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Abstract 25 

Soil fertilisation affects greenhouse gas emissions. The objective of this study was to 26 

compare the effect of different fertilisation strategies on N2O, CH4 emissions and on 27 

ecosystem respiration (CO2 emissions), during different periods of rice cultivation (rice 28 

crop, postharvest period, and seedling) under Mediterranean climate. Emissions were 29 

quantified weekly by the photoacoustic technique at two sites. At Site 1 (2011 and 30 

2012), background treatments were 2 doses of chicken manure (CM): 90 and 170 kg 31 

NH4
+-N ha-1 (CM-90, CM-170), urea (U, 150 kg N ha-1) and no-N (control). Fifty kg N 32 

ha-1 ammonium sulphate (AS) were topdress applied to all of them. At Site 2 (2012), 33 

background treatments were 2 doses of pig slurry (PS): 91 and 152 kg NH4
+-N ha-1 (PS-34 

91, PS-152) and ammonium sulphate (AS) at 120 kg NH4
+-N ha-1 and no-N (control). 35 

Sixty kg NH4
+-N ha-1 as AS were topdress applied to AS and PS-91. During seedling, 36 

global warming potential (GWP) was ~3.5-17% of that of the whole rice crop for the 37 

CM treatments. The postharvest period was a net sink for CH4, and CO2 emissions only 38 

increased for the CM-170 treatment (up to 2 Mg CO2 ha-1). The GWP of the entire rice 39 

crop reached 17 Mg CO2-eq ha-1 for U, and was 14 for CM-170, and 37 for CM-90. The 40 

application of PS at agronomic doses (~170 kg N ha-1) allowed high yields (~7.4 Mg ha-
41 

1), the control of GWP (~6.5 Mg CO2-eq ha-1), and a 13% reduction in greenhouse gas 42 

intensity (GHGI) to 0.89 kg CO2-eq kg-1 when compared to AS (1.02 kg CO2-eq kg-1).  43 

Keywords: organic fertiliser, urea, ammonium sulphate, postharvest, seedling period; 44 

greenhouse gas emissions 45 
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1. Introduction  48 

Globally, agriculture accounts for 60%, 50% and 1.1% of total anthropogenic N2O, CH4 49 

and CO2 emissions, respectively (Liu et al., 2012a). The GHG emissions from rice 50 

(Oryza sativa L.) and the subsequent global warming potential (GWP, 3757 kg CO2-eq 51 

ha-1 season-1) are roughly four fold those of wheat (Triticum aestivum L.; 662 kg CO2-52 

eq ha-1 season-1) or maize (Zea mays L.; 1399 kg CO2-eq ha-1 season-1) (Linquist et al., 53 

2012).  54 

Flooded rice emits both N2O and CH4 due to the negative soil redox potential and 55 

different bacterial communities (Kögel-Knabner et al., 2010; Arends et al., 2014) as 56 

reported in both instantaneous and annual estimates (Brumme et al., 1999; Groffman et 57 

al., 2000). However, periods of N2O consumption have been reported in many field 58 

studies (Brumme et al., 1999; Chapuis-Lardy et al., 2007; Van Groenigen et al., 2015; 59 

Wrage et al., 2004).  60 

Anaerobiosis favours the activity of methanogens which in the presence of organic 61 

matter, substantially contribute to CH4 emissions (Banik et al., 1996). Fertilisation 62 

management, mainly the type of N fertilisers, is a key factor in the control of N losses to 63 

the atmosphere and GHG emissions from paddy fields (Gogoi and Baruah, 2012; Maris 64 

et al., 2016). Urea is prone to large gaseous losses, particularly due to ammonia 65 

volatilisation (Mikkelsen et al., 1978) and denitrification to N2O and N2, though reports 66 

on N2O emissions are contradictory (Lindau et al., 1991; Zou et al., 2005), possibly due 67 

to the influence of location and management practices (Zhao et al., 2011). Recent rice 68 

field studies suggest that high NH4
+-N may stimulate CH4 oxidation reducing its 69 

emissions (Bodelier and Laanbroek, 2004; Banger et al., 2012) by roughly 30 to 50% 70 

(Xie et al., 2010; Yao et al., 2012). It has been stated that when fertilising with 71 

ammonium sulphate the competition of sulphate-reducing bacteria for hydrogen reduces 72 
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CH4 emissions. Nitrogen fertilisation may also increase CH4 and CO2 emissions due to 73 

increased rice biomass which can facilitate gas transport through rice plants (Dick, 74 

1992; Iqbal et al., 2009; Singh et al., 1999; Wilson and Al-Kaisi, 2008), as well as 75 

enhance carbon substrate availability for methanogens (Lu et al., 2000; Schimel, 2000). 76 

Lindau et al. (1991) found that urea addition increased CH4 emissions by approximately 77 

40 to 75% compared to control. According to Hou et al. (2000), efforts to reduce the 78 

overall GWP of rice should focus on reducing CH4 emissions. However, both CH4 and 79 

N2O need to be considered, as many strategies that reduce CH4 emissions tend to 80 

increase N2O emissions and vice-versa (Cai et al., 1998; Ma et al., 2007; Zou et al., 81 

2005).  82 

Soil CO2 emissions are increasingly important as they integrate all the components of 83 

soil CO2 production, including rhizosphere respiration and soil microbial respiration 84 

(Iqbal et al., 2009), one of the primary fluxes of C between soil and atmosphere. 85 

Almaraz et al. (2009) did not observe any significant effect of mineral fertiliser 86 

application on cumulative CO2 emissions.  87 

Nowadays, urea and ammonium sulphate account for about 90% of the total N fertiliser 88 

applied to rice cultivation in the world (Food and Agriculture Organization, 2013). The 89 

autonomous regions of Aragon and Catalonia hold about 42% of the Spanish pig herd 90 

(MAGRAMA, 2014), Catalan pig farms representing 29% (IDESCAT, 2016). 91 

Furthermore, in Catalonia, the Montsià (Ebro Delta) county concentrates 32% of the 92 

poultry farms of this region, with approximately 2 million heads producing 51,786 t 93 

manure year-1 (MAGRAMA, 2014). The use of pig slurry (PS) and chicken manure 94 

(CM) as fertiliser to winter cereal and maize is the most common recycling method. It is 95 

a challenge to apply PS and CM at an optimised dose also to rice crops, this not yet 96 

being common. 97 
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Field measurements of GHG emissions are typically limited to the rice crop. Some 98 

authors have pointed out the need to quantify annual rather than seasonal emissions 99 

(Fitzgerald et al., 2000; Liang et al., 2007) because of the importance of emissions 100 

during fallow periods. Furthermore, according to some Chinese studies (Ma et al., 2012) 101 

the rice seedling period (SP) had a GWP (of N2O and CH4) equivalent to the GWP of 102 

the rice crop, though there are few such studies (Ma et al., 2013). The cumulative N2O 103 

emissions of the rice SP ranged from 0.24 to 0.62 kg N2O-N ha-1 and that of CH4 from 104 

21.8 to 162.2 kg CH4 ha-1 in Chinese systems (Liu et al., 2012a, Ma et al., 2013). In 105 

China, the rice seedlings are generally grown in nursery patches for 30-40 days before 106 

being transplanted into paddy fields, while in Mediterranean areas rice is mainly sown 107 

on site. Greenhouse gas emissions estimates should reflect the specific conditions of the 108 

different countries and the agricultural practices involved (IPCC, 2007). 109 

In the European Union about 475,000 ha are devoted to rice (Oryza sativa L.) with a 110 

total production of 3.2 Mt of rice grain (1.8 Mt white rice). The European Union (EU) is 111 

a net steadily growing rice importer (some 809 400 t year-1). Italy is the largest 112 

producer, with 52% of the total, followed by Spain with 28%. In Spain, the rice sector 113 

has a 259.03 million euros worth production (estimated for 2015). Spain is a net rice 114 

exporter (about 137 231 t year-1 net exports). In Spain, rice paddies are localised in 115 

saline areas with environmental restrictions (Deltas and marshlands belonging or close 116 

to natural parks), and with waterlogged soils. This is also the case in some other 117 

Mediterranean areas such as Valencia (Spain) or the Camargue (France) regions. The 118 

main rice producing region in Spain is Andalucia (36.7% of the Spanish rice producing 119 

area; MAGRAMA, 2015), Catalonia together with Aragon hold 24.7% of the Spanish 120 

rice area, followed by Extremadura (22.4%) and Valencia (13.8%). The Ebro Valley 121 

extends over 85,362 km2 in NE Spain, including Aragon and Catalonia. It is one of the 122 
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most intensively irrigated river basins in Europe (0.8 million ha of irrigated land; 123 

Wriedt et al., 2008). Soils near the rivers are classified as Fluvisol Eutric (FAO, 1974), 124 

while in the rest of the irrigated areas the most common soil types are Xerosol Gypsic 125 

and Xerosol Calcic. These soils are often salt-affected (CHE, 2008). About 86% of the 126 

cultivated Ebro Delta is, at present, under rice cultivation due to the presence of saline 127 

groundwater over large areas (Casanova, 1998), and to environmental policies (EU 128 

Regulation 1765/92; NATURA 2000 network and the Ramsar Convention). 129 

Sowing density ranges from 160 to 200 kg seed ha-1. On site, mechanical sowing (rice is 130 

not transplanted) takes place from April 15th to May 15th. A water layer of 3 to 5 cm is 131 

kept on the field after sowing. Later on it is increased to 10 to 15 cm. Flooding is 132 

constant throughout the rice cycle (with water running in and out of the fields at all 133 

times), except for the time when some agricultural practices (fertiliser side-dressing, 134 

pesticide treatments) require drainage. In early September, water is drained and rice can 135 

be harvested up to mid-October. 136 

The objective of this study was to compare the effect of organic N fertilisers (pig slurry 137 

(PS) and chicken manure (CM)) with urea and ammonium sulphate on the emissions of 138 

N2O, CH4 and CO2 from the rice paddy during the rice crop and for the postharvest 139 

(fallow) period, as well as for the seedling period. 140 

Two contrasted sites in the Ebro Valley were studied, with different organic fertilisers 141 

available (CM or PS) and with different mineral N applied at sowing time (urea or 142 

ammonium sulphate). Both fertilisation strategies (mineral and organic) were designed 143 

to include a similar background applied NH4
+-N dose (from 90 to 170 kg NH4

+-N ha-1) 144 

but to differ widely in organic-C application (CM had a high C/N ratio and PS a low 145 

one).  146 

 147 
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2. Materials and methods 148 

2.1. Site description and experimental design 149 

The experiment was carried out at two rice paddies located at two different sites in the 150 

Mediterranean Ebro Valley (NE Spain). Soils of the two sites are representative of 151 

Mediterranean and Spanish soils under rice. Site 1 is representative of the alluvial soils 152 

from deltas and river terraces and similar landforms: they are from moderate coarse 153 

textures up to moderate fine textures (Casanova et al., 2002). Salinity is highly variable 154 

and they have an organic matter content around 2%. Site 2 represents paddy soils from 155 

inland. Usually they are salt affected soils (Herrero and Aragüés, 1988; Nogués et al., 156 

2000) cropped with rice to be reclaimed; they are more silty and with lower organic 157 

matter content. In all cases, tillage, before sowing, is done at high soil water content in 158 

order to create an impermeable layer in order to avoid seepage or saline water capillary 159 

rise. Site 1 is located at the Institute for Food and Agricultural Research and 160 

Technology (IRTA), at its Amposta station (coordinates: 40°42′30″N, 00°37′56″W, 161 

altitude: 3 m a.s.l.) in the Ebro River Delta (Fig. 1). The location is characterised by a 162 

Mediterranean climate, with an average annual temperature of 17°C and an average 163 

annual rainfall (over the last 10 years) of 550 mm, summer being the driest and hottest 164 

season of the year (rainfall below 43 mm and temperatures rarely higher than 26°C). In 165 

2011 the average annual temperature was 16.9°C and the average annual rainfall was 166 

495 mm, while in 2012, the average annual temperature was 16.4°C and the an average 167 

annual rainfall was 519 mm. In both years, the summers were neither noticeably warmer 168 

nor wetter than the previous 10 year average. 169 

Site 2 is located at Villanueva de Sigena (coordinates: 41°45′32″N, 0°2′18″W, altitude: 170 

297 m a.s.l.) (Fig. 1). The location is characterised by a semi-arid climate, with an 171 

average annual temperature of 14.6°C and an average annual rainfall (over the last 10 172 
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years) of 350 mm, summer being the driest and hottest season of the year (rainfall 173 

below 20 mm and temperatures higher than 30°C). In 2012 the average annual 174 

temperature was 14.3°C and the average annual rainfall was 375 mm. In 2012, the 175 

summer was neither noticeably warmer nor wetter than the previous 10 year average. 176 

The main soil properties and climatic characteristics of these sites are summarised in 177 

Table 1. Site 1 was sampled in 2011 and 2012. Site 2 was sampled in 2012 (Table 2). 178 

Rainfall and air temperature during the sampling period (Figs. 2a and b) were obtained 179 

from the closest meteorological stations to the experimental sites (Meteorological 180 

Service of Catalonia: http://www.ruralcat.net/web/guest/agrometeo.estacions, Site 1; 181 

and Meteorological Service of Aragon: 182 

http://eportal.magrama.gob.es/websiar/Inicio.aspx, Site 2). Additionally, soil 183 

temperature (10 cm depth) was measured when soil samples were taken.  184 

At both sites, a water layer of 3 to 5 cm was kept on the field during the seedling period 185 

(the first 35 days after sowing) and of 10 cm from the end of the seedling period to 186 

harvest. Water was continuously flowing in and out of the plots at both sites.  187 

The dates of the main field labours and of the sampling periods are detailed in Table 2. 188 

At Site 1, rice (Oryza sativa L.), cultivar Gleva, was sown directly on site in 2011 and 189 

2012 (indicated on the treatment name as -11 and -12) at a density of 182 kg ha-1. The 190 

background treatments were (Table 3): urea (U-11 and -12) 150 kg N ha-1, 2 different 191 

doses of CM containing 90 (CM-90-11 and -12), and 170 kg NH4
+-N ha-1 (CM-170-11 192 

and -12); and a control with 0 kg N ha-1 (Control-12) as well a background 0 kg N ha-1 193 

with ammonium sulphate topdress application (AS-top-11 and -12) (Table 3). In both 194 

years, ammonium sulphate (AS) was applied as topdress fertiliser at a dose of 50 kg N 195 

ha-1 to all the treatments except for the control (Table 3). The control treatment was not 196 

sampled in 2011. Thus, there were four treatments in 2011 and five treatments in 2012. 197 
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The treatments were randomly distributed in three blocks (replicates) (Fig. 3a). One 198 

static chamber per block of the studied treatments was sampled (12 chambers in 2011, 199 

and 15 chambers in 2012). The dose of organic-N applied each year with the CM is 200 

shown in Table 3. The main properties of the CM applied are shown in Table 4. The 201 

chicken manure applied in 2011 contained 17.8 kg N t-1, which is comparable with the 202 

15.0 kg N t-1 content of chicken manure stated in the regulation (Decree 136/2009 of the 203 

Catalan Government). The chicken manure applied in 2012, however, was much dryer 204 

and though it was poorer in ammonia the applied material contained 33.7 kg N t-1. The 205 

area of each individual plot was 20.25 m2 (4.5 m * 4.5 m). Sampling began in May 2011 206 

and finished in January 2013, including both the rice crop and the postharvest period of 207 

2012 and partly that of 2013 (Table 2).  208 

At Site 2, rice (Oryza sativa L.), cultivar Guadiamar, was sown directly on site in 2012 209 

at a density of 150 kg ha-1. The background treatments were (Table 3) ammonium 210 

sulphate (AS-12) at a dose of 120 kg NH4
+-N ha-1, 2 doses of PS equivalent to 91 (PS-211 

91-12), and 152 kg NH4
+-N ha-1 (PS-152-12) plus a control (no nitrogen applied). 212 

Topdressing at a dose of 60 kg NH4
+-N ha-1 was applied only to the AS-12 and PS-91-213 

12 treatments.  214 

Treatments were established to obtain a potential range of GHG losses, according to 215 

available field practices during the seedling stage. Minimum losses were expected from 216 

Site 2, due to the lower clay content and fertilisers used: ammonium sulphate (it could 217 

reduce CH4 emission through the competition by sulphate-reducing bacteria for 218 

hydrogen) and pig slurry because of its lower C/N ratio (Table 3). A range of applied 219 

NH4
+-N from 90 kg N-NH4

+ ha-1 up to 170 kg N-NH4
+ ha-1 (about twice the minimum) 220 

to quantify the effect of ammonium from different organic sources on GHG emissions 221 

was established. 222 
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The main properties of the PS applied are shown in Table 4. The applied pig slurry 223 

contained 4.0 kg N m-3, which is comparable with the 4.4 kg N m-3 content of chicken 224 

manure stated in the regulation. Thus, there were four treatments. The fertilisation 225 

treatments were randomly distributed in four blocks (replicates) (Fig. 3b). One static 226 

chamber per block of the studied treatments was sampled (16 chambers). The area of 227 

each individual plot was 36 m2 (6 m * 6 m) for PS-91-12 and PS-152-12 and 18 m2 (3 m 228 

* 6 m) for AS-12 and the control (C-12) treatments.  229 

The numbers of static chambers used are in line with those of Ma et al. (2012), Liu et al. 230 

(2012a), Ali et al. (2015) Adviento- Borbe and Linquist (2016) who sampled three or 231 

four replicates per treatment whit one chamber per replicate. 232 

Sowing was earlier on the coast (Site 1) with respect to inland (Site 2) (Table 2) as this 233 

favours yield (Casanova et al., 2000). In both sites, weeds and pests were controlled in 234 

accordance with local conventional practice. 235 

2.2. Gas sampling and quantification 236 

Gas samples were collected weekly using the static closed chamber method (Ma et al., 237 

2012; Liu et al., 2012a; Sander and Wassmann, 2014) throughout the rice crop, at both 238 

sites. The static chamber method is the conventional approach for determining 239 

greenhouse gases (GHG) emissions from rice fields (Sander and Wassmann, 2014). 240 

However, there is no commonly accepted standard for the measurement protocols, and 241 

therefore published studies encompass a variety of different modalities depending on 242 

the specific settings and labour limitations of a given study (Sander and Wassmann, 243 

2014). In the present study, the cylindrical (20 cm diameter and 60 cm high) static 244 

chambers were made of polyvinyl chloride (PVC) coated with an epoxy resin. They 245 

were inserted 18 cm into the soil. This cylinder was closed with a vented screwed lid 246 

with a three-way key. Air samples from inside the chambers were taken in triplicate 247 
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immediately after closing the chamber, and 20 and 40 min later. Samples were taken 248 

through a Teflon tube connected to the three-way key and into 100 ml plastic syringes, 249 

adapted with a valve. Air inside the chamber was mixed by filling and emptying the 250 

syringe six times before withdrawing the sample. After taking the air sample, the 251 

syringes were closed with the valve. After the last sampling (40 min from closing the 252 

chamber), the three-way keys were left open.  253 

The syringes were transported to the laboratory and the concentrations of N2O, CH4 and 254 

CO2 in the air sampled were quantified using the photoacoustic technique (Innova 1412 255 

Photoacoustic Multigas Monitor). In this study, the standard error of the average 256 

cumulative greenhouse gases emissions was selected as the statistic of the error. The 257 

standard error of the gas emissions includes both field sampling error and laboratory 258 

analysis error.  259 

Surface soil temperature was always recorded during sampling. The photoacoustic 260 

analyser refers the gases concentration to 20ºC and 1 atm; for the gas concentration was 261 

corrected to refer to the actual field temperature and atmospheric pressure of each 262 

sampling day. Sampling undertaken done at the time of the day when soil temperature 263 

was about the average soil temperature of the day in order to minimise over- or 264 

underestimation of the emissions caused by daily soil temperature variation.  265 

Since the chambers were not transparent, it can be assumed that the CO2 flux was the 266 

ecosystem respiration including plant autotrophic respiration. Since the plants were 267 

inside the closed chambers it was assumed that the stomata were closed in the darkness. 268 

2.3. Calculations and statistical analysis 269 

The N2O and CH4 emissions fluxes and ecosystem respiration (CO2) were determined 270 

from the linear increase of gas concentration at each sampling time (0, 20 and 40 min) 271 
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during the time of chamber closure. The cumulative emissions throughout the study 272 

period were calculated by integrating the emissions curve over time.  273 

Emissions were calculated for different periods: the rice crop, and additionally for the 274 

postharvest and seedling periods. The rice crop lasts from the end of the seedling period 275 

(day 35 after sowing) until harvest. The postharvest (fallow) period extends between 276 

harvest (September) and the following sowing (April). In 2011, the postharvest (fallow) 277 

period was sampled entirely, while in 2012 it was sampled until January 2013 when the 278 

research project ended (Site 1). The emissions during the seedling period (SP) (35 days 279 

after sowing) were calculated with the data from 2012 for Site 1. The seedling stage 280 

starts immediately after sowing and lasts until just before the first tiller appears. During 281 

this stage, the seminal roots and up to five leaves are developed. It lasts for a period of 282 

35-40 days.  283 

The direct N2O emission factor (EF) was calculated according to IPCC (2001) as the 284 

difference between the N2O emitted from fertilised soil and that from the control 285 

divided by the N applied as fertiliser throughout the rice crop. The normal distribution 286 

of the flux data (N2O, CH4 and CO2) was verified using the Shapiro-Wilk test; this was 287 

carried out with the JMP 9 statistical software (SAS Institute, 2010). When necessary, 288 

in order to fulfil the assumption of normality, data were log transformed prior to 289 

analysis. The cumulative emissions of N2O, CH4 and ecosystem respiration (CO2) were 290 

examined using data from all plots and an analysis of variance was performed with the 291 

Statistical Analysis System (SAS) software (SAS Institute, 2014). Significant 292 

differences among treatment means were further examined by Tukey’s multiple range 293 

tests at the 0.05 probability level. Data in the tables and figures are presented as average 294 

values ± standard errors. 295 

 296 
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2.4. Global warming potential (GWP) and greenhouse gas intensity (GHGI) 297 

Global warming potential (GWP) is an index defined as the cumulative radiative forcing 298 

between the present and some chosen later time ‘‘horizon’’ caused by a unit mass of gas 299 

emitted now. In GWP estimation, CO2 is typically taken as the reference gas, and an 300 

increase or reduction in emissions of CH4 and N2O is converted into ‘‘CO2-301 

equivalents’’ through their GWPs. Therefore, in the present study, the GWPs of N2O 302 

and CH4 emissions were calculated in units of CO2 equivalents (CO2-eq.) over a 100-303 

year horizon (DeForest et al., 2007). A radiative forcing potential relative to CO2 of 298 304 

was used for N2O and of 25 for CH4 (DeForest et al., 2007). Although soil CO2 fluxes 305 

also represent a source of GHG emissions, on a global scale they are largely offset by 306 

high rates of net primary productivity and atmospheric CO2 fixation by crop plants, and 307 

are therefore estimated to contribute <1% to the GWP of agriculture (Smith et al., 2008; 308 

Linquist et al., 2012). Therefore, CO2 as a contributor to GWP was not included in this 309 

analysis. The GWPs of N2O and CH4 emissions were calculated using the following 310 

equation (IPCC, 2007): GWP (kg CO2-eq ha-1) = cumulative N2O emissions * 298 + 311 

cumulative CH4 emissions * 25. 312 

At physiological maturity, rice ears were harvested (1 to 4 m2) and grain humidity was 313 

determined after drying it to a constant weight at 65°C in order to calculate the rice 314 

yield adjusted to 14% grain moisture content. 315 

The greenhouse gas intensity (GHGI; kg CO2-eq kg-1 grain yield) was calculated as 316 

follows: GWP (kg CO2-eq ha-1) / grain yield (kg grain yield ha-1) (Qui et al., 2010; 317 

Shang et al., 2011; Liu et al., 2012a). 318 

3. Results 319 

3.1. Nitrous oxide emissions of the rice crop 320 
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At Site 1, as shown in Figs. 4a and b, all treatments had a similar pattern of N2O 321 

emissions during the rice crop. The N2O fluxes ranged from -370 (in 2011) to 318 g 322 

N2O-N ha-1 d-1 (in 2012) and some high peaks occurred after AS was topdress applied 323 

(day 42 of sampling in 2011 and day 70 of sampling in 2012). The average of the N2O 324 

fluxes measured was: -15, -9, 2 and 5 g N2O-N ha-1 d-1 for AS-top-11, U-11, CM-170-325 

11 and CM-90-11, respectively. In 2012, they were 2 g N2O-N ha-1 d-1 from control and 326 

ranged from 7 to 11 g N2O-N ha-1 d-1 for the other treatments.  327 

At site 1, the N2O emission factor (EF) ranged from 0.86 to 7.3% of the N applied 328 

(Table 6), with the maximum value for AS-top-12, and was about 2% for the CM-90-12 329 

and U-12 treatments.  330 

At Site 2, high fluxes of N2O were measured after background fertilisation with the high 331 

dose of PS and with AS, but they were lower (than the control) with the low PS dose 332 

(Fig. 4c). Nevertheless, the average N2O fluxes during the rice crop were close to 2 g 333 

N2O-N ha-1 d-1 for all treatments, and the cumulative N2O emissions did not differ 334 

among treatments (Table 5). The EF was negligible for AS-12 and PS treatments. 335 

Overall, the cumulative N2O-N emissions during the rice crop ranged from 0.96% (AS-336 

12) to 1.35% (PS-91-12) of the N applied. 337 

3.2. Methane emissions of the rice crop 338 

At Site 1, the average daily CH4 fluxes in the two years varied from -7.19 to 24.62 kg 339 

CH4 ha-1 d-1
 (Fig. 5). In 2011, the fluxes were lower than in 2012. The cumulative CH4 340 

emissions were increased by U and CM fertilisers (Table 5).  341 

At Site 2, the average daily CH4 fluxes were between 0.2 and 0.3 kg CH4 ha-1 d-1 and 342 

significantly (p<0.05) differences in cumulative emissions between the treatments and 343 

the control were found (Table 5).  344 

 345 
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3.3. Carbon dioxide flux (ecosystem respiration) of the rice crop 346 

At Site 1, in 2011, the fluxes of CO2 reached a maximum during the reproductive stage 347 

of rice (days 45 to 80 of sampling), and then declined until the final drainage (Fig. 6a). 348 

The average daily CO2 fluxes varied from 12 to 19 kg CO2 ha-1 d-1 (Fig. 6). In 2012, the 349 

average of the daily fluxes of CO2 increased from 6 up to 16 kg CO2 ha-1 d-1 as N dose 350 

increased. Differences in the cumulative CO2 respiration were only recorded in 2012 351 

(Table 5), being larger in CM-170-12 than in the U-12 and C-12 treatments at Site 1.  352 

At Site 2, in 2012, the average daily CO2 respiration fluxes ranged from 7 to 12 kg CO2 353 

ha-1 d-1; and significant (p<0.05) differences between treatments in the cumulative CO2 354 

ecosystem respiration were found (Table 5).  355 

3.4. Global warming potential (GWP) and greenhouse gas intensity (GHGI) of the 356 

rice crop 357 

The contribution of CH4 to total GWP was always much larger than that of N2O 358 

throughout the rice crop. At Site 1, the maximum GWP was calculated for U-12 (17 Mg 359 

CO2-eq ha-1) and CM where it ranged from 14 (CM-170-12) to 37 (CM-90-12) Mg 360 

CO2-eq ha-1. At Site 1, the GWP was negative for the AS-top-11, U-11 and C-12 361 

treatments (Table 6). At Site 2, the maximum GWP reached only 6 to 8 Mg CO2-eq ha-1 362 

from the AS-12, PS-91-12 and PS-152-12 treatments (Table 6).  363 

The highest GHGI (~ 5 kg CO2-eq kg-1) was calculated for Site 1 and was associated, in 364 

2012, with CM treatments (Table 6).  365 

3.5. Greenhouse gas emissions during the postharvest period 366 

In both years, at Site 1, during the postharvest (fallow) period no notable N2O emissions 367 

were observed (Figs. 4a and b). In both years, the CH4 flux dropped rapidly, within a 368 

few days from the final drainage before harvest (Figs. 5a and b). The cumulative CH4 369 

fluxes were negative, from -416 to -23 kg CH4 ha-1 (Figs. 5a and b), without differences 370 
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between treatments (Table 7). Soil Eh during the postharvest period ranged from -109 to 371 

+112 mV (Fig. 5d). The ecosystem respiration (CO2 flux) ranged from -13 (in 2011) to 372 

2001 kg CO2 ha-1 from the CM-170-12 treatment (Table 7). Emissions were lower than 373 

those of the rice crop. 374 

3.6. Greenhouse gas emissions during the seedling period 375 

At Site 1, the cumulative N2O emissions during the rice seedling period were 376 

significantly (p<0.05) affected by the fertilisation treatment (Table 8). They were 377 

significantly (p<0.05) larger (roughly four times) with CM (~3 kg N2O-N ha-1) than 378 

from U, while U did not differ with the control. The cumulative N2O emissions during 379 

the SP represent between 8 to 37% of the cumulative N2O emissions during the rice 380 

crop (Table 8). 381 

There were clear peaks of CH4 (days 14 and 19 of sampling) from the CM-90-12 382 

treatment during seedling (Fig. 5b). Application of CM significantly (p<0.05) increased 383 

CH4 emissions, although they decreased as the dose of CM increased (Table 8). They 384 

ranged from -19 kg CH4 ha-1 for U-12 to 418 kg CH4 ha-1 for CM-90-12. For manures, 385 

they accounted for between 38% (CM-90-12) and 55% of the total CH4 emissions 386 

during the rice crop (Table 8).  387 

The GWP did not differ between the control and U (where GWP was negligible) 388 

treatments, but was significantly (p<0.05) higher for CM ranging from 5.5 (CM-170-12) 389 

to 11.5 Mg CO2-eq ha-1 (CM-90-12). The cumulative ecosystem respiration (CO2 flux) 390 

tended to increase with the CM dose, being higher for the CM-170-12 treatment (2.4 391 

Mg CO2-eq ha-1) than for the U-12 treatments and the control (~460 kg CO2 ha-1). The 392 

cumulative CO2 emissions accounted for 12% and up to 16% of those recorded for the 393 

rice crop for the CM-90-12 and CM-170-12 treatments and for just 5% and 6% for the 394 

control and U-12 rice crop emissions, respectively (Table 8). 395 
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At Site 2, fertilisation treatments only affected the cumulative N2O emissions (Table 8). 396 

The PS-152-12 treatment (0.9 kg N2O-N ha-1) was the only one with emissions higher 397 

than the control (0.4 kg N2O-N ha-1). The cumulative N2O emissions during the SP 398 

represent between 15 to 41% of the cumulative N2O emissions during the rice crop 399 

(Table 8). The GWP varied from 986 (PS-91-12) to 1996 kg CO2-eq ha-1 (AS-12; Table 400 

8). The ecosystem respiration (~114-197 kg CO2 ha-1) was less than 3% of that of the 401 

rice crop (Table 8). 402 

4. Discussion  403 

4.1. Nitrous oxide emissions during the rice crop 404 

The two sites are not comparable and represent the two main types of conditions in 405 

which rice is cultivated in Spain. Both nitrification and denitrification are known to 406 

occur in flooded rice soil (DeDatta, 1995; Kyaw and Toyota, 2007) since they have an 407 

aerobic surface layer and an anaerobic subsurface one. In the present study, some 408 

oxygen exchange took place at both sites as water was running into and out of the plots 409 

continuously. Therefore N2O emissions were probably also due to processes other than 410 

denitrification. There was an increase of N2O emissions from the organic fertiliser 411 

treatments (CM at Site 1) with respect to the control, (Table 5), but higher the larger the 412 

organic-C applied with the organic fertiliser (Table 3). The results of the present study 413 

are in agreement with those of Das and Adhya (2014) and Baruah and Baruah (2015), 414 

who reported a similar trend when chicken manure was applied to paddy fields. For the 415 

other treatments, the low soil organic matter content (2.2% at Site 1 and 1.0% at Site 2) 416 

could have been a limiting factor for denitrification in the control and mineral 417 

treatments, and with the low PS dose at Site 2 due to its low organic matter content 418 

(Table 3). This constraint was also pointed out by Teira-Esmatges et al. (1998) and 419 

Menéndez et al. (2008). Vallejo et al. (2005) reported that Mediterranean agricultural 420 
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soils often have organic contents below 2%, which is a limiting factor for denitrifying 421 

activity. 422 

Maillard and Angers (2014), who made a meta-analysis of 42 research articles totalling 423 

49 sites and 130 observations in the world, report that the number of studies using pig 424 

and poultry manures as fertiliser was very low and showed a very high variability, 425 

which limits the interpretation of the results. They suggested that more studies on the 426 

impact of pig and poultry manure were required, and that these should include C input 427 

data. 428 

The soil acted as a net sink of N2O during the first days of sampling and during the 429 

postharvest period, in both years. Negative fluxes of N2O have previously been 430 

documented under various edaphoclimatic conditions for different crops (Chapuis-431 

Lardy et al., 2007; Cardenas et al., 2010; Abalos et al. 2012). Past experiments have 432 

linked negative fluxes to soil properties (Heincke and Kaupenjohann, 1999; Khalil et 433 

al., 2002). However, the origin of net negative N2O fluxes is often unclear (e.g. 434 

Chapuis-Lardy et al., 2007; Donoso et al., 1993; Goldberg and Gebauer, 2009). Possible 435 

pathways for N2O consumption (negative fluxes of N2O) have been reviewed in Van 436 

Groenigen et al. (2015). 437 

In the present study, the background emissions of N2O were (Table 5): 1.9 kg N2O-N 438 

ha-1 both at Site 1 and at Site 2, higher than the background emissions from paddy fields 439 

in the literature (0.2-1.38 kg N2O-N ha-1, average: 0.79 kg N2O-N ha-1; Zou et al., 2007, 440 

2009) and are most likely a consequence of mineralisation of previously incorporated 441 

rice straw (Gu et al., 2007).  442 

The cumulative N2O emissions from the fertilised treatments fall within the range 443 

reported by Akiyama et al. (2005), 1.0 to 6.2 kg N2O-N ha-1, based on 113 444 

measurements from 17 continuously flooded sites worldwide. Also, Yao et al. (2010) 445 
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and Liu et al. (2012b) found that the standard error for continuously flooded fields with 446 

chemical or organic fertilizer application during the rice crop ranged from ±0.17 to 447 

±1.03. 448 

The N2O emission factor (EF) of the N applied was negligible for AS and PS at Site 2, 449 

about 2 for U and CM-90-12 at Site 1, and up to 7.3 for AS topdress applied at Site 1, 450 

than the IPCC (2007) reference (i.e. 1% regardless of the N source, location, climate 451 

and soil type). 452 

In general, the readily available topdress applied NH4
+-N increased N2O emissions (Fig. 453 

4). This is in accordance with Linquist et al. (2003), Pathak et al. (2002) and Zou et al. 454 

(2005) who found that the N2O emissions were between 3.43% and 60% higher than 455 

those of the control when topdress fertilising with mineral N. 456 

4.2. Methane emissions during the rice crop 457 

The cumulative CH4 emissions in the present study (ranging from 98 to 972 kg CH4 ha-1 
458 

; Table 5) are in good agreement with the review of Minami (1995) and Yan et al. 459 

(2009), who found that the seasonal CH4 emissions ranged from 48 to 1830 kg CH4 ha-1 460 

for paddy fields around the world. Also, the standard errors ranging from 8.92 to 104.18 461 

(Table 5) are in agreement with the review of Shang et al. (2011) and Yao et al. (2013) 462 

(ranging from ±32.1 to ±121.23). 463 

At both sites, U and AS tended to increase CH4 emissions (decrease oxidation) and 464 

seemed to be affected by the dose of fertiliser (Table 5). These results are consistent 465 

with those of Lindau et al. (1991). In contrast, Cai et al. (1997) found that CH4 466 

emissions decreased with urea application, while Wang et al. (1993) reported no change 467 

in emissions with urea application.  468 

Furthermore, at Site 1 the high dose of CM did not result in a further increase in CH4 469 

emissions and there was even a tendency to reduce CH4 emissions. The reason for this 470 
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is unclear; it may be due to the formation of phytotoxic substrates in the soil at high 471 

organic-C contents (Schütz et al., 1989; Kludze and DeLaune, 1995) which also inhibit 472 

plant development (Schütz et al., 1989). The same effect was observed by Khalil et al. 473 

(1998), who attributed it to a saturation effect for the production and release of CH4, and 474 

therefore increments in fertiliser doses did not further increase CH4 emissions. In the 475 

present study, this phenomenon was more evident in 2012 when more organic-N and C 476 

were applied, although the CH4-C emitted as a percentage of the organic-C applied was 477 

almost the same in both years. This finding suggests that at the CM doses tested, the 478 

organic-C applied did not limit CH4 emissions. En masse, the cumulative CH4 479 

emissions were inversely proportional to the CM dose and in both years significantly 480 

(p<0.05) higher than those of the control treatment and from the U treatment only in 481 

2011 (Table 5). The higher soil NH4
+ content for the CM-170 than for the CM-90 482 

treatment (both years) resulted in the stimulation of methanotrophic activity and CH4 483 

oxidation, as Bodelier and Laanbroek (2004) and Noll et al. (2007) also described. 484 

4.3. Carbon dioxide flux (ecosystem respiration) during the rice crop  485 

In this study, the cumulative ecosystem respiration tended to increase with increasing 486 

doses of organic-C (Table 5). The CO2-C emitted as a percentage of the organic-C 487 

applied was lower in 2012 than in 2011, indicating that the high organic-C dose in 2012 488 

probably caused a “saturation” effect on methanogens. En masse, the respiration 489 

recorded was proportional to the CM dose, but only in 2012 a significant (p<0.05) 490 

difference between treatments was found (Table 5). 491 

In both years, after the final drainage, a large peak of CO2 was observed in all the 492 

treatments (Figs. 6a and b). One possible reason for this may be that the 10 cm water 493 

layer prevented oxygen diffusion into the saturated soil, resulting in limited aerobic 494 

respiration in the soil (Chimner and Cooper, 2003).  495 
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Although in the literature there is a high variability in GHG emissions and their errors 496 

using static chambers, the results of the present study are in line with those of Akiyama 497 

et al. (2005), Yan et al. (2009) and Liu et al. (2012a), Linquist et al. (2012), Sander and 498 

Wassmann (2014). 499 

4.4. Greenhouse gas emissions during the postharvest period 500 

In 2011, after the winter rains (Fig. 2a) when the remaining straw was slightly 501 

decomposed, water was drained from the field (Figs 4a, 5a, and 6a) and the straw was 502 

incorporated into the soil during February or March. From mid-March to the first half of 503 

April, land was prepared for sowing (levelled and fertilised and non-flooded). Unlike 504 

this pattern, in 2012 the field was drained for harvest on the 12th September and flooded 505 

again on the 28th September until the 29th November when it was drained until the end 506 

of sampling (3rd January 2013) (Fig. 4b), meaning that the soil was flooded during two 507 

of the three months of the postharvest period due to irrigation. 508 

In both years, cumulative N2O emissions were very low or negative and did not differ 509 

among treatments (Table 7), which could be associated with the reduction of N2O to N2 510 

(Lardy et al., 2007).  511 

In both years, the mineral N remaining in the soil after harvest (September) was very 512 

low in all treatments, though there was a nitrate peak in December (Figs. 7a and b). In 513 

both years, CH4 fluxes decreased and remained low or even negative after harvest, the 514 

cumulative emissions being negative (Table 7), in agreement with Wang et al. (1998). 515 

The absence of a sufficiently reducing environment (Table 7), of plant-mediated 516 

transport, and lower temperatures than those of the rice crop can explain this fact. 517 

During the postharvest period, after the final drainage (day 131 of sampling) soil Eh 518 

increased from -207 to 122 mV (Fig. 5d), which inhibited methanogenic bacteria (Jiao 519 
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et al., 2006). From day 131 of sampling onwards, the soil acted as a net sink of CH4 520 

(Fig. 5b). 521 

It is considered that CO2 emissions come mostly from organic material decomposition 522 

and root respiration (Bowden et al., 1993). In both years, the cumulative ecosystem 523 

respiration during the postharvest period ranged from -13 (CM-90-11) to 2000 kg CO2 524 

ha-1 (CM-170-12), which was 99.9% and 87% lower than the same treatments during 525 

the rice crop (Table 7). Therefore, the postharvest period was not an important source of 526 

CO2 with the exception of CM-170-12 to which high doses of C had been applied. 527 

4.5. Greenhouse gas emissions during the seedling period 528 

As already mentioned, the emissions during the seedling period (SP; the first 30 days 529 

following the sowing date) were calculated with data from 2012 for Site 1 and Site 2. 530 

Sowing was done directly “on site”, meaning that there was no seedling nursery and 531 

therefore no transplanting took place, as it is normal practice in Spain. The paddy soils 532 

were a small source of N2O during the seedling period (SP; <0.9 kg N2O-N ha-1) when 533 

applying mineral fertiliser (U at Site 1 and AS at Site 2) or PS at Site 2, in line with the 534 

emissions and standard error obtained from Chinese rice paddies (e.g. Ma et al., 2012; 535 

Liu et al., 2012a), but they were much higher when CM was applied (3-4 kg N2O-N  536 

ha-1; Table 8), at Site 1 due to the different conditions and to the large amount of 537 

organic-C applied and to the weak initial anaerobic conditions (Fig. 5d). Ma et al. 538 

(2012) and Liu et al. (2012a) found that the N2O emissions during the seedling period 539 

ranged from 0.10 to 0.98 kg N2O ha-1 with a standard error ranging from ±0.01 to ±0.35 540 

for paddy fields. 541 

In accordance with other authors (Chadwick et al., 2000; Rochette et al., 2004; Vallejo 542 

et al., 2006), emissions increased in the days following organic fertilisation, and tended 543 

to increase with the dose of NH4
+ from the PS and AS treatments at Site 2. As Vallejo et 544 
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al. (2006) explained, although the amount of N2O coming from nitrification is generally 545 

small, it can be large when NH4
+-N is applied, as in pig slurry where it is the main form 546 

of N. The cumulative N2O emissions from CM at Site 1 and from the PS-152-12 547 

treatment at Site 2 were significantly (p<0.05) larger relative to control and U (Table 8). 548 

It has been reported that N2O emissions are closely associated with the C/N ratio of the 549 

incorporated organic materials (Ma et al., 2007), and that a high C/N ratio (e.g. chicken 550 

manure) often decreases N2O emissions, while N2O emissions are generally facilitated 551 

by organic material with low C/N ratio (e.g. pig slurry) (Zou et al., 2005; Ma et al., 552 

2007). 553 

The cumulative CH4 emissions during the SP were about half the cumulative CH4 554 

emissions during the rice crop from the CM-170-12 (Site 1) treatment to about 20% of 555 

them from the rest of the treatments at both sites. This differs from other studies, such 556 

as the one in China where Ma et al. (2012) found that CH4 emissions during the SP 557 

were the same as during the rice crop, probably because of the intensive nursery patch 558 

system used there. Methane emissions were only increased in CM (Site 1) treatments 559 

compared to the urea treatment. Obviously, organic fertiliser provided methanogenic 560 

substrates and could promote CH4 production during the rice SP period (Liu et al., 561 

2012a). The cumulative CH4 emissions during the seedling period in the present study 562 

(except for the CM-90-12 treatment, Table 8) are in good agreement with the review of 563 

Ma et al. (2012) and Liu et al. (2012a), who found that the cumulative CH4 emissions 564 

during the same period ranged from 21 to 162 kg CH4 ha-1 and, with the standard error 565 

ranging from ±5.7 to ±50.4 for paddy fields. 566 

No significant effect of U (Site 1), AS (Site 1 and 2) or PS (Site 2) application on the 567 

cumulative ecosystem respiration was found (Table 8). When applying PS (Site 2), the 568 
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CO2-C emissions en mass were the same from both treatments, that is to say they were 569 

not increase with the PS dose. 570 

When applying CM (Site 1), the cumulative CO2-C emissions were twice (CM-90-12) 571 

or five times (CM-170-12) those of the control. This is in accordance with the results of 572 

Hossain and Puteh (2013), who found that the application of chicken manure increased 573 

the cumulative CO2 emissions by 121% compared to the control, as already stated for 574 

manures by Moore and Dalva (1993). 575 

4.6. Global warming potential (GWP) and greenhouse gas intensity (GHGI) 576 

4.6.1. Global warming potential and greenhouse gas intensity during the rice crop 577 

The GWPs of the present study (Table 6) are in the same range as those found by Ma et 578 

al. (2013) and Wang et al. (2013). One key aspect here is that PS (Site 2) did not 579 

increase the GWP with respect to the control as AS (Site 2) did, while maintaining high 580 

yields (Table 6).  581 

Negative GWP values suggest that the C sequestration exceeded the CO2-eq emissions 582 

(Table 6). 583 

Overall, the GWPs were high for the treatments with CM (Site 1), since CM application 584 

increased CH4 and N2O emissions (Table 6). Ma et al. (2013) and Wang et al. (2013) 585 

obtained coinciding results.  586 

All fertilisation treatments resulted in high and similar yields (7 to 10 Mg ha-1). The 587 

exception was for the AS-top-11 and the CM-170-12 treatments (both in Site 1; Table 588 

6). In AS-top-11 (Site 1), there was a lack of available N once the losses were accounted 589 

for. In the CM-170-12 (Site 1) treatment, plants were damaged by a very serious attack 590 

of the fungus Pyricularia oryzae, revealing excessive N fertilisation (Yanni and Sehly, 591 

1991). 592 
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Consequently, the GHGI relating GWP to grain yield was significantly (p<0.05) higher 593 

for the CM (Site 1) treatments than for the mineral fertiliser and control treatments 594 

(Table 6). The GHGI ranged from -1.57 to 5.18 kg CO2-eq kg-1 grain yield (Table 5). A 595 

negative GHGI (consequence of the negative GWP) indicates equilibrium among yield, 596 

carbon sequestration into the soil and GHG emissions (Mosier et al., 2006, IPCC, 597 

2013). 598 

With the exception of the CM-90-12 and CM-170-12 treatments (Table 6), the rest of 599 

the GHGI of the present study are lower than those reported by Qin et al. (2010) and 600 

Shang et al. (2011) under continuous flooding conditions (2.06 to 3.22 kg CO2-eq kg-1 601 

grain yield).  602 

The average GWP during the rice SP was as high as in the study by Linquist et al. 603 

(2015) with urea during the rice crop. However, at Site 1 the U application notably 604 

decreased the GWP since N2O and CH4 emissions were low (Table 8). The GWP during 605 

the rice SP was high for the treatments with CM as they significantly (p<0.05) increased 606 

CH4 and N2O emissions with respect to control and U-12 treatments (Table 8). The 607 

negative effect of CM on GHG emissions should be considered. At Site 2, PS applied at 608 

agronomic doses (~170 kg N ha-1) kept the GWP to a minimum.  609 

5. Conclusions 610 

Under the tested Mediterranean conditions, the background application of U and AS, 611 

with an AS topdress led to the maximum rice yields (8-10 Mg ha-1). Background 612 

fertilisation with organic fertilisers (CM at Site 1 or PS at Site 2) at a dose of 90 kg 613 

NH4
+-N ha-1 led to similar yields.  614 

During the rice crop, mineral N (AS and U) did not increase the cumulative N2O 615 

emissions when compared to the control during the rice crop. Increasing the dose of CM 616 
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(high C/N) tended to decrease the cumulative CH4 emissions. Pig slurry (Site 2) 617 

application kept GHG emissions under control and ensured feasible yields. 618 

During the rice crop, the maximum GWP was observed from the CM-90-12 dose (37 619 

Mg CO2-eq ha-1; Site 1), although no significant differences between the CM and U 620 

treatments were observed. During the postharvest period, there were practically no N2O 621 

emissions. The postharvest period was a net sink for CH4, and CO2 emissions only 622 

increased for the high CM dose (at Site 1). 623 

The cumulative CH4 emissions during the seedling period were about half to about 20% 624 

of the emissions during the rice crop. During the seedling period, AS (120 kg N ha-1) 625 

and the application of PS (low C/N ratio) at an agronomic dose (91 kg NH4
+-N ha-1) at 626 

Site 2 did not increase CH4 nor CO2 emissions relative to the control. The CM (high 627 

C/N ratio; Site 1) applied at NH4
+-N doses similar to those applied with PS (low C/N 628 

ratio; at Site 2), increased N2O and CH4 emissions with respect to the control.  629 

During the SP, the GWP was the lowest for the AS and PS (low C/N ratio) treatments 630 

from Site 2, though not significantly different from the other treatments at the same site. 631 

The application of PS at agronomic doses (~170 kg N ha-1) could be considered a 632 

climate smart practice (FAO, 2013), as it allowed high yields (7.4 Mg ha-1), the control 633 

of GWP (~6.5 Mg CO2-eq ha-1), and a 13% reduction in greenhouse gas intensity 634 

(GHGI) to 0.89 kg CO2-eq kg-1 when compared to AS (1.02 kg CO2-eq kg-1).  635 

The results of the present study suggest the need to reconsider if a 1% EF for N2O 636 

emissions (as suggested by IPCC in the 2007 guidelines) is applicable to Mediterranean 637 

systems, or if different standards should be considered for specific areas and 638 

management practices.  639 

Our findings show that organic manure (at agronomic dose) can be used in rice 640 

Mediterranean systems as fertilisers. As rice fields coexist with intensive animal 641 
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rearing, our results support the nutrient recycling inside the agricultural systems. 642 

Furthermore it helps to maintain agricultural activity (due to the low cost of manures 643 

and slurries applications) in saline areas with environmental restrictions (Deltas and 644 

marshlands), and with waterlogged soils. These cultivated zones are very important in 645 

European environmental policies (EU Regulation 1765/92; NATURA 2000 network 646 

and the Ramsar Convention). These results reflect the specific conditions of a wide 647 

Mediterranean area that must be taken into account in global balances. 648 
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