s and N100 only until the start of pit 236 

hardening (Table 2). A very low N dose has been tested (25 kg N ha
-1

), but there is no 237 

zero control with which compare the effect of N application. It was considered that in a 238 

commercial field the absence of N supply could severely compromise the yield. 239 

 240 

Fertilisation was applied daily through drip-fertigation for a different number of hours 241 

depending of the treatment. The total amount of water (with and without fertiliser) was 242 

the same for all treatments. Each elementary plot consisted of six trees and the GHG 243 

emissions were studied from the central two ones. 244 

 245 

The different fertilisation time span was applied only with the medium N dose (50 kg N 246 

ha
-1

), which was considered the most appropriate one according to the soil organic 247 

matter content and its expected mineralisation, and due to previous experience with 248 

peach crop physiology and nutrient needs in the conditions of the present study. 249 
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As the ‘Planet Top’ peach variety turned out to be less profitable than expected, the 250 

owner decided to change it. In the winter of 2016-17, the trees were re-grafted with the 251 

‘Samantha’ variety. In light of the 2015 and 2016 results and to facilitate crown growth, 252 

in 2017 only a 70 kg N ha
-1

 dose (with and without DMPP) was applied to further 253 

determine the effect of N and DMPP on N2O emissions. 254 

 255 

In 2017, the experimental design was a split-plot with 9 replicates. As in 2015 and 256 

2016, each elementary plot consisted of six trees, of which the central two were 257 

sampled. The fertiliser used was an NPK (1.5-0.5-2.5) solution with pH=2.3. The N was 258 

100% ammonium. Fertilisation was applied daily through drip-fertigation. 259 

 260 

2.3. Greenhouse gases determination 261 

 262 

2.3.1. Nitrous oxide, methane and carbon dioxide determination 263 

 264 

The GHG sampling, during fertigation, lasted from mid-May in 2015 and 2016 until 265 

peach harvesting (August). In 2017, the sampling lasted from June to October and only 266 

the N2O emissions were analysed. Although irrigation continued until October in 2015 267 

and 2016, the GHG sampling was halted beforehand due to the low recorded emissions 268 

after the cessation of fertigation. 269 

 270 

The GHG emissions were sampled on a weekly basis using the static closed chamber 271 

method (Rolston, 1986). This method is widely used for determining GHG emissions 272 

from soils (Alves et al., 2012). Cylindrical PVC static chambers (23 cm long and 19.5 273 

cm in diameter) coated internally with an epoxy resin were used to study the N2O, CH4 274 



12 

 

and CO2 emissions. They were inserted 5 cm into the wet soil area generated by 275 

fertigation. Chambers were closed with a vented screwed lid with a three-way key 276 

(Maris et al., 2016). Air samples from inside the chambers were taken immediately after 277 

closing the chamber (0 min), and 20 and 40 min later. Air inside the chamber was 278 

mixed by filling and emptying the syringe five times before withdrawing the sample 279 

through a Teflon
®

 tube connected to a three-way key and into 100 ml plastic syringes, 280 

adapted with a tight valve (Maris et al., 2016).  281 

 282 

After 40 min from closing the chamber, when the last air sample was taken, the three-283 

way keys were left open and the chambers were removed from the soil. Syringes were 284 

transported to the laboratory (25 min drive) and the concentrations of three GHGs in the 285 

sampled air were immediately determined using a photoacoustic analyser (Innova 1412 286 

Photoacoustic Multigas Monitor). 287 

 288 

2.3.2. Nitrous oxide plus dinitrogen gas determination 289 

 290 

Dinitrogen gas (N2) is a major product of denitrification in soils, but it is produced in 291 

insufficient quantities to be measured against atmospheric N2 (Teira-Esmatges, 1998). 292 

Therefore, the analysis of nitrous oxide plus dinitrogen (N2O+N2) was made using the 293 

acetylene (C2H2) inhibition method (Yoshinari and Knowles, 1976) in 2015 and 2016.  294 

 295 

Undisturbed soil cores were taken from the surface wet soil generated by fertigation 296 

using PVC tubes (16.5 cm long and 7 cm in diameter), placed in an insulated box and 297 

taken to the laboratory. The soil cores were taken at the same time as the air samples.  298 

 299 
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Once in the laboratory, the soil cores were placed in a glass jar (1.5 L) equipped with an 300 

airtight glass lid. A hole in the lid contained an airtight three-way key which was 301 

directly connected via a Teflon
®

 tube to the photoacoustic analyser (Innova 1412 302 

Photoacoustic Multigas Monitor). A total of 10% (v/v) of the gas enclosed in the glass 303 

jars was replaced by C2H2 using a 100 mL syringe, and allowed to diffuse into the soil 304 

sample for 20 minutes. This process inhibited the last step of denitrification, the 305 

reduction of N2O to molecular nitrogen (N2).  306 

 307 

The evolution of the gas inside the glass jar caused a gradual rise in concentration which 308 

was measured at regular intervals (0, 20 and 40 minutes) after closing the lid. The semi-309 

static closed chamber technique (Burford and Hall, 1977) was used to obtain the 310 

N2O+N2 daily fluxes.  311 

 312 

2.3.3. Daily fluxes and cumulative GHG emissions calculations 313 

 314 

Daily fluxes of GHG were calculated from the linear increase or decrease of the gas 315 

concentration as the difference between the gas concentration at time 0 and at time 40 316 

minutes. 317 

 318 

To calculate the cumulative emissions of all the GHGs studied, the daily fluxes were 319 

integrated throughout the study period. The cumulative emissions are expressed as mass 320 

of each GHG per hectare during the whole sampling period, and the fluxes as mass of 321 

GHG per hectare and day. Daily fluxes and cumulative emissions are reported only for 322 

the wet zone created by fertigation, which represents 1/3 of the field surface. 323 

 324 
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2.4. Water-filled pore space and nitrate content determination 325 

 326 

After the gas analysis, the soil samples were dried at 105 °C to a constant weight in 327 

order to gravimetrically determine moisture content. The water-filled pore space 328 

(WFPS) was then calculated (Eq.(1)) by dividing gravimetric water content (expressed 329 

as a volume using the water density) by total soil porosity: 330 

 331 

WFPS = VWC/(1-BD/PD) x 100   (1) 332 

 333 

where VWC (volumetric water content) is soil moisture content, BD is soil bulk density 334 

and PD is particle density, which for this soil was assumed to be 2.65 g cm
-3

.  335 

 336 

During fertigation, a soil sample (20 cm depth) was taken monthly from each 337 

elementary plot to determine the soil nitrate (NO3
-
-N) content using a Nitracheck

TM
 404 338 

reflectometer (Table 3, see Supplementary material). The data from 2017 has not 339 

shown. 340 

 341 

The soil ammonium (NH4
+
-N) content was determined by colorimetry at the start and 342 

the end of the sampling period. In 2015 and 2017, the NH4
+
-N contents were negligible 343 

(data not shown). In 2016, only the N50 and N50s treatments were analysed (data not 344 

shown). 345 

 346 

2.5. Peach harvest and canopy area determination 347 

 348 
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In 2015 and 2016 (there was no harvest in 2017), the fruits were collected manually and 349 

gradually when the diameter reached at least 70 mm. Both the total number of fruits and 350 

the total yield per tree were determined (Villar et al., 2018).  351 

 352 

The orthoimage technique was used to evaluate canopy area following the method 353 

described by Lordan et al. (2015a). This parameter was analysed in July of 2015 and 354 

2016. 355 

 356 

2.6. Emission and nitrogen use efficiency calculations 357 

 358 

The N2O emission factor (EF) was calculated according to the IPCC (2006), as the 359 

difference between the N2O emitted from the fertilised soil and that from the control and 360 

divided by the total amount of N applied as fertiliser. Since there was no zero N dose, 361 

the emissions measured before initiation of fertigation (0.34 kg N2O ha
-1

) were used as 362 

the control emissions. The EF was not calculated for the treatments with negative 363 

cumulative GHG emissions. The ratio between N2O and N2O+N2 was also calculated. 364 

 365 

The N2O emissions, CH4 oxidation and CO2 emissions were converted to global 366 

warming potential (GWP) values. The GWP is expressed in units of carbon dioxide 367 

equivalent (CO2-eq) over a 100-year time horizon and is obtained by multiplying the 368 

GHG emissions by a radiative forcing potential of 265 for N2O, 28 for CH4 and 1 for 369 

CO2 (Myhre et al., 2013). The greenhouse gas intensity (GHGI) was calculated as GWP 370 

divided by yield in kilograms per hectare. 371 

 372 
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The nitrogen use efficiency (NUE; kg kg
−1

) was calculated as the ratio of crop yield to 373 

N supply, where N supply includes the mineralised soil N, the soil inorganic N before 374 

fertilisation, and the total amount of N applied as mineral fertiliser (Maris et al., 2018). 375 

 376 

2.7. Statistical analysis  377 

 378 

The data distribution normality of the fluxes (N2O, N2O+N2, CH4, and CO2) was 379 

examined by means of the Shapiro-Wilk's test and normalised when needed. The effect 380 

of the main factors on cumulative emissions of N2O, N2O+N2, CH4 and CO2, and NUE 381 

was examined by ANOVA, and the Tukey's test and the Student's t-test, at a 382 

significance level of p< 0.05, were used for separation of means between treatments. 383 

The differences between treatment factors in cumulative GHG emissions were 384 

performed using orthogonal contrasts (p< 0.05). 385 

 386 

 387 

Linear and parabolic regression analyses were carried out to define the relationship 388 

between cumulative GHG emissions and N dose (with and without DMPP application). 389 

The two 50 kg N ha
-1

 doses (only until the start of pit hardening and during the rest of 390 

fertigation) were studied together. Non-parametric Spearman rank coefficient (at a  391 

p< 0.05 significant level) was carried out to analyse the relationship between GHG 392 

emissions and the driving factors (WFPS and soil temperature). JMP was used for data 393 

analysis (JMP
® 

version 13; SAS Institute Inc., Cary, NC, 2015). 394 

 395 

3. Results 396 

 397 
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3.1. Water-filled pore space (WFPS) during sampling period  398 

 399 

In 2015 and 2016, the WFPS remained mainly between 50 and 70%. In 2015, there was 400 

a noticeable WFPS decrease on day 30 of sampling due to an accidental cessation of 401 

fertigation (Fig. 2, see Supplementary material). In 2016, the WFPS decreased 402 

drastically after day 84 of sampling with the cessation of drip-irrigation for harvesting. 403 

In 2017, the WFPS was lower than the previous two years of the study and ranged 404 

between 39% and 59%. 405 

 406 

3.2. Nitrogenous emissions 407 

  408 

In 2015, the daily N2O fluxes were positive from all treatments, except N25 until day 42 409 

(fertilisation was finished; Fig. 3a). The N50s, N100 and N100+ treatments had higher 410 

daily N2O fluxes than the other treatments. In 2015, daily N2O emissions were 411 

positively correlated with soil temperature (-0.41; p< 0.05). In 2016, the N25+ and N25 412 

treatments presented negative N2O fluxes until fertilisation was concluded on day 54 of 413 

sampling (Fig. 3b). After fertilisation concluded, the N2O daily fluxes remained close to 414 

zero. As in 2015, the N100+ treatment presented the highest daily flux. In 2017, the 415 

daily N2O fluxes were positive during the fertigation period from the N70 treatment but 416 

mainly negative from the N70+ treatment (Fig. 3c). 417 

 418 

In 2015, the pattern of the daily fluxes of N2O+N2 was the same as that of N2O (Fig. 419 

4a). In 2016, the N2O+N2 daily fluxes were positive from all treatments, except N25+ 420 

and N25 until day 24 of sampling (Fig. 4b). For the rest, the pattern of emissions was 421 
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similar to that of N2O. No correlation was observed between daily N2O+N2 fluxes and 422 

WFPS (-0.06; p> 0.05). 423 

 424 

The cumulative N2O emissions from N100+ treatment were significantly (p< 0.05) 425 

different from the ones of N25+, N25 and N50+ treatments in both years (Table 4). This 426 

was also the case for the N100 treatment, except in 2015 (not different from the N25+ 427 

treatment) and in 2016 (not different from the N50+ treatment). In 2017, significant 428 

differences (p< 0.05) in cumulative N2O emissions were found between the N70+ 429 

treatment (-1 ± 0.7 kg N2O-N ha
-1

) and the N70 treatment (5 ± 3 kg N2O-N ha
-1

).  430 

 431 

The EFs increased with increasing N dose (Table 4). The addition of DMPP led to 432 

lower EFs at the same N dose, except at the highest dose. 433 

 434 

In both 2015 and 2016, cumulative N2O+N2 emissions were significantly higher from 435 

the N100+ (not in 2015) and N100 treatments than from the N25+ and N25 ones (Table 436 

4). These emissions tended to increase with N dose, but significantly so only for the 437 

highest dose (not between N100+ and N50). 438 

 439 

The N2O/N2O+N2 ratio was higher in 2016 than in 2015, and also from the treatments 440 

with N application only until pit hardening (N50s+ and N50s; Table 4).  441 

 442 

The shorter period of N fertilisation in the 50 kg N ha
-1

 dose did not have a significant 443 

effect on cumulative nitrogenous emissions, nor in comparison with the same N dose 444 

with larger period of fertirrigation, as observed in the contrast analysis (Table 4). There 445 
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was also no significant effect on cumulative GHG emissions due to the duration of 446 

fertigation application in 2015 and 2016, analysed together (Table 5). 447 

 448 

3.2.1. Effect of DMPP application and N dose on cumulative N2O and N2O+N2 449 

emissions 450 

 451 

In both 2015 and 2016, the application of DMPP reduced N2O emissions by 41% at the 452 

50 kg N ha
-1

 dose, though not significantly (Table 4). Figs. 5a and 5b show a slope 453 

change in the linear relationship between treatments with DMPP and cumulative N2O 454 

emissions at the 50 kg ha
-1

 N dose in both years, showing an interaction between N dose 455 

and DMPP. The effect of DMPP on N2O+N2 emissions was the same as on N2O 456 

emissions (Figs. 5c and 5d).  457 

 458 

3.2.2. Effect of N fertilisation period (duration of N application) on N2O and N2O+N2 459 

emissions  460 

 461 

Only until the start of pit hardening (short “s” period), during which the N50s+, N50s, 462 

N100+ and N100 treatments received the same amount of N, were there no differences 463 

in cumulative N2O emissions in 2015 or 2016 between these treatments (Fig. 6), as 464 

expected. 465 

 466 

The shorter fertigation period treatments (N50s+ and N50s) led to higher N2O emissions 467 

than the N50+ and N50 ones, though the differences were not significant (p> 0.05) 468 

during the “s” time span (Fig. 6) or during the whole sampling period (Table 4). 469 

 470 
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3.3. Methane and carbon dioxide emissions 471 

 472 

In both 2015 and 2016, the soil of the crop acted as a sink of methane (CH4). In 2015, 473 

CH4 oxidation was observed until day 30 of sampling (Fig. 7a) in all treatments. 474 

Methane oxidation exhibited a positive correlation with soil temperature (0.59;  475 

p< 0.05). In 2016, CH4 oxidation was observed throughout most of the sampling period 476 

(Fig. 7b). In the same year, daily CH4 oxidation fluxes were slightly correlated with 477 

WFPS (0.13; p< 0.05).  478 

 479 

Cumulative CH4 oxidation tended to increase with N dose (Table 6). Although in both 480 

years all treatments presented CH4 oxidation, the treatments with DMPP tended to 481 

oxidise less than the treatments without DMPP. In 2016, the N100 treatment was 482 

significantly (p< 0.05) the most oxidising one (except for the N100+ and the N50 483 

treatments; Table 6). The DMPP application had a significant effect on cumulative CH4 484 

oxidation both in 2015 and in 2016 (Table 6). 485 

 486 

As observed for N2O and N2O+N2 emissions, in 2015, the dose of 50 kg N ha
-1

 was a 487 

turning point in the polynomial relationship between cumulative CH4 oxidation and N 488 

dose (Fig. 5e). In 2016, there was a linear relationship between cumulative CH4 489 

oxidation and N dose (Fig. 5f). In this case, however, the treatments with DMPP 490 

application showed a similar trend to the ones without DMPP.  491 

 492 

Regarding the CO2 emissions, both in 2015 and in 2016, the soil of the peach orchard 493 

acted as a source of this gas (Fig. 8). The CO2 daily fluxes were mainly positive during 494 

the fertigation period. After the cessation of fertilisation, the CO2 daily fluxes remained 495 
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close to zero (Fig. 8). In 2015, daily CO2 fluxes were negatively correlate with soil 496 

temperature (-0.77; p< 0.05).  497 

 498 

There were no significant differences between treatments in either 2015 or 2016 (Table 499 

6). However, the treatments with DMPP tended to produce higher CO2 emissions than 500 

the treatments without DMPP (significantly in 2015; p< 0.05). There was no effect of N 501 

dose on cumulative CO2 emissions (Table 6). 502 

 503 

3.4. Global warming potential, relative emissions and nitrogen use efficiency  504 

 505 

The global warming potential (GWP) was mainly negative in both 2015 and 2016 due 506 

to CH4 oxidation (Table 7). Overall, the treatments without DMPP presented more 507 

negative GWP than with it. In 2015, there were no statistical differences between 508 

treatments. This was not the case in 2016 for which all treatments were significantly 509 

different from N100, except the N50 and N100+ treatments.  510 

 511 

The most productive treatments were the N50s+ (16% higher harvest than the N50+) 512 

and N50s (21% higher than the N50), though not significantly different in either 2015 or 513 

2016 from the N100+ and N100 treatments (Table 7). In 2015, the N50s+, N50s, N100+ 514 

and the N100 treatments had the highest production, significantly higher than the N25. 515 

In 2016, the N50s+ and the N50s treatments had the highest production, significantly 516 

higher also than the N25. 517 

 518 
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All treatments presented mainly negative GHGI values (Table 7). In 2015, there were 519 

no significant differences between treatments, but in 2016 significant differences were 520 

found between the N25+, N50 +, N50s +, N50s treatments and the N100.  521 

 522 

Another tree growth development parameter that can be observed is the canopy area 523 

(Fig. 9, see Supplementary material). The highest N dose devoted more N to the 524 

production of leaf biomass than the other doses, though not significantly (p> 0.05).  525 

 526 

The treatments with DMPP presented a larger canopy area than the treatments without 527 

it, except for the N100+ and N100 treatments. The ratio between cumulative N2O 528 

emissions and canopy area shows that the highest N dose (100 kg N ha
-1

) was the 529 

highest emitter per canopy area unit (Fig. 10).  530 

 531 

The NUE values (Table 8) showed that the N25+, N50s+ and N50s treatments were 532 

significantly more efficient than the N50, N100+ and N100 treatments (in 2015). In 533 

2016, the N50s+ and N50s were more efficient than the other treatments except the 534 

N25+ and N50+ treatments. The effect of N dose on the NUE was significant, with 50s 535 

kg N ha
-1

 the most efficient dose in both 2015 and 2016. In 2015, the 25 kg N ha
-1

 dose 536 

was as efficient as the 50s one, but less productive. The DMPP application tended to 537 

increase NUE, but significantly so only in 2015. 538 

 539 

4. Discussion 540 

 541 

4.1. Nitrous oxide and molecular nitrogen emissions  542 

 543 
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The N2O and N2O+N2 emissions were related to N fertiliser use. In the period when the 544 

soil was irrigated but not fertilised the daily N2O and N2O+N2 emissions stayed low or 545 

slightly negative, showing that mineral N availability limited emissions. Maris et al. 546 

(2015) also report this last finding in an olive orchard. Overall, there were significantly 547 

lower fluxes from the lowest N dose (N25+ and N25 treatments) than from the highest 548 

N dose (100 kg N ha
-1

).  549 

 550 

In 2017, the N2O emission pattern was different, probably because fertilisation lasted 551 

longer and the N dose applied per day was lower than in 2015 and 2016 (Fig. 3c). 552 

 553 

The daily N2O fluxes were higher than those reported by Schellenberg et al. (2012) 554 

from an almond orchard and by Aguilera et al. (2015) from fruit trees in Spain. And the 555 

daily N2O+N2 fluxes were higher than those published by Maris et al. (2015). 556 

 557 

The highest N dose resulted in significantly higher cumulative nitrogenous emissions 558 

than the lowest one (Table 4). The higher NO3
-
-N content (Table 3, see Supplementary 559 

material) in the topsoil, especially in the first month of fertigation, might explain the 560 

difference between the lowest and the highest N doses. As Rime and Niklaus (2017) 561 

reported, the application of synthetic fertilisers or manure to soils accelerates N cycling 562 

and the associated N2O emissions.  563 

 564 

The EF values ranged from −0.14 to 4.15% of applied N (Table 4). In 2015, the EFs 565 

from the 25 and 50 kg N ha
-1

 doses (except for the N50s treatment; Table 4) were lower 566 

than the 1% proposed by the IPCC (2006). These EFs were higher than those reported 567 

by Cheng et al. (2017) in a peach orchard, and than those published by Cayuela et al. 568 
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(2017) in a Mediterranean perennial crops (0.54%, including vineyards, almonds and 569 

olive orchards). The EF value increased with N dose, and at the same dose with 570 

different fertilisation period. In a review of fruit orchards carried out by Gu et al. 571 

(2019), EFs ranging from -0.44 to 2.7% were reported. Similar EF values to those found 572 

in the current study were reported by Huérfano et al. (2019) in a grassland crop.  573 

 574 

The N2O/N2O+N2 ratio increased with N dose and ranged from 0.21 to 0.96 for all 575 

treatments (Table 4), indicating that denitrification was the predominant process 576 

responsible for nitrogenous emissions. Similar N2O/N2O+N2 ratios were reported by 577 

Ciarlo et al. (2008) from undisturbed soil cores. No references were found for peach. 578 

 579 

Higher N2O/N2O+N2 ratios have been observed at higher N inputs (Table 4), which is in 580 

accordance with Wang et al. (2018), who found that N fertilisation significantly 581 

increases soil denitrification. The distribution of nitrogen in the wet bulb generated 582 

through drip-fertigation could explain higher N2O production from denitrification. 583 

Neilsen et al. (1997) observed higher root densities in the wetter zone under drippers 584 

and higher N concentration during fertigation.  585 

 586 

In addition, when the soil water content increases during irrigation, it results in poor soil 587 

air permeability, which provides anaerobic conditions favourable for denitrification 588 

(Wang, 2018). Although denitrification activity is reported to be heightened when 589 

WFPS exceeds 60-65% (Smart et al., 2011) or when reaching 70% (Bateman and 590 

Baggs, 2005) and anaerobic conditions prevail, Smart et al. (2011) found that under 591 

fertigation in field conditions, the breakpoint between WFPS and N2O emission is 592 

somewhat lower. In the present study, higher WFPS values (up to 70%) were reached 593 
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most frequently during fertigation period in 2016, and also higher N2O+N2 emissions 594 

were reached than in 2015 (Table 4).  595 

 596 

The canopy area of the 100 kg N ha
-1

 treatments was larger than that of the lower doses 597 

(Fig. 9, see Supplementary material). This dose was the highest N2O emitter per canopy 598 

area unit (Fig. 10), suggesting that at this dose N was not efficiently taken up by the 599 

trees. The NUE was lower at the 100 kg N ha
-1 

dose than at the other doses (Table 8) 600 

because the 100 kg N ha
-1 

dose uses more N to produce biomass. The NUE values in the 601 

present study were slightly higher than those reported by Qin et al. (2016) -between150 602 

and 350 kg kg
-1

- in a citrus crop. 603 

 604 

4.2. Effect of DMPP on nitrogenous emissions  605 

 606 

The application of the DMPP nitrification inhibitor (NI) reduced N2O emissions by 49% 607 

in 2015 and by more than 30% in 2016 at the 50 kg N ha
-1

 dose, though not significantly 608 

(Table 4). Similar reductions in cumulative N2O emissions were obtained by Pfab et al. 609 

(2012) in lettuce and cauliflower crops, and a higher one (> 60%) by De Antoni 610 

Migliorati et al. (2014) in a wheat-maize rotation. Macadam et al. (2003), in a 611 

permanent pasture, also found that DMPP reduced N2O emissions by 58% (mineral 612 

fertiliser).  613 

 614 

There is little information available about the effect of NI on N2O+N2 emissions from 615 

tree orchards. In this study, on average, there was a 36% reduction of N2O+N2 induced 616 

by DMPP in 2015 from all N doses (except the 25 kg N ha
-1

; Table 4). It was lower 617 

(17%) in 2016 for the 50 kg N ha
-1

 dose, though not significant in either year. Maris et 618 
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al. (2015), in an olive orchard, observed a 35% reduction of N2O+N2 emissions from the 619 

treatment with DMPP application. 620 

 621 

The mitigation effect of DMPP was not observed at the highest N dose (100 kg N ha
-1

; 622 

Figs. 5a, b, c and d). It may be possible that DMPP loses effectiveness beyond a certain 623 

N dose (more or less high depending on the crop). Since nitrogen has a priming effect, it 624 

might be speculated that if microbial activity increases enough, a threshold of surplus N 625 

is reached above which the application of DMPP application loses effectiveness.  626 

 627 

The results of 2017 indicate that the dose at which the change in the effect of DMPP 628 

occurs is probably somewhere between 70 and 100 kg N ha
-1

 since the effect of DMPP 629 

on N2O emissions was significant. 630 

 631 

Except for the 100 kg N ha
-1

 treatment, a higher canopy area was obtained in all 632 

treatments with DMPP than in those without DMPP (Fig. 9, see Supplementary 633 

material). Martínez-Alcántara et al. (2013) also observed a higher biomass with DMPP 634 

than without it in a citrus crop. Also Martínez-Alcántara et al. (2013) reported an 635 

increase on NUE with DMPP application. 636 

4.3. Effect of the different duration of N fertilisation on nitrogenous emissions 637 

 638 

The lack of 100 kg N ha
-1

 dose that should have been applied only until pit hardening 639 

(would has called N100s) makes the experimental design asymmetric. Nonetheless, it 640 

was considered that applying this higher N dose in such a short time period could have 641 

harmful effects to the environment. 642 

 643 
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Applying 50 kg N ha
-1

 only until pit hardening (contrary to the general practice) did not 644 

significantly increase nitrogenous emissions (Table 4 and Fig. 6) and increased yield, 645 

though not significantly.  646 

 647 

4.4. Effect of N dose and DMPP application on CH4 and CO2 emissions 648 

 649 

Cumulative CH4 oxidation tended to increase with N dose (Table 6). This is in 650 

accordance with Aronson and Helliker (2010), who found that up to 100 kg N ha
-1

  651 

year
-1

 the soil acted as a sink of CH4 in maize. In the present study, the dose of 100 kg 652 

N ha
-1

 would not be high enough to produce the inhibition of methanotrophic activity 653 

described by Steudler et al. (1989) and Reay and Nedwell (2004), who reported that 654 

CH4 oxidation in soils is reduced by N application. The relationship between N dose 655 

and cumulative CH4 emissions was polynomial in 2015 (Fig. 5e) and linear in 2016 656 

(Fig. 5f), as for cumulative N2O and N2O+N2 emissions.  657 

 658 

The application of DMPP tended to reduce CH4 oxidation with respect to the treatments 659 

without DMPP (Table 6). Several authors including Menéndez et al. (2012) and Rime 660 

and Niklaus (2017) reported no effect of DMPP on CH4 oxidation, while other authors 661 

as Maris et al. (2015) reported significantly increase on CH4 oxidation due to DMPP 662 

addition. The results of the present study may be due to that the DMPP could inhibits 663 

ammonium monooxygenase (Menéndez et al., 2012), which is structurally very similar 664 

to the methane monooxygenase enzyme of methanotrophs, and that both enzymes share 665 

-although with different affinity- a range of substrates (Rime and Niklaus, 2017).  666 

 667 
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The soil of the peach orchard acted as a source of CO2 in 2015 and 2016 (Table 6). The 668 

daily CO2 fluxes were within the ranges reported by Kallenbach et al. (2010), which 669 

were between <48 and >120 kg CO2 ha
−1

 d
−1

 in a sub-surface drip-fertigated tomato 670 

crop in a semi-arid Mediterranean climate. Carbon dioxide emissions were not 671 

significantly affected by N dose (Tables 5 and 6). Until now, N fertilisation has 672 

exhibited contradictory effects with respect to soil CO2 emissions: increase, decrease 673 

(Kong et al., 2013) or no effect (Plaza-Bonilla et al., 2014; in a long-term experiment). 674 

 675 

The application of DMPP tended to increase cumulative CO2 emissions (Table 6), 676 

though significantly so only in 2015. Some authors have reported a reduction of CO2 677 

emissions after DMPP application in different crops (Weiske et al., 2001). However, 678 

others have found no effect of DMPP application on CO2 emissions (Müller et al., 2002; 679 

Menéndez et al., 2006). 680 

 681 

4.5. Global warming potential, yield and greenhouse gas intensity  682 

 683 

The global warming potential (GWP) was mainly negative in both 2015 and 2016 684 

(Table 7). Overall, Sainju (2016) reported a less negative GWP in a poplar plantation  685 

(-105 kg CO2-eq ha
-1

).  686 

Average peach yield of all treatments in 2015 and 2016 was about 40 t ha
-1

. As for 687 

average yield per tree, the present study obtained higher values than those reported by 688 

Lordan et al. (2015b) in another peach orchard located in the Ebro Valley.  689 

 690 
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A negative GHGI (consequence of a negative GWP) indicates sinks of GHG emissions 691 

to the soil (Mosier et al., 2006). The values obtained in this study are within the range 692 

reported by Sainju (2016) for different agricultural crops. 693 

 694 

5. Conclusions 695 

 696 

The N2O and N2O+N2 emissions were linked to fertilisation and increased with N dose. 697 

Denitrification was the main process. The nitrogenous fluxes peaked between 43 and 698 

69% of WFPS, but only when fertilising at the same time. The 100 kg N ha
-1

 dose was 699 

the highest N2O emitter per canopy area unit. The N2O emissions were mitigated (by up 700 

to an average of 41%) with the DMPP application up to the 50 kg N ha
-1

 dose, though 701 

without significant differences from the treatments without DMPP. The mitigation 702 

effect of DMPP was not observed at the 100 kg N ha
-1

 dose. It seems that the dose at 703 

which the application of DMPP loses effectiveness lies between 70 and 100 kg N ha
-1

.  704 

 705 

Only the low and intermediate tested doses presented EF values below the IPCC default 706 

value (1%) in either of the two years for which these values were calculated (2015-707 

2016). 708 

 709 

Methane oxidation increased with N dose and decreased with DMPP application, while 710 

CO2 emissions increased with DMPP application and were unaffected by N dose.  711 

The intermediate N dose (50 kg N ha
-1

), applied only until the start of pit hardening, 712 

increased yield (not significantly) and NUE without increasing GHG emissions. 713 

Emissions were further reduced by the use of DMPP, which also tended to increase 714 

yield.  715 
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Further research in the topic of the study is needed, specifically working with 
15

N 716 

labelled fertilisers and the study of N budgets would allow improving the understanding 717 

of the N cycle in a tree orchard. These studies should lead to improved N use efficiency 718 

and concurrently reducing N losses to the environment. 719 
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Graphical abstract 1091 

 1092 

 1093 

 1094 

Tables 1095 

 1096 

Table 2. Dose of applied N until the start of pit hardening and thereafter (rest of fertigation -until the end 1097 

of pit hardening-) per treatment in 2015 and 2016. 1098 

Only until the start of pit 

hardening (kg N ha
-1

)
Rest of fertigation (kg N ha

-1
)

N25+ N25 12.5 12.5

N50+ N50 25 25

N50s+ N50s 50 0

N100+ N100 50 50

Treatment

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 
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Table 4. Cumulative N2O-N, emission factor (%), cumulative (N2O+N2)-N emissions and their ratio per 1105 

treatment and year plus/minus the standard deviation; as well as the contrast analysis to assess the effect 1106 

of DMPP application (with (+) or without (-)), the effect of the N dose and the effect of fertilisation 1107 

duration. 1108 

2015 2016 2015 2016 2015 2016 2015 2016

N25+ 0.49 ± 0.48bc -0.59 ± 0.14c 0.60 - -0.39 ± 0.28b -0.36 ± 0.20b - -

N25 -0.22 ± 0.15c -0.67 ± 0.27c - - -0.11 ± 0.10b -0.48 ± 0.16b - -

N50+ 0.27 ± 0.23c 0.82 ± 0.37bc -0.14 0.96 0.59 ± 0.26ab 1.52 ± 0.95ab 0.46 0.54

N50 0.54 ±0.10bc 1.43 ± 0.68abc 0.40 2.18 2.55 ±1.95ab 1.94 ± 0.71ab 0.21 0.74

N50s+ 0.67 ± 0.29bc 1.31 ± 0.41abc 0.66 1.92 1.31 ± 0.63ab 1.55 ± 1.02ab 0.51 0.84

N50s 1.31 ± 0.90bc 1.69 ± 0.47abc 1.94 2.70 1.61 ± 1.09ab 1.76 ± 0.50ab 0.81 0.96

N100+ 4.45 ± 3.50a 4.49 ± 2.78a 4.11 4.15 4.93 ± 4.04ab 5.00 ± 2.80a 0.90 0.90

N100 3.04 ± 1.46ab 3.67 ± 1.60ab 2.70 3.33 5.55 ± 1.94a 4.74 ± 2.63a 0.55 0.77

DMPP+ vs 

DMPP-

ns ns ns ns

25 vs 50 ns * ns *

25 vs 100 * * * *

50 vs 100 * * * *

50s vs 100 * * * *

50 vs 50s ns ns ns ns

N dose effect

Fertilisation period effect

Treatment
Cumulative kg N2O-N ha

-1 EF (%) Cumulative kg (N2O+N2)-N ha
-1 N2O-N/(N2O+N2)-N (%)

DMPP effect

 1109 

Different letters per column indicate significant differences among treatments (p< 0.05, Tukey's test).  1110 
*: significant (p< 0.05); ns: not significant (p> 0.05). 1111 
 1112 

 1113 

Table 5. Analysis of variance of the studied factors (N dose, DMPP application and fertilisation duration), 1114 

and the cumulative N2O-N, (N2O+N2)-N, CH4 and CO2 emissions in 2015 and 2016 together.  1115 

Factor effect N2O-N (N2O+N2)-N CH4 CO2

N dose * * * ns

DMPP ns ns * *

N dose x [DMPP] * ns ns ns

Fertilisation period ns ns ns ns
 1116 

*: significant (p< 0.05); ns: not significant (p> 0.05). 1117 

 1118 
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Table 6. Cumulative CH4 and CO2 emissions per treatment and year plus/minus the standard deviation; as 1119 

well as the contrast analysis to assess the effect of DMPP application (with (+) or without (-)) and the 1120 

effect of the N dose.  1121 

2015 2016 2015 2016

N25+ -44 ± 13a -86 ± 11a 1622 ± 943 1362 ± 237

N25 -127 ± 118a -89 ± 22a 1202 ± 514 1342 ± 292

N50+ -19 ± 10a -119 ± 31a 2058 ± 659 2292 ± 414

N50 -115 ± 62ab -204 ± 97ab 1462 ± 286 1536 ± 575

N50s+ -81 ± 58a -128 ± 20a 2036 ± 535 1449 ± 390

N50s -20 ± 60a -123 ± 13a 1670 ± 494 1366 ± 728

N100+ -97 ± 76a -194 ± 66ab 1926 ± 443 2171 ± 476

N100 -283 ± 240a -320 ± 108b 1289 ± 145 1386 ± 531

DMPP+ vs DMPP- * * * ns

25 vs 50 ns * ns ns

25 vs 100 ns * ns ns

50 vs 100 ns * ns ns

50s vs 100 * * ns ns

Treatment
Cumulative kg CH4 ha

-1
Cumulative kg CO2 ha

-1

DMPP effect

N dose effect

 1122 

Different letters per column indicate significant differences among treatments (p< 0.05, Tukey's test).  1123 

*: significant (p< 0.05); ns: not significant (p> 0.05). 1124 

 1125 

 1126 

 1127 

 1128 

 1129 

 1130 

 1131 

 1132 

 1133 

 1134 

 1135 
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Table 7. Global warming potential (GWP), yield and greenhouse gas intensity (GHGI) per treatment and 1136 

year.  1137 

2015 2016 2015 2016 2015 2016

N25+ 10 -1212a 48ab 34bc 0.00 -0.04a

N25 -2233 -1614a 37b 29c -0.06 -0.07ab

N50+ 1829 -1299a 48ab 45abc 0.04 -0.03a

N50 -1553 -4437ab 49ab 40abc -0.04 -0.13ab

N50s+ -46 -1797a 62a 50ab -0.01 -0.04a

N50s 1455 -1621a 60a 52a 0.03 -0.03a

N100+ 633 -3213ab 61a 42abc 0.01 -0.08ab

N100 -5728 -6787b 60a 45abc -0.12 -0.17b

Treatment
GWP (kg CO2-eq ha

-1
) Yield (kg tree

-1
) GHGI (kg CO2-eq kg

-1
 yield)

 1138 

Averages followed by different letters per column are significantly different (p< 0.05, Tukey's test). 1139 

 1140 

 1141 

Table 8. Nitrogen use efficiency per treatment and year, and the effect of N dose and the use of the 1142 

nitrification inhibitor (NI). DMPP+: DMPP application; DMPP-: no DMPP application.  1143 

2015 2016

N25+ 458a 333ab

N25 357ab 294bc

N50+ 358ab 345ab

N50 312b 271c

N50s+ 453a 375a

N50s 446a 394a

N100+ 316b 243c

N100 313b 223c

Effect of:

N dose * *

25 407a 314b

50 335b 308b

50s 450a 385a

100 315b 233c

NI * ns

DMPP+ 396a 319a

DMPP- 357b 300a

Treatment 
NUE (kg yield kg

-1
 N)

 1144 

Averages followed by different letters per column are significantly different (p< 0.05, Tukey's test and 1145 

Student's t-test). *: significant (p< 0.05); ns: not significant (p> 0.05). 1146 

 1147 

 1148 

 1149 
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Figure 3. Average daily nitrous oxide (N2O-N) fluxes during the sampling period in 2015 (a), in 2016 (b), 1154 

and 2017 (c) per treatment. The error bars correspond to the standard deviation. The arrow indicates the 1155 

cessation of fertilisation. 1156 
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Figure 4. Average daily nitrous oxide plus dinitrogen ((N2O+N2)-N) fluxes during the sampling period in 1159 

2015 (a) and 2016 (b) per treatment. The error bars correspond to the standard deviation. The arrow 1160 

indicates the cessation of fertilisation. 1161 
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 1165 
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Figure 5. Relationship between cumulative N2O-N (a, b), (N2O+N2)-N (c, d) and CH4 (e, f) emissions and 1171 

N dose in 2015 and in 2016. 1172 
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Figure 6. Average cumulative N2O-N emissions during the “s” time from all the treatments and effective 1179 

N dose during that period in 2015 (a) and in 2016 (b). The error bars correspond to the standard deviation. 1180 
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Figure 7. Average daily CH4 fluxes during the sampling period in 2015 (a) and 2016 (b) per treatment. 1187 

The error bars correspond to the standard deviation. The arrow indicates the cessation of fertilisation. 1188 
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Figure 8. Average daily CO2 fluxes during the sampling period in 2015 (a) and in 2016 (b) per treatment. 1192 

The error bars correspond to the standard deviation. The arrow indicates the cessation of fertilisation. 1193 

 1194 

 1195 

 1196 

-0.03

0.00

0.03

0.06

0.09

0.12

0.15

25 50 50s 100

k
g

 N
2
O

-N
 h

a-1
/c

an
o

p
y

 a
re

a 
(m

2
)

N dose (kg N ha-1)  1197 

Figure 10. Cumulative N2O-N emissions per estimated canopy area. The error bars correspond to the 1198 

standard deviation.  1199 
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SUPPLEMENTARY MATERIAL 1200 

 1201 

Tables 1202 

 1203 

Table 1. Chemical soil properties and granulometric analysis of the study soil. 1204 

Depth                        

0-40 cm

Organic matter (Walkley-Black; %) 2.2

pH (1:2.5 saturated paste extract) 8.0

EC (1:5 saturated paste extract; dS m
-1

) 7.1

Clay (%) 21

Silt (%) 55

Sand (%) 23  1205 

 1206 

Table 3. Soil NO3
-
-N content in 2015 and 2016. 1207 

May June May June July

N25+ 58 11 - - -

N25 43 12 13 12 -

N50+ 36 10 88 20 -

N50 65 11 31 23 22

N50s+ 71 15 78 18 15

N50s 27 14 25 15 13

N100+ 75 13 62 19 -

N100 82 19 53 15 -

NO3
-
-N (mg kg dry soil

-1
)

2015 2016Treatment

 1208 

 1209 

 1210 

 1211 

 1212 

 1213 

 1214 

 1215 
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Figure 1. Average soil and air temperatures (T) and daily rainfall during the sampling period in 2015, 1219 

2016 and 2017. 1220 
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Figure 2. Evolution of average water-filled pore space (WFPS) in 2015, 2016 and 2017 during the 1224 

sampling period. 1225 
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Figure 9. Average canopy area per treatment. The error bars correspond to the standard deviation.  1228 
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