
Nitrous oxide emissions from fertilized, irrigated cotton (Gossypium hirsutum L) in the Aral Sea Basin, Uzbekistan: Influence of nitrogen applications and irrigation practices

Abstract

Nitrous oxide emissions were monitored at three sites over a two-year period in irrigated cotton fields in Khorezm, Uzbekistan, a region located in the arid deserts of the Aral Sea Basin. The fields were managed using different fertilizer management strategies and irrigation water regimes. N2O emissions varied widely between years, within one year throughout the vegetation season, and between the sites. The amount of irrigation water applied, the amount and type of N fertilizer used, and topsoil temperature had the greatest effect on these emissions.

Very high N2O emissions of up to 3000 µg N2O-N m-2 h-1 were measured in periods following N-fertilizer application in combination with irrigation events. These “emission pulses” accounted for 80-95% of the total N2O emissions between April and September and varied from 0.9 to 6.5 kg N2O‑N ha‑1. Emission factors (EF), uncorrected for background emission, ranged from 0.4 to 2.6% of total N applied, corresponding to an average EF of 1.48% of applied N fertilizer lost as N2O-N.  This is in line with the default global average value of 1.25% of applied N used in calculations of N2O emissions by the Intergovernmental Panel on Climate Change.

During the emission pulses, which were triggered by high soil moisture and high availability of mineral N, a clear diurnal pattern of N2O emissions was observed, driven by daily changes in topsoil temperature. For these periods, air sampling from 8:00 to 10:00 and from 18:00 to 20:00 was found to best represent the mean daily N2O flux rates. The wet topsoil conditions caused by irrigation favoured the production of N2O from NO3- fertilizers, but not from NH4+ fertilizers, thus indicating that denitrification was the main process causing N2O emissions. It is therefore argued that there is scope for reducing N2O emission from irrigated cotton production; i.e. through the exclusive use of NH4+ fertilizers. Advanced application and irrigation techniques such as sub-surface fertilizer application, drip irrigation and fertigation may also minimize N2O emission from this regionally dominant agro‑ecosystem.
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1 Introduction

The role of irrigated agriculture in food production is significant; although only 17 % of global cropland is irrigated, it provides 40 % of the world food production  QUOTE "(FAO 2000)" 
(FAO 2000)
. Moreover, irrigation is globally responsible for approximately 70 % of anthropogenic water consumption  QUOTE "(FAO 2000)" 
(FAO 2000)
. Irrigation not only stimulates plant growth, but also accelerates microbial C- and N-turnover in the soil  QUOTE "(ANDREN et al. 1992;Davidson 1992)" 
(Andren et al. 1992;Davidson 1992)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=c:\5Cprogram files\5Creference manager 9 network\5Cdatabase\5Cclemens\03\00\03344\15Davidson 1992 344 /id\00\15\00 
. To obtain optimal irrigation benefits, additional crop management practices to optimize nutrient inputs and mode of tillage must be adapted. Any modification of crop management and irrigation practice will affect the carbon and nitrogen cycles of these agricultural systems. 

In the Aral Sea Basin (ASB), intense agricultural irrigation has reduced the river discharge to the Aral Sea, resulting in more than 80 % loss of its volume over the past decades  QUOTE "(Micklin 2007)" 
(Micklin 2007)
. This demise has led to the ‘Aral Sea Crisis’, which denotes a complex combination of ecological consequences of regional and global dimensions. In Uzbekistan, cotton cultivation was continued after independence from the Soviet Union, and the country still ranks as the fifth largest cotton producer in the world  QUOTE "(Bremen Cotton Exchange 2007)" 
(Bremen Cotton Exchange 2007)
. The current agricultural production systems are characterized by crop rotations of cotton-wheat-rice under heavy inputs of water and fertilizers. High inputs of mineral N (150-300 kg N ha-1 yr-1), in combination with high topsoil moisture levels after irrigation, are conducive to significant N losses to the environment either in the form of nitrate or as gaseous N (NH3, NO, N2O, N2) to the atmosphere. 
Although N2O fluxes under different cropping systems have been investigated  QUOTE "(Bouwman et al. 2002)" 
(Bouwman et al. 2002)
, only limited information is available for irrigated agriculture. A few studies reported a strong stimulation of N2O fluxes by irrigation, but these studies were conducted in  temperate semi-arid agricultural systems  QUOTE "(Jambert et al. 1997a;Hao et al. 2001)" 
(Jambert et al. 1997a;Hao et al. 2001)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=c:\5Cprogram files\5Creference manager 9 network\5Cdatabase\5Cclemens\03\00\043899 Hao, Chang, et al. 2001 3899 /id\00 \00 
 or semi-arid subtropical rice/wheat rotation systems  QUOTE "(Aulakh et al. 2001;Majumdar et al. 2002)" 
(Aulakh et al. 2001;Majumdar et al. 2002)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=c:\5Cprogram files\5Creference manager 9 network\5Cdatabase\5Cclemens\03\00\043906&Majumdar, Pathak, et al. 2002 3906 /id\00&\00 
. For irrigated cotton, various studies identified denitrification as the main pathway of fertilizer losses from the soil-plant system  QUOTE "(Chua et al. 2003)" 
(Chua et al. 2003)
, but did not report on N2O fluxes  QUOTE "(Hou et al. 2007)" 
(Hou et al. 2007)
. In Australia, denitrification losses of 40-60% of the applied N-fertilizer were reported  QUOTE "(Rochester et al. 1996)" 
(Rochester et al. 1996)
. This is in accordance with findings by Mahmood et al. (2000) who measured denitrification losses of 65 kg Nha‑1 using the acetylene inhibition.  This corresponded to 40% of the applied fertilizer during one season in the semiarid subtropical climate of Pakistan. Based on a 15N balance approach, Rochester (2003) estimated that roughly 2 kg Nha‑1 (~1.1% of the N applied) was lost as N2O during the cotton-growing season. 

However, to the best of our knowledge, no investigations have been published on N2O emissions from irrigated agricultural systems in an arid environment based on in-situ flux measurements. Given the 2.7 millions of ha of irrigated cotton in the five central Asian countries alone (FAOSTAT 2007), this topic is of great importance. The aims of this study were therefore (i) to identify the site specific regulating parameters for N2O emissions from irrigated cotton fields in an arid area of Uzbekistan; (ii) to quantify losses of N2O emissions from variously managed (water regime/ fertilizer management) cotton fields throughout the vegetation cycle; (iii) to assess the potential of management and irrigation practice for reducing the emissions of nitrous oxide.

2 Material and Methods

2.1 Study sites
A field experiment was carried out on research sites of the ZEF/UNESCO project in the Khorezm Region, Uzbekistan, between April 2005 and October 2006. The research station was located at 41º55’ N latitude, 60º61’ E longitude and at an altitude of 92 m a.s.l. The climate is typically arid continental with long hot dry summers and very cold temperatures in winter. Average precipitation during 1982 to 2000 was less than 100 mm per year and the mean annual temperature was 13.6 ºC  QUOTE "(Glavigdromet 2003)" 
(Glavigdromet 2003)
. 

Three sites differing in soil texture were selected for the flux measurements. Two sites were part of the Amir Temur Shirkat (a collective farm established from a Soviet kolkhoz or “sovkhoz” farm after independence) situated in the vicinity of the research station. In 2005 and 2006, N2O emissions were measured during the entire cotton growing period, which lasted from April to October, on experimental fields of the Amir Temur Garden (ATG) farm situated in the central part of the Shirkat. In addition, fluxes were measured in 2005 during May-October on a field of the Amir Temur Cum (ATC) farm in the western part of the Amir Temur Shirkat. The soils were classified as calcaric gleyic Arenosols (FAO 1998) with silty loamy texture. The land had previously been in a rice/cotton/winter wheat crop rotation. The ATG and ATC sites were completely managed by local farmers following common practice fertilizer and irrigation strategies, which allowed for monitoring of the impact of different local farm management strategies on the emissions of nitrous oxide.
In 2006, N2O fluxes were recorded on an experimental site at the campus of Urgench State University (URDU), located on a calcaric gleyic Arenosol (FAO 1998) with a sandy loam soil texture. The experiment was a split-plot design with a total of 48 subplots each 2.5x2.5m in size, where irrigation was applied. This experiment included two types of irrigation management practices: (i) high intensity irrigation (HI) meaning after the first irrigation of the cotton in June the next irrigation took place when the soil moisture level was 75% of field capacity, and (ii) low intensity irrigation (LI): after the first irrigation of the cotton in June, the next irrigation occurred when the soil moisture decreased to 65% of field capacity. This allowed the effect of two soil moisture regimes on N2O emissions to be investigated on one field, characterized by higher soil moisture content and more frequent irrigation applications. Soil characteristics and the experimental set-up of all sites are shown in Tables 1 and 2.

2.2 Determination of N2O fluxes

Nitrous oxide emissions were measured using the closed chamber technique  QUOTE "(IAEA 1992)" 
(IAEA 1992)
. This method uses a gas-tight chamber enclosing soil and plants over a given interval. The chamber consists of a frame inserted a few cm into the soil and a polypropylene box that is fixed to the frame throughout the sampling period. Chamber enclosure is achieved by a sealed gasket at the lower edge of the box and metal brackets that press the box onto the frame, air-tight. The frames remained on the plots during the entire experimental period and were only removed short-time during soil tillage operations.
The volume of each chamber was approximately 0.08m3 and the cross-sectional area was 0.21m2. Due to the chamber size, the cotton plants were only enclosed for measurement during the beginning of the growing cycle of cotton. At a later stage, the cotton plants were too high for the chambers. To check whether the effect of the plants can be ignored, we conducted an experiment on several sampling days in July 2007 using bigger chambers to compare N2O emissions above the plants with the normal measuring chambers. No significant effect of the plants on N2O emissions could be determined.
Fluxes were measured by collecting air samples from the chamber head space. 20 ml of headspace air was drawn through a septum into gas-tight 20 ml polypropylene syringes at 0, 10, 20, and 30 min after the soil was covered. The syringes were closed with a Luer Lock valve immediately after air sampling to prevent gas exchange. The syringes were tested for leaks on several occasions during the field campaign using calibration gas. On the same day, the samples were analyzed for N2O at the ZEF Khorezm Project laboratory in Urgench using a Shimadzu G 14A Gas Chromatograph (Shimadzu, Kyoto, Japan) equipped with an electron capture detector (ECD). A pre-column filled with ascarite (sodium-hydroxide-coated silica) (Sigma Aldrich, Munich, Germany) was installed upstream of the ECD in order to remove CO2 and H2O. The ascarite pre-column was replaced at monthly intervals. The carrier gas was N2; the column temperature was kept at 40º C, and the detector temperature was 340º C. Before and after every four injections of chamber air samples, a reference gas was injected using a gas mixture containing 397 ppbv N2O in synthetic air (Messer Griesheim, Munich, Germany).

N2O emissions were calculated from the linear increase of the gas concentration at each sampling time (0, 10, 20 and 30 min during the time of chamber closure) and adjusted for area and volume of the chamber  QUOTE "(Mosier 1989)" 
(Mosier 1989)
. All flux rates were corrected for temperature and air pressure. The correlation coefficient (R2) for the linear regression was calculated and used as a quality check for the measurement. For R2 < 0.9 (R2 < 0.7 for small flux rates) the measurement was rejected. Nitrous oxide fluxes were measured at four replicated plots within each experimental site at least twice each week throughout the crop growing season. Measurements were conducted three to four times a week immediately after each fertilization and irrigation event. Fluxes were measured twice each sampling date in 2005 (between 8:00h and 11:00h in the morning and 13:00h and 15:00h in the afternoon) and once per sampling date in 2006 (between 8:00h and 11:00h). 
To assess the diurnal pattern of N2O emissions, two intensive measurement campaigns were conducted in the HI plots at the URDU research site in 2006, where fluxes were measured every 2 hours during the day and every 4 hours at night for a 48-hour period directly after irrigation.

2.3 Auxiliary data

Soil temperature was measured at the same time as gas sampling at a depth of 10 cm for each treatment. Air temperature and precipitation data were supplied by the meteorological station (Khiva Meteorological Station). During the gas sampling period, soil samples were taken at the 0 to 10 cm depth. Soil samples were cooled for transportation and processed the same day. Soil moisture was determined gravimetrically after drying for 24 hours at 105 ºC or until constant weight. Water-filled pore space (WFPS) was calculated using the measured soil bulk density data (arithmetic means of four samples) using a particle density of 2.65 g cm-3.

In addition, at the beginning and end of the growing season, bulk soil samples were taken from each site by combining 5-10 soil cores (0-10cm depth). The samples were air-dried in the shade for 6 days, sent to the Tashkent Soil Science Institute, Uzbekistan, and analyzed for soil texture, total carbon (C %), total nitrogen (N%), mineral nitrogen content (NO3‑, NH4+), and bulk density (see Table 1). 
All data were checked for normality. Data presented in figures are transformed values and presented as means ± 1 standard error. Connecting lines are included to clarify the data points. Statistical analyses were conducted with SPSS 8.0 (SPSS Inc., 1998).
3 Results 

3.1 Seasonal pattern of N2O emissions

3.1.1 Amir Temur Garden Farm

The temporal course of N2O emissions at the ATG site for the years 2005 and 2006 is characterized by high emission levels following fertilization and irrigation (F+I) events and lower fluxes in the intermediate periods (Figure 1). 

In both years, the plots were not irrigated during the first weeks after sowing, which explains the low soil water content (approx. 20% WFPS). During these initial periods characterized by WFPS values of approx. 20%, N2O emissions were <10 µg N2O‑N m‑2 h‑1 (Fig. 1). After fertilizer application with subsequent irrigation, N2O emissions increased up to 3000 µg N2O-N m-2 h-1 (Fig. 1). These “emission pulses” accounted for 90% of the total N2O emissions throughout the entire cropping cycle. The episodic emission pattern was similar for both years. 

In 2005, the first fertilization at the end of May was directly followed by an irrigation event. N2O emissions increased to values > 200 µg N2O-Nm-2h-1. The second F+I event on June 27th  resulted in extremely elevated N2O fluxes with an average daily mean greater than 2000 µg N2O-Nm-2h-1. The magnitude of this second emission pulse was 5 to 10 times higher compared to the first post F+I event. The third F+I event in mid-July showed a similar pattern to the second. They were followed by an emission pulse one or two days after fertilization and irrigation and stayed elevated for about seven days It is noteworthy that irrigation events without preceding fertilization (end of July and mid of August 2005) did not result in increased N2O emissions, so that N2O emissions were low (<50 µg N2O-Nm-2h-1) during crop maturity. 

In 2006, ammonium (ammonium sulphate and ammonium phosphate) combined with urea was applied, while in 2005 pure ammonium nitrate was applied (Table 2). The seasonal emission pattern showed similar characteristics to those observed in 2005, although the magnitude of the emission pulses was lower than in 2005 (Figure 1). During the first weeks after sowing without irrigation and fertilization, only very low (<10 µg N2O‑N m‑2 h‑1) N2O emissions were measured. These emissions remained low after the first fertilizer application on May 15th which, in contrast to 2005, had no accompanying irrigation. The first emission pulse (>200 µg N2O-N m-2 h-1) was therefore triggered by the first combined application of fertilizer and irrigation on June 6th. Emissions stayed elevated for approx. seven days and were followed by an even higher emission pulse (> 1000 µg N2O-Nm-2h-1) after the 2nd F+I event on June 22nd  The emissions stayed slightly elevated for more than 14 consecutive days, including during a second irrigation. After subsequent irrigations without fertilizer application (July 26th, August 12th and 26th), N2O emissions <10 µg N2O‑N m‑2 h-1 were detected.

3.1.2 Amir Temur cum Farm

The temporal course of N2O emissions at the ATC site showed similar characteristics to those observed at the ATG site.  The temporal course of the emission rates of this site in 2005 is shown in Figure 2. Fertilizer was first applied before sowing cotton (mid April). Since the field was not irrigated until the onset of July, the topsoil water content stayed low (<30% WFPS) resulting in very low N2O emissions (<<10 µg N2O-Nm-2h-1) during the first measurements 30 days after sowing. The 1st F+I event in July caused a N2O emission pulse of almost 1000 µg N2O‑N m‑2 h‑1. The second irrigation (seven days later) resulted in elevated emissions but of a significantly lower magnitude (<250 µg N2O‑N m‑2 h‑1 maximum flux). With the gradual desiccation of the topsoil, the emissions decreased to <10µg N2O-Nm-2h-1. Following two consecutive irrigations in August, also without N fertilization, N2O emissions increased again to values of up to 300µg N2O‑Nm‑2h‑1. During this period, N2O emissions stayed elevated for approximately seven days. During the following month irrigation ceased, resulting in low topsoil water content, and only very small N2O emissions (<10 µg N2O-Nm-2h-1) were detected.

3.1.3 URDU research site 
Flux measurements at this site encompassed one plot with high irrigation intensity (HI) and one with low irrigation intensity (LI). Both plots were fertilized with 250 kg-N ha-1 of ammonium nitrate. A total of 463 mm was irrigated during eight events on the HI plot, whereas during the 7 irrigation events at the LI plots, a total of 373 mm  was applied (Table 2).

As at the Amir Temur sites, the emission rates at the URDU site showed a seasonal pattern following the fertilization and irrigation events (Figure 3). More than 90% of the total N2O emissions were observed during June and July when fertilization and irrigation was most intense. The significant increase of the flux rates at the HI plot at the end of May occurred after the measuring frames had been removed and installed in different locations of the plots and were not related to any management practice. While the single fertilizer application in April showed no impact on N2O emissions, the 1st F+I event in June triggered elevated emissions at both plots. At the HI plot, this emission pulse reached an average value of almost 2900 µg N2O-N m-2 h-1, However, high standard deviations, caused by the extremely high emission rates of almost 10000 µg N2O‑N m‑2 h-1, were measured in only one of the four chambers. A subsequent single irrigation had no impact on N2O emissions, but the subsequent F+I irrigation event in early July caused elevated N2O emissions with values of >400µg N2O-Nm-2h-1. The following irrigation events in July and August (without fertilization) only slightly increased N2O emission rates. In the LI plot, two emission pulses could be observed following F+I events and one pulse after irrigation only. However, the absolute values of these pulses varied from 400 to 500 µg N2O‑N m-2 h-1 and did not reach the magnitude of the highest emission in the HI plots. 

3.2 Cumulative N2O emissions and emission factors 

During the whole observation period, 200-250 kg N ha-1 was applied as mineral fertilizer to the different fields (Table 2). The cumulative fluxes of the different research sites show that the average seasonal emission flux was 20.6 ± 7.32 µg N2O‑N m‑2 h-1 for the Amir Temur site in 2006 and 149.8 ± 10.0 µg N2O‑N m‑2 h-1 for the same site in 2005 (Figure 4). The maximum flux rate observed occurred after fertilization and irrigation of the HI plot at the URDU site on June 21st and reached 9612.7 µg N2O-N m‑2 h‑1. For the entire cotton vegetation period, cumulative N2O emissions varied from 0.9 to 6.5 kg N2O‑N ha‑1 at the different sites, corresponding to emission factors (EF), uncorrected for background emission, varying from 0.4 to 2.6% of the total amount of mineral N applied to the fields with an average value of 1.48% (Fig.4). 

3.3 Diurnal pattern of N2O emission

To assess if diurnal variations in N2O emissions occurred after irrigation and fertilization events, two intensive measurement campaigns with subdaily flux measurements were conducted at the URDU site. On the 5th of July, after concomitant fertilization and irrigation, fluxes were measured (87.5 kg N ha‑1 Ammonium-Nitrate, 33 mm irrigation water). On the 13th of July fluxes were measured after irrigation alone (60 mm irrigation water). 

The N2O fluxes observed on July 5th were in general three to four times higher than the N2O fluxes from July 13th (Figure 5). On both observations dates, the fluxes constantly increased during the first 12 hours, despite decreasing soil temperatures. After these initial 12 hours, the diurnal pattern of N2O fluxes followed the soil temperature. On July 6th and 7th, the maximum flux occurred at 14:00, which coincided with the daily maximum soil temperature. The magnitude of both flux maxima declined from the first to the second day after irrigation. On July 6th a maximum flux of 646.3 µg N2O-N m-2 h-1 occurred, compared to a maximum flux of 343.6 µg N2O-N m-2 h-1 on July 7th. On July 14th and 15th, a peak flux occurred at 16:00 and 14:00, respectively, which also followed the pattern of the daily temperature pattern in the topsoil. During the second observation period, the magnitude of the flux rates was lower, while the spatial variability of the flux rates was higher. Only one of the four replicate measurements showed a clear diurnal pattern and maximum flux rates greater than 400 µg N2O-N m-2 h-1 while at the other 3 measurements no diurnal pattern were observed, with flux rates ranging from 0 to 150 µg N2O-N m-2 h-1. 

3.4 Mean fluxes following irrigation

At all observation sites, highest flux rates were found within the first three days after an F+I event, while irrigation without fertilization resulted only in slightly increased N2O emissions (Fig.6). The mean flux during the first three days after an F+I event reached 500µg N2O-N m-2 h-1, compared to a mean flux of only 32 µg N2O-N m-2 h-1 after irrigation alone. After an F+I event the flux rates stayed elevated for 7 to 10 days and decreased exponentially with the desiccation of the soil.
4 Discussion

Our measurements represent the first field data set of N2O emissions from an irrigated, agricultural system in an arid region. To date only field measurements of semi-arid agricultural systems have been published  QUOTE "(Jambert et al. 1997b;Hao et al. 2001;Pathak et al. 2002)" 
(Jambert et al. 1997b;Hao et al. 2001;Pathak et al. 2002)
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. Some research has reported strong stimulation of denitrification rates in irrigated cotton based on incubation studies or 15N balance techniques  QUOTE "(Rochester et al. 1996;Mahmood et al. 1998;Mahmood et al. 2000)" 
(Rochester et al. 1996;Mahmood et al. 1998;Mahmood et al. 2000)
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. Our results corroborate that nitrous oxide emissions are primarily controlled by the fertilization and irrigation practices in cotton. Irrespective of the differences in experimental sites and management, pulses of nitrous oxide emissions were triggered chiefly by the combined impact of irrigation and fertilization as evidenced by the highest emissions following irrigation immediately after fertilizer N application. These findings agree with N2O emissions research on irrigated agricultural ecosystems  QUOTE "(Jambert et al. 1997a;Majumdar et al. 2002;Xiong et al. 2006)" 
(Jambert et al. 1997a;Majumdar et al. 2002;Xiong et al. 2006)
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 and other studies on N2O emissions from N fertilized soils in temperate regions where highest N2O emissions occurred following rainfall soon after fertilizer N application  QUOTE "(Smith et al. 1998;Dobbie et al. 1999;Hyde et al. 2006)" 
(Smith et al. 1998;Dobbie et al. 1999;Hyde et al. 2006)
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. Thus we could identify soil moisture and soil mineral N-content as the main parameters effecting N2O emissions at our sites. 

The impact of soil moisture content on N2O emissions has frequently been described for agricultural soils  QUOTE "(Davidson 1993;Lessard et al. 1996;Zheng X. et al. 2000)" 
(Davidson 1993;Lessard et al. 1996;Zheng X. et al. 2000)
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. Various authors  QUOTE "(Smith et al. 1998;Simojoki and Jaakkola 2000;Dobbie and Smith 2001;Sehy et al. 2003)" 
(Smith et al. 1998;Simojoki and Jaakkola 2000;Dobbie and Smith 2001;Sehy et al. 2003)
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 measured highest flux rates at WFPS between 60 and 90% in soils with fertilized grassland. In our study, 60% of the flux rates higher than 50µg N2O-N m-2 h-1 were detected at a WFPS greater than 60%, but all of the high N2O flux rates were restricted to a maximum period of ten days after an irrigation event (Fig.6). Under these conditions, inner aggregates of alluvial meadow soils with loamy or silty loamy texture usually are waterlogged and sustain denitrification, even if a large proportion of pores between aggregates is already air filled  QUOTE "(Smith 1980)" 
(Smith 1980)
. We thus have to assume that elevated N2O flux rates after irrigation result largely from denitrification.

The diurnal pattern of N2O fluxes after the combined fertilization and irrigation events showed that N2O emissions are also partly temperature limited (Fig. 5). Diurnal patterns of N2O emissions driven by changes in topsoil temperature were also observed in other studies where the mineral N content as well as soil moisture conditions favored microbial N2O production by either coupled nitrification-denitrification or denitrification  QUOTE "(Dittert et al. 2005)" 
(Dittert et al. 2005)
.

When the fields were irrigated without preceding fertilization, the N2O emissions stayed generally low (<50 µg N2O-N m-2 h-1), which demonstrated that under these conditions mineral N availability was the limiting factor and not the soil water content. This implies that at this stage most of the previously applied fertilizer was already taken up by plants, leached with the irrigation water, or lost to the atmosphere. Unfortunately, due to soil laboratory analytical problems, we do not have information on the soil mineral N content during the growing season to corroborate this. 

At our observation sites, averaged daily flux rates ranged up to 3000 µg N2O-N m-2 h-1 and cumulative N2O emissions from the different observation sites varied from 0.9 to 6.5 kg N2O‑N ha‑1 over the entire vegetation period. These values would rank within the medium to higher range of previously reported N2O emissions from irrigated agriculture  QUOTE "(Matson et al. 1998;Hao et al. 2001;Pathak et al. 2002)" 
(Matson et al. 1998;Hao et al. 2001;Pathak et al. 2002)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=c:\5Cprogram files\5Creference manager 9 network\5Cdatabase\5Cclemens\03\00\043939$Matson, Naylor, et al. 1998 3939 /id\00$\00 

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=c:\5Cprogram files\5Creference manager 9 network\5Cdatabase\5Cclemens\03\00\043899 Hao, Chang, et al. 2001 3899 /id\00 \00 
. Matson et al. (1998) found flux rates up to up to 6000µg N2O-N m-2 h-1 and large N2O emissions (~ 6 kg N2O‑N ha‑1) for an irrigated wheat production system in Mexico. 

The high variation encountered in cumulative emissions between the different sites arose mainly as a consequence of different management practices. The different practices applied by the local farmers resulted in variable fertilizer and water application rates. The magnitude of emission pulse increased with fertilizer and water input levels, as observed at the ATG site in late June and early July (Fig. 1).
We assume that the sharp interannual contrasts between the observed fluxes in 2005 and 2006 at the ATG site were caused not only by the different fertilizer application rates but in particular by the use of a different N fertilizer type. For example, only combined ammonium fertilizer (ammonium sulphate and ammonium phosphate) together with urea was applied in 2006, whereas pure ammonium nitrate was applied in 2005. In the study region, irrigation water is commonly retrieved from the river and applied in a rather inefficient way through furrow irrigation, allowing few irrigation events but with high doses of irrigation water. Subsequently, the cotton fields are completely flooded and high soil moisture contents can be observed for several days. We propose that under these soil conditions, denitrification is highly elevated and comprises the main source of N2O. Consequently, the availability of nitrate during an F+I event should be a main factor controlling N2O emissions. 
This assumption is corroborated by a simultaneous study in the same field on fertilizer use efficiency using 15N-labeled urea and ammonium nitrate. Highest soil 15N was recovered from the Urea-only fertilizer regime at any time during the growing season, proving urea to be the more immobile than NO3- fertilizer under irrigated conditions (Kienzler pers. comm.). These findings, along with previous conclusions from McTaggert (1994) and Velthof (1996) for fertilized grassland and Li (2005) for legume plantations in a temperate region, indicate that  QUOTE "" 
the use of NH4+ fertilizer instead of NO3- fertilizer may reduce N2O emission and denitrification losses during the wet soil conditions following an F+I event. 

Not all our hypotheses were supported by the data. It remains unclear what caused the significant difference in N2O fluxes between the HI and the LI plots of the URDU site during the first two months after sowing, since there was no difference in irrigation and fertilization until the 26th of June. Moreover, we observed a significant increase in emission rates at the HI plot at the end of May after the measuring frames had been removed and installed at different locations of the plots.  This was most likely caused by a high spatial variability of flux rates within the plot (Fig. 2). Significantly higher emission rates were detected in the HI plots than the LI plots, which confirms the importance of soil moisture. But a time series analysis revealed that the differences were largely caused by the extremely high emission pulse in the HI plot on one single day (June 21). We also observed a high spatial variability among the different measurements, owing most likely to natural soil heterogeneity rather than differences caused by different irrigation and tillage. Therefore, the influence of the different irrigation intensities on flux rates is difficult to assess. We propose that the soil heterogeneity and spatial variations in the soil N content due to N from previously applied fertilizer shrouded the influence of the different irrigation intensities at this experimental site.

Treatment-induced N2O-N losses ranged from 0.4 to 2.6% of total N applied, corresponding to an average EF of 1.48% (Fig.4). The measured value agreed well with the IPCC value of 1.25% of applied N used for N2O emissions inventory reporting purposes, and shows that the simple IPCC method for calculating N2O emissions is appropriate and effective  QUOTE "(IPCC 2000)" 
(IPCC 2000)
. But the high EF variability at the different observation sites showed that there were large differences in the relative and absolute emissions from irrigated cotton owing to soil properties and agricultural management practices. In this study, the EF differences were mainly caused by fertilizer type and its application time and amount, as well as the irrigation frequency, its timing and amount, and the management thereof. But the differences between similarly managed sites and the high inherent spatial variability of the different sites showed that more detailed, comparative studies in irrigated cotton are required to produce a robust mean EF.

4.1 Spatial vs. temporal variability and sampling strategy

Various studies on N2O emissions from croplands showed that emissions varied significantly in space and time  QUOTE "(Veldkamp and Keller 1997)" 
(Veldkamp and Keller 1997)
. In this study we observed an inherent spatial variability in the four sites, with an average coefficient of variation (CV) of 87%. However, the observed temporal variation, with an average CV of 342%, was much higher than the spatial variation. This shows that the sampling frequency was more important than increasing the number of spatial replicates.

In this study, 80-95% of the total N2O emissions occurred in pulses after concomitant fertilization and irrigation. A weekly sampling frequency  QUOTE "(Simojoki and Jaakkola 2000;Xiong et al. 2006)" 
(Simojoki and Jaakkola 2000;Xiong et al. 2006)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=C:\5CProgram Files\5CReference Manager 9 Network\5CDatabase\5CClemens\03\00\043888 Xiong, Xie, et al. 2006 3888 /id\00 \00 
 was thus not suitable to reproduce the temporal variability of these pulses and would therefore over or underestimate the weekly emission rates under the prevailing arid climatic conditions. However, a representative sampling strategy is key for estimating annual N2O flux rates. Consequently, we postulate that under irrigated conditions in arid regions, a daily sampling frequency during five consecutive days directly following fertilization and irrigation is necessary to capture the dynamics of the emission pulse. Between the June and July emission pulses, a sampling frequency of at least three times per week is recommended. For the periods with generally low emission rates, such as in April and June before the first irrigation, as well as in August and September, a sampling frequency of once per week is necessary.

The diurnal emission patterns showed that daily point measurements cannot represent the N2O daily flux rates. Especially for the emission pulses after F+I events, the dependency of the flux rates on soil temperature must be accounted for (Fig. 6). Therefore, we suggest taking two samples at 8:00 to 10:00 and/or from 18:00 to 20:00 to best represent the daily flux. This agrees with the work of Parkin and Kaspar (2003) who observed similar sampling times as representative of the temperature dependent CO2 daily flux for a no-till corn-soybean system in the USA.  Sherlock et al. (2002) found point measurements at 12:00 to best represent a daily flux in a New Zealand pasture. However, this sampling time was based only on two point measurements (10:00 and 16:00), thus only representing a portion of the whole day and neglecting fluxes during the night. Other studies did not observe a correlation between diurnal patterns of soil temperature and N2O flux from no-till irrigated corn and manure amended soil under maize in North America  QUOTE "(Lessard et al. 1996;Ginting and Eghball 2005)" 
(Lessard et al. 1996;Ginting and Eghball 2005)

 QUOTE ""  ADDIN REFMAN ÿ\11\05‘\19\01\00\00\00\00\01\00\00=C:\5CProgram Files\5CReference Manager 9 Network\5CDatabase\5CClemens\03\00\043884\1FGinting & Eghball 2005 3884 /id\00\1F\00 
. We presume that the difference between our result and those from other studies was due to different field conditions such as WFPS and/or the availability of mineral nitrogen. We only observed a soil temperature impact on the N2O flux when WFPS and mineral nitrogen content were not limiting.

4.2 Mitigating options of N2O emissions

Because nitrous oxide emissions primarily were controlled by fertilization and irrigation, we can postulate that management practice could be modified to mitigate emissions of nitrous oxide and sustain higher fertilizer use efficiency. Across all our field experiments, 80-95% of the total N2O was emitted directly after a combined irrigation-fertilization event. Therefore, mitigating options must focus on the management options that will affect directly the magnitude and length of these post-treatment pulses and concomitant fertilization, and if possible, irrigation should be avoided. 
5 Conclusion
Two years N2O emissions measurements from irrigated cotton fields in arid Uzbekistan demonstrated that these fields are a significant source of N2O emissions. 

Given the high impact of fertilizer and irrigation water management on N2O emissions, there is wide scope for mitigating N2O emissions and denitrification losses. Concomitant N fertilization and irrigation should be avoided as much as possible and, as our findings of temperature dependent N2O fluxes suggested, conducting F+I at cool weather may reduce N2O emissions. Our results support the hypothesis that replacing NO3- fertilizer with NH4+ fertilizer could be an option to lower N2O emission pulses, especially in combination with nitrification inhibitors.

However, feasible mitigating options will always rely on win-win opportunities when emissions can be reduced with a concomitant financial benefit for the farmers. Improved irrigation and optimized fertilizer management could be an alternative to reduce both N2O emissions and financial losses to farmers without affecting yield and crop quality. In general, optimization of the fertilizer use efficiency should also result in mitigation of N2O fluxes. Hence management practices that increase the fertilizer use efficiency in irrigated systems, such as sub-surface fertilizer application, fertigation and drip irrigation  QUOTE "(Thompson et al. 2000)" 
(e.g. Thompson et al. 2000)
, will most likely also reduce the N2O emissions.

For further evaluation of mitigation strategies, a better understanding of the regulating factors of N2O fluxes from irrigated dryland agriculture is needed. This can only be achieved by fully-automated N2O flux measurements, allowing continuous sub-daily temporal resolution and, additionally, continuous monitoring of physical and chemical soil parameters.
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Figures and Tables

	Research Site
	Amir Temur Garden  (ATG)
	URDU research Site (URDU)
	Amir Temur Cum  (ATC)

	SOC (%)
	0.61
	0.58
	0.53

	N (%)
	0.10
	0.10
	0.07

	pH(H2O)
	6.9
	6.5
	6.6

	Bulk density (g cm-3)
	1.59
	1.51
	1.41

	Texture (USDA)
	Sandy loam
	Sandy loam
	Silt loam

	Clay (%)
	14.6
	15.5
	17.9

	Silt (%)
	42.8
	32.1
	55.4

	Sand (%)
	42.6
	52.4
	26.7


Table 1: Soil properties of the different research sites
	Site
	Amir Temur Garden

(ATG)
	URDU Research Site (URDU)
	Amir Temur Cum

(ATC)

	Observation period
	Apr-Oct 2005
	Apr-Sep 2006
	Apr-Sep 2006
	May-Oct 2005

	Irrigation intensity
	Local farming practice
	High
	Low
	Local farming practice

	Area (ha)
	1
	1
	0.5
	0.5
	2

	Planting Date
	21/04/2005
	21/04/2006
	22/04/2006
	22/04/2006
	15/04/2005

	Harvesting Date
	Sep/Oct 2005
	Sep/Oct 2006
	Sep/Oct 2006
	Sep/Oct 2006
	Sep/Oct

	Fertilizer  
(kg N ha-1)
	Total: 250

May, 26: 

75 Am.Nitr.

June, 25:
87.5 Am.Nitr.

July, 12:  

87.5Am.Nitr.
	Total:  200

May, 15: 

42 Am.Sulph.

June, 5: 

42 Am.Phos.

June, 12: 

115  Urea
	Total: 250

April, 19: 

75 Am.Nitr.

June, 17: 

87.5 Am.Nitr.

July, 5:  

87.5 Am.Nitr
	Total: 250

April, 19:
75 Am.Nitr.

June, 17: 

87.5 Am.Nitr.

July, 7: 

87.5 Am.Nitr
	Total: 162.5

April, 13: 

75 Am.Nitr.

June, 26:
87.5 Am.Nitr.



	Irrigation  (mm)
	Total: ~300
May, 27
June, 25 

July, 12  

July, 28

August, 15  


	Total: ~400
June, 7 

June, 18 

July, 8  

July, 25
August, 14  

August, 29   


	Total:463

June, 19 

June, 26 

July, 5  

July, 12

July, 19

August, 5  

August, 14    

August, 23    
	Total:373

June, 19 

June, 28 

July, 7  

July, 15

July, 28

August, 15  

August, 24    


	Total:~300
July, 2
July,11
August, 11  

August, 20    




Table 2: Experimental set up of agricultural fields
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Figure 1: N2O flux rates, irrigation rates, WFPS and soil temperature of the cotton field at Amir Temur Garden from April to September 2005 and 2006. Arrows indicate the events of N (kg N ha-1) application to the plots, whereas bars provide information about the amount of irrigation. Error bars indicate the standard error. Connecting lines are inserted for showing the data points more clearly.
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Figure 2: N2O flux rates, irrigation rates, WFPS and soil temperature of the cotton field at Amir Temur Cum from May to September 2005. Arrows indicate the events of N (kg N ha‑1) application to the plots, whereas bars provide information about the amount of irrigation. Error bars indicate the standard error. Connecting lines are inserted for showing the data points more clearly.
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Figure 3: N2O flux rates, irrigation rates, WFPS and soil temperature of the high (A) and low (B) irrigated cotton field at the URDU research site from April to September 2006. Arrows indicate the events of N (kg N ha-1) application to the plots, whereas bars provide information about the amount of irrigation. Error bars indicate the standard error. Connecting lines are inserted for showing the data points more clearly.
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Figure 4: Cumulative N2O emissions, mean N2O‑N flux and emission factors (EF) of the different research sites: ATG, URDU, and ATC. Vertical bars indicate the standard error.

[image: image6.wmf]Night

Day

0

200

400

600

800

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

0

100

200

300

400

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

5 

-

7 

July

2006

Irrigation +

Fertilization

Soil

Temperature

[C]

hour

13

-

15 

July

2006

Irrigation

hour

0

200

400

600

800

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

0

100

200

300

400

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

0

200

400

600

800

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

0

100

200

300

400

12:00

00:00

12:00

00:00

12:00

00:00

20

24

28

5 

-

7 

July

2006

Irrigation +

Fertilization

Soil

Temperature

[C]

hour

13

-

15 

July

2006

Irrigation

hour

N

2

O

-

Flux [

µ

gNm

-

2

h

-

1

]


Figure 5: Diurnal patterns of N2O fluxes and soil temperature (10 cm depth) at 48h cycles directly following irrigation events. Error bars indicate the standard error of the means (n =4). Connecting lines are inserted showing the data points more clearly.
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Figure 6: Temporal course of the mean N2O flux rates and mean WFPS of all observation sites following fertilization + irrigation and sole irrigation events. Error bars indicate the standard error of the means. 
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