Minimum tillage mitigated soil N2O emissions and maximized crop yield in faba bean in a Mediterranean environment
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Abstract
Besides improving soil properties and N availability, N2-fixing crops may also mitigate soil N2O emissions, by reducing N fertilizer requirements. That said, the N released in their root exudates and through the decomposition of their residues may increase N2O emissions. Agricultural practices like tillage that affect soil parameters are known to influence the processes that lead to N2O production. However, the combined effect of the tillage system used and the crop type being cultivated on soil N2O emissions remains unclear, especially in a Mediterranean climate. 
A two-year study was carried out on a faba bean (Vicia faba L. var. minor Beck) crop as part of  a long-term tillage experiment (> 20 years) in a Mediterranean environment. We evaluated the effects of two tillage systems, ploughing (P) and minimum tillage (MT), on the following parameters: N2O emissions, grain yield, N assimilated in plant biomass and biological N2 fixation. Our results showed grain yield to be higher in MT than P in the first year and roughly similar in the second. Moreover, cumulative N2O emissions were lower in MT than P in both years (up to -80%). Indeed, MT was identified in our environment as a sustainable means of achieving N2O emissions mitigation while also maximizing grain yield. Furthermore, the percentage of N derived from N2 fixation (Ndfa%) in plants stood at 80% on average, affected by tillage only in the second year, with higher values in P than MT. Moreover, a positive relationship between N2 fixation and N2O emissions was reported, particularly in P, and during the fallow period.


1 Introduction
Nitrous oxide (N2O) is one of the most important non-CO2 greenhouse gases, and agriculture is its largest anthropogenic source, with most of these emissions coming from agricultural soils (Reay et al., 2012). It is well known that N2O emissions from agricultural soils result mainly from biological nitrification and denitrification processes; also that said emissions are directly increased by nitrogen fertilization (Skiba and Rees, 2014; Stehfest and Bouwman, 2006). In addition to N fertilization, legume crops may also contribute significantly to N inputs at both field and farm scales, given their ability to fix atmospheric N2, in symbiosis with the soil bacteria rhizobia. Therefore, any non-N2-fixing crops in a rotation may benefit from the inclusion of legumes and the improved soil N availability, soil properties and disease resistance they afford (Peoples et al., 2009). Moreover, compared to N-fertilized cereals, legumes may allow for a 35-60% reduction in the use of fossil fuels when grown as pure standing crops, and a 12-34% reduction when included in crop rotations, mainly due to the lower N fertilizer requirements for the following catch crops and lower use of agrichemicals (Jensen et al., 2012). 
On the other hand, N2-fixing crops may increase soil N2O emissions through various processes such as N2O production by N2-fixing bacteria and the degradation of N-rich root exudates or crop residues (Rochette and Janzen, 2005). However, it was previously reported that N2 fixation in itself is not directly responsible for N2O emissions (Carter and Ambus, 2006; Rochette and Janzen, 2005). Indeed the Intergovernmental Panel on Climate Change (IPCC) removed the contribution of biological N2 fixation to the N2O emissions estimate from its guidelines in 2006. So N2O emissions in legume cultivation may occur during the crop growing period, mainly due to the decaying root nodules or N root exudates, most likely as plant N demand begins to decrease at the later stages of crop growth (Uchida et al., 2013; Yang and Cai, 2005). Furthermore, some authors reported that N2O emissions from legume cultivation mainly occurred post-harvest due to the decomposition of root nodules and crop residues, considering that the application of residues with low C/N may encourage mineralization in soil (Baggs et al., 2000; Toma and Hatano, 2007).
Besides the stimulatory effect of N input on soil N2O emissions, soil parameters such as aeration, water content, temperature, pH and C availability may influence the biological processes leading to N2O emissions (Freibauer and Kaltschmitt, 2003; Hénault et al., 2012). Therefore, agricultural practices that affect soil parameters, such as tillage, may also indirectly influence N2O production processes. Many studies concluded that reduced tillage may provide benefits in terms of soil erosion protection, soil moisture conservation, cost reduction, carbon sequestration and possible greenhouse gas emissions mitigation (Holland, 2004; Six et al., 2004; Paustian et al., 1997). However, the role of tillage depth on soil N2O emissions is still uncertain, since tillage depth may exert different influences on interrelated factors such as aggregate stability, drainage, total N and soil organic carbon. Indeed,  studies have reported higher (MacKenzie et al., 1998; Rochette, 2008), lower (Halvorson et al., 2010; Mutegi et al., 2010) and similar (Abdalla et al., 2010; Tellez-Rio et al., 2015) N2O emissions in reduced tillage (no-till or minimum tillage) scenarios, compared to conventional tillage. The different effects of tillage on N2O emissions are mainly related to soil texture, climate and the duration of the period over which reduced tillage has been practised (Van Kessel et al., 2013). 
The effect of tillage on N2O emissions may be different in N-fertilized crops than in non-fertilized legumes, especially in terms of residue incorporation into the soil, since a deeper tillage depth may increase the mineralization of residues, and even more when the residues are characterized by a low C/N ratio (Van Den Bossche et al., 2009). Further studies are needed, as the effect on soil N2O emissions of the interaction between the tillage system and crop type is surrounded in uncertainty, an uncertainty that is compounded in the Mediterranean context due to a lack of studies. 
Additionally, tillage intensity may affect grain yield and N2 fixation in legume crops. It was previously reported that reduced tillage may decrease the available N through a slowdown of mineralization and nitrification, and that this may stimulate N demand and N2 fixation in legume crops (Van Kessel and Hartley, 2000).
Among the legumes that may be included into a crop rotation in a Mediterranean environment is the faba bean (Vicia faba L. var. minor Beck), a legume primarily used as animal feed in grain form. However, as yet little information is available about the response of faba bean yield and N2 fixation to different tillage systems (Lestingi et al., 2011; Giambalvo et al., 2012); even less is available about the soil N2O emissions associated with its cultivation.
The objectives of this study, carried out in central Italy, as part of a long-term experiment were: i) to assess the effect of different soil tillage practices (ploughing and minimum tillage) on soil N2O emissions, crop yield, plant N assimilation and N2 fixation in faba bean cultivated under Mediterranean conditions; ii) to highlight the potential differences in daily N2O flux between the crop growing and the fallow periods, and; iii) to evaluate if the incorporation of crop residues and the N2 fixation may be drivers for N2O emission production. 

2 Material and methods
2.1 Site description and experimental set-up
The experiment was carried out in central Italy in the coastal plain of Pisa (43° 40' N Lat; 10° 19' E Long; 1 m a.s.l and 0% slope), at the “Enrico Avanzi” Centre for Agro-Environmental Research of the University of Pisa. The climate is typically Mediterranean, characterized by a long-term (1986-2013) average annual rainfall of about 900 mm and a mean annual temperature of 15°C. According to the long-term data, the coldest month is January (mean air temperature of 7°C), while the highest mean air temperature occurs in August (24°C). For its part, rainfall is higher in spring and autumn, with the highest values recorded from September to December (480 mm). 
The soil is a silty clay loam derived from alluvial sediments and classiﬁed as a Typic Haplustert based on the USDA soil taxonomy (Soil Survey Staff, 2014) (Table 1). The soil water table depth is around 35 cm at the end of winter and 110 cm at the end of the summer.
The study was conducted on a faba bean (Vicia faba L. var. minor Beck. cv Vesuvio) crop, included in a six-year crop rotation established in autumn 1992 at the “Enrico Avanzi” research centre with the aim of studying the long-term effects of conventional vs integrated management systems on crop productivity (CIMAS, or Conventional vs Integrated Management Systems comparison) (Lechenet et al., 2016; Nassi o Di Nasso, 2011). 
The field campaign presented in this study ran from February 2014 to September 2015. From 1992 until the start of this field campaign, the conventional system was characterized by conventional tillage practices and high fertilization rates, varying according to the different crops in the rotation, while reduced tillage practices and N fertilizer rates were applied within the integrated management system. In February 2014, the crops included in the rotation were: sunflower (Helianthus annuus L.), hybrid sorghum (var. Hannibal), faba bean (Vicia faba L. var. minor Beck.), rapeseed (Brassica napus L.), clover (Trifolium alexandrinum L.) and durum wheat (Triticum durum Desf.). The crop rotation was performed over a period of six years, with all crops being present each year, moved on an annual basis sequentially along the six fields dedicated to the rotation. Accordingly, in the second year of this study the faba bean crop was sown in a field next to where it was sown in the first year. 
The factor studied was the intensity of the primary tillage with two levels: minimum tillage (MT), performed via disk harrow at a depth of 10 cm, and; mouldboard ploughing (P), performed at a depth of 30 cm. There were four replicates. The experimental unit consisted of 30 m2 (5 m x 6 m) plot. P was performed in the fields originally assigned to the conventional system in CIMAS, while MT was carried out in the fields assigned to the integrated management system. 
For both MT and P, the seed bed was prepared via double harrowing and the last of the two harrowing was performed about one week before sowing. On this occasion, phosphate fertilization was carried out by applying 70 kg P2O5 ha-1 as a triple superphosphate. The sowing rate was 30 seeds per m-2. Weeding, irrigation and pest control were not necessary at any point during the study period. N fertilization was not been carried out at any stage of faba bean cultivation.
Harvest was performed at grain maturity, and crop residues were shredded and left in the field. Table 2 reports the dates on which the main agricultural practices were carried out in the two fields for both tillage levels.

2.2 Crop sampling and analysis
The phenology of the faba bean was monitored and determined using the extended BBCH (Biologische Bundesanstalt, Bundessortenamt and Chemical industry) scale (Lancashire et al., 1991). 
The dominant phenological phase was considered representative for the whole field, and said phase was assigned when it was reached by more than 70% of the plants.
At harvest, faba bean biomass was sampled to assess crop productivity and nitrogen assimilated by plants (N amount in plant biomass), as well as to collect samples for the estimation of nitrogen fixation through the 15N natural abundance technique. Two sub-replicates of 0.5 m2 were sampled from each plot, including both the above and below-ground biomass of the faba bean plants and weeds, and excluding border plants at the perimeters of the harvested area. In each sub-replicate, below-ground biomass was sampled by digging at a depth of 25 cm. The faba bean plants and weeds collected in each sampling area were separated into two different paper bags, since non-N2-fixing weeds were used as reference plants for the natural abundance method. The faba bean plants were then separated into grain, husks, roots, stalks and leaves. All harvested plant samples were oven-dried until constant weight for 24-48 hours at 60°C. 
Since at crop maturity the majority of the leaves had been shed, the final dry weight of the leaves at harvest was estimated through the ratio between the dry weight of the stalks and leaves measured in a sampling campaign one month before harvest.
The harvest index (HI) was also calculated according to equation (1).



For the subsequent calculation of N concentration and N2 fixation, all oven-dried plant samples were ground using a mill equipped with a 500 µm mesh. The total nitrogen content and isotopic ratio of 15N/14N was measured in the plant material by Dumas combustion (1020 °C) on an elemental analyser (Flash 2000, Thermo Scientific, Bremen, Germany) coupled in continuous flow mode to a Delta V Advantage isotope ratio mass spectrometer (Thermo Scientific). Approximately 2 mg of dried and homogenized material were weighed into tin combustion cups for the elemental analysis. Peach leaf material (NIST 1547; National Institute of Standards and Technology, Gaithersburg, MD, USA) was used for elemental analyser mass calibration and quality assessment of isotopic analysis. The working standard for isotope ratio determination was commercial N2 calibrated against 15N/14N certified ammonium sulfate (IAEA, Vienna, Austria). 
The sample 15N/14N isotope ratio () was compared to the ratio in the primary standard (), and expressed by the delta notation: 

where the primary standard for nitrogen is atmospheric air.
Total N assimilated in above-ground faba bean biomass was calculated as the sum of N amount in each biomass fraction, calculated as the product of N concentration and biomass weight. Moreover, the amount of N assimilated to produce a unit of grain yield was calculated by dividing the total N assimilated by dry grain yield.

2.3 Nitrogen fixation estimation
The nitrogen derived from biological fixation was estimated through the quantification of the 15N natural abundance (δ15N) in the faba bean plants and the non-N2-fixing weeds grown in the same plot (reference plants). The percentage of N found in the plants deriving from N2 fixation () was calculated using equation (3) by Shearer and Kohl (1986):



where  is the   of legume grown in a N-free medium. We used = -0.6, calculated for the whole plant by Nebiyu et al. (2014) as the average of six varieties of faba bean. The amount of N2 fixed with respect to the total N assimilated by the plant () was calculated as in equation (4):



The N uptaken by plants from soil () was calculated using equation (5):



The N returned to the soil by the legume crop due to N2 fixation () was calculated through the balance between the N2 fixed and the N removed from the field with grain harvest () (6):



2.4 Soil nitrous oxide emissions monitoring 
The monitoring of soil N2O emissions was performed over two years of faba bean cultivation, including two growing seasons and two fallow periods. The first monitoring year started on 18 February 2014 and ended on 8 October 2014, while the second started on 5 December 2014 and ended on 21 September 2015. The N2O monitoring frequency was bi-weekly, intensified to about twice a week for five days following the primary tillage for rapeseed in order to detect the potential peaks of N2O emitted after the incorporation of faba bean residues into the soil.
N2O emissions from there soil were measured through the through-flow non-steady state chamber technique (Livingston and Hutchinson, 1995) using a mobile instrument developed within the LIFE+ “Improved flux Prototypes for N2O emission reduction from Agriculture” (IPNOA) project (www.ipnoa.eu) by West Systems Srl (Florence, Italy). It consists of a light tracked vehicle that can be operated by remote control, equipped with an ultraportable greenhouse gas analyser (UGGA) to measure carbon dioxide (CO2), methane (CH4) and water vapour, and a N2O, carbon monoxide (CO) and water vapour detector that uses off-axis integrated cavity output spectroscopy (ICOS), both provided by Los Gatos Research (LGR) Inc. (Mountain View, CA, USA). Output gas concentrations are given with a scan rate of 1 s. Measured data were recorded using a smartphone connected via Bluetooth®. The technical details of the instrument and its validation are reported by Bosco et al. (2015) and Laville et al. (2015). A PVC collar (15 cm height, 30 cm ø) was inserted permanently at a soil depth of 5 cm in each plot. The collars were mounted within plant rows, and plants within the collar were left uncut in order to minimize the differences in soil water content, soil temperature and soil nitrogen dynamics between the conditions inside and outside of the collar. To perform the N2O flux measurement, a movable steel chamber (10 cm height, 30 cm ø) was connected to the detector through a tube (20 m long, 4 mm ø). The chamber was equipped with an internal fan to guarantee the homogeneity of the gas concentration and a rubber seal to avoid air leaks. In order to match crop growth, stackable PVC extensions (15, 30, 45 cm) were installed between the collar and the chamber, just before measurement, in order to adjust the height of the collar to the height of the crop over the crop growing period.
Daily N2O flux was calculated from the slope of the linear increment of the gas concentration within the chamber plus collar volume during chamber deployment time (2-3 minutes), taking into consideration the mean daily atmospheric pressure, mean daily temperature and the volume/area ratio of the chamber as reported by Laville et al. (2011). Measurements were conducted in the morning (i.e. between 9:00 and 10:00 a.m.) a time period when soil N2O flux and air temperature are most likely to be near to their the daily means (Alves at al., 2012). 
When plants were present within the chamber, their biovolume was not subtracted from the headspace volume of the chamber plus extensions, it having been demonstrated that this does not affect flux calculation (Volpi et al., 2015). 

2.5 Ancillary measurements
Daily mean air temperature, atmospheric pressure and rainfall were recorded from the closest weather station, located on a grassland less than 500 m from the experimental trial. 
Furthermore at each N2O sampling day, soil temperature and volumetric water content were measured close to each collar at the same time as to the flux was measured, using a dielectric probe (Decagon Devices GS3) inserted into the soil to a depth of 5 cm and linked to the instrument via a Bluetooth® connection. Soil water content values were used to calculate the water filled pore space (WFPS) using equation (8) and (9). Bulk density was measured using the soil core method and considering a particle density of 2.65 g cm−3. 



To study the soil mineral nitrogen dynamic, the soil was sampled a maximum of once a month, and approximately once a week after tillage for crop residues incorporation. Three soil cores per plot were collected from the 0-20 cm soil layer to constitute one sample. Samples were frozen at -20°C. Before the analysis, each soil sample was thawed at ambient temperature and later, a 12 g subsample of moist soil was extracted with 1M KCl using a 1:10 soil:extractant ratio and 30 min shaking time. NO3-N concentrations were determined using ultraviolet spectrophotometry (Goldman and Jacobs, 1961). NH4-N concentrations were determined photometrically using the Spectroquant® Ammonium-test kit by Merck KGaA (Darmstadt, Germany). Soil mineral N content was calculated based on N sample concentration considering soil dry weight.

2.6 Calculation and statistical analysis
Statistical analysis was performed with R software (R Core Team, 2016), considering statistical differences as significant for p<0.05. First, N2O data were checked for outliers among replicates within each sampling day using the R “outliers” package of the Grubbs’ test (Komsta, 2015). This test is able to identify when a value is significantly different from the others within a group. Cumulative emissions were calculated for the whole monitoring period, including the crop growing and fallow periods, by linear interpolation between two adjacent sampling dates and the numerical integration of the function over time, assuming that fluxes changed linearly between sampling days. N2O data were log transformed, as residuals deviated strongly from normal distribution. To allow for log-transformation, considering the presence of negative values of daily N2O flux, N2O fluxes were translated before transformation as: where was the minimum value in the dataset.
Then, linear mixed-effect models were used to analyse the effect of the treatments on: crop yield, N assimilated in plant biomass, % Ndfa, N2 fixed, N derived from soil and N balance, monitored soil parameters, and daily and cumulative N2O emissions. The R package used for the linear mixed model was “lme4” (Bates et al., 2014). The significance of factors and their interaction was determined using the R “LMERConvenienceFunctions” package (Tremblay and Ransijn, 2015). In particular, to analyse crop yield, N assimilated by plants, N2 fixation parameters and cumulative N2O emissions, the year and tillage levels were both considered as fixed factors. In order to analyse differences in the mean daily N2O flux between the crop growing and fallow periods, the fixed factors included tillage and phase (crop growing season or fallow period). The replicate was considered as random effect in all the models. Moreover, to analyse the measured soil parameters, the same statistical approach was used, in this case considering as random effect both the replicate and sampling day. If a significant effect was identified for one or more of the fixed factors, Tukey's HSD post hoc test was used to reveal differences among treatments. Since significant effects of year or significant interaction between year and the other fixed factors occurred, the data have been presented separately for each year.
Furthermore, the difference between the two tillage levels in terms of daily N2O flux was also analysed within each monitoring day through one-way ANOVA and Tukey's HSD post hoc test. 
Meanwhile, the redundancy analysis (RDA) performed using the R “vegan” package (Oksanen et al., 2016) was used to assess the relationship with the following environmental variables for the two tillage systems: mean daily N2O flux in the crop growing period (Crop_N2O flux), mean N2O daily flux in the fallow period (Fallow_N2O flux), cumulative N2O emissions over the whole monitoring period (Cumulative_N2O), percentage of N derived from N2 fixation (Ndfa_percent), amount of N from N2 fixation (Ndfa_N), grain yield (dry_grain), weight of plant residues after harvest (dry_residues), N amount in plant residues (N_residues), N balance (N_balance) and N derived from the soil (N_from_soil). 
	
3 Results
3.1 Meteorological conditions and crop phenology
Rainfall between sowing the faba bean plants and the end of the monitoring campaign was 1090 mm in the first year and 1030 mm in the second (Figure 1). Rainfall in the crop growing period was 810 mm in the first year and 780 mm in the second. The majority of the rainfall in the first year occurred in January (363 mm) and July (194 mm), while in the second year it fell mostly in November (289 mm) and August (232 mm). The driest month in the first year was August (9 mm), while in the second year July (3 mm) was the driest. Mean air temperature from sowing to harvest was about 13°C in both years. The highest mean monthly temperature was recorded in July in both years, equal to 22°C and 26°C in the first and second years, respectively. The coldest month was December in the first year (8°C) and January in the second (8°C).
Regarding the phenological stages of the crop, no differences were observed between the two tillage levels. High soil humidity in the first year meant sowing was delayed by one month. Fruit development, ripening and senescence occurred about two weeks later, and the vegetative stage of the faba bean was longer, in the second year than in the first year (Figure 1).

3.2 Faba bean dry matter and nitrogen yields
Averaged over the two tillage systems, total above-ground biomass of the faba bean in the first year was 13.8 ±0.7 t ha-1, significantly higher than the 9.7 ±0.9 t ha-1 recorded in the second year (p<0.01). The components of the biomass that contributed to the inter-annual variability were grain (1st year: 4.2 ±0.3 t ha-1, 2nd year: 2.2 ±0.2 t ha-1), pods (1st year: 1.6 ±0.1 t ha-1, 2nd year: 0.9 ±0.1 t ha-1) and leaves (1st year: 2.7 ±0.2 t ha-1, 2nd year: 1.9 ±0.2 t ha-1) (Figure 2).
The effect of the tillage system on faba bean above-ground biomass was different in the two years (Figure 2). In the first year, both the total above-ground biomass and its components, with the exception of pods, were significantly higher in MT than P (p<0.05) (Figure 2a). Grain yield was higher in MT (4.8 ±0.4 t ha-1) than in P (3.7 ±0.03 t ha-1). Meanwhile, in the second year, total above-ground biomass, pod weight and grain yield were similar between the two tillage systems, while the vegetative components (stalks and leaves) were significantly higher in P than in MT (p<0.05) (Figure 2b). Indeed, the harvest index (HI) in the first year was the same for the two tillage systems (on average 31%), while in the second year the HI for P (16%) was significantly lower than that for MT (32%) (p<0.001). 
N concentration in the various fractions of faba bean biomass was generally unaffected  by either year or tillage system. An exception to this was recorded for N concentration in grain, which was significantly higher (p<0.01) in the second year (4.4%) than in first (4.0%). Another exception was N concentration in leaves in the first year, which was significantly higher (p<0.05) in MT (3.0%) than in P (2.8%).
Furthermore, as with total above-ground biomass, the total N assimilated in plants was also significantly higher in the first year (323 ±23 kg N ha-1) than in the second (213 ±21 kg N ha-1) (p<0.01). The inter-annual variability of total N assimilated by the faba bean plants was mainly due to the higher N in the grain (1st year: 170 ±14 kg N ha-1, 2nd year: 99 ±12 kg N ha-1) and the pods (1st year: 27 ±1 kg N ha-1, 2nd year: 18 ±4 kg N ha-1).
As observed for above-ground biomass, the effect of the tillage system on the amount of N assimilated by the faba bean plants was different in the two years (Figure 3). In fact, total N assimilated in the first year and the N assimilated in each biomass component, with the exception of pods, was higher in MT than in P (Figure 3a). By contrast, there was no difference in the second year in total assimilated N between the two tillage systems, with exception of the N in stalks, which was higher in P than in MT (p<0.05) (Figure 3b).

3.3 Biological nitrogen fixation in faba beans
The percentage of N in faba beans derived from the atmosphere (%Ndfa), the total amount of fixed N2 and the contribution of the faba beans to the soil N pool, as measured by the N balance method, were significantly higher in the first year than in the second (Table 3). The effect of the tillage intensity was different in the two years: specifically, %Ndfa values ranged between 63% and  89% and were unaffected by tillage intensity in the first year, while in the second, higher %Ndfa was recorded in P than in MT (p<0.05). The amount of fixed N2 ranged between 148 kg N ha-1 and 331 kg N ha-1 and was significantly higher in MT than in P in the first year (p<0.05), while no differences were recorded between the two tillage levels in the second year. Furthermore, the nitrogen uptaken from soil was not significantly different in the two years, ranging between 44 kg N ha-1 and 88 kg N ha-1, though it was significantly affected by tillage intensity, with higher values recorded in MT than in P in both years (p<0.01). The N balance ranged between 130 kg N ha-1 and 30 kg N ha-1 and was significantly affected by tillage intensity in the second year, with higher values recorded in P than in MT (p<0.05). 
The  of each biomass fraction of the faba beans and reference plants (non-leguminous weeds) are reported in “Supplementary material” (Table S1).

3.4 Soil parameters, daily N2O flux and cumulative N2O emissions
Water filled pore space (WFPS) showed no differences between P and MT, while average WFPS values were higher in the second year than in the first (Figure 4a). In the first year the highest WFPS was recorded at the beginning of October 2014 (70%) and the lowest at the end of May 2014 (4%), while in the second year the highest values were recorded from December 2014 to March 2015 (70-90%) and the lowest at the end of July 2015 (10-20%). 
Soil temperature in the first year was similar between the two tillage systems, while in the second year it was higher in MT than P (Figure 4a). In the first year, the lowest soil temperature was recorded at the beginning of the field campaign, in February 2014 (17°C), with the temperature then increasing constantly until reaching the maximum value recorded at the beginning of September 2014 (30-35°C). By contrast, in the second year the lowest value was recorded at the beginning of January 2015 (12°C) and the highest at the beginning of August 2015 (39°C).
Soil ammonium concentration on average was significantly higher in the first year (2.1 ±0.3 mg N kg-1) than in the second (1.2 ±0.2 mg N kg-1), observing no differences between the two tillage systems (Figure 4b). Soil nitrate concentration showed no differences between P and MT in the first year, while in the second year it was higher in P (5.2 ±1.1mg N kg-1) than in MT (1.9 ±0.2 mg N kg-1) (Figure 4b). 
Mean daily N2O flux was significantly higher in the first year (8.4 ±2.2 g N2O-N ha-1 day-1) than in the second (2.1 ±0.4 g N2O-N ha-1 day-1) (p<0.001). Moreover, the daily N2O flux was significantly different between the two tillage systems for nine of the 17 total monitoring days in the first year and for eight of the 23 monitoring days in the second year, with N2O recorded in P being significantly higher than in MT (Figure 4c). The highest peaks in N2O emissions (from 19 to 50 g N2O-N ha-1 day-1) were recorded in the first year, from March to April, and on the three monitoring days after the incorporation of faba bean residues into the soil (mid-September to the beginning of October).
In both years, mean daily N2O flux showed no differences between the faba bean growing season (from sowing to harvest) and the fallow period, while it was significantly higher in P than in MT. Table 4 shows the effect of tillage system on mean daily N2O flux over the whole two-year monitoring period. Cumulative N2O emissions calculated over the whole monitoring period were significantly higher in the first year (1945 ±601 g N2O-N ha-1) than in the second (601 ±125 g N2O-N ha-1) (p<0.001), and they were higher in P than in MT in both years (Table 4).

3.5 Multivariate analysis of faba bean biomass, N assimilated in plants, N2 fixation and N2O emissions
The biplot (Figure 5) shows the results of the RDA analyzing the possible relationships between the biomass of faba bean residues and N assimilated in plants, grain yield, symbiotic N2 fixation, N2O flux during the crop growing season and fallow period, and cumulative N2O emissions over the whole monitoring period as response variables (RVs), considering the tillage system as an environmental variable (EV).
The significance of the overall RDA tested through 999 permutations showed that the relationship between the RVs and EV was significant (p<0.05), indicating that tillage system was significantly corelated with the variables studied through the RDA. The first two axes of the RDA biplot explain 60% of total variance, while the EV explains 20% of total variance.
The biplot clearly confirms that in MT, especially in the second year, the contribution of the N uptaken from soil (N_from_soil) was greater and the percentage of N in faba bean plants derived from N2 fixation (Ndfa_percent) was lower than in P. N2O emissions were higher in P and a positive relationship was observed between N2O emissions, the biomass of faba bean residues and the percentage of N derived from symbiotic N2 fixation (Ndfa_percent), especially n terms of mean daily N2O flux during fallow period in P. Furthermore, the amount of fixed N can be positively corelated with grain yield.

4 Discussion
In this study, we assessed the effect of conventional and minimum tillage on faba bean yield, N assimilated in biomass, N2 fixation and N2O emissions from soil. This allowed the identification of the best tillage techniques in terms of the tradeoff between the mitigation of soil N2O emissions and faba bean grain production. Moreover, potential differences in mean daily N2O flux during the faba bean growing and fallow periods were examined. Additionally, the effect of tillage intensity on N2 fixation, and the relationship between N2 fixation and N2O emissions were also discussed. 
With regard to grain yield, the main results highlighted that reduced tillage practices, i.e. minimum tillage (MT), may be applied successfully to faba bean, as also reported by other authors for Mediterranean climate in both V. faba and V. faba var. minor (De Giorgio and Formaro, 2004; Giambalvo et al., 2012; Lestingi et al., 2011). In fact, dry grain yield in MT was 30% higher than ploughing (P) in the first year and 44% higher in the second, although the difference between P and MT in the second year was not statistically significant. Moreover, dry grain yields measured in our experiment (on average 3.2 t ha-1) were within the range measured by Ruisi et al. (2012) (1.7-4.0 t ha-1) for Southern Italy which, unlike in our study, did not find any differences between faba bean plants cultivated under conventional or minimum tillage. Similarly, no differences in crop yield were found by Lopez-Bellido et al. (2006) in a long term experiment carried out in Southern Spain comparing conventional and no tillage in a wheat-faba bean rotation. 
In our experiment, grain yield was twofold higher in the first year than in the second, which may be due to a better synchronization between rainfall and crop water requirements in the first year. In fact, in the first year the highest monthly rainfall occurred in January during the phenological stage of leaf development and the formation of side shoots. By constrast, in the second year the wettest month was November, with around 200 mm of rainfall occurring in the first ten days after sowing. Indeed, it has been previously reported that inter-annual variability in faba bean yield is due mainly to suboptimal environmental conditions (Lestingi et al., 2011). In particular, the harvest index (HI) of faba bean in MT was the same over the two years, while in P the HI was lower in second year due to the higher weight of vegetative components in the whole biomass. The higher stalk biomass measured in P as compared to MT in the second year pointed a better crop development, maybe due to a higher drainage capacity of soil in P than MT that might have avoided the negative effect of the abundant rainfall occurred just after faba bean sowing (Celik and Ersahin, 2011). In fact, considering the high percentage of silt in soil (>40%) favoring soil compaction, P may have increased soil macroporosity in the short-term leading to a better drainage than in MT (Carter, 1988).
However, grain yield was lower in P than MT, possibly because fruit development was prevented by stem lodging occurred in April 2015 after strong wind storms. Stem lodging occurred only in P, possibly due to the higher biomass of stalks in P than in MT, which probably resulted in taller plants in P than in MT. Indeed, a positive correlation between plant height and stem lodging has been reported by other authors (Navabi et al., 2006; Shi et al., 2016).
Furthermore, the amount of N assimilated in the biomass of faba beans was influenced by year and tillage system in the same way as biomass weight, so differences were not generally related to changes in N concentration. 
Our results confirm the weak effect of the tillage system on biological N2 fixation reported by other authors (Ruisi et al., 2012; López-Bellido et al., 2006), with significantly higher %Ndfa in P than MT in the second year only. By contrast, Van Kessel and Hartley (2000), in a review paper, reported that reduced tillage may decrease the soil availability of mineral N and so enhance symbiotic N2 fixation. Similarly, Giambalvo et al. (2012) reported higher %Ndfa in no-till than in conventional tillage in a 15-year field experiment in Southern Italy. They suggested that the higher N2 fixation in no-till might have been related to higher yield and consequent higher N demand than in conventional tillage. However, in our study, even in the first year when grain yield in MT was higher than in P, %Ndfa showed no differences between the two tillage levels, but the higher N demand in MT was compensated by a higher amount of N caught from soil.
The average value of %Ndfa (about 80%) measured in our experiment was in the range reported by People et al. (2009) for faba beans in Europe (60-92%), and similar to the %Ndfa measured by López-Bellido et al. (2011) (89%, on average) and Ruisi et al. (2012) (85%, on average). 
The tillage system only affected the N added to the system by the legume crop due to N2 fixation (N balance) in the second year, with higher values recorded in P than in MT, due to the exceptionally low HI under P. 
N balances in our experiment (30-130 kg N ha-1) were higher than those reported by López-Bellido et al. (2006) (9-43 kg N ha-1) in vertisol soils in a Mediterranean climate. They were lower than the values reported by Rochester et al. (1998) (270 kg N ha-1) in northern New South Wales (Australia), which also included the contribution of below-ground residues. 
The main results on N2O emissions highlighted that both daily N2O fluxes and cumulative emissions were: i) vastly different between the two years, with cumulative emissions being about three times higher in the first year than in the second; ii) higher in P than in MT. Furthermore, daily N2O fluxes were not different between the crop growing and fallow periods in either year. 
The differences that we measured in daily N2O flux between the two tillage systems resulted in significantly lower cumulative N2O emissions in MT than in P, specifically around 78% lower in the first year and 61% lower in the second. 
In our study, N2O emissions in P were higher than in MT after the incorporation of the residues of faba bean in soil in both years, and in addiction for almost all of the monitoring days from April to June in the first year. The latter result contrasts with that found by other authors who report that emissions during the crop growing period are more likely to occur at the ripening stage, when roots activity, and N2 fixation tends to decrease (Uchida et al., 2013; Yang and Cai, 2005). It was previously assessed that N2O emissions recorded during the growing period of legumes may occur due to root nodule decomposition, or to the release of N in root exudates, since there is only limited evidence that N2 fixation may be a direct source to N2O production (Carter and Ambus, 2006; Rochette et al., 2004; Zhong et al., 2009). In our experiment, high N2O emissions recorded in P during the first faba bean growing season may be also a consequence of the incorporation in soil of the residues of sorghum that preceded faba bean. Indeed, in P the biomass of sorghum harvested before faba bean sowing was higher in 2013 (13 t ha-1) than in 2014 (7 t ha-1), while in MT the difference between 2013 (16 t ha-1) and 2014 (13 t ha-1) was smaller (data not published). The incorporation of crop residues of sorghum or faba bean itself in soil, provoked higher N2O emissions in P than in MT, even with a similar amount of sorghum residues as in first year, probably because P favored the mineralization of crop residues as reported by Van Den Bossche et al. (2009). Similarly, Mutegi et al. (2010) reported higher emissions following the incorporation of crop residues for conventional tillage as compared to reduced tillage in a loamy sand soil in Denmark.
N2O peaks after the incorporation in soil of faba bean residues were higher in first year than in second in both the tillage systems. It has previously been reported that residues with low C/N ratios, such as legume residues, could be easily mineralized and stimulate peaks of N2O emissions (Baggs et al. 2000; Toma and Hatano, 2007). Indeed, in the first year, soil mineral N concentration increased following the incorporation of crop residues (from about 2 mg N kg-1 up to 10 mg N kg-1) and the peak N2O emissions (>30 g N2O-N ha-1 day-1) occurred at WFPS >60%, making it reasonable to assume that this peak was due to denitrification (Laville et al., 2011).
Moreover, another explanation to the higher N2O emissions in P than MT could be the different amount of N uptaken from soil by faba bean plants in the different tillage systems. Indeed, the N uptaken from soil in MT was higher than in P, suggesting that the N in soil available for nitrification or denitrification may have been lower in MT, reducing consequently N2O emissions. However, this was not confirmed by data on soil mineral N content, since we only found differences in nitrate concentrations in second year, with higher values in P than MT. However, in our study, a closer examination of the relationships between soil parameters and N2O flux was not possible, due to the occasional lack of simultaneous measurements between soil mineral N and N2O emissions, as well as the non-continuous N2O flux measurements that may have excluded peak events (Bai et al., 2014; Barton et al., 2015).
[bookmark: __DdeLink__11262_308469590]Many studies have reported lower N2O emissions from legumes than from N-fertilized systems, or similar N2O emissions between legumes and bare soil (Barton et al. 2011; Jensen et al., 2012). In our study, cumulative N2O emissions measured for the two successive periods (200 days in first year and 275 days in second year) were higher in first year and lower in second than the average annual values (700 g N-N2O per ha-1 year) reported in the review made by Aguilera et al. (2013) of legume crops in a Mediterranean environment. Moreover, values recorded in MT were in line with cumulative N2O emissions measured in the same area for ploughed squarrosum clover (Trifolium squarrosum Savi) in the 2013-14 growing season and fallow period (i.e. 480 g N2O-N ha-1 for 280 days), even if on clover N2O emissions monitoring was stopped before tillage for residue incorporation (Volpi et al., 2016). Meanwhile, N2O emissions measured for ploughed faba beans were approximately twice those measured for N-fertilized durum wheat in the same crop rotation and years, while N2O emissions from faba beans under MT were markedly lower in the first year and similar in the second year compared to the N2O emissions measured in N-fertilized wheat (data not published). This highlights that under specific conditions N2O emissions in a leguminous crop may be comparable to or even higher than N2O emissions in N-fertilized crops. Guardia et al. (2016), in a sandy loam soil in Spain, reported higher N2O emissions from legumes (vetch) than from cereals (barley) when the tillage system used was either P or MT, but similar emissions between the two crops in a no-till system. 
On the whole, MT proved to be more efficient than P in terms of N utilization. In fact, we argue that plants under MT were less reliant upon N2 fixation, as they were more able to catch N from soil, as presented in the RDA biplot (Fig. 5). Furthermore, N losses through N2O emissions were clearly lower in MT than in P, without negatively impacting on grain yield. Moreover, the RDA revealed positive relationships between N2O emissions, in particular mean daily N2O flux in the fallow period in P, on the one hand, and the amount of residues, the N added to soil by N2 fixation and %Ndfa, on the other. This evidence confirms that crop residue management plays a crucial role in mitigating N2O emissions from legume-based cropping systems (Uchida et al., 2013; Rochette and Janzen, 2005), even if this should be better evaluate with field experiments at crop rotation scale.

5 Conclusions
This study presents, to our knowledge for the first time, observations on soil N2O emissions over two successive years from faba beans cultivated in a Mediterranean environment, including both the crop growing and fallow periods. In addition, the effect of tillage intensity on faba bean yield, N assimilated in crop biomass, N2O emissions and N2 fixation were also studied. 
Faba bean grain yield was different between the two years, in response to environmental conditions, while the differences in N2O emissions between the two years in ploughing were probably mainly due to the different amount of residues of the previous crop incorporated in soil. However, the main results highlight that minimum tillage is more suitable than ploughing in this environment, both to maximize faba bean grain yield and to reduce cumulative N2O emissions by up to  80%.
Furthermore, average % Ndfa stood at 80% and the contribution of faba bean N2 fixation to the soil N pool was high, at up to 130 kg N ha-1. A redundancy analysis revealed a positive relationship between N2 fixation and N2O emissions, particularly in ploughing and for the N2O emitted during the fallow period, highlighting the need to identify best practices for crop residue management in order to mitigate N2O emissions. Further experiments are therefore needed i) to test the effect of alternative residue management practices on soil N2O emissions in legume crops and ii) to evaluate the effect of residues incorporation at crop rotation scale. It could be also recommended to study in long-term crop rotation experiments how the soil microbial composition might be affected by agricultural practices and environmental conditions, and thus leading to possible variations in soil N2O emissions.
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Supplementary Material
Table 1S.   of each biomass fraction for the faba beans and reference plants in the two tillage systems (P: ploughing, MT: minimum tillage) over the two years.

	 
	 
	Faba bean
	Reference plants

	Year
	Tillage
	δ15N roots
	δ15N grain
	δ15N pods
	δ15N leaves
	δ15N stalks
	δ15N roots
	δ15N 
above-ground biomass

	1st
	MT
	0.76±0.31
	1.27±0.19
	-0.41±0.23
	0.48±0.39
	0.12±0.36
	6.48±0.59
	9.33±2.10

	1st
	P
	0.82±0.33
	1.39±0.20
	-0.34±0.17
	0.60±0.20
	-0.07±0.26
	13.82±2.82
	14.08±3.34

	2nd
	MT
	-0.25±0.09
	0.66±0.04
	-1.03±0.21
	-0.09±0.07
	-1.01±0.09
	1.22±0.13
	1.60±0.23

	2nd
	P
	0.16±0.17
	1.48±0.32
	-0.67±0.18
	0.62±0.37
	-0.54±0.10
	5.54±0.83
	5.19±0.32
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Tables

Table 1. Soil characteristics in the top layer (0-20 cm) in the two tillage systems (MT: minimum tillage, P: ploughing) over the two years.

	Parameter
	Unit
	1st year
	2nd year

	
	
	P
	MT
	P
	MT

	Sand (2 mm – 0.05 mm)
	g kg-1
	179
	215 
	188
	194

	Silt (0.05 mm – 0.002 mm)
	g kg-1
	486
	498
	425
	466

	Clay (< 0.002 mm)
	g kg-1
	336
	287
	387
	340

	pH 
	1:1 w/v
	7.9
	8.1
	8.0
	8.1

	Organic matter (Walkley-Black)
	g kg-1
	17.8
	17.8
	20.0
	19.0

	Total N (Kjeldahl)
	g kg-1
	1.3
	1.2
	1.4
	1.2

	Available P (Olsen)
	mg kg-1
	31.3
	30.3
	35.5
	19.4

	Exchangeable K (BaCl2)
	mg kg-1
	203.2
	150.2
	271.3
	184.8

	C/N
	 
	8.2
	8.6
	8.6
	9.2

	Bulk density
	g cm-3
	1.23
	1.25
	1.20
	1.22




Table 2. Dates in which the main agricultural practices were carried out in the field trial.

	Agricultural practices
	1st year
	2nd year

	Primary tillage 
	19 Nov 2013
	29 Oct 2014

	Sowing
	12 Dec 2013
	04 Nov 2014

	Harvest
	30 Jun 2014
	25 Jun 2015

	Tillage after harvest*
	03 Sep 2014
	04 Sep 2015



*Refers to soil tillage for the following crop which in our experiment was rapeseed





Table 3. Ndfa (%), N2 fixed (kg N ha-1), N uptakenfrom soil (kg N ha-1) and N balance (kg N ha-1) in the two tillage systems (MT: minimum tillage, P: ploughing) over the two years. Different letters represent significant differences in treatments resulting from the post-hoc test: capital letters refer to differences between years, while lower-case letters refer to differences between tillage systems within each year. Values are mean±SE, n=4 for the factor tillage and n=8 for the factor year. Significance was as follows:  n.s. is not significant; * is significant at the p≤0.05 level; ** is significant at p≤0.01 level; *** is significant at p≤0.001 level.

	Year
	Tillage levels
	Ndfa (%)
	
	N2 fixed
(kg N ha-1)
	
	N uptaken from soil
(kg N ha-1)
	
	N balance
(kg N ha-1)
	

	1st
	
	86 ±2 
	A
	284 ±20
	A
	45 ±8
	
	114 ±10
	A

	
	MT
	84 ±3
	
	331 ±19
	a
	60 ±11
	a
	130 ±13
	

	
	P
	88 ±3
	
	237 ±11
	b
	30 ±7
	b
	98 ±13
	

	
	Significance
	n.s.
	
	*
	
	**
	
	n.s.
	

	2nd
	
	72 ±4
	B
	164 ±18
	B
	66 ±12
	
	66 ±18
	B

	
	MT
	63 ±4
	b
	148 ±20
	
	88 ±16
	a
	30 ± 16
	b

	
	P
	80 ±1
	a
	181 ±31
	
	44 ±8
	b
	102 ±18
	a

	
	Significance
	*
	
	n.s.
	
	**
	
	*
	

	Significance
	 
	**
	
	**
	
	n.s.
	
	*
	





Table 4. Mean daily N2O flux (g N2O-N ha-1) and cumulative N2O emissions (g N2O-N ha-1) in the two tillage systems (MT: minimum tillage, P: ploughing) over the two years. Different letters represent significant differences between treatments within each year, resulting from the post-hoc test, n=4 mean±SE. Significance was as follows: n.s. is not significant; * is significant at the p≤0.05 level; ** is significant at p≤0.01 level; *** is significant at p≤0.001 level.
	Tillage 
	Mean daily N2O flux 
(g N2O-N ha-1 day-1)
	Cumulative N2O emissions 
(g N2O-N ha-1)

	 
	1st year
	2nd year
	1st year
	2nd year

	MT
	3.0 ±0.3 b
	1.2 ±0.1 b
	691 ±62 b
	340 ±20 b

	P
	14.0 ±2.0 a
	3.0 ±0.6 a
	3198 ±452 a
	863 ±165 a

	Significance
	***
	***
	***
	*




Figure captions

Figure 1. Monthly cumulative rainfall (mm), monthly mean air temperature (°C) and phenological stages of the faba beans from sowing to the end of N2O monitoring in a) the first-year field campaign (from December to October) and b) in the second-year year field campaign (from November to September).

Figure 2. Effect of the tillage system (MT: minimum tillage, P: ploughing) on the dry weight of all  faba bean above-ground components at harvest in the first (a) and second (b) years. Letters refer to significant differences in total biomass among the two tillage systems within each year. Significance was as follows: n.s. is not significant; * is significant at the p≤0.05 level; ** is significant at p≤0.01 level; *** is significant at p≤0.001 level.

Figure 3. Effect of the tillage system (MT: minimum tillage, P: ploughing) on the amount of N assimilated in all faba bean above-ground components at harvest in the first (a) and second (b) years. Letters refer to significant differences in total N assimilated among the two tillage systems within each year. Significance was as follows: n.s. is not significant; * is significant at the p≤0.05 level; ** is significant at p≤0.01 level; *** is significant at p≤0.001 level.


Figure 4. Pattern of a) soil water filled pore space (WFPS, %) and soil temperature (°C), b) nitrate (NO3-N) and ammonium (NH4-N) concentration in soil (mg N kg-1) and N2O daily flux (g N2O-N ha-1) in the two tillage systems (MT: minimum tillage, P: ploughing) in the first (18 Feb 2014 - 08 Oct 2014) and second years (05 Dec 2014 - 21 Sep 2015). In 4d) solid arrows denote faba bean harvest, while dashed arrows denote the tillage for the following crop. Significant differences in daily N2O flux between P and MT were as follows: * is significant at the p≤0.05 level; ** is significant at p≤0.01 level; *** is significant at p≤0.001 level. 

Figure 5. Biplot of redundancy analysis (RDA). Response variables were: mean daily N2O flux in the crop growing period (Crop_N2O flux), mean daily N2O flux in the fallow period (Fallow_N2O flux) (g N2O-N ha-1 day-1), cumulative N2O emissions over the whole monitoring period (Cumulative_N2O) (g N2O-N ha-1), percentage of N derived from N2 fixation (Ndfa_percent), amount of N from N2 fixation (Ndfa_N) (kg N ha-1), dry grain yield (dry_grain) (t ha-1), dry biomass of plant residues after harvest (t ha-1) (dry_residues), N amount in plant residues (N_residues) (kg N ha-1), contribution of N2 fixation to the N pool (N_balance) (kg N ha-1), and N derived from soil (N_from_soil) (kg N ha-1). Environmental variables were tillage levels: ploughing (TILL_P) and minimum tillage (TILL_MT).
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