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ABSTRACT 

Alternative nitrogen fertilizers that stimulate low greenhouse gas emissions from soil are 

needed to reduce the impact of agriculture on global warming. Corn (Zea mais, L.) grown in a 

calcareous silt loam soil in northwestern Italy was fertilized with a municipal solid waste compost 

and vetch green manure (Vicia villosa, Roth.). Their potential to reduce N2O and CO2 emissions 

was compared to that of urea (130 kg N ha-1). Gaseous fluxes were measured for two years in the 

spring (after soil incorporation of fertilizers) and in summer. In spring, the slow mineralization of 

compost reduced N2O emissions (0.11 % of supplied N) relative to urea (3.4 % of applied N), 

without an increase in CO2 fluxes. Nitrous oxide (2.31 % of fixed N) and CO2 emissions from rapid 

vetch decomposition did not differ from urea. When N2O and CO2 fluxes were combined, compost 

reduced by 49% the CO2 equivalent emitted following urea application. Vetch did not show such an 

effect. In summer, no fertilizer effect was found on N2O and CO2 emissions. Compost proved to be 

potentially suitable to reduce CO2 equivalent emitted after soil incorporation while vetch did not. 

For a thorough evaluation, net greenhouse gas emissions assessment should be extended to the 

entire N life cycle. Differences between calculated N2O emission factors and the default Tier 1 

IPCC value (1%) confirmed the need for site- and fertilizer-specific estimations. 

 

Abbreviations: ΔCO2eq, increase of emitted CO2 equivalent due to the applied fertilizer N 

respect to absence of fertilization; COM, fertilization with compost; CK, check plots not fertilized 

with N; EF, nitrous oxide emission factor of fertilizer N applied; GHG, greenhouse gas; LGM, 

fertilization with a leguminous green manure (hairy vetch); Ndfa, N derived from the atmosphere 

and fixed by a legume; PD, potential denitrification; PMN, N potentially mineralizable in 

anaerobiosis; SOC, soil organic carbon; SON, soil organic nitrogen; UR, fertilization with urea; 

WFPS, water-filled pore space. 
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Optimal nitrogen (N) fertilization management is crucial not only to crop production 

improvement and cropping systems energy efficiency (Fluck, 1992; Sauerbeck, 2001; Mosier, 

2002), but also to ammonia and greenhouse gas (GHG) emission reduction (Freney, 1997; Bussink 

and Oenema, 1998; Follett et al., 2005; Snyder et al., 2009). Greenhouse gases are produced during 

mineral N fertilizer synthesis by burning fossil fuels (Jenssen and Kongshaug, 2003) and following 

their application in the field. After N fertilizer distribution, nitrous oxide (N2O) and nitrogen oxide 

emissions typically increase due to enhanced nitrification and denitrification processes (Byrnes, 

1990; Mosier and Schimel, 1991; Stehfest and Bouwman, 2006). On the other hand, adequate 

fertilization can contribute to soil carbon (C) sequestration through a greater crop residue soil return 

(Halvorson et al., 1999; Follett, 2001; Alvarez, 2005). Similarly, green manures and organic 

fertilizers (such as animal manure, slurry, and compost) increase soil C storage and sustain crop 

nutrition with recycled and/or biologically (not industrially) fixed N (Campbell et al., 2001; 

Grignani et al., 2007; Melero et al., 2007; Triberti et al., 2008). 

Different N sources have already been evaluated for their crop production sustainability 

while reducing their global warming impact. Among them, leguminous green manure and compost 

from urban waste represent viable options as mineral N fertilizer substitutes (Bøckman, 1997; 

Eriksen et al., 1999; N'Dayegamiye and Tran, 2001; Tejada and Gonzalez, 2003; Tejada et al., 

2008). In addition to microbial activity stimulation, soil fertility increase, pest control, and reduced 

soil erosion, leguminous green manures can prevent nutrient leaching during the non-crop growing 

season and supply low energy cost N to the subsequent crop (Crews and Peoples, 2004; Cherr et al., 

2006a). Compost fertilization not only has a low groundwater N pollution risk (Eva Erhart, 2007), if 

applied at a rate that meets crop needs (Hadas et al., 2004), but also great nutritive element 

recycling (Ikumo, 2005; Hargreaves et al., 2008), soil C sequestering and protection (Spaccini et al., 

2002; Piccolo et al., 2004; Lynch et al., 2006) potentials  . 
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Organic N sources used to sustain crop nutrition can reduce N2O and CO2 emissions after 

soil incorporation depending on their N and C availability to soil microorganisms. (Granli and 

Bøckman, 1994; Baggs et al., 2000; Huang et al., 2004). Many indicators can be used to estimate 

such availability. Among all, soil mineral N, potentially mineralizable N in anaerobios (PMN), and 

potential denitrification (PD) are common. Soil mineral N is an indicator of the N readily available 

to nitrification and denitrification (Granli and Bøckman, 1994; Bertora et al., 2008). PMN and PD 

are used, respectively, as indicators of organic N (Curtin and McCallum, 2004; Russell et al., 2006; 

Monaco et al., 2008) and C fractions (Bijay et al., 1988; Hill and Cardaci, 2004; Ullah and 

Faulkner, 2006; Bertora et al., 2007) that can be mineralized easily by soil microorganisms. 

Moreover, PMN and PD can be used to detect changes in soil organic N (SON) and SOC evolution 

under differing treatments shortly after their establishment, before equilibrium is attained, as the 

more labile C and N fractions are known to be more responsive (Campbell et al., 2001). 

The magnitude of the emission rates and their relative importance among different 

management practices can vary between soils with different pH. Gaseous emissions from acidic 

soils have been widely assessed, but less information is available for calcareous soils (Stehfest and 

Bouwman, 2006). Soil environment, pH in particular, can be crucial determinants of N2O emissions 

(Granli and Bøckman, 1994; Clough et al., 2004) and soil organic matter mineralization (Curtin et 

al., 1998; Bertrand et al., 2007). The effect of compost  application on gaseous emissions from 

calcareous soil has already been evaluated in Mediterranean climate (Vallejo et al., 2006; López-

Fernández et al., 2007), but few data are available from temperate climates.  

Nitrous oxide and CO2 emissions from soil can potentially occur throughout the year. In 

temperate climates, emissions are usually concentrated in spring and in summer. In spring, high 

gaseous emissions occur due to fertilization combined with tillage, in presence of elevated soil 

moisture following seasonal precipitation. In summer, gaseous fluxes are usually stimulated by 

warmer temperatures and dry/rewetting cycles following irrigation or rainstorms (Velthof et al., 

2002; Jabro et al., 2008; Kavdir et al., 2008; Lee et al., 2009). In this period, plant presence and root 
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development strongly influence soil environmental conditions and microbial activity (Smith and 

Tiedje, 1979; Cheng et al., 2003). Though not exhaustive, N
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2O and CO2 emissions during spring 

and summer can be high and contribute to an important share of total year emissions. Carbon 

dioxide fluxes do not represent the treatment net effect on the C balance between soil and 

atmosphere, which corresponds to soil organic C (SOC) evolution over time (IPCC, 2007b), but 

CO2 emissions contribute to and can help explain SOC changes (Alluvione et al., 2009). 

The objective of this research was to give a preliminary evaluation of  N2O and CO2 

emissions from soil following corn fertilization with compost or leguminous green manure. We 

tested, using a calcareous soil in temperate climate, the hypothesis that fertilization of corn with 

compost or leguminous green manure, as alternatives to urea, could reduce the stimulation of CO2 

equivalents emitted as N2O and CO2 after fertilizer incorporation, by influencing its N and C cycles. 

We expected N2O fluxes to be reduced by supplying organic N not readily available to soil 

microorganisms, as it must be mineralized prior to its availability for the nitrification and 

denitrification processes. We expected increased N2O and CO2 emissions with rising mineral N, 

PMN and PD values. Moreover, we expected PMN and PD to detect increases in the SON and SOC 

following different fertilization managements. 

 

MATERIALS AND METHODS 

Site description and experimental treatments 

The field experiment was carried out at the agro-environment experimental station of the 

Department of Agronomy, Forest and Land Management of the University of Turin (44o 53’ 1’’ N; 

7o 41’ 10’’ E; 232 m a.s.l.). The site is located in the western area of the Po plain (northwestern 

Italy) and is characterized by a silt-loam alluvial soil that is scarcely weathered (Typic Udifluvent). 

Selected chemical and physical properties of the plowed layer (0- to 30- cm) sampled in 2006 are 

reported in Table 1. The climate is temperate sub-continental, with a mean annual temperature of 
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11.9 °C and a mean annual precipitation of 734 mm, characterized by two main rainfall periods in 

spring (April-May) and autumn (September–November). 

Our study considered the following treatments: 1) compost mixture of park, garden, and 

urban waste (COM), 2) winter leguminous green manure (LGM) of hairy vetch, 3) urea at a rate of 

130 kg N ha-1 (UR), and 4) a non-fertilized check plot (CK). Fertilized treatments were designed to 

receive amounts of fertilizer N similar to urea. For compost the total N was considered as fertilizer 

N while for vetch only the fraction derived from biological N fixation was counted. Treated 48 m2 

plots were established in 2006 and organized in a completely randomized design with three 

replications. Silage corn was grown because it is a main regional crop. Table 2 reports key compost 

and vetch composition parameters. In the compost, we determined total C by wet oxidation with 

dichromate and total N by the Kjeldhal method. In the vetch, we analyzed tissue C and N content 

with a CHN elemental analyzer (NA 1500 Nitrogen Analyzer from Carlo Erba Instruments – 

Thermo Fisher Scientific Inc., Waltham, MA). We analyzed fiber fractions (neutral detergent fiber, 

NDF; acid detergent fiber, ADF; acid detergent lignin, ADL) according to the Robertson and Van 

Soest (1981) method. Soluble C was computed by the difference between total C and C in the NDF 

fraction (Thuriès et al., 2002; Gabrielle et al., 2004). Ash content was determined by loss on 

ignition at 550°C. 

The hairy vetch was shredded with a stalk shredder a few days before soil incorporation (17 

May 2007 and 13 May 2008). Next, equal amounts of triple super-phosphate (100 kg P2O5 ha-1) and 

KCl (200 kg K2O ha-1) were applied to all plots. Then, a moldboard plow was used to till all plots 

(30 cm depth) and to incorporate the applied fertilizers. Corn was planted on the same date plots 

were fertilized and tilled (4 June 2007 and 19 May 2008). Post-emergence herbicides were used in 

all treatments, resulting in the plots being weed-free. A travelling gun sprinkler irrigation system 

applied 40 mm of irrigation water once during each growing season (in 2007: 31 July, in 2008: 28 

August), following the common farmers’ practice in the region. The low N content of the irrigation 

water corresponded to a 4 kg N ha-1 addition for each irrigation event. 
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Each year, we quantified the epigeic biomass of the vetch before its incorporation. Carbon 

and N in below-ground residue were counted as well (Unkovich and Pate, 2000; Rochette and 

Janzen, 2005). As we did not measure the biomass of root vetch, we estimated its C and N content. 

We considered a shoot C: root C ratio of 2.1 to be reasonable (Michalk and Mueller, 2003; Hamer 

et al., 2008) even though it has been shown to change during vetch development (Gregory et al., 

1995). The same ratio was used to estimate vetch root N (Unkovich and Pate, 2000; IPCC, 2007b). 

The percentage of total N in the epigeic biomass derived from the atmosphere (Ndfa) has been 

measured at 58% in like environment experimental plots (Zavattaro et al., 2003). We used the same 

percentage for N in root biomass. 

 

Gaseous fluxes 

Nitrous oxide and CO2 emissions were monitored in 2007 and 2008. Each year, we 

concentrated flux measurements in two periods of the corn growing season when we were expecting 

high gaseous fluxes: one in spring and one in summer. Spring measurements took place in 2007 for 

29 days, (from 1 June to 28 June), and in 2008 for 31 days (from 16 May to 16 June). Summer 

campaigns took place in 2007 for seven days (from 30 July to 6 August), and in 2008 for 12 days 

(from 16 July to 24 July). In spring, fluxes were monitored a few days before fertilization, and daily 

measurements were performed in the first week to follow. In subsequent weeks, frequency 

decreased progressively while gaseous emissions approached the basal flux (absent peaks from 

tillage, precipitation or irrigation). In summer, about two months after fertilization, fluxes were 

monitored daily during the first week and three times during the second week. In 2008, no irrigation 

occurred during the summer campaign because of high late spring precipitation. 

 We used a non-steady state closed chamber technique (Livingston and Hutchinson, 1995) to 

measure emissions. In each plot, three stainless-steel anchors, inserted 5 cm into the soil, were set in 

the inter-row of three non-adjacent rows a week before pre-fertilization measurements started. They 

were removed for tillage and re-inserted immediately after seeding where they remained until the 
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growing season ended. Every sampling day, a cylindrical PVC chamber (i.d.: 240 mm; height: 110 

mm; wall thickness: 6.2 mm) was sealed to each anchor with a rubber O-ring. Internal chamber gas 

concentrations were measured using an Innova 412 photo-acoustic infrared gas analyzer 

(LumaSense Technologies A/S, Ballerup, Denmark) re-circulating the gas sample through two 

Teflon tubes (each 12.5 m long) attached to two sampling ports installed atop the chamber. 

Consistent with the findings of Flechard et al. (2005), we found the instrument to over-estimate 
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2O concentration due to high CO2 and water vapor concentrations during chamber deployment 

(data not shown). To solve this problem, N2O and CO2 were measured separately and N2O was 

measured by forcing the gas sample pumped from chamber to instrument through a soda lime filter 

to eliminate almost all CO2 (concentration below 40 µl l-1). In order to equilibrate the water vapor 

concentration identically across all N2O samples, they were then bubbled in 400 ml of de-ionized 

water maintained at 18°C . Nitrous oxide dissolution in water did not influence flux estimations 

since we calculated the N2O dissolved to be in the range of six orders of magnitude lower than that 

in the chamber headspace. The absence of effect was verified with a lab test (data not shown). Gas 

concentrations were adjusted to account for the mixing of the chamber headspace with the previous 

sample still present in the internal volume of the photo-acoustic infrared gas analyzer plus the 

sampling tubes (Bertora et al., 2007).  Volumetric concentrations of N2O and CO2 measured by the 

instrument were transformed to mass values using the ideal gas law and the recorded air 

temperature (HOBO H08-031-08 from Onset Computer Corporation, Bourne, MA) and pressure 

(measured by the Innova 1412) inside the chamber. 

Fluxes of CO2 and N2O  were estimated from using two gas concentration measurements 

inside the chamber headspace—at the start and end of closing—and assuming a linear change in gas 

concentration over time. This assumption was frequently checked for each treatment by continuous 

measurement of the CO2 and N2O concentration increases for a period of about 40 min. 

Consequently, closure time varied according to flux intensities from about 15 min during emission 

peaks to about 30 min during low emission periods. 
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Soil temperature and moisture 

Soil temperature (7.5 cm depth) was monitored in one LGM plot during the entire corn 

growing season using a temperature probe (HOBO H08-031-08 from Onset Computer Corporation, 

Bourne, MA). Soil samples from 0-7.5 cm depth were collected on each gas sampling day using a 

soil corer (OakField Apparatus Inc., Oakfield, WI), and gravimetric water content was determined 

after drying at 105°C for 24 hours. Water-filled pore space (WFPS) (Linn and Doran, 1984a) was 

calculated using the soil bulk density (Blake and Hartge, 1986) measured at 0- to 7.5- cm in fall 

2008 after corn harvest and a particle density of 2.79 Mg m-3 (Zavattaro and Grignani, 2001). 

 

Soil N and C availability indicators 

Soil mineral N content, PMN, and PD were measured in each plot during gaseous flux 

monitoring days: five times in spring (one day before fertilization, the day following fertilization 

and than weekly until the end of the measurement campaign) and two times in summer (at the 

beginning and end of the measurement campaign). Measurements were concentrated in the 0- to 

7.5- cm layer as a previous field experiment (Monaco et al., 2009) showed that the soil surface can 

be used as a proxy for the whole plowed layer. We confirmed the homogeneity of the soil mineral N 

content throughout the 0- to 15- cm layer by monitorings conducted during the two 2007 campaigns 

(data not shown). 

Soil mineral N was extracted by shaking 16 g of moist soil with 80 ml of 1 M KCl solution 

for 1 h. Subsequently, samples were filtered through a Whatman No. 1 paper, then extracts were 

frozen until they were analyzed for NO3
--N and NH4

+-N concentration by colorimetry with a 

continuous flow analyzer (Evolution II, Alliance Analytical Inc., Menlo Park, CA). 

Potentially mineralizable N in anaerobiosis was measured according to the method reported 

by Monaco et al. (2008). Sixteen g of soil and 40 g of water were mixed in a gas tight syringe 

equipped with a vacuum proof stopcock. Air was removed by adjusting the height of the piston and 
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samples were then incubated at 40 °C for seven days. At incubation start and end, inorganic N was 

extracted with a final 1M KCl solution. Inorganic N was measured as described above. 

Potential denitrification was measured following the method reported by Bertora et al. 

(2008) in which undisturbed soil cores are incubated (at 25 °C) in water-saturated, oxygen-free, and 

non-nitrate-limiting conditions in the presence of acetylene. The soil cores were sampled by 

inserting a steel cylinder (i.d.: 5.8 cm) 7.5 cm into the soil (on average 257 g of dry soil were 

sampled). Approximately 200 mg N kg-1 dry soil were applied using 40 ml of KNO3 solution 

distributed over the soil cores stored in 500 ml glass jars to avoid nitrate limitation to denitrification 

processes (Limmer and Steele, 1982). Anaerobic conditions were created by replacing the jar 

headspace with N2 two times after air removal (final absolute pressure of 20 kPa). In order to inhibit 

the transformation of N2O to N2 and to prevent nitrification, 10% of the headspace was replaced 

with acetylene (Yoshinari et al., 1977; Davidson et al., 1986; Tiedje et al., 1989). After 24 h, and 

again at 48 h, N2O was sampled from the headspace (25 ml gas in 10 ml evacuated vial) and 

quantified using a Trace GC Ultra gas-chromatograph (Thermo Fisher Scientific Inc., Waltham, 

MA) equipped with a thermal conductivity detector. Denitrification rates were calculated assuming 

a linear increase in N2O concentration (Beek et al., 2004). 

 

Percent N lost and CO2 equivalent emitted 

In order to accurately compare N2O fluxes from various fertilizer treatments regardless of 

the amount of N added, cumulative N2O emissions, net of the N2O emitted from CK, were used to 

calculate a N2O emission factor of applied N (EF) (Table 4). Two EFs were calculated for vetch: 

one accounting for only fixed N, as it represents the fertilizer N added to the soil (Kelner et al., 

1997; Drinkwater et al., 1998), and the other taking into account the full amount of N in the legume 

biomass (IPCC, 2007b). 

Cumulative N2O and CO2 emissions from fertilized treatments were used to calculate the 

CO2 equivalents emitted (Robertson et al., 2000) after discounting emissions from CK  to estimate 

 10



the increase in emissions due to fertilization (ΔCO2eq). We assumed that the increase in N2O and 
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2 emissions between fertilized treatments and CK was due only to the N addition. Carbon 

dioxide equivalents of N2O were calculated by multiplying the amount of N2O for its global 

warming potential (298 kg CO2 equivalent per kg N2O ) as suggested by the IPCC (2007a). As 

different amounts of N were distributed (Table 2), CO2 equivalents were expressed on one kg of 

applied fertilizer N basis (for LGM, the amount of N fixed was used). 

 

Data analysis 

Cumulative CO2 and N2O emissions were calculated using a linear interpolation across 

sampling days. Since the campaigns were slightly longer in 2008 than in 2007, values were 

calculated on Day 24 after spring fertilization and Day 6 after the start of the summer campaign in 

both years. The variability among same-plot chambers was found to be significantly lower than the 

variability among same-treatment plots (data not shown). Therefore, triplicate gaseous flux 

measurements and the respective CO2 equivalent and N2O EF inside each plot were averaged before 

subsequent analysis. 

Data normality was verified using the Kolmogorov–Smirnov test. Since N2O fluxes were 

log-distributed, the geometrical average of daily values and seasonal cumulates was calculated for 

same-plot chambers. Daily and cumulative N2O fluxes, average soil NO3
--N content, and PD were 

log-transformed (natural logarithm) before the ANOVA and the correlation analyses.  

Analysis of variance was used to determine differences in cumulative CO2 and N2O fluxes, 

cumulative ΔCO2eq, average soil NO3
--N content, PMN, and PD by treatment and year. Seasons 

were analyzed separately as different phenomena were observed. When significant, means were 

separated using a Sidak post-hoc test. The relationship between (i) daily CO2 and N2O fluxes, soil 

temperature, and WFPS, and (ii) cumulative CO2 and N2O emissions, average soil NO3
--N content, 

PMN, and PD were analyzed using the Pearson bivariate correlation. Only data from the two spring 
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campaigns were used. All statistical comparisons were made at the α = 0.05 probability. 

Calculations were made using SPSS 16.0 (SPSS Inc., Chicago, IL). 

 

RESULTS 

Composition parameters of compost and vetch and amounts of added C and N 

Properties of applied compost and vetch, and amounts of N and C added to the soil varied 

between years (Table 2). Utilized compost, produced in 2007, was deemed stable and fully mature 

given its C:N ratio of less than 20 (Chefetz et al., 1996; Brinton, 2000; Silva et al., 2007). 

Nonetheless, it continued to mature beyond the 2007 fertilization, yielding more stable compost for 

the 2008 application. Consistent with Chefetz et al. (1996) results describing normal compost 

evolution, organic matter, C:N ratio, and soluble C:total C ratio decreased while ash content and the 

recalcitrant ADL fraction increased. Vetch was harvested at mid-flowering both years. In 2008, 

however, soluble C:total C ratio was higher and ADL was lower. The colder and wetter climate in 

the second year probably contributed to these differences, even though the vetch was harvested on 

nearly the same date. Comparison of the two fertilizers, across both years, showed vetch to be 

characterized by a higher C:N ratio and soluble C:total C ratio, with lower ADL and ash contents 

than compost. 

Based on the amount of compost and vetch biomass incorporated, the total C supplied to the 

soil was similar between the 2007 treatments while it was 50 % higher in LGM in 2008 (Table 2). 

The difference was even greater for soluble C (vetch to compost ratio was 2.3). While the amount 

of total N supplied with compost was comparable to that given with urea (130 kg N ha-1) in both 

years, the amount of N supplied with vetch was higher (both the total N and the Ndfa). 

 

Gaseous emissions 

Nitrous oxide emissions in spring were enhanced by fertilization and tillage; fluxes followed 

a parabolic pattern (Fig. 1a) (Baggs et al., 2000). Fluxes increased within a day after fertilizer 
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incorporation while emissions peaked after precipitation events. In summer, fluxes were nearly 

absent, even after the 2007 irrigation. 

Applied N sources affected N2O emissions in spring, but not in summer. In spring, 

cumulative emissions, on average, were almost six times higher in UR and LGM than in COM and 

CK. A shorter duration of the N2O peak coupled with higher values resulted in no significant 

difference in cumulative emissions between the springs of 2007 and 2008 (Table 3). In summer, no 

treatment effect was found, and fluxes were lower in 2007 than in 2008. Nitrous oxide emission 

factors of applied N calculated from spring emissions were on average 26 times higher in UR and 

LGM than in COM. When EF was calculated considering the entire amount of N distributed with 

the vetch in LGM (EF used by the IPCC (IPCC, 2007b)) rather than just the N fixed by the crop, the 

EF of LGM did not vary from COM and was significantly lower than UR (Table 4). 

Across all treatments, spring CO2 emissions were enhanced by fertilization and tillage, with 

fluxes following parabolic patterns similar to N2O (Fig. 1b) (Chatskikh and Olesen, 2007; 

Chatskikh et al., 2008). Fluxes increased immediately after fertilization and tillage, and peaked two 

weeks later. Emissions retreated back to base level prior to tillage at the end of the third or fourth 

week depending on the year. In 2007, CO2 emissions increased after the summer irrigation. 

Cumulative CO2 emissions varied among treatments in spring, but not in summer. In spring, 

cumulative fluxes rose significantly from CK, to UR, to COM, and to LGM (Table 3). A longer 

duration of the CO2 emission peak coupled with lower values, resulted in no significant difference 

in cumulative emissions between the springs of 2007 and 2008. In summer no difference was found 

among treatments; emissions were higher in 2007 than 2008. 

Daily and cumulative N2O fluxes were positively correlated with CO2 emissions (daily 

values: R=0.65, P<0.01; cumulative values: R=0.56, P<0.01). 

When N2O and CO2 emissions were combined, ΔCO2eq emitted in spring were no different 

for LGM with respect to UR, and 49% lower in COM. In summer no treatment effect was found. 
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Soil temperature and moisture 329 
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The average WFPS changed over time according to precipitation and irrigation events 

during the different campaigns (Fig. 1). In 2007, the spring average WFPS was 0.62 (following 117 

mm of rainfall during the monitored period); in the summer it increased from 0.34 pre-irrigation to 

0.61 post-irrigation (40 mm of irrigation water and 30 mm of rainfall during the monitored period). 

In 2008, precipitation was frequent; the average WFPS was 0.77 in spring (following 257 mm of 

rainfall during the monitored period) and 0.49 in summer (21 mm of rainfall during the monitored 

period). Treatments did not influence WFPS on any of the sampling dates (data not shown). Soil 

moisture was significantly correlated to N2O emission (correlation between daily N2O-N emissions 

and WFPS was significant, R=0.43; P<0.01), but not to CO2 fluxes. 

Soil temperature varied among seasons according to climatic conditions and crop presence. 

The average soil temperature was 25.7 °C during spring 2007, which decreased from 24.3 °C pre-

irrigation to 21.3 °C post-irrigation in summer. During the wetter 2008, average soil temperature 

was 20.2 °C in spring and 21.5 °C in summer. Because of corn shading, soil temperature in summer 

was not much different from the spring temperature. Soil temperature was not correlated to daily 

N2O and CO2 emissions. 

 

Soil N and C availability indicators and their correlations with gaseous emissions 

Soil mineral N was composed almost exclusively of NO3
--N; NH4

+-N never exceeded 2 kg 

ha-1 (data not shown). Fertilization increased soil NO3
--N content in spring and in summer. In 

spring, UR significantly increased (by 50%) the soil nitrate content relative to CK while COM and 

LGM were intermediate (Table 5). A treatment effect was also present in summer when NO3
--N 

content in CK was 17% lower than in LGM and UR. Comparing the two years, soil NO3
--N content 

after fertilization was significantly higher in 2007 than in 2008 in both in spring and summer. 

In spring, organic fertilizers (compost and vetch) increased the PMN by 20% with respect to 

CK. Urea was lower than COM and not different from LGM (Table 5). In summer, PMN was still 
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16% higher in COM and LGM than in CK while UR was intermediate. Comparing the two years, 

PMN in summer was significantly lower in 2007 than 2008. 

Potential denitrification was significantly influenced by fertilizer addition. In spring, organic 

fertilization (COM and LGM) increased the PD 50% with respect to UR while CK was 

intermediate. In summer, UR was 2.5 times lower than the other treatments. Comparing the two 

years, and similar to PMN, PD did not decrease in response to high 2008 precipitation. On the 

contrary, PD in summer 2008 was 20% higher than in 2007. 

No significant correlation was found between N2O or CO2 emissions and soil NO3
--N 

content or PMN. Average PD showed a positive correlation with cumulative CO2 emissions 

(R=0.43; P=0.04), but not with cumulative N2O. 

 

DISCUSSION 

Gaseous emissions 

The availability of N to soil microorganisms was probably the driving factor in spring N2O 

emissions following fertilization. Losses were highest when N was supplied in a form readily 

available for N2O-producing microorganisms such as urea (Bertora et al., 2008), and were almost 

null with compost. Surprisingly, fluxes following vetch incorporation were no different from those 

of urea (Table 4), suggesting that vetch tissues were likely more prone to mineralization than the 

stable organic matter of compost, which had a lower soluble C:total C ratio and higher ADL and ash 

content. Moreover, compost contained almost no inorganic N ready for the nitrification or 

denitrification processes (data not shown). Mineralization of legume residue is known to enhance 

N2O emissions (Rochette et al., 2004; Yang and Cai, 2005). Our results were similar to those of 

López-Fernández (2007) and Meijide et al. (2007) who found a significantly lower N2O emission 

with organic fertilizers (compost in particular) as compared to urea. Beside N availability, soil 

moisture fostered N2O production, as showed by the significant correlation between daily N2O 

fluxes and WFPS. 
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Two considerations arise when evaluating calculated EFs. First, the EF calculated for LGM 

for which total N of the biomass is considered added N (recommended by IPCC (2007b)), was 

smaller than that calculated when only fixed N was considered added N. Compared with other N 

sources, fertilization with leguminous green manures suffers from the addition to the soil of N taken 

up by the crop together with the fixed N, thus increasing N

381 

382 

383 

384 

385 

386 

387 

388 

389 

390 

391 

392 

393 

394 

395 

396 

397 

398 

399 

400 

401 

402 

403 

404 

405 

2O emissions. Second, the 1% default 

Tier 1 emission factor proposed by the IPCC (2007b) to estimate N2O emissions from all N sources 

is high, relative to our results, for compost fertilization and low for vetch and urea. We remain 

cautious regarding the result, as it requires confirmation by measurements integrating year round 

N2O measurements. Our findings indicate the need for source and site-specific coefficients for the 

compilation of national greenhouse gas inventories (Velthof et al., 2002; Flynn et al., 2005; 

Helgason et al., 2005; Bertora et al., 2008; Halvorson et al., 2009). Treatment comparison biases in 

our study could derive from variation in the percentage of N lost as N2O with the N fertilization 

rate. Given that the percentage of N lost as N2O remains constant or rises with increasing N 

fertilization (Granli and Bøckman, 1994; Mosier et al., 2006; Snyder et al., 2009), and since vetch 

in both years and compost in 2007 added higher amounts of N to the soil than urea, then the EF 

calculated for LGM and COM were either comparable or overestimated with respect to UR. 

During summer, as opposed to spring, the year effect and absence of treatment effect 

suggest that N2O emissions may be influenced more by climatic conditions than by the fertilizer 

applied in spring. We expected N2O emission to increase after the 2007 summer irrigation, but no 

peak was observed. This contrasted with the findings of other authors (Ball et al., 1999; Velthof et 

al., 2002; Ruser et al., 2006; Werner et al., 2006). Result differences could be explained if N2O 

emissions after dry-rewetting cycles occurred rapidly (possibly, within one day) before detection 

(Steenwerth et al., 2005; Yanai et al., 2007; Bertora et al., 2008). We excluded the possibility that, 

if denitrification was the main producer of N2O, lower N2O fluxes in summer 2007 than 2008 were 

caused by a lower N2O:N2 ratio (Granli and Bøckman, 1994) because higher WFPS was present in 
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summer 2007 than in that of 2008, but water drainage in the soil is swift enough to allow gases to 

escape from the soil.  

Organic fertilizers increased soil CO2 fluxes in spring. Significantly higher emissions were 

found in LGM than in CK while COM had an intermediate value. The results were likely partly 

related to the amount of added C. We exclude the possibility that our experimental conditions could 

have led to dissociation of soil carbonates and subsequent chemical CO2 release since the soil pH 

was above the threshold carbonate dissociation value (7.2). Frequent rainfall events during spring 

2008 did not increase cumulative CO2 emissions respect to spring 2007, probably because of the 

consequent colder soil temperature. 

Summer CO2 emissions were influenced by climatic conditions and not by fertilizer applied 

during the spring, as was the case with N2O emissions. Soil rewetting via irrigation following a dry 

period in 2007 promoted SOC mineralization characterized by increased CO2 fluxes (Jabro et al., 

2008). The absence of an observed treatment effect in summer relative to spring was probably a 

consequence of reduced SOC oxidation and increased root respiration. In both summers, basal 

respiration was only about 10 to 30 kg CO2-C ha-1 d-1 higher than when measured in spring. We 

expected to observe higher differences due to the contribution of root respiration to CO2 fluxes from 

soil organic matter mineralization. Our fluxes are, however, in agreement with those of Rochette 

and Flanagan (1997) and Rochette et al. (1999), who showed that increased CO2 emissions from 

summer root activity are offset by a decrease in SOC respiration. A similar increase in CO2 fluxes 

between spring and summer was found by Mosier et al. (2006) and Alluvione et al. (2009) in 

conventionally-tilled continuous corn. If any difference in soil organic matter respiration was 

present among the various treatments, then it is possible that the N fertilization effect was masked 

by root activity and C rhizodeposition oxidation (Sainju et al., 2008; Alluvione et al., 2009). 

We found a positive and significant correlation between CO2 and N2O emissions. This was 

probably an outcome of the simultaneous interplay of mineralization and N2O production or of 
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denitrification enhancement due to anaerobic sites where high amounts of CO2 were produced 

(Granli and Bøckman, 1994). 

When comparing N2O and CO2 fluxes among treatments, it is important to consider that 

observed differences were probably underestimated. Linear interpolation is known to be a less than 

optimal model for estimating soil gas fluxes since it does not account for the inevitable immediate 

depleting effect of chamber deployment on gas fluxes (Hutchinson and Mosier, 1981; Healy et al., 

1996). Despite this limitation, Venterea et al. (2009) suggest using linear interpolation when the 

research goal is comparison between treatments as in our case. Thus, calculated EF and ΔCO2eq 

must be used only as indicators of the potential of tested fertilizers to reduce the impact of 

fertilization on global warming while their quantitative information needs to be considered with 

caution. 

 

Soil N and C availability indicators and their correlations with gaseous emissions 

Soil N and C availability was significantly influenced by the different N sources and by the 

tendency of added materials to be mineralized.  

The addition of readily mineralizable N with urea (Bertora et al., 2008) tended to increase 

nitrate content in spring relative to vetch and compost, which probably supplied mineral N to the 

soil more gradually according to their respective organic matter mineralization rates. 

Across the two years, soil NO3
--N content after fertilization was significantly lower in 2008 

than in 2007 in both spring and summer, probably due to the high frequency of precipitation events 

that leached some N into deep soil layers.  

Surprisingly, cumulative spring N2O emissions were not correlated with average soil NO3
--

N content. Though this result is not common in the literature, it is reasonable in our experiment for 

a number of possible reasons. First, nitrate availability was probably higher and more different 

among treatments in deep soil layers (beyond 7.5 cm). In fact, many studies show that materials 

applied to the surface tend to move to the bottom of the ploughed layer by soil inversion from 
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tillage (Cousens and Moss, 1990; Swanton et al., 2000; Roger-Estrade et al., 2001). Second, a more 

abundant facultative aerobe population and higher potential denitrification rates can be found below 

the top soil layer in ploughed soils (Linn and Doran, 1984b; Groffman, 1985; Venterea et al., 2005), 

suggesting that the N
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2O we monitored was produced below 7.5 cm. A third possible reason for the 

absence of nitrate and nitrous oxide flux correlation is the scale of phenomena. In fact, N2O is 

known to be produced in soil microsites, where local conditions fostering nitrification or 

denitrification can vary radically from the surrounding soil (Parkin, 1987; Granli and Bøckman, 

1994; Loecke and Robertson, 2009). It is possible that at a microsite scale, high NO3
--N content 

occurred and enhanced N2O emissions through denitrification as opposed to dilution at the soil 

sampling scale. This seems to be particularly true for LGM, where N2O was likely produced around 

decomposing vetch tissue aggregates. Loecke and Robertson (2009) found higher N2O emissions 

when residue was not uniformly distributed in the soil as a consequence of favorable local 

conditions. Finally, it is also possible that N2O was mainly produced by nitrification with NO3
--N 

content having no influence. 

Potentially mineralizable N in anaerobiosis has been confirmed as a viable indicator to 

monitor SON evolution under different treatments even in the brief period before equilibrium. In 

fact, PMN measurements followed a pattern consistent with total SON evolution —which was 

significantly higher in COM (1.22 mg N kg-1) versus LGM (1.11 mg N kg-1) and UR (1.08 mg N 

kg-1) in fall 2008. Increased SON and PMN after compost fertilization were consequential to very 

low mineralization rates of added organic compounds (Debosz et al., 2002; Ginting et al., 2003; 

Hargreaves et al., 2008). Work by both N’Dayegamiye and Tran (2001) and by Kuo and Jellum 

(2002) have confirmed SON increases following legume incorporation, although the change can be 

limited over time (Cherr et al., 2006b). The low PMN in CK was likely related to the lower amount 

of N returned to the soil from crop residue, which in turn, supplied lower amounts of mineralized N. 

Though root biomass was not directly measured, we surmise that a lower amount of N was returned 

by crop root since the total N taken up by the aboveground biomass was not different among 
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fertilized treatments, but it was significantly lower in CK (two year averages for silage corn N 

uptake: 146 kg N ha
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-1 in CK, 180 kg N ha-1in COM, 201 kg N ha-1 in LGM, and 210 kg N ha-1 in 

UR; treatment effect: P=0.01). The high PMN was not associated with CO2 or N2O emission. 

The lower PD of urea with respect to organic fertilizers both in spring and in summer was 

probably due to two phenomena: (1) a rapid mineralization of labile C compounds in soil organic 

matter following urea application (Kuzyakov et al., 2000; Huang et al., 2004), and (2) a 

simultaneous and opposite increase in the treatments receiving compost and vetch tissues. The 

increase in soil labile C after compost and green manure additions agrees with findings from other 

authors (Chantigny, 2003; Huang et al., 2004; Melero et al., 2007). A tendency for higher PD in CK 

than in UR might be the consequence of a higher root exudate production by N-stressed corn in the 

non-fertilized treatment (Rees et al., 2005), as shown by silage corn N uptake. We believe that this 

difference is not linked to the amount of crop residue returned to the soil. Aboveground biomass 

was low in CK and consistent among fertilized treatments (two year averages: 17.1 Mg d.m. ha-1 in 

CK, 20.1 Mg d.m. ha-1 in COM, 21.6  Mg d.m. ha-1
 in LGM, and 22.0  Mg d.m. ha-1 in UR; 

treatment effect: P<0.01). In this paper, we report results from the second and third years after 

treatment establishment. Therefore, it is likely that the difference in labile C amounts shown by PD 

between mineral (UR) and organic (COM and LGM) fertilization was the result of a change that 

occurred in the soil organic matter. Though total SOC measured in fall 2008 was not significantly 

different among treatments (data not shown), PD was as expected with SOC increase when organic 

fertilizers are applied. 

Potential denitrification is an estimator of labile C available to soil microorganisms. In our 

experiment, labile C was positively correlated with CO2 emissions, but did not influence N2O 

fluxes. Our set-up did not allow identification of the relative contribution of denitrification and 

nitrification to N2O emissions. If denitrification was the driving process, then the amount of labile C 

supplied by soil organic matter was probably sufficient to support N2O production, regardless of the 

treatment. On the contrary, if nitrification was the primary contributor, then the observed absence of 
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correlation between PD and N2O would be expected since nitrifying bacteria are autotrophic. This 

would also be consistent with the absence of correlation between soil nitrate content and N
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emissions that we found. 

 

CO2 equivalents emitted 

The calculated ΔCO2eq values provided useful information on the combined contribution of 

fertilizer induced N2O and CO2 emissions on global warming; however, they do not fully 

characterize the effect of the studied fertilizers on global warming because soil C evolution, rather 

than CO2 fluxes, should be considered. 

Compost application reduced ΔCO2eq emissions following its use as a corn fertilizer while 

vetch did not (Table 3). Though fertilization after compost incorporation in the soil seems to have a 

very low impact on global warming, emissions associated with the collection of the organic 

materials and the composting process need to be included for a more comprehensive evaluation. 

Also, the advantage of compost utilization could be reduced in the farmers’ practice when compost 

is added on the basis of an estimated mineralizable N. Fertilization with leguminous green manure 

seems to be a valuable substitute for mineral N fertilizer as its greenhouse gas impact on global 

warming is similar to urea, and emissions during crop management can be lower than during 

mineral fertilizer synthesis. 

 

CONCLUSIONS 

Compost and vetch significantly affected soil N2O and CO2 emissions. The amount and 

quality of the organic matter they supplied regulated N and C mineralization rates and 

consequently, the microbial processes producing N2O and CO2. During the first month in spring 

after soil incorporation, the stable organic matter in compost mineralized slowly, thereby 

significantly reducing N2O emissions and without increasing CO2 emissions compared to urea. 

Compared to compost, fresh vetch tissues decomposed faster and sustained N2O fluxes at a rate 
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similar to urea while increasing CO2 emissions. When N2O and CO2 losses were combined, using 

compost decreased CO
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2 equivalents emitted per kg of fertilizer N applied by 49% relative to urea 

while using vetch did not. In summer, there was no fertilizer effect detected on N2O and CO2 fluxes. 

Soil mineral N content, potentially mineralizable N in anaerobiosis, and potential 

denitrification all agreed with expected soil organic matter evolution. What did differ from our 

expectation was that these measurements did not add substantial information about the processes 

leading to N2O and CO2 emissions. 

We conclude that compost proved to be efficient in reducing N2O emissions and 

maintaining CO2 fluxes, thereby reducing the global warming impact of fertilization. Hairy vetch 

did not, as no reduction of N2O fluxes, relative to urea, was obtained. Further research is needed to 

accurately compare tested fertilizers. Flux measurements need to be extended throughout the year 

(to include off-peak and non-crop growing season emissions), and combined with the entire life 

cycle of the fertilizer—be it compost (Hao et al., 2001) or urea production (Jenssen and Kongshaug, 

2003) or hairy vetch field management. As GHG emissions during industrial N fixation are very 

high, it is likely that both compost and vetch could be viable substitutes for urea. Furthermore, the 

highly variable N emission factors we found, as compared to the default 1% value proposed by the 

IPCC (2007b), confirm the need for site- and source-specific estimations. 

 22



REFERENCES 552 

553 

554 

555 

556 

557 

558 

559 

560 

561 

562 

563 

564 

565 

566 

567 

568 

569 

570 

571 

572 

573 

574 

575 

576 

Alluvione, F., A.D. Halvorson, and S.J. Del Grosso. 2009. Nitrogen, tillage, and crop rotation 

effects on carbon dioxide and methane fluxes from irrigated cropping systems. J. Environ. 

Qual. 38:2023-2033. 

Alvarez, R. 2005. A review of nitrogen fertilizer and conservation tillage effects on soil organic 

carbon storage. Soil Use Manage. 21:38-52. 

Baggs, E.M., R.M. Rees, K.A. Smith, and A.J.A. Vinten. 2000. Nitrous oxide emission from soils 

after incorporating crop residues. Soil Use Manage. 16:82-87. 

Ball, B.C., A. Scott, and J.P. Parker. 1999. Field N2O, CO2 and CH4 fluxes in relation to tillage, 

compaction and soil quality in Scotland. Soil Tillage Res. 53:29-39. 

Beek, C.L., E.W.J. Hummelink, G.L. Velthof, and O. Oenema. 2004. Denitrification rates in 

relation to groundwater level in a peat soil under grassland. Biol. Fert. Soils 39:329-336. 

Bertora, C., P.C.J. van Vliet, E.W.J. Hummelink, and J.W. van Groenigen. 2007. Do earthworms 

increase N2O emissions in ploughed grassland? Soil Biol. Biochem. 39:632-640. 

Bertora, C., F. Alluvione, L. Zavattaro, J.W. van Groenigen, G. Velthof, and C. Grignani. 2008. Pig 

slurry treatment modifies slurry composition, N2O, and CO2 emissions after soil 

incorporation. Soil Biol. Biochem. 40:1999-2006. 

Bertrand, I., O. Delfosse, and B. Mary. 2007. Carbon and nitrogen mineralization in acidic, limed 

and calcareous agricultural soils: Apparent and actual effects. Soil Biol. Biochem. 39:276-

288. 

Bijay, s., J.C. Ryden, and D.C. Whitchead. 1988. Some relationships between denitrification 

potential and fractions of organic carbon in air-dried and field-moist soils. Soil Biol. 

Biochem. 20:737-741. 

Blake, G.R., and K. Hartge. 1986. Bulk density, pp. 363-382, In E. Klute, (ed.) Methods of Soil 

Analysis. Part 1. ASA and SSSA, Madison, WI. 

 23



577 

578 

579 

580 

581 

582 

583 

584 

585 

586 

587 

588 

589 

590 

591 

592 

593 

594 

595 

596 

597 

598 

599 

600 

601 

602 

Bøckman, O.C. 1997. Fertilizers and biological nitrogen fixation as sources of plant nutrients: 

Perspectives for future agriculture. Plant Soil 194:11-14. 

Brinton, W.F. 2000. Compost quality standards & guidelines: an international view [Online]. 

Available by http://www.woodsend.org/pdf-files/nysar-ne.pdf (verified 13 February 2009). 

Bussink, D.W., and O. Oenema. 1998. Ammonia volatilization from dairy farming systems in 

temperate areas: a review. Nutrient Cycling in Agroecosystems 51:19-33. 

Byrnes, B. 1990. Environmental effects of N fertilizer use — An overview. Nutr. Cycling 

Agroecosyst. 26:209-215. 

Campbell, C.A., F. Selles, G.P. Lafond, V.O. Biederbeck, and R.P. Zentner. 2001. Tillage - 

fertilizer changes: Effect on some soil quality attributes under long-term crop rotations in a 

thin Black Chernozem. Can. J. Soil Sci. 81:157-165. 

Chantigny, M.H. 2003. Dissolved and water-extractable organic matter in soils: a review on the 

influence of land use and management practices. Geoderma 113:357-380. 

Chatskikh, D., and J.E. Olesen. 2007. Soil tillage enhanced CO2 and N2O emissions from loamy 

sand soil under spring barley. Soil Tillage Res. 97:5-18. 

Chatskikh, D., J.E. Olesen, E.M. Hansen, L. Elsgaard, and B.M. Petersen. 2008. Effects of reduced 

tillage on net greenhouse gas fluxes from loamy sand soil under winter crops in Denmark. 

Agr. Ecosyst. Environ. 128:117-126. 

Chefetz, B., P.G. Hatcher, Y. Hadar, and Y. Chen. 1996. Chemical and biological characterization 

of organic matter during composting of municipal solid waste. J. Environ. Qual. 25:776-785. 

Cheng, W., D.W. Johnson, and S. Fu. 2003. Rhizosphere effects on decomposition: controls of 

plant species, phenology, and fertilization. Soil Sci. Soc. Am. J. 67:1418-1427. 

Cherr, C.M., J.M.S. Scholberg, and R. McSorley. 2006a. Green manure approaches to crop 

production: a synthesis. Agron. J. 98:302-319. 

Cherr, C.M., J.M.S. Scholberg, and R. McSorley. 2006b. Green manure approaches to crop 

production: a synthesis. Agron. J. 98:302-319. 

 24



603 

604 

605 

606 

607 

608 

609 

610 

611 

612 

613 

614 

615 

616 

617 

618 

619 

620 

621 

622 

623 

624 

625 

626 

627 

628 

Clough, T.J., F.M. Kelliher, R.R. Sherlock, and C.D. Ford. 2004. Lime and soil moisture effects on 

nitrous oxide emissions from a urine patch. Soil Sci. Soc. Am. J. 68:1600-1609. 

Cousens, R., and S.R. Moss. 1990. A model of the effects of cultivation on the vertical distribution 

of weed seeds within the soil. Weed Res. 30:61-70. 

Crews, T.E., and M.B. Peoples. 2004. Legume versus fertilizer sources of nitrogen: ecological 

tradeoffs and human needs. Agr. Ecosyst. Environ. 102:279-297. 

Curtin, D., and F.M. McCallum. 2004. Biological and chemical assays to estimate nitrogen 

supplying power of soils with contrasting management histories. Aust. J. Soil Res. 42:737-

746. 

Curtin, D., C.A. Campbell, and A. Jalil. 1998. Effects of acidity on mineralization: pH-dependence 

of organic matter mineralization in weakly acidic soils. Soil Biol. Biochem. 30:57-64. 

Davidson, E.A., W.T. Swank, and T.O. Perry. 1986. Distinguishing between Nitrification and 

Denitrification as Sources of Gaseous Nitrogen Production in Soil. Appl. Environ. Microb. 

52:1280-1286. 

Debosz, K., S.O. Petersen, L.K. Kure, and P. Ambus. 2002. Evaluating effects of sewage sludge 

and household compost on soil physical, chemical and microbiological properties. Appl. 

Soil Ecol. 19:237-248. 

Drinkwater, L.E., P. Wagoner, and M. Sarrantonio. 1998. Legume-based cropping systems have 

reduced carbon and nitrogen losses. Nature 396:262-265. 

Eriksen, G.N., F.J. Coale, and G.A. Bollero. 1999. Soil nitrogen dynamics and maize production in 

municipal solid waste amended soil. Agron. J. 91:1009-1016. 

Eva Erhart, F.F.W.H. 2007. Nitrogen leaching losses under crops fertilized with biowaste compost 

compared with mineral fertilization. J. Plant Nutr. Soil Sci. 170:608-614. 

Flechard, C.R., A. Neftel, M. Jocher, C. Ammann, and J. Fuhrer. 2005. Bi-directional 

soil/atmosphere N2O exchange over two mown grassland systems with contrasting 

management practices. Glob. Change Biol. 11:2114-2127. 

 25



629 

630 

631 

632 

633 

634 

635 

636 

637 

638 

639 

640 

641 

642 

643 

644 

645 

646 

647 

648 

649 

650 

651 

652 

653 

654 

Fluck, R.C. 1992. Energy in farm production Elsevier, Amsterdam, London, New York, Tokyo. 

Flynn, H.C., J. Smith, K.A. Smith, J. Wright, P. Smith, and J. Massheder. 2005. Climate- and crop-

responsive emission factors significantly alter estimates of current and future nitrous oxide 

emissions from fertilizer use. Glob. Change Biol. 11:1522-1536. 

Follett, R.F. 2001. Soil management concepts and carbon sequestration in cropland soils. Soil 

Tillage Res. 61:77-92. 

Follett, R.F., S.R. Shafer, M.D. Jawson, and A.J. Franzluebbers. 2005. Research and 

implementation needs to mitigate greenhouse gas emissions from agriculture in the USA. 

Soil Tillage Res. 83:159-166. 

Freney, J.R. 1997. Emission of nitrous oxide from soils used for agriculture. Nutr. Cycling 

Agroecosyst. 49:1-6. 

Gabrielle, B., J. Da-Silveira, S. Houot, and C. Francou. 2004. Simulating urban waste compost 

effects on carbon and nitrogen dynamics using a biochemical index. J. Environ. Qual. 

33:2333-2342. 

Ginting, D., A. Kessavalou, B. Eghball, and J.W. Doran. 2003. Greenhouse gas emissions and soil 

indicators four years after manure and compost applications. J. Environ. Qual. 32:23-32. 

Granli, T., and O.C. Bøckman. 1994. Nitrous oxide from agriculture, pp. 128 Norweg. J. Agr. Sci. 

Vol. Supplement 12. 

Gregory, P.J., J.A. Palta, and G.R. Batts. 1995. Root systems and root:mass ratio-carbon allocation 

under current and projected atmospheric conditions in arable crops. Plant Soil 187:221-228. 

Grignani, C., L. Zavattaro, D. Sacco, and S. Monaco. 2007. Production, nitrogen and carbon 

balance of maize-based forage systems. Eur. J. Agron. 26:442-453. 

Groffman, P.M. 1985. Nitrification and denitrification in conventional and no-tillage soils. Soil Sci. 

Soc. Am. J. 49:329-334. 

Hadas, A., M. Agassi, H. Zhevelev, L. Kautsky, G.J. Levy, E. Fizik, and M. Gotessman. 2004. 

Mulching with composted municipal solid wastes in the Central Negev, Israel: II. Effect on 

 26



655 

656 

657 

658 

659 

660 

661 

662 

663 

664 

665 

666 

667 

668 

669 

670 

671 

672 

673 

674 

675 

676 

677 

678 

679 

available nitrogen and phosphorus and on organic matter in soil. Soil Tillage Res. 78:115-

128. 

Halvorson, A.D., C.A. Reule, and R.F. Follett. 1999. Nitrogen fertilization effects on soil carbon 

and nitrogen in a dryland cropping system. Soil Sci. Soc. Am. J. 63:912-917. 

Halvorson, A.D., S.J. Del Grosso, and F. Alluvione. 2009. Tillage and nitrogen source effects on 

nitrous oxide emissions from irrigated cropping systems. Soil Sci. Soc. Am. J. (accepted 1 

June 2009). 

Hamer, U., F. Makeschin, J. Stadler, and S. Klotz. 2008. Soil organic matter and microbial 

community structure in set-aside and intensively managed arable soils in NE-Saxony, 

Germany. Appl. Soil Ecol. 40:465-475. 

Hao, X., C. Chang, J.M. Carefoot, H.H. Janzen, and B.H. Ellert. 2001. Nitrous oxide emissions 

from an irrigated soil as affected by fertilizer and straw management. Nutr. Cycling 

Agroecosyst. 60:1-8. 

Hargreaves, J.C., M.S. Adl, and P.R. Warman. 2008. A review of the use of composted municipal 

solid waste in agriculture. Agricult. Ecosys. Environ. 123:1-14. 

Healy, R.W., R.G. Striegl, T.F. Russell, G.L. Hutchinson, and G.P. Livingston. 1996. Numerical 

evaluation of static-chamber measurements of soil-atmosphere gas exchange: Identification 

of physical processes. Soil Sci. Soc. Am. J. 60:740-747. 

Helgason, B., H. Janzen, M. Chantigny, C. Drury, B. Ellert, E. Gregorich, R. Lemke, E. Pattey, P. 

Rochette, and C. Wagner-Riddle. 2005. Toward improved coefficients for predicting direct 

N2O emissions from soil in canadian agroecosystems. Nutr. Cycling Agroecosyst. 72:87-99. 

Hill, A.R., and M. Cardaci. 2004. Denitrification and organic carbon availability in riparian wetland 

soils and subsurface sediments. Soil Sci. Soc. Am. J. 68:320-325. 

Huang, Y., J. Zou, X. Zheng, Y. Wang, and X. Xu. 2004. Nitrous oxide emissions as influenced by 

amendment of plant residues with different C:N ratios. Soil Biol. Biochem. 36:973-981. 

 27



680 

681 

682 

683 

684 

685 

686 

687 

688 

689 

690 

691 

692 

693 

694 

695 

696 

697 

698 

699 

700 

701 

702 

703 

Hutchinson, G.L., and A.R. Mosier. 1981. Improved soil cover method for field measurement of 

nitrous oxide fluxes. Soil Sci. Soc. Am. J. 45:311-316. 

Ikumo, H. 2005. Estimation of potential supply of livestock waste compost to replace chemical 

fertilizer use in Japan based on 2000 Census of Agriculture. Jpn. Agric. Res. Q. 39:83-89. 

IPCC. 2007a. Climate Change 2007: The physical science basis. Contribution of Working Group I 

to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 

Cambridge University Press, Cambridge, UK and New York, NY. 

IPCC. 2007b. 2006 IPCC guidelines for national greenhouse gas inventories - Volume 4:  

Agriculture, forestry and other land use. [Online]. Available by http://www.ipcc-

nggip.iges.or.jp/public/2006gl/vol4.htm (verified 20 July 2009). 

Jabro, J.D., U. Sainju, W.B. Stevens, and R.G. Evans. 2008. Carbon dioxide flux as affected by 

tillage and irrigation in soil converted from perennial forages to annual crops. J. Environ. 

Manage. 88:1478-1484. 

Jenssen, T.K., and G. Kongshaug. 2003. Energy consumption and greenhouse gas emissions in 

fertiliser production. Proceedings No. 509. International Fertiliser Society, York, UK. 

Kavdir, Y., H.J. Hellebrand, and J. Kern. 2008. Seasonal variations of nitrous oxide emission in 

relation to nitrogen fertilization and energy crop types in sandy soil. Soil Tillage Res. 

98:175-186. 

Kelner, D.J., J.K. Vessey, and M.H. Entz. 1997. The nitrogen dynamics of 1-, 2- and 3-year stands 

of alfalfa in a cropping system. Agricult. Ecosys. Environ. 64:1-10. 

Kuo, S., and E.J. Jellum. 2002. Influence of winter cover crop and residue management on soil 

nitrogen availability and corn. Agron. J. 94:501-508. 

Kuzyakov, Y., J.K. Friedel, and K. Stahr. 2000. Review of mechanisms and quantification of 

priming effects. Soil Biol. Biochem. 32:1485-1498. 

 28



Lee, J., J.W. Hopmans, C. van Kessel, A.P. King, K.J. Evatt, D. Louie, D.E. Rolston, and J. Six. 

2009. Tillage and seasonal emissions of CO

704 

705 

706 

707 

708 

709 

710 

711 

712 

713 

714 

715 

716 

717 

718 

719 

720 

721 

722 

723 

724 

725 

726 

727 

728 

729 

2, N2O and NO across a seed bed and at the field 

scale in a Mediterranean climate. Agricult. Ecosys. Environ. 129:378-390. 

Limmer, A.W., and K.W. Steele. 1982. Denitrification potentials: Measurement of seasonal 

variation using a short-term anaerobic incubation technique. Soil Biol. Biochem. 14:179-

184. 

Linn, D.M., and J.W. Doran. 1984a. Effect of water-filled pore space on carbon dioxide and nitrous 

oxide production in tilled and nontilled soils. Soil Sci. Soc. Am. J. 48:1267-1272. 

Linn, D.M., and J.W. Doran. 1984b. Aerobic and anaerobic microbial populations in no-till and 

plowed soils. Soil Sci. Soc. Am. J. 48:794-799. 

Loecke, T.D., and G.P. Robertson. 2009. Soil resource heterogeneity in terms of litter aggregation 

promotes nitrous oxide fluxes and slows decomposition. Soil Biol. Biochem. 41:228-235. 

López-Fernández, S., J. Díez, P. Hernáiz, A. Arce, L. García-Torres, and A. Vallejo. 2007. Effects 

of fertiliser type and the presence or absence of plants on nitrous oxide emissions from 

irrigated soils. Nutr. Cycling Agroecosyst. 78:279-289. 

Lynch, D.H., R.P. Voroney, and P.R. Warman. 2006. Use of 13C and 15N natural abundance 

techniques to characterize carbon and nitrogen dynamics in composting and in compost-

amended soils. Soil Biol. Biochem. 38:103-114. 

Meijide, A., J.A. Díez, L. Sánchez-Martín, S. López-Fernández, and A. Vallejo. 2007. Nitrogen 

oxide emissions from an irrigated maize crop amended with treated pig slurries and 

composts in a Mediterranean climate. Agricult. Ecosys. Environ. 121:383-394. 

Melero, S., E. Madejón, J.C. Ruiz, and J.F. Herencia. 2007. Chemical and biochemical properties of 

a clay soil under dryland agriculture system as affected by organic fertilization. Eur. J. 

Agron. 26:327-334. 

Michalk, D.L., and H.P. Mueller. 2003. Strategies to improve cropland soils in North Korea using 

pasture leys. Agricult. Ecosys. Environ. 95:185-202. 

 29



730 

731 

732 

733 

734 

735 

736 

737 

738 

739 

740 

741 

742 

743 

744 

745 

746 

747 

748 

749 

750 

751 

752 

753 

Monaco, S., D. Sacco, T. Borda, and C. Grignani. 2009. Field measurement of soil net nitrogen 

mineralization in manured silage maize. Biol. Fert. Soils (accepted 24 September 2009). 

Monaco, S., D.J. Hatch, D. Sacco, C. Bertora, and C. Grignani. 2008. Changes in chemical and 

biochemical soil properties induced by 11-yr repeated additions of different organic 

materials in maize-based forage systems. Soil Biol. Biochem. 40:608-615. 

Mosier, A.R. 2002. Environmental challenges associated with needed increases in global nitrogen 

fixation. Nutr. Cycling Agroecosyst. 63:101-116. 

Mosier, A.R., and D.S. Schimel. 1991. Influence of agricultural nitrogen on atmospheric methane 

and nitrous-oxide. Chemistry & Industry:874-877. 

Mosier, A.R., A.D. Halvorson, C.A. Reule, and X.J.J. Liu. 2006. Net global warming potential and 

greenhouse gas intensity in irrigated cropping systems in northeastern Colorado. J. Environ. 

Qual. 35:1584-1598. 

N'Dayegamiye, A., and T.S. Tran. 2001. Effects of green manures on soil organic matter and wheat 

yields and N nutrition. Can. J. Soil Sci. 81:371-382. 

Parkin, T.B. 1987. Soil microsites as a source of denitrification variability. Soil Sci. Soc. Am. J. 

51:1194-1199. 

Piccolo, A., R. Spaccini, R. Nieder, J. Richter. 2004. Sequestration of biologically labile organic 

carbon in soils by humified organic matter. Climatic Change 67:329-343. 

Rees, R.M., I.J. Bingham, J.A. Baddeley, and C.A. Watson. 2005. The role of plants and land 

management in sequestering soil carbon in temperate arable and grassland ecosystems. 

Geoderma 128:130-154. 

Robertson, G.P., E.A. Paul, and R.R. Harwood. 2000. Greenhouse gases in intensive agriculture: 

Contributions of individual gases to the radiative forcing of the atmosphere. Science 

289:1922-1925. 

 30



754 

755 

756 

757 

758 

759 

760 

761 

762 

763 

764 

765 

766 

767 

768 

769 

770 

771 

772 

773 

774 

775 

776 

777 

778 

779 

Robertson, J.B., and P.J. Van Soest. 1981. The detergent system of analysis and its application to 

human foods., In W. P. T. James and O. Theander, eds. The Analysis of Dietary Fiber. 

Marcell Dekker, New York (US). 

Rochette, P., and L.B. Flanagan. 1997. Quantifying rhizosphere respiration in a corn crop under 

field conditions. Soil Sci. Soc. Am. J. 61:466-474. 

Rochette, P., and H. Janzen. 2005. Towards a revised coefficient for estimating N2O emissions from 

legumes. Nutr. Cycling Agroecosyst. 73:171-179. 

Rochette, P., L.B. Flanagan, and E.G. Gregorich. 1999. Separating soil respiration into plant and 

soil components using analyses of the natural abundance of carbon-13. Soil Sci. Soc. Am. J. 

63:1207-1213. 

Rochette, P., D.A. Angers, G. Belanger, M.H. Chantigny, D. Prevost, and G. Levesque. 2004. 

Emissions of N2O from alfalfa and soybean crops in Eastern Canada. Soil Sci. Soc. Am. J. 

68:493-506. 

Roger-Estrade, J., N. Colbach, P. Leterme, G. Richard, and J. Caneill. 2001. Modelling vertical and 

lateral weed seed movements during mouldboard ploughing with a skim-coulter. Soil  

Tillage Res. 63:35-49. 

Ruser, R., H. Flessa, R. Russow, G. Schmidt, F. Buegger, and J.C. Munch. 2006. Emission of N2O, 

N2 and CO2 from soil fertilized with nitrate: effect of compaction, soil moisture and 

rewetting. Soil Biol. Biochem. 38:263-274. 

Russell, C.A., B.W. Dunn, G.D. Batten, R.L. Williams, and J.F. Angus. 2006. Soil tests to predict 

optimum fertilizer nitrogen rate for rice. Field Crop Res. 97:286-301. 

Sainju, U.M., J.D. Jabro, and W.B. Stevens. 2008. Soil carbon dioxide emission and carbon content 

as affected by irrigation, tillage, cropping system, and nitrogen fertilization. J. Environ. 

Qual. 37:98-106. 

Sauerbeck, D.R. 2001. CO2 emissions and C sequestration by agriculture – perspectives and 

limitations. Nutr. Cycling Agroecosyst. 60:253-266. 

 31



780 

781 

782 

783 

784 

785 

786 

787 

788 

789 

790 

791 

792 

793 

794 

795 

796 

797 

798 

799 

800 

801 

802 

803 

804 

Silva, M.T.B., A.M. Menduina, Y.C. Seijo, and F.D.-F. Viqueira. 2007. Assessment of municipal 

solid waste compost quality using standardized methods before preparation of plant growth 

media. Waste Manage. Res. 25:99-108. 

Smith, M.S., and J.M. Tiedje. 1979. The effect of roots on soil denitrification. Soil Sci. Soc. Am. J. 

43:951-955. 

Snyder, C.S., T.W. Bruulsema, T.L. Jensen, and P.E. Fixen. 2009. Review of greenhouse gas 

emissions from crop production systems and fertilizer management effects. Agricult. 

Ecosys. Environ. 133:247-266. 

Spaccini, R., A. Piccolo, P. Conte, G. Haberhauer, M.H. Gerzabek. 2002. Increased soil organic 

carbon sequestration through hydrophobic protection by humic substances. Soil Biol. 

Biochem. 34:1839-1851. 

Steenwerth, K.L., L.E. Jackson, F.J. Calderón, K.M. Scow, and D.E. Rolston. 2005. Response of 

microbial community composition and activity in agricultural and grassland soils after a 

simulated rainfall. Soil Biol. Biochem. 37:2249-2262. 

Stehfest, E., and L. Bouwman. 2006. N2O and NO emission from agricultural fields and soils under 

natural vegetation: summarizing available measurement data and modeling of global annual 

emissions. Nutr. Cycling Agroecosyst. 74:207-228. 

Swanton, C.J., A. Shrestha, S.Z. Knezevic, R.C. Roy, and B.R. Ball-Coelho. 2000. Influence of 

tillage type on vertical weed seedbank distribution in a sandy soil. Can. J. Plant Sci. 80:445-

457. 

Tejada, M., and J.L. Gonzalez. 2003. Effects of the application of a compost originating from 

crushed cotton gin residues on wheat yield under dryland conditions. Eur. J. Agron. 19:357-

368. 

Tejada, M., J.L. Gonzalez, A.M. Garcia-Martinez, and J. Parrado. 2008. Effects of different green 

manures on soil biological properties and maize yield. Bioresource Technol. 99:1758-1767. 

 32



805 

806 

807 

808 

809 

810 

811 

812 

813 

814 

815 

816 

817 

818 

819 

820 

821 

822 

823 

824 

825 

826 

827 

828 

829 

830 

Thuriès, L., M. Pansu, M.C. Larré-Larrouy, and C. Feller. 2002. Biochemical composition and 

mineralization kinetics of organic inputs in a sandy soil. Soil Biol. Biochem. 34:239-250. 

Tiedje, J., S. Simkins, and P. Groffman. 1989. Perspectives on measurement of denitrification in the 

field including recommended protocols for acetylene based methods. Plant .Soil 115:261-

284. 

Triberti, L., A. Nastri, G. Giordani, F. Comellini, G. Baldoni, and G. Toderi. 2008. Can mineral and 

organic fertilization help sequestrate carbon dioxide in cropland? Eur. J. Agron. 29:13-20. 

Ullah, S., and S.P. Faulkner. 2006. Denitrification potential of different land-use types in an 

agricultural watershed, lower Mississippi valley. Ecological Engineering 28:131-140. 

Unkovich, M.J., and J.S. Pate. 2000. An appraisal of recent field measurements of symbiotic N2 

fixation by annual legumes. Field Crop Res. 65:211-228. 

Vallejo, A., U.M. Skiba, L. García-Torres, A. Arce, S. López-Fernández, and L. Sánchez-Martín. 

2006. Nitrogen oxides emission from soils bearing a potato crop as influenced by 

fertilization with treated pig slurries and composts. Soil Biol. Biochem. 38:2782-2793. 

Velthof, G., P. Kuikman, and O. Oenema. 2002. Nitrous oxide emission from soils amended with 

crop residues. Nutr. Cycling Agroecosyst. 62:249-261. 

Venterea, R.T., M. Burger, and K.A. Spokas. 2005. Nitrogen oxide and methane emissions under 

varying tillage and fertilizer management. Journal of Environmental Quality 34:1467-1477. 

Venterea, R.T., K.A. Spokas, and J.M. Baker. 2009. Accuracy and precision analysis of chamber-

based nitrous oxide gas flux estimates. Soil Sci. Soc. Am. J. 73:1087-1093. 

Werner, C., X. Zheng, J. Tang, B. Xie, C. Liu, R. Kiese, and K. Butterbach-Bahl. 2006. N2O, CH4 

and CO2 emissions from seasonal tropical rainforests and a rubber plantation in Southwest 

China. Plant Soil 289:335-353. 

Yanai, Y., K. Toyota, and M. Okazaki. 2007. Effects of charcoal addition on N2O emissions from 

soil resulting from rewetting air-dried soil in short-term laboratory experiments. Soil Sci. 

Plant Nutr. 53:181-188. 

 33



Yang, L., and Z. Cai. 2005. The effect of growing soybean (Glycine max, L.) on N2O emission from 

soil. Soil Biol. Biochem. 37:1205-1209. 

831 

832 

833 

834 

835 

836 

837 

838 

Yoshinari, T., R. Hynes, and R. Knowles. 1977. Acetylene inhibition of nitrous oxide reduction and 

measurement of denitrification and nitrogen fixation in soil. Soil Biol. Biochem. 9:177-183. 

Zavattaro, L., and C. Grignani. 2001. Deriving hydrological parameters for modeling water flow 

under field conditions. Soil Sci. Soc. Am. J. 65:655-667. 

Zavattaro, L., C. Grignani, D. Sacco, and S. Monaco. 2003. Ruolo agronomico del sovescio di 

leguminose in sistemi colturali del Piemonte. Riv. Agron. 37:139-143. 

 34



List of Figures 839 

840 

841 

842 

Fig. 1. Daily N2O fluxes (a), daily CO2 fluxes (b) and precipitation events (including irrigation), soil 

temperature and water-filled pore space (WFPS) in the 0- to 7.5- cm soil layer (c) during 

measurement campaigns. 
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843 

844 

Table 1. Selected soil chemical and physical properties in the 0- to 30- cm layer (plowed layer) at 

the study site. 

Soil texture 

      Sand, % 36.0
      Silt, % 56.5
      Clay, % 7.5
Chemical properties 
     pH (soil:water = 1:2.5) 8.1
     Active CaCO3, g kg-1 24
     Organic C, g kg-1 10.2
     Total N, g kg-1 1.0
     C.E.C., cmolc kg-1 12.8
     Exchangeable Ca, cmolc kg-1 11.4
     Exchangeable Mg, cmolc kg-1 0.4
     Exchangeable K, cmolc kg-1 0.1
     Olsen P, mg kg-1 16

845  
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846 Table 2. Main properties of the compost and vetch incorporated into the soil in 2007 and 2008. 

 Compost Vetch 
 2007 2008 2007 2008 
Dry matter, % 61.0 61.6 79.1 89.1 
Organic Matter, % dm 51.1 45.4 89.5 88.2 
Organic C, % dm 25.6 22.7 45.0 45.1 
NDF╪, % dm 33.9 30.5 56.0 44.6 
ADF╪, % dm 23.2 21.1 41.0 31.7 
ADL╪, % dm 11.2 12.7 11.0 7.9 
Ash, % dm 39.1 47.9 10.5 12.7 
Total N, % dm 2.1 2.3 2.7 3.5 
C:N 12.2 9.8 17.0 12.9 
Soluble C:total C╪ 0.34 0.33 0.37 0.49 
Total supply, Mg d.w. ha-1 † 7.3 4.9 2.9 2.6 
Total C supply, kg ha-1‡ 1877 1123 1910 1734 
Soluble C supply, kg ha-1‡ 635 369 714 856 
Total N supply, kg ha-1 ‡ 154 110 260 298 
Estimated N fixation, kg N ha-1‡§   151 173 

 847 

848 

849 

850 

851 

852 

853 

╪ NDF: neutral detergent fiber, ADF: acid detergent fiber, ADL: acid detergent lignin according to 

the Robertson and Van Soest (1981) method; soluble C was computed by the difference between 

total C and C in the NDF fraction. 

† Only the measured aboveground biomass of the vetch is reported. 

‡ Shoot : root C and N ratios were estimated to be 2.1 

§ N fixation was estimated to be 58% of total vetch N. 
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Table 3. Cumulative CO2 and N2O emissions and the corresponding increase in CO2 equivalents 

above that of CK (ΔCO

854 

855 

856 

857 

858 

2eq) for the different treatments during measurement campaigns 

(main effect differences are indicated by upper case letters). The following were the studied 

treatments: fertilization with compost (COM), leguminous green manure (LGM), urea (UR), 

and the absence of N fertilization (CK). 

  Spring  Summer 
         
         

  CO2 N2O ╪ ΔCO2eq †  CO2 N2O ╪ ΔCO2eq †
         

  [kg CO2-C ha-1] [g N2O-N 
ha-1] 

[kg CO2eq ha-1  
kg-1 fertilizer N] 

 [kg CO2-C ha-1] [g N2O-N 
ha-1] 

[kg CO2eq ha-1 
kg-1 fertilizer N] 

         
         

COM  1499 AB‡ 830 B 12.24 B  319  27  0.38  
LGM  1828 A 3802 A 27.95 A  313  48  0.39  
UR  1343 AB 4726 A 24.02 A  278  16  -0.70  
CK  1058 B 637 B /   302  26  /  
               
2007  1533  1877  20.92   371  8  0.35  
2008  1331  1651  21.89   236  67  -0.31  
               
Average  1432  1760  21.40   303  28  0.02  
         
         

Year  0.19 0.52 0.33  <0.01 <0.01 0.30 
Fertilization  0.01 <0.01 0.02  0.29 0.29 0.32 
Interaction  0.38 0.43 0.80  0.22 0.22 0.18 
SD  359 2 12.95  47 2 1.30 
         

859 

860 

861 

862 

863 

864 

865 

866 

867 

868 

869 

870 

 

╪ Data normalization for the ANOVA was performed by log-transformation (natural logarithm). 

Back-transformed data are reported. 

† Carbon dioxide equivalents emitted by the different treatments above the emissions from CK. To 

account for the amount of N distributed in the different treatments, values referred to one kg 

of fertilizer N applied per ha. For the vetch, only the fixed N was counted as added fertilizer. 

Carbon dioxide equivalents of N2O were calculated using a global warming potential of 298 

kg CO2 equivalent per kg of N2O (IPCC, 2007a). As reported N2O emissions are 

geometrical averages, CO2 equivalents do not correspond to the arithmetical sum of CO and 

CO  equivalent N O values.

2 

2 2

‡ When the effect of the factor was significant, letters were used to separate between means 

according to the results of the Sidak post-hoc test. 
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Table 4. Nitrous oxide emission factor of applied N (EF) in fertilized treatments during spring 

campaigns. In LGM, N

871 

872 

873 

874 

875 

2O EFs were calculated taking into account only the N fixed (values 

calculated considering the total N in the vetch residue are reported in brackets). The 

following were the studied treatments: fertilization with compost (COM), leguminous green 

manure (LGM), or urea (UR). 

 COM LGM UR Avg 
        
        

  2007 0.19  1.95 (1.13) 4.05 2.06 (1.79) 
  2008 0.03  2.67 (1.55) 2.78 1.83 (1.45) 
  Avg. 0.11 A† 2.31 (1.34) B(A) 3.42 B 1.95 (1.62) 
        
        

Year 0.70  (0.50)  
Fertilization <0.01  (<0.01)  
Interaction 0.40  (0.37)  
SD 1.22  (1.02)  
        

 876 

877 

878 

† When the effect of the factor was significant, letters were used to separate between means 

according to the results of the Sidak post-hoc test. 
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Table 5. Average soil NO3
--N content, potentially mineralizable N (PMN), and potential 

denitrification (PD) in the 0- to 7.5- cm layer in spring and summer. The following were the 

studied treatments: fertilization with compost (COM), leguminous green manure (LGM), or 

urea (UR). 

879 

880 

881 

882 

  Spring Summer 
         
         

  NO3
--N¶ PMN PD¶ NO3

--N¶ PMN PD¶
         

  [kg NO3
--N ha-1)] [kg NH4

+-N ha-1] [kg N2O-N ha-1] [kg NO3
--N ha-1] [kg NH4

+-N ha-1] [kg N2O-N ha-1]
         
         

COM  3.94 ab§ 10.21 c 0.66 b 1.45 ab 12.04 b 0.62 b 
LGM  4.36 ab 9.74 bc 0.67 b 2.60 b 12.36 b 0.68 b 
UR  5.14 b 8.94 ab 0.44 a 5.57 b 11.15 ab 0.28 a 
CK  3.41 a 8.17 a 0.54 ab 0.27 a 10.44 a 0.76 b 
           
2007  12.87  8.61  0.56  8.92  10.98  0.88  
2008  1.35  9.92  0.60  0.26  12.00  1.06  
           
Average  4.16  9.26  0.58  1.52  11.49  0.55  
         
         

Year  <0.01 <0.01 0.47 <0.01 0.05 <0.01 
Fertilization  0.01 <0.01 0.03 0.02 0.05 0.03 
Interaction  0.52 0.18 0.55 0.71 0.44 0.12 
SD  1 1 1 48 1 2 
         

883 

884 

885 

886 

887 

 

¶ Data normalization for the ANOVA was performed by log-transformation (natural logarithm). 

Back-transformed data are reported. 

§ When the effect of the factor was significant, letters were used to separate between means 

according to the results of the Sidak post-hoc test. 
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Fig. 1. Daily N2O fluxes (a), daily CO2 fluxes (b), precipitation events (including irrigation), soil 

temperature, and water-filled pore space (WFPS) in the 0- to 7.5- cm soil layer (c) during 

measurement campaigns. 
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