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EXTENDED ABSTRACT 
 

Denitrification losses and N2O emissions were rarely measured in irrigated crops in 
Southern European countries despite the fact that the surface areas used for such crops 
are important. The aim of this study was to quantify the nitrous oxide (N2O) and the 
denitrification losses that occur in irrigated crops in Central Spain and at the same time to 
evaluate the effect of different organic fertilisers.  
 
The field experiment was carried out at La Poveda Field Station (30 km south-east of 
Madrid, Spain) on corn crop in 2001. The corn was irrigated 10 times in doses varying 
from 32 to 52 mm per session. The soil is a Calcaric Fluvisol and has a sandy-loam 
texture (13% clay) and pH=8.1. Fertiliser treatments were: Surface-applied pig slurry 
(SPS), immediately incorporated pig slurry (IPS), sheep manure (SM), urea (U) and a 
control treatment (Control) without any fertiliser. All the fertilisers were applied using the 
same N-dose (200 kg N ha-1). The N2O was sampled by means of the closed chamber 
method. Denitrification was also estimated in the field with a core incubation method in 
the presence acetylene (C2H2). 
 
With all the treatments, high N2O emission occurred in the first month following the 
administration of fertilizers (April). Also during the whole irrigation period, the emission 
was activated very considerably and reached maximum values for the SM and ISP 
treatment after the 3rd irrigation (11 July) of 16.1 and 14.1 mg N m-2 d-1, respectively . The 
U treatment had a flow  of 4.8 mg N m-2 d-1,  while the SSP and the control treatment had 
similar flows (1.8 and 2.4 mg N m-2 d-1, respectively). In the period of May-June and in 
September-October emission of N2O was very low and took basically place via the 
nitrification process as the water filled pore space (WFPS) did not surpass the 
denitrification threshold activation value, which was 63% in this soil. The percentage of 
N2O lost with regard to the N applied during the whole period (200 d) varied between 1.27 
and 1.46 % according to the type of treatment.  
 
The denitrification rate (DR) differences between samples of each treatment could be 
explained with the WFPS evolution and the soil temperature during the maize growing 
season. Denitrification losses in the top 10 cm layer soil from the control, U, SM, SPS and 
IPS were, respectively, 13.1, 27.2, 49.7, 35.1 and 42.2 kg N ha-1 during the whole period 
(200d). 
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1. INTRODUCTION 
 
The amount of N2O present in the atmosphere is currently increasing at about 0.2 to 0.3% 
yr-1 [1]. According to the Intergovernmental Panel on Climate Change [2] the N2O 
emission from soils represents 65 to 70% of the global N2O emission. Nitrous oxide may 
be produced during denitrification as well as during nitrification. Denitrification requires an 
anaerobic environment to occur, while aerobic conditions are necessary for nitrification. 
Since aerobic and anaerobic microsites can be present within the same soil aggregate, 
nitrification and denitrification could take place at the same time [3]. The denitrification 
losses measured in irrigated crops showed great variability and reached values of 200 kg 
N ha-1 [4] down to less than 4 kg N ha-1 [5]. But denitrification losses and N2O emissions 
were rarely measured in irrigated crops in Southern European countries [6, 7], despite the 
fact that the surface areas used for such crops are important. In Spain alone 2.3 106 ha of 
soil are used for irrigated crops. Conditions of these soils favour denitrification as high 
moisture contents coincide due to irrigation with high soil temperatures that are also high, 
a factor that also affects the denitrification rate (DR) [8]. 
 
The primary reasons for enhanced N2O release from cultivated soils are increased N 
inputs by mineral fertilisers and animal wastes [2]. The application of nitrogen fertilisers to 
such irrigated soils tends to be very high due to their low organic matter content, which is 
frequently less than 2%. Fertilisers and organic matter residues are required and used 
more and more often. As the second pig producer in the EU, Spain generates 2 109 kg yr-

1 pig slurry (dry weight) of which over half is directly used as crop fertiliser in the area [9]. 
By applying slurry to the soil, the activity of denitrifying bacteria is stimulated by easily 
degradable organic C, which is applied with slurry itself [10]. 
 
The aim of this study was to quantify the nitrous oxide and the denitrification losses that 
occur in irrigated crops in Central Spain and at the same time to evaluate the effect of 
different organic fertilisers. 
 
2. MATERIALS AND METHODS 
2.1 Experimental site 
The field experiment was carried out at La Poveda Field Station in Arganda del Rey (30 
km south-east of Madrid) in the middle of the Jarama river basin in 2001. The Calcaric 
Fluvisol consisted of sandy loam in the uppermost 0.5 m and became more and more 
sandy at greater depths. Main soil physicochemical properties in the upper layer (0-25 
cm) are  pH 8.1, organic matter 1.4%, CaCO3 3.4%, clay 13% and sand 38.3%. Water 
field pore space (WFPS) is 62% for field capacity (fc).  
 

2.2 Agronomic assessment 
Fithteen 10 m2 experimental plots were selected. Before planting maize, four different 
treatments were applied to plots in triplicate: Surface-applied pig slurry (SPS), 
immediately incorporated pig slurry (IPS), sheep manure (SM) and urea (U). Three 
untreated plots were used as controls (Control). All the fertilisers were applied using the 
same N-dose (200 kg N ha-1). Based on the electroultrafiltration soil analysis (EUF) 
results and according to criteria established by Sánchez et al. [11]. All fertilizers were 
applied on 4 April 2001. 
Relevant characteristics of the slurry used were, dry matter content: 32 g kg-1, organic N: 
4.8 g N L-1 and NH4

+–N: 3.8 g N L-1. The pig slurry was applied using a waterspout 
connected to a reservoir. Relevant characteristics of the sheep manure used were, dry 
matter content: 604.2 g kg-1, organic N: 16.7 g N kg-1 and NH4

+–N: 2.3 g N kg-1.   
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After fertiliser application and plowing, on 22 Apr. Juanita maize variety was sown in rows 
with 75-cm spacing at a density of 75,000 plants ha-1. Maize was harvested at the end of 
October when the grain was mature. 
Ten irrigation sessions were conducted ranging from 32 to 52 mm. The total amount of 
water applied was 532 mm. The calculation of these doses was based on the soil water 
balance during each session so that final drainage was around 15% of the applied water. 
Jarama River water was used at the irrigation water source throughout the experiment. 
The mean quality components of the river water were: NO3

- concentration, 5.1 ± 0.5 mg 
NO3

- - N l-1; total solids, 650 ± 50 mg l-1 ; electrical conductivity (EC), 102 ± 1.8 mS m-1; 
sodium absorption ratio, 1.55± 0.1 and pH, 7.6 ± 0.3. 
 
2.3 Analytical methods  
 
N2O emissions were measured by the static chamber method using circular chambers 0.2 
m in diameter and 0.15 m in height, with a permanent collar inserted into the soil at a 
depth of 0.08 m and a lid with a tight joint that was fitted on to the collar for the 
measurements. Chambers were placed on the cylinders and closed form at least 60 
minutes. N2O emission rate was calculated from the change in concentration in the 
chamber over this time. The gas samples were collected in 10-ml Terumo Vacutainers 
tubes. All flux measurements were carried out within 3h between 10 and 13 hours. 
Total denitrification rate was estimated in the field through incubations using the 
acetylene inhibition technique (5% v/v) [12]. Six intact soil cores (3 cm diameter x 12 cm 
in depth contained in perforated PVC sleeves) were placed in 1-L hermetically sealed 
glass bottles. They were incubated in holes made within the experimental field. After 24 h 
a 10 ml gas sample was taken from each jar and eventually stored in a 10 ml Vacutainer 
vial. 
The N2O content was analysed via gas chromatography (HP6890) with an electron 
capture detector. A capillary column HP- Plot Q was used, incorporating a capillary 
precolum of an HP-Retention Gap to remove the water vapour from the sample. The 
injector, oven and detector temperatures were 50, 50 and 300ºC, respectively, and the 
carrier gas flux (N2) was 30 ml min-1. 
During the first 15 days after the fertiliser application 3 samples were taken and after that 
every 2 weeks due to the low WFPS level. During the months of July and August one 
sample a week was taken between 12 and 48 hours after the end of irrigating. In the 
period after irrigating (September and October), samples were taken every 15 days. 
Samples were also taken during the whole growth period after every rainfall period if the 
WFPS was higher than 60%. 
After sampling the headspace, the soil from each jar was thoroughly mixed and soil NO3

- 
and NH4

+ were determined by extracting 10 g of fresh soil with 100 ml 0.01M Ca Cl2; NO3
- 

and NH4
+ were determined colorimetrically using a Technicon AAII Auto-analyser 

(Technicon Hispania, Spain) according to the procedure described in ISO 14255, [13].  
WFPS was calculated by dividing the volumetric water content by the total soil porosity. 
Total soil porosity was calculated by measuring the bulk density of soil, according to the 
relationship: soil porosity = (1- soil bulk density/2.65); and assuming a particle density of 
2.65 Mg m-3 . The volumetric water content was determined in the field by means of a 
Time Domain Refractometry (TDR).  
 
2.4 Statistical methods 
 
The statistical analysis was performed using the STATGRAPHICS Plus 5.1 [14]. One-
way ANOVA also served to establish the effect of fertiliser treatment with regard to the 
denitrification rate, nitrous oxide emission and N-NO3

- content. Simple correlation 
analyses were performed to determine whether the denitrification rate or nitrous oxide 
emission is related to each of the treatments with  WFPS, N-NO3

-, and soil temperature. 
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RESULTS AND DISCUSSION 
 
3.1 N mineral 
 
The NH4

+ ion (Figure 2) had a concentration peak in the plots treated with slurry in the 
days after it had been added (4 April) and another peak in the urea plots a few days later 
(15 to 20  April). The rest of the time no concentrations above 5 mg N-NH4

+ kg –1 in soil 
were observed in the crop as humidity and temperature of the soil helped nitrification in 
this period.  

 
 Figure 1: . Evolution of  NH4

+ and NO3
- concentration in the area of the 0-12 cm soil 

layer in the course of the maize growth period. The arrow indicate the date of first 
irrigation 

 
 
In the period prior to irrigation, nitrate ion concentration was kept high with the urea 
treatment and that of injected slurry (Figure 1). The plots with surface slurry had a slightly 
higher nitrate content compared with the control treatment in this period, but less than the 
injection treatment because mineralisation has been less intense in SSP, in the first 
place, as a consequence of not having been mixed properly with the soil and secondly 
because it is probable that part of the N-NH4 was lost through volatilization in this period. 
The SM treatment was not accompanied by an important NO3

- in the first two months due 
to the fact that most N was applied as organic N. With the beginning of irrigation, nitrate 
ion concentration went down to below 15 mg NO3

- kg-1 in soil in all the cases due to 
nitrate ion leaching. 

  
 
3.2 Denitrification losses  
 
In the first stage, prior to the irrigation period, slight denitrification rate (Figure 2) 
activation took place during the days after fertiliser application (until 15 April), after which 
the values were reduced to below  11 mg N-N2O m-2 d-1 due to the fact that  WFPS was 
under 40% (Figure 3). On 15 June and as a consequence of a rainy period WFPS 
increased to 55 % also activating  denitrification. Up to the second irrigation (4 July) the 
activation threshold value of denitritification was not surpassed, which according to 

Am m onium   concentra tion 

0
10
20
30
40

20-3 9-5 28-6 17-8 6-10

m
g

 N
-N

H
4+  

k
g

-1

Control

U

SM

SPS

IPS

Nitra te  concentra tion 

0

50

100

150

200

20-3 9-5 28-6 17-8 6-10

Date  (d)

m
g

 N
-N

O
3 

k
g

-1
 



898 

Vallejo et al. 2001 is  WFPS= 63%. This value approaches that found by some 
researchers [15,16]. This justifies the important activation of the DR in all treatments, 
reaching maximum emissions of N2 + N2O by denitrification (207 mg N-N2O m-2 d-1) in the 
SM treatment. Slurry treatments also increased denitrification rate with regard to the 
control treatment, although that of injected slurry was more important than on the surface, 
139 y 75 mg N-N2O m-2 d-1 for the IPS and SPS, respectively. DR was also activated in 
the U treatments with regard to the control treatment and also with regard to the SSP in 
most of the samples produced in the irrigation period. Significant correlations to P<0.001 
between the DR of each of the treatments and WFPS (r=0.76, N=60) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Denitrification rate in the course of the maize growth period. The arrow indicate 
the date of first irrigation 

 
Figure 3.  WFPS and soil temperature during the maize growing season 

 
 

Table 1 includes the accumulated losses of N (N2+N2O) through the denitrification 
process distinguishing three periods: April-June, July-August and September-October. 
The highest losses corresponded to the SM treatment with  49.7 kg N-N2O ha-1, a fact 
that can be justified by the higher content of soluble organic C in soil activating the 
denitrification rate [17]. The losses in the IPS treatment were slightly higher than that of 
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the SPS, 4.1  and 3.38 g N-N2O m-2, respectively. -1,  similar to those found by Sánchez at 
al. [6] , in the top 10 cm layer when applying Thompson et al. [18]  also verified DR 
activation  with buried slurry, although we coincide with these authors that the proposal of 
burying slurry has to be incentivated to reduce N losses through volatilization and also 
the volatile substances responsible for bad smells. Urea treatment produced higher 
losses than in the control treatment, 27.2  and 13.1 kg N-N2O ha150 kg N ha-1 of urea to 
a maize crop. 
  
Table 1. Denitrification loss integrated over different periods during the maize growing 
season. B.I.P is before irrigation; I.P. is irrigation period; A.I.P. is after irrigation period 
  

 Denitrification losses (kg N-N2O ha-1) N2O emission (kg N-N2O ha-1) 

 B.I. I.P. A.I.P Total 
season B.I. I.P. A.I Total 

season
Control 1.7 11.2 0. 3 13.1 0.62 1.21 0.06 1.89 

U 5.1 20.9 1.2 27.2 0.62 1.78 0.14 2.54 
SM 1.6 46.3 1.8 49.7 0.37 2.21 0.16 2.74 
SPS 8.9 25.4 0.8 35.1 1.02 1.49 0.06 2.57 
IPS 1.5 39.6 1.0 42.2 0.89 1.98 0.06 2.92 

 
 
3.3 N2O emission    
 
In general, the emission of N2O (Figure 4) is correlated significantly at P<0.01 with the  
DR (r=0.62). During the first twenty days after applying the fertilisers (4 to 24 April), an 
increase of  N2O occurred in all the fertilising treatments reaching a maximum flow of  
12.7 mg N m-2 d-1 on 17 April (13 days after applying the fertiliser) for the U treatment. For 
this fertiliser, Majumdar et al. [19] also measured similar maximum N2O emissions (10.8 
mg N ha d-1) 14 days after the application of urea in soils in India. In the case of the SSP 
the emission was slightly higher than that of IPS (11.3 y 9.5 mg N m-2 d-1, respectively). 
After 17 April and until the beginning of the irrigation period (26 June) the emission of 
N2O decreased very considerably  and maintained ranges  of 0.6  to 3.2 mg N m-2 d-1 in 
all the treatments.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Nitrous oxide emission in the course of the maize growth period. The arrow 
indicate the date of first irrigation  

During the whole irrigation period, the emission was activated very considerably and 
reached maximum values for the SM and ISP treatment after the 3rd irrigation (11 July) of 
16.1 and 14.1 mg N m-2 d-1, respectively . The U treatment had a flow  of 4.8 mg N m-2 d-1,  
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while the SSP and the control treatment had similar flows (1.8 and 2.4 mg N m-2 d-1, 
respectively). This peak coincides with the maximum WFPS value measured in the 
course of the experiment (82%) and under these conditions denitrification was very 
intense. During the rest of the irrigation period, the emissions of the fertilised plots (range 
from 2.4  to 9.2 mg N m-2 d-1) were significantly higher than the control treatment (range 
from 1.5  to 4.5 mg N m-2 d-1). After the irrigation period, the emission decreased very 
intensely and never surpassed 2.6 mg N m-2 d-1.  
The estimated N2O-N seasonal emission (Table 2) showed differences between the 
different fertiliser treatments and the control treatment. The most important emissions 
took place in the IPS treatment (2.92 kg N-N2O ha-1).  The SM treatment also produced 
emissions higher than those of the SPS, 2.74 and 2.57 kg N-N2O ha-1, respectively. In the 
U treatment and the control treatment, the emissions were  2.54 and 1.89 kg N-N2O ha-1, 
also respectively. The percentage lost with regard to the N applied varied between 1.27  
and 1.46 % according to the type of treatment. The values obtained are in agreement 
with those of MacKenzie et al. [20] found in Quebec, Canada, in the sense that about 1.0-
1.6% of the added N under maize was emitted as N2O. Bouwman [21] proposed a 
formula to calculate the N2O emission in agricultural soil for a year, i.e., N- N2O =(1.25% 
±1%)x N-fertilizer. The emission factor of 1.25% is also currently recommended by the 
IPCC for estimating direct N2O emissions from agricultural soils [22]. The percentage of  
N2O emitted in this experiment corresponds to 200 days; it therefore appears foreseeable 
that the yearly emission rates slightly surpass the 1.25% value. Flessa et al. [23] also 
found factors of 2.53 %.  
The surface used for irrigated crops grows increasingly in the countries with a 
Mediterranean climate. There are about 2.3 106

 ha in Spain of which 4 105 correspond to  
cultivated maize under similar conditions as those in this experiment. If, as this 
experiment has proved, the denitrification losses are in the range of between 13 and 50 
kg N ha-1, it could be estimated that the N2 and N2O emissions from these soils are 
between 30 106 and 115 106 kg N yr-1. N in Spain alone. In the case of N2O emissions, 
values of between 4.3 106  and 6.7 106  kg N-N2O ha-1 yr-1 would be reached.  
 
 
4. CONCLUSIONS 
 
For the first time, results of N2O emissions were contributed for irrigated maize crops in 
Central Spain. It could be verified that the emission of this gas varies from between 1.27 
and 1.46% of N applied with the fertiliser and it was higher in the ISP and SM treatments 
than in the rest of the treatments. The universally accepted recommendation to inject or 
to incorporate the slurry to soil has to be maintained in order to avoid bad smells and 
losses through volatilisation despite the fact that emissions increase slightly in 
comparison with surface applications. The losses through denitrification took place 
basically during the irrigation period and the type of fertiliser had a very considerable 
effect, which was greater on those of an organic nature than on the U and that on the 
control. In irrigation period the emission of N2O basically was produced from the 
denitrification process. 
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