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Abstract

:

A combination of organic and conservation approaches have not been widely tested, neither considering agronomic implications nor the impacts on the environment. Focussing on the effect of agricultural practices on greenhouse gas (GHG) emissions from soil, the hypothesis of this research is that the organic conservation system (ORG+) may reduce emissions of N2O, CH4 and CO2 from soil, compared to an integrated farming system (INT) and an organic (ORG) system in a two-year irrigated vegetable crop rotation set up in 2014, in a Mediterranean environment. The crop rotation included: Savoy cabbage (Brassica oleracea var. sabauda L. cv. Famosa), spring lettuce (Lactuca sativa L. cv. Justine), fennel (Foeniculum vulgare Mill. cv. Montebianco) and summer lettuce (L. sativa cv. Ballerina). Fluxes from soil of N2O, CH4 and CO2 were measured from October 2014 to July 2016 with the flow-through non-steady state chamber technique using a mobile instrument equipped with high precision analysers. Both cumulative and daily N2O emissions were mainly lower in ORG+ than in INT and ORG. All the cropping systems acted as a sink of CH4, with no significant differences among treatments. The ORG and ORG+ systems accounted for higher cumulative and daily CO2 emissions than INT, maybe due to the stimulating effect on soil respiration of organic material (fertilizers/plant biomass) supplied in ORG and ORG+. Overall, the integration of conservation and organic agriculture showed a tendency for higher CO2 emissions and lower N2O emissions than the other treatments, without any clear results on its potential for mitigating GHG emissions from soil.
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1. Introduction


In the last years, different concepts of sustainable agriculture have been proposed to increase food production while minimizing environmental impacts and maintaining economic sustainability.



Among them integrated farming (INT) has been promoted as a compromise between the reduction of the negative impacts of agricultural production on the environment and the economic sustainability of farms, and it has been described as a “third way” between conventional and organic agriculture [1,2].



Beside INT, other more challenging agricultural models has been proposed, such as the one proposing the integration between conservation agriculture and organic agriculture [3,4].



Conservation agriculture has been identified as: (i) A strategy for climate change adaptation, because it may increase soil organic matter improving resilience to extreme events, and (ii) for greenhouse gas (GHG) emissions mitigation thanks to the potentially improved carbon sequestration [5,6,7]. However, weed control remains one of the major issues under conservative tillage, thus the use of synthetic herbicides is required [8].



Organic farming is one of the main forms of agriculture that aims to balance the demands of food safety with environmental sustainability. Although the adoption of conservative tillage is also recommended in organic farming [9], several practices normally adopted in organic systems, and above all in vegetable production, imply frequent soil disturbance. Indeed, weed control is usually carried out through mechanical operations, including also ploughing whenever necessary against perennial weeds. Likewise, the application of organic fertilizers, manures and even green manures normally consists of at least shallow tillage operations. Thus, conservation tillage in organic agriculture poses some limitations in controlling weeds without herbicides, as well as in nutrient supply for reduced mineralization rate [3]. Still, it could provide positive effects on the environment.



At present, the effects of combined organic conservation systems have not been widely tested either from an agronomic or environmental point of view [10]. There is a lack of studies testing the effect of organic conservation agriculture on the emissions of carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4) and the capability to mitigate GHG emissions compared to conventional systems.



In contrast, the effect of conservation tillage practices on GHG emissions from soil has been largely investigated, though with uncertain results. Indeed, some studies reported that conservative tillage increases N2O and CH4 emissions with respect to conventional tillage, while other studies reported lower GHG emissions in conservative than conventional tillage [11,12,13].



Concerning organic agriculture, soil N2O emissions may be affected by the use of organic fertilizers. According to a recent meta-analysis, the use of organic fertilizers can significantly reduce N2O emissions (23% reduction) in Mediterranean conditions with respect to the use of synthetic fertilizers [14].



Both conservation and organic agriculture are characterized by the use of cover crops, due to their well-known benefits for nutrient supply, organic carbon input and for the reduction of soil erosion and nitrate leaching risks [15], but their effect in terms of soil GHG mitigation was investigated only recently [16,17]. The inclusion of cover crops in crop rotations may mitigate soil GHG emissions thanks to an increase in carbon sequestration, a reduction of mineral fertilizers and a decrease in the N losses thanks to the uptake of nitrate by catch crops both in crop and intercrop periods. However, organic agriculture normally adopts the incorporation of soil of the cover crops as green manures that can provoke N2O emissions peaks in the short term after tillage, especially in cases of N-rich cover crops (i.e., legumes) [18,19]. In contrast, conservation agriculture uses cover crops as living mulch, and so far, only one study investigated the effect of this practice on soil GHG emissions, reporting that living mulch can be a source of N2O emissions [20].



The effect of organic conservation systems on the potential of soil to uptake CH4 is not widely reported and data have been collected only in temperate areas. Six et al. [21] summarized these data and reported a greater CH4 uptake under conservation agriculture than under conventional agriculture, that was attributed to the higher pore continuity and the presence of ecological niches for methanotrophic bacteria in conservation agriculture [22]. Indeed, some authors observed lower CH4 uptake both in organic and in conservation agriculture than in conventional agriculture, since several conventional agricultural practices (e.g., mineral nitrogen fertilization, inversion tillage) have an adverse impact on the activity of CH4 oxidizing bacteria [22,23]. Consequently, a system integrating organic and conservation agriculture entails the combination of many of the above reported agricultural practices that can affect soil GHG emissions in different way. The hypothesis of this research is that an organic conservation system (ORG+) may reduce soil emissions of N2O, CH4 and CO2 compared to integrated farming (INT) and organic (ORG) systems, and to that aim, soil GHG fluxes were measured in a recently implemented two-year irrigated vegetable crop rotation in the Mediterranean.




2. Materials and Methods


2.1. Experimental Site Characterization


A two-year field experiment was conducted in the Pisa coastal plain (43° 40' N Lat; 10° 19' E Long; 1 m above mean sea level and 0% slope), at the “Enrico Avanzi” Centre for Agro-Environmental Research of the University of Pisa (Tuscany, Italy) on an irrigated vegetable crop rotation.



The climate there is typical of the north-Mediterranean area, characterized by a long-term average annual rainfall of 907 mm and a mean annual temperature of 15 °C (1986–2013).



The soil is a loamy sand originated from alluvial sediments and classified as a Typic Xerofluvent based on the USDA soil taxonomy [24]. At the beginning of the field experiment the soil was analysed at two depths (0–10 cm and 10–30 cm) to determine: Soil texture (international pipette method), pH (H2O, 1:2.5), soil organic matter content (Walkley-Black method), total N content (Kjeldhal method), available P (Olsen method), exchangeable K (BaCl2 method), conductivity (conductivity meter), C:N and bulk density (soil core method) (Table 1).



The soil water table range from 70 cm during winter to 120 cm in summer.




2.2. Experimental Design and Management of the Cropping Systems


The field trial was set up in July 2014. The crops included in the rotation were: Savoy cabbage (Brassica oleracea var. sabauda L. cv. Famosa), spring lettuce (Lactuca sativa L. cv. Justine), fennel (Foeniculum vulgare Mill. Cv. Montebianco) and summer lettuce (Lactuca sativa L. cv. Ballerina) (Figure 1).



The two-year vegetable crop rotation was cultivated under three different management systems: integrated farming with conventional tillage practices, chemical pesticide uses and mineral fertilization (INT); organic farming with conventional tillage practices, organic fertilizers, green manure and physical (mechanical with roller crimper and thermal with flaming) weed control (ORG); organic farming combined with conservation practices including no-tillage, organic fertilizers and cultural weed control (ORG+).



The crop rotation was replicated in space and time. The spatial replicates were two adjacent fields: field 1 (F1), in which the rotation started with fennel, and field 2 (F2), in which the rotation started with cabbage. In each field, the three systems were completely randomized with three replicates constituted by an elementary plot of 3 m width × 21 m length.



The ORG system included a spring green manure mixture incorporated into the soil before transplanting of summer lettuce, composed of field peas (Pisum sativum L.) and faba beans (Vicia faba subsp. minor L.), and a summer green manure mixture—chopped and incorporated into the soil before fennel transplanting—composed of red cowpeas (Vigna unguiculata L. Walp), buckwheat (Fagopyrum esculentum L.), millet (Panicum miliaceum L.) and foxtail millet (Setaria italica L.). The ORG+ system included a red clover (Trifolium pratense L.) directly seeded and established as a living mulch for both summer lettuce and cabbage, and a summer dead mulch, terminated as dead mulch by roller crimper and flaming before the transplanting of fennel, composed of the same plants used in the spring green manure mixture of the ORG system.



Sprinkler irrigation was applied to all treatments during summer season (May–September). Irrigation was supplied daily in the ten days after transplant, and afterwards every 3 days until harvest. No irrigation was provided after significant rain events.



Potassium and phosphate fertilizers were provided just before transplanting (Table 2).



Total nitrogen fertilization of the three cropping systems for the two years was equal to 302.5 kg N ha−1 in INT from mineral fertilizers, 155.6 kg N ha−1 in ORG from organic fertilizers and 56 kg N ha−1 in ORG+ (organic fertilizers) (Table 2 and Table 3).



The level of fertilization and application splits applied in the INT system were in compliance with the maximum amount of fertilizers stated by the integrated pest management (IPM) production disciplinary of Tuscan Regional Government . The fertilization strategy adopted in the ORG and ORG+ systems differed according to their respective references. The ORG system reproduced the standard organic management of field vegetables practiced by growers in the area. The level of fertilization was set as a trade-off between the target of achieving viable yields and keeping production costs under the threshold for profitability. The ORG+ was set as an agro-ecological system aimed at maximising the use of internal natural resources and the provision of agroecosystem services from cover crops (i.e., dead mulch and living mulch), whilst minimising negative impacts on the environment (e.g., by reducing soil tillage and external input application). That is why for ORG+ the level of fertilization was conceived as the minimum amount required by the crops, differentiated according to specific crop needs, to start growing after transplanting, while the remaining amount of nutrients has been assumed to be available from soil or cover crops. Detailed information about agricultural operations, fertilizations and weed management are reported in Table 2 and Table 3.




2.3. Monitoring of Soil N2O, CH4 and CO2 Flux


Fluxes of N2O, CH4 and CO2 were measured from October 2014 to July 2016 by the flow-through non-steady state chamber technique [25], using a mobile instrument developed by West Systems Srl (Florence, Italy) within the LIFE+ “Improved flux Prototypes for N2O emission reduction from Agriculture” (IPNOA) project (www.ipnoa.eu). The instrument is a light tracked vehicle that operates by remote control, equipped with a N2O, carbon monoxide and water vapour detector that uses off-axis integrated cavity output spectroscopy (ICOS) and an ultraportable greenhouse gas analyser (UGGA) to measure CO2, CH4 and water vapour, 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 were reported in Bosco et al. [26] and Laville et al. [27,28], respectively. Two PVC collars (15 cm height, 30 cm ⌀) were inserted in each plot permanently at a soil depth of 5 cm and removed for short time only at the occurrence of tillage operations. The collars were mounted within plant rows and all the plants within the collars were removed by cutting the sprouts when necessary. To perform the flux measurement, a movable steel chamber (10 cm height, 30 cm ⌀) was connected to the detector through a tube (20 m long, 4 mm ⌀).



The chamber was equipped with an internal fan to guarantee the homogeneity of the gas concentration and a rubber seal to avoid air leaks. The deployment time of the chamber was 2–3 min.



The monitoring of soil GHG fluxes started on 10 October 2014 since the instrument was reserved for another field campaign. For the same reason the GHG monitoring campaign was interrupted from 18 December 2015 to 3 March 2016. Thus, for the calculation of cumulative GHG emissions and for the statistical analysis of the average daily fluxes the dataset was divided in two monitoring periods:




	
Period 1 (P1): going from 16 January 2015, the first day after the last harvest of the winter crops (fennel in F1), until 18 December 2015;



	
Period 2 (P2): going from 3 March 2016 until the end of the monitoring campaign, 24 June 2016 in F1 and 14 July 2016 in F2.









2.4. Auxiliary Measurements


Daily air temperature, atmospheric pressure and rainfall were recorded from the closest weather station (less than 500 m).



Soil temperature and volumetric water content were measured close to each collar simultaneously with the measurement of GHG fluxes from soil, using a dielectric probe (Decagon Devices GS3) inserted into the soil at a depth of 5 cm and linked to the instrument via Bluetooth® connection. Soil water content values were used to calculate the soil water filled pore space (WFPS) according to Equations (1) and (2).




Total porosity (%)=1−bulk density2.65 ×100



(1)






 WFPS (%)=volumetric water contenttotal porosity ×100



(2)





In Equation (1), bulk density was measured using the soil core method and particle density was considered equal to 2.65 g cm−3.



Soil samples were collected from the 0–20 cm soil layer for the determination of nitrate content (N–NO3) in each plot. Three soil cores per plot were mixed to constitute one sample. The samples were stored at 4 °C before their analysis. Before the analysis, each soil sample was dried at 40 °C until constant weight and then it was sieved at 2 mm. A 10 g subsample of soil was extracted using deionised water in 1:2.5 ratio and then it was shacked for 120 min. N–NO3 concentrations were determined using ionic chromatograph. Soil N–NO3 content was calculated based on N sample concentration considering soil dry weight.




2.5. Data Elaboration and Statistical Analysis


Data elaboration and statistical analysis were performed with R software [29], considering α = 0.05 as the passable level of significance.



N2O, CH4 and CO2 measurements were checked for outliers among replicates in each sampling day, through the Grubbs test. After outlier removal, N2O data were log transformed, as residuals deviated strongly from normal distribution. To enable this log-transformation, given the presence of negative values for daily N2O fluxes, N2O fluxes were translated before transformation as: (N2O flux+0.1)−min (N2O flux), where min (N2O flux) was the minimum value in the dataset.



One-way ANOVA was used to analyse the effect of the factor “system” in each sampling date and separately for the two fields on: GHG daily fluxes, soil temperature, soil WFPS and soil nitrate concentration along the overall monitoring campaign.



The effect of the systems on average daily fluxes was analysed in the two periods (P1 and P2) and for the two fields separately, through linear mixed effect models, one for each gas, using the R “lme4” package [30]. The two fields were analysed separately because each phase of the crop rotation did not occur simultaneously in the two fields, since the first crops in summer 2014 were fennel in F1 and cabbage in F2.



The system was considered as a fixed factor of the linear mixed effect models, with the replicate as a random effect. When the system had a significant effect on the studied variable, Tukey's HSD post hoc test (α= 0.05) was used to reveal the differences between the levels of the factor system.



The relationships among soil temperatures WFPS, N2O, CH4 and CO2 were analysed through the Spearman’s correlation using the data collected across the overall field campaign and pooling the data of the two fields. Furthermore, the relationship between N2O daily flux and soil nitrate concentration was evaluated through the Spearman’s correlation, considering the monitoring days in which the soil samples were collected. The relationship between CO2 emissions and soil temperature was evaluated to be exponential by plotting the data. Consequently, the analysis of covariance (ANCOVA) was used to compare the relationships between the logarithm of CO2 flux and the soil temperature in the three levels of the factor “system”.



Cumulative emissions of N2O, CH4 and CO2, for both P1 and P2 were calculated by linear interpolation between two close sampling dates and the numerical integration of the function over time, assuming that fluxes changed linearly among sampling days. The effects of the system on the cumulative emissions were analysed through linear mixed effect models, which were built for each gas in the same way as for the daily fluxes.



The overall GHG budget (CO2 equivalents) was calculated multiplying the cumulative value of each gas per period and field by the corresponding global warming potential (GWP) of AR5 [31]. The CO2 equivalents (CO2-eq) were calculated (i) separately for the non-CO2 gases, as the sum of cumulative emissions of N2O and CH4, and (ii) as the net GHG emissions, also considering CO2 emissions.





3. Results


3.1. Meteorological Conditions


During the GHG emissions monitoring periods, monthly average temperatures higher than 20 °C were recorded in summer 2015 (average of June, July and August 24 °C) and summer 2016 (average of June and July 22 °C) (Figure 2).



The monthly average temperature was lower than 10 °C in January–February 2015 and January 2016 (8 °C). The rainiest month was November 2014 (290 mm), while the driest month was July 2015 (3 mm). Along the whole monitoring period, the rainiest periods were August 2015 (232 mm), October 2015 (254 mm), the period between January and February 2016 (372 mm) and in June 2016 (138 mm).




3.2. Soil Water Content, Temperature and Nitrate Dynamic


Water filled pore space (WFPS) values did not differ significantly among INT, ORG and ORG+ systems, in either in F1 or F2, with exceptions of (i) 20 May 2015 in F1, where ORG+ and INT had higher WFPS than ORG, and (ii) the period between May and June 2016 in F2, where ORG+ showed significantly higher WFPS values (Figure 3a and Figure 4a).



The highest WFPS values were registered in both fields in winter, with maximum values in February 2015 (71% in F1 and 81% in F2) and minimum values in May 2015 (12% in F1 and 23% in F2). Indeed, average WFPS values were high in summer period due to irrigation (36% in F1 and to 46% in F2).



Soil temperature was not different among treatments in both fields. The lowest soil temperature (9 °C) was recorded in December 2014 and the highest soil temperature (39 °C) in June and August 2015 (Figure 3b and Figure 4b).



Soil nitrate concentration showed values ranging from 0 to 163 mg kg−1 in F1 and up to 295 mg kg−1 in F2. Nitrate concentration was higher than 60 mg N–NO3 kg−1 in 17 sampling dates out of 33 in F1 and in 17 sampling dates out of 28 in F2. In F1, nitrate concentrations were significantly higher in INT than the other treatments in five dates from July 2015 to October 2015 (average 112 mg N–NO3kg−1); and in ORG in three dates in April 2015 and in June 2015, with summer lettuce (average 36.2 mg N–NO3kg−1). In F2, nitrate concentration was higher in cabbage INT on one date in October 2015 (107.8 mg N–NO3N kg−1) and on one date in July 2016 (average 85.4 mg N–NO3 kg−1). It was higher in ORG+ during August and September 2015; in this case after organic nitrogen fertilization for cabbage (93.1 mg N–NO3 kg−1) (Figure 3c and Figure 4c).




3.3. Daily Flux of N2O, CH4 and CO2


Pattern of N2O, CH4 and CO2 fluxes throughout the study period are show in Figure 5a, b, c for F1 and Figure 6a, b, c for F2, while the ANOVA results are reported in Table 4.



3.3.1. Trend of Daily N2O Flux in the Three Cropping Systems


Measured N2O daily flux ranged from −0.4 to 53.3 mg N2O m−2 day−1 in F1 and from −1.7 to 20.2 mg N2O m−2 day−1 in F2 (Figure 5a and Figure 6a). Notably, high N2O fluxes were observed in F1 in June 2015 in ORG system after green manure incorporation into the soil (20.2 mg N2O m−2 day−1), in August 2015 (53.3 mg N2O m−2 day−1) in the ORG+ system just after organic fertilization on cabbage, and in April 2016 in the ORG system (37.3 mg N2O m−2 day−1) after tillage and organic nitrogen fertilization for spring lettuce.



In F2, N2O peaks were halved compared to F1 and the highest were registered after the organic nitrogen fertilization of fennel in September 2015 on ORG+ (16.4 mg N2O m−2 day−1), in October 2015 on ORG (on average 15.5 mg N2O m−2 day−1) and after green manure incorporation into soil in June 2016 in ORG (8.3 mg N2O m−2 day−1).



In P1 (Jan 2015-Dec 2015), average daily N2O flux (Table 4) in F1 was significantly lower in ORG+ (2.21 ± 1.18 mg N2O m−2 day−1), while no differences were observed between INT and ORG (on average 2.85 ± 0.32 mg N2O m−2 day−1). In F2, no differences were detected among the three cropping systems (on average 2.36 ± 0.29 mg N2O m−2 day−1).



During P2 (Jan 2016–Jul 2016), in F1 the effect of the cropping systems on the average daily N2O flux was the same as that in P1, with INT equal to ORG, and the highest values were recorded (on average 3.89 ± 1.15 mg N2O m−2 day−1) and ORG+ with the lowest value (0.47 ± 0.12 mg N2O m−2 day−1). In F2 N2O daily flux was significantly higher in ORG (2.63 ± 0.59 mg N2O m−2 day−1) than in ORG+ (1.39 ± 0.52 mg N2O m−2 day−1).




3.3.2. Trend of Daily CH4 Flux in the Three Cropping Systems


Measured CH4 daily flux ranged from –0.7 to 0.45 mg CH4 m−2 day−1 in F1 and from −0.47 to 0.43 mg CH4 m−2 day−1 in F2 (Figure 5b and Figure 6b). In F1, CH4 fluxes were positive (<0.2 mg CH4 m−2 day−1) in 12, 9 and 11 sampling days out of 50 in INT, ORG and ORG+, respectively. In F2, CH4 fluxes were positive (<0.5 mg CH4 m−2 day−1) in seven, two and six sampling days out of 48 in INT, ORG and ORG+, respectively. In particular, in F2, CH4 fluxes were significantly lower in ORG than in INT and ORG+ in two sampling dates in March 2016 and in May 2016; during which CH4 fluxes in ORG were equal to −0.35 ± 0.04 mg CH4 m−2 day−1 and −0.34 ± 0.07 mg CH4 m−2 day−1, respectively. In F1 the average daily CH4 flux (Table 4) was slightly negative, with no significant differences (p > 0.05) among the cropping systems in both periods (on average P1: −0.10 ±0.22 mg CH4 m−2 day−1; P2: −0.08 ± 0.02 mg CH4 m−2 day−1). In F2, significantly lower flux was recorded in P1 in ORG (−0.23 ± 0.02 mg CH4 m−2 day−1) compared to INT and ORG+ (−0.18 ± 0.01 mg CH4 m−2 day−1), while in P2 ORG and ORG+ showed similar values equal to –0.10 ± 0.02 mg CH4 m−2 day−1, significantly lower than INT (−0.001 ± 0.05 mg CH4 m−2 day−1).




3.3.3. Trend of Daily CO2 Flux in the Three Cropping Systems


Measured CO2 daily flux ranged from 3.9 to 60.9 g CO2 m−2 day−1 in F1 and from 4.4 to 65.2 g CO2 m−2 day−1 in F2 (Figure 5c and Figure 6c). Daily pattern of CO2 flux varied according to that of soil temperatures. Indeed, higher values of CO2 flux were recorded from May 2015 to September 2015. Higher CO2 flux was observed in ORG+ than in the other systems during summer 2015 in both fields. In F1, significantly higher emissions were observed in ORG+ with respect to the other treatments in eight dates out of 50, while CO2 flux was higher in ORG than in the other systems in five dates out of 50. In F2, CO2 flux was significantly higher in nine dates out of 48 in ORG+ and in six dates out of 48 in ORG. Higher CO2 fluxes in ORG systems were observed in March 2015 after tillage for green manure sowing, and in summer 2015, some days after main tillage operations for summer lettuce, and cabbage in F1, and for fennel in F2. Otherwise, CO2 flux was significantly higher in INT than in the other treatments in only two dates in March 2016 in F2.



In both fields, daily average CO2 flux (Table 4) in P1 was higher in ORG and ORG+ (on average, F1: 21.51 ± 1.16 g CO2 m−2 day−1; F2: 23.88 ± 1.05 g CO2 m−2 day−1) than in INT (F1: 15.11 ± 0.98 g CO2 m−2 day−1, F2: 18.08 ± 1.00 g CO2 m−2 day−1) In P2 higher CO2 flux was higher in ORG+ in F1 compared to INT, while the opposite was recorded in F2, where INT and ORG (on average 25.40 ± 1.31 g CO2 m−2 day−1) recorded higher values than ORG+ (19.97 ± 0.79 g CO2 m−2 day−1).





3.4. Relationship among the Soil Variables and GHG Fluxes


The correlation between daily N2O flux and soil N–NO3 concentration-computed using a subset of the dataset, including only the monitoring days in which the soil samples were collected-turned out to be non-significant for all the three cropping systems (data not shown).



Considering the whole dataset, soil temperature and WFPS correlated negatively in all the three cropping systems, with a correlation coefficient (rs) between −0.55 (ORG+) and −0.65 (INT) (Figure 7).



Flux of N2O correlated positively with soil temperature in INT (rs: 0.38) and ORG+ (rs: 0.48); and with CO2 flux in ORG (rs: 0.42) and ORG+ (rs: 0.39).



Flux of CO2 correlated positively with soil temperature with rs equal to 0.69 in INT, 0.77 in ORG and 0.78 in ORG+; and negatively with WFPS with rs between −0.33 (INT) and −0.5 (ORG and ORG+). Flux of CH4 correlated positively with WFPS only in ORG (rs: 0.23) and negatively with CO2 flux in the same treatment (rs: −0.17).



Fluxes of N2O higher than 20 mg m−2 day−1 were recorded with WFPS values between 38% and 70% (Figure S1a). When WFPS was lower than 38% N2O fluxes ranged between −0.04 mg m−2 day−1 and 17.44 mg m−2 day−1, while when WFPS values were higher than 70%, N2O fluxes ranged between −0.07 mg m−2 day−1 and 3.35 mg m−2 day−1.



The ANOVA describing the relationship between the logarithm of CO2 flux and the soil temperature highlighted that the slope of the linear regression was not different according to the treatments (0.059), while the intercept of the regression was significantly lower in INT (1.249) than in ORG (1.471) and ORG+ (1.487) (Figure 8).




3.5. Cumulative Soil Emissions during the Two Periods


In P1 cumulative N2O emissions showed no significant differences among the cropping systems both in F1 (average 5.5 ± 1.1 kg N–N2O ha−1) and in F2 (average 4.4 ± 0.5 kg N–N2O ha−1) (Figure 9a).



In P2 cumulative N2O emissions were significantly affected by the cropping system in both fields (p < 0.05). Indeed, in F1, cumulative N2O emissions were higher in INT and in ORG (average 2.0 ± 0.5 kg N–N2O ha−1) than in ORG+ (0.3 ± 0.1 kg N–N2O ha−1). In F2 N2O emissions were significantly higher in ORG (2.2 ± 0.7 kg N–N2O ha−1) than in ORG+ 1.0 ± 0.2 kg N–N2O ha−1), and INT was not significantly different from both ORG and ORG+ (1.1 ± 0.1 kg N–N2O ha−1).



There was an overall sink effect for CH4 cumulative emissions in all systems, in both periods and fields, with no significant differences among cropping systems (average in F1: −162 ± 38 g C–CH4 ha−1; average in F2: −356 ± 60 g C–CH4 ha−1) (Figure 9b).



Cumulative CO2 emissions in P1 were significantly affected by cropping system in both fields (F1: p < 0.01; F2: p < 0.05) (Figure 9c). Lower values were recorded in both fields in INT (F1: 13.0 ± 1.0 t C–CO2 ha−1; F2: 16.7 ± 0.8 t C–CO2 ha−1) than in ORG and ORG+ (average in F1: 18.3 ± 0.7 t C–CO2 ha−1; average in F2: 22.6 ± 0.6 t C–CO2 ha−1). In P2 differences were significant only in F1 (p < 0.01), where cumulative CO2 emissions were higher in ORG+ (8.5 ± 0.4 t C–CO2 ha−1) than in ORG and INT (5.4 ± 0.3 t C–CO2 ha−1).



The estimated net GHG emissions (CO2-eq) were significantly affected by the cropping systems with exception of P2 in F2 (Table 5).



In P1 in both F1 and F2 the net CO2-eq were significantly higher in ORG (+40%, +33%), and ORG+ (+37%) than in INT. The CO2-eq of non-CO2 GHG were not different among INT, ORG and ORG+ in both fields and periods.





4. Discussion


This study evaluated the effect on GHG emissions from soil under three different agricultural management systems, an integrated (INT), an organic (ORG) and an organic conservation (ORG+) system, on an irrigated vegetable crop rotation for two years, and the relationship of GHG fluxes with soil variables.



Daily fluxes of N2O correlated positively with soil temperature and CO2 fluxes, probably caused by the high microbial activity associated to the organic matter mineralization in the warm season. Indeed, higher peaks in N2O emissions occurred mainly between the end of March and the beginning of October, namely the period with higher soil temperatures (>20 °C). Other studies reported that soil temperature may be a driver for N2O production when substrates are abundant, and the soil water content is optimal for microbial processes [32,33]. However, in our experiment the period with higher soil temperatures corresponded to that during which all N fertilization occurred, thus, it is difficult to consider separately the effect of the two drivers on N2O emissions.



The agricultural management system influenced the average daily N2O flux within F1 in P1 and P2, and within F2 in P2; in those cases, we found lower values in ORG+ than in the other systems, likely due to the significantly lower N fertilizer rate supplied to ORG+. Indeed, ORG+ had significantly lower cumulative N2O emissions than INT and ORG in both fields in period 2, in which no fertilizers were supplied to spring and summer lettuce in ORG+.



We did not find a significant correlation between nitrate concentration in soil and N2O emissions, even if nitrates were higher after mineral fertilization events in INT than organic fertilization in ORG and ORG+ in few sampling days in summer 2015, since the low number of the soil samples (29 in F1 and 27 in F2) may have negatively affected the robustness of the model.



The effect of nitrogen fertilization events, implying either mineral or organic N forms, on stimulating both short-term N2O flux and cumulative N2O emissions, was already reported by many authors [34,35]. In our study, high peaks of N2O (>10 mg N2O m−2 day−1) were recorded a few days after fertilization events (4–10 days), in accordance to what was reported by Volpi et al. [36] in a similar soil and in the same environment.



In our study, peaks on daily N2O flux were generally higher (>15 mg N2O m−2 day−1) after organic N fertilization events (ORG and ORG+), than after mineral N fertilization (INT). The occurrence of peaks in soil N2O emissions after the application of organic fertilizers have been explained by other studies [37,38], as an effect of the increased availability of N and C for the soil microbial community. Thus, the increased microbial activity leads to high O2 consumption that may create anaerobic conditions suited for the denitrification process from which N2O is originated.



Differently, other studies reported lower N2O emissions with organic fertilizers than mineral fertilizers, especially with solid manure, due to a slower release of N respect to mineral fertilizers or liquid slurry [14]. However, the effect of fertilizers on soil GHG emissions strictly depends on climate and soil specific conditions as well as on the type of the organic fertilizer itself. In fact, Pelster et al. [39], comparing four different N sources (one mineral fertilizer and three different manures), observed that N2O emissions responded similarly to organic and mineral N sources in high-C soils, whereas in low-C soils N2O emissions may be specifically stimulated by the use of C-rich manures. Moreover, the application technique of organic fertilizers may influence the soil N2O emissions. Indeed, the incorporation of organic fertilizers is expected to increase N2O emissions when soil moisture status is suitable for N2O production, while ammonia volatilization may decrease, since more N entered the soil [40]. However, in our experiment we highlighted a tendency for lower N2O emissions in ORG+ where the fertilizers were broadcasted more on soil surface than in ORG, where they were incorporated in soil, though that result was most probably due to the low N rate applied in ORG+.



Moreover, peaks of N2O emissions, in a range between 5 and 20 mg N2O m−2 day−1, occurred from 10 to 15 days after the soil incorporation of the green manures in ORG. Heller et al. [41] in Mediterranean conditions, recorded the highest N2O flux maximum two weeks after the tillage operations practiced for maize residues incorporation. Other authors reported that the incorporation of crop biomass into the soil produced N2O and CO2 peaks due to the increased availability of substrates for mineralization and microbial activity, when soil moisture was not limiting [42,43]. In particular, it was reported that N2O emissions are generally increased when crop biomass with a low C:N ratio is incorporated in the soil [17,18]. However, in our study, peaks in N2O emissions were similar (15–20 mg N2O m−2 day−1) after the incorporation of both spring green manure, composed by only legumes (C:N = 12, Tables S1 and S2) and summer green manure, composed by one legume, two cereals and one pseudo-cereal (C:N = 33, Tables S1 and S2). Indeed, peaks in N2O emissions might have been due to an improvement of C availability in soil after plant material incorporation that stimulated denitrification [44].



Daily fluxes of CH4 were negative in about 80% and 90% of the sampling days in F1 and F2, respectively. CH4 uptake by soil was similar in all the cropping systems, with higher uptakes recorded only in the ORG system in F2 (average −0.19 mg CH4 m−2 day−1). Values of CH4 uptake recorded in our experiment were in the range reported by literature for non-flooded agricultural soils (from 0 to 1.03 mg CH4 m−2 day−1) [22]. However, CH4 uptake was lower than that reported by Flessa et al. [45] on a potato field in a temperate climate (average −0.35 mg CH4 m−2 day−1). Cumulative CH4 emissions were not different among the cropping systems, in both periods and fields. In that regard, our results comply with other studies that reported no effect by conservation tillage on CH4 emissions [46]. Differently, other studies comparing organic and non-organic management revealed a slightly, but significantly higher, net CH4 uptake in organic cropping systems [47]. Moreover, the higher mineral fertilizer rate distributed in INT and the higher tillage intensity of INT and ORG seemed to have not inhibited the soil CH4 oxidation capacity; namely the methanotrophic activity of microorganisms in soil, compared to the ORG+ system. However, the recent implementation of the three cropping systems could not yet have affected the soil stability, as well as the gas diffusion and the methanotrophic activity in soil that may influence CH4 uptake [22]. Indeed, the number of years since the initiation of conservation tillage is a key issue for evaluating and understanding the effects generated by this management strategy [48].



Moreover, our study showed no differences in CH4 emissions during periods of bare fallow (INT) and periods with cover crops (ORG and ORG+), similarly to what was reported by Sanz-Cobena et al. [49] and Guardia et al. [50] in a maize/cover crop rotation. However, studies are scarce on this topic, thus further research is needed to investigate the effect of cover crops on CH4 emissions [16].



Concerning soil conditions, we did not find any strong correlations among soil temperature, WFPS and CH4 emissions, with only a weak positive correlation between soil CH4 emissions and WFPS in ORG. In our experiment WFPS did not show prevalently very low or high values, and soil water content was not as a strong driver for CH4 emissions as reported in other studies, where it lowered the activity of methanotrophic bacteria in very dry or very wet soil conditions [51].



Measurements of daily CO2 flux in our experiment ranged from 3.9 to 65.2 g CO2 m−2 day−1, with values often higher than in other studies conducted in a Mediterranean environment on fertilized crops, including organic cultivation or cover crops (1.5–25.7 g CO2 m−2 day−1) [49,52]. In all treatments, the intensity of CO2 daily fluxes followed the variations of soil temperature, with values generally higher (up to 60 g CO2 m−2 day−1) during the warm season, between April and September, than in the rest of the year (<25 g CO2 m−2 day−1). Our results confirm the positive relationship between soil temperature and CO2 flux, usually non-linear, reported by other authors [53,54,55]. In our experiment, irrigation may have contributed to the high values of CO2 daily flux measured during the warm season, compared to those of other studies conducted in drought stressed Mediterranean environments. Indeed, Almagro et al. [56] reported that soil respiration varied following changes in soil moisture in late spring and summer, in a dry meso-Mediterranean climate, and that soil respiration was strongly limited by soil water content (SWC) < 10%. In our study, irrigation allowed us to maintain soil water content above 9% (20% WFPS), with the exception of three dates. In such a condition, soil water was never limiting for biological processes deputed to the production of CO2, including root respiration. Our results highlighted a negative correlation between WFPS and CO2 daily flux, only due to the stronger positive correlation of CO2 daily flux and soil temperature and to the inverse pattern of WFPS and soil temperature values both in winter and in summer periods.



Furthermore, our results showed a different effect of the cropping systems on daily flux of CO2, as the intercept of the linear regression describing the relationship between CO2 flux and soil temperature was higher in ORG and ORG+ than in INT. Thus, besides the variation mediated by soil temperature and water content, the level of organic substrates supplied to the soil in ORG and ORG+ have determined higher soil respiration rates.



Moreover, the incorporation of soil of green manure (ORG) might have been a significant driver for short-term CO2 fluxes, due to the proneness of green manure to mineralization [52,57]. Indeed, CO2 daily flux was higher in ORG than in the other treatments a few days after the green manure incorporation was carried out, before summer lettuce cultivation in F1, and before fennel cultivation in F2.



Short-term peaks in CO2 daily flux were also recorded in F1 after main tillage for sowing green manure and cabbage transplanting, and in F2 after tillage for fennel transplanting. Peaks in CO2 emissions after main tillage were previously reported by many authors, mainly due to an increased mineralization of soil organic matter, as well as a transitory effect, due to the removal of physical constraints on CO2 diffusion [46,58]. Cumulative CO2 emissions ranged between 2.0 and 8.2 t C–CO2 ha−1 and when there was a significant difference among the cropping systems, we highlighted a tendency in higher emissions in ORG and/or ORG+ than in INT. In ORG, the green manure incorporation and the organic fertilizer application could have increased the soil heterotrophic respiration [41] as discussed above, while in ORG+, living mulch may have increased the autotrophic component of respiration [59,60]. These results are in line with Chirinda et al. [61] that reported an increase of CO2 emissions due both to manure application and to catch crops’ cultivation in a sandy loam soil.



The net GHG emissions budget showed a tendency of being higher in ORG+ (in both fields and periods) and ORG (in P1 in F1 and F2) with respect to INT because of the effect of the cropping system on CO2 emissions, since the CO2-eq of non-CO2 GHG were not different among INT, ORG and ORG+.



Thus, the integration of organic and conservation agriculture showed a tendency of higher CO2 emissions and lower N2O emissions than the other cropping systems, with no clear potential for soil GHG mitigation, at least in the first two years of organic conservation management. Indeed, a long-term field trial could help to clarify whether the result of this study on the effect of ORG+ on soil CO2 and N2O emissions was only transitory, especially considering the importance of the duration of no-till [62]. It is well known, indeed, that the introduction of no-till practices may require a long time to produce beneficial effects on soil’s physical and biological aspects, which may buffer the GHG emission potential of the soil.



In the transition phase, a possible solution to improve the distribution of fertilisers in the soil profile and to sustain crop yield could come from a different fertilization strategy. The within-furrow application of organic fertilizers at transplant—which could be possible by means of a fertilizer tank mounted on the direct transplanting machine—and fertigation with organic material, may result in a better stratification of fertilizers even in no-till conditions, allowing the reduction of the exposure of organic fertilisers to oxidation conditions, while increasing their efficiency.



Moreover, the trade-off between GHG mitigation and the crop productivity has to be taken into account, evaluating the crop yield in the three cropping systems [63].




5. Conclusions


The ORG+ system registered a tendency of higher CO2 emissions and lower N2O emissions respect to INT and ORG systems. The lower N2O emissions were probably related to the low N rate supplied in ORG+, while the higher CO2 emissions could have been due to the higher supply of organic material with organic fertilizer and to the higher autotrophic respiration due to living mulch. No differences among the three systems were observed concerning CH4 emissions. Based on our results, the organic conservation system did not show a clear tendency towards mitigating soil GHG emissions in vegetable rotation in a Mediterranean environment.



Further soil GHG monitoring campaigns are needed to compare the three systems in the long term. Moreover, other studies will be needed to assess the overall sustainability of the three cropping systems from an agronomic, economic and environmental (e.g., life cycle assessment) point of view.
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Figure 1. Presence of the crops in rotation in the three cropping systems (integrated farming (INT), organic farming (ORG) and organic-conservation farming (ORG+)) in the two fields, with the calendar of soil greenhouse gas (GHG) monitoring. Soil GHG data from periods identified as Period 1 (P1) and Period 2 (P2) were used to calculate daily and cumulative emissions. 
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Figure 2. Daily rainfall (mm), daily maximum, average and minimum air temperature (°C) from October 2014 to July 2016. 
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Figure 3. Data recorded in F1: (a) Soil water filled pore space (WFPS); (b) soil temperature; (c) soil nitrate (N–NO3) concentration for each treatment. Simple arrows indicate fertilization events, and dashed arrows the primary tillage of each crop. On field 1 (F1) the temporal crop sequence was: Fennel, summer lettuce, cabbage, then spring lettuce. 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. Data recorded in F1: (a) Soil water filled pore space (WFPS); (b) soil temperature; (c) soil nitrate (N–NO3) concentration for each treatment. Simple arrows indicate fertilization events, and dashed arrows the primary tillage of each crop. On field 1 (F1) the temporal crop sequence was: Fennel, summer lettuce, cabbage, then spring lettuce. 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.



[image: Agronomy 09 00446 g003]







[image: Agronomy 09 00446 g004 550]





Figure 4. Data recorded in F2: (a) Soil WFPS; (b) soil temperature; (c) soil nitrate (N–NO3) concentration for each treatment. Simple arrows indicate fertilization events; dashed arrows the primary tillage of each crop. On field 1 (F1) the temporal crop sequence was: Cabbage, spring lettuce, fennel, then summer lettuce. Significance was as follows: n.s. is not significant; * is significant at the p ≤ 0.05 level; ** is significant at p ≤ 0.01 level. 
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Figure 5. Daily average fluxes recorded in F1 of: (a) N2O; (b) CH4; and (c) CO2 for each treatment. Simple arrows indicate fertilization events; dashed arrows the primary tillage of each crop. On field 1 (F1) the temporal crop sequence was: Fennel, summer lettuce, cabbage, then spring lettuce. Significance was as follows: n.s. is not significant; * is significant at the p ≤ 0.05 level; ** is significant at p ≤ 0.01 level. 
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Figure 6. Daily average fluxes recorded in F2 of: (a) N2O; (b) CH4; and (c) CO2 for each treatment. Simple arrows indicate fertilization events; dashed arrows the primary tillage of each crop. On field 1 (F1) the temporal crop sequence was: Cabbage, spring lettuce, fennel, then summer lettuce. 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. 
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Figure 7. Correlation plot among the soil variables and GHG fluxes. Numbers indicate the correlation coefficients, while the intensity of the colour of the boxes represents the level of correlation according to the scale reported close to each plot. Significance was 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 7. Correlation plot among the soil variables and GHG fluxes. Numbers indicate the correlation coefficients, while the intensity of the colour of the boxes represents the level of correlation according to the scale reported close to each plot. Significance was as follows: * is significant at the p ≤ 0.05 level; ** is significant at p ≤ 0.01 level; *** is significant at p ≤ 0.001 level.



[image: Agronomy 09 00446 g007]







[image: Agronomy 09 00446 g008 550]





Figure 8. Relationship between the logarithm of CO2 flux and the soil temperature. 
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Figure 9. Cumulative emissions of N2O (kg N–N2O ha−1), CH4 (g C–CH4 ha−1) and CO2 (t C–CO2 ha−1) for P1 and P2 in field 1 (a, b, c) and in field 2 (d, e, f), respectively. Different lowercase letters in P1, and uppercase letters in P2 indicate significant differences between the cropping systems resulting from the post-hoc test. 
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Table 1. Characterization of soil in the two fields (F1, F2) and at two depths (0–10 cm, 10–30 cm).
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Parameter

	

	
Field 1

	
Field 2




	
Unit

	
0–10

	
10–30

	
0–10

	
10–30






	
Sand (2 mm–0.05 mm)

	
%

	
81.9

	
82.3

	
79.4

	
79.3




	
Silt (0.05 mm–0.002 mm)

	
%

	
13.6

	
12.6

	
14.4

	
13.9




	
Clay (< 0.002 mm)

	
%

	
4.5

	
5.1

	
6.2

	
6.8




	
pH

	
1:1 w/v

	
6.7

	
6.1

	
7.2

	
7.1




	
Organic Matter

	
%

	
2.2

	
1.9

	
2.6

	
2.2




	
Total N

	
g kg−1

	
1.2

	
1.1

	
1.5

	
1.3




	
Available P

	
mg kg−1

	
6.6

	
3.4

	
4.9

	
3.6




	
Exchangeable K

	
mg kg−1

	
55.0

	
55.0

	
55.0

	
55.0




	
Conductivity

	
μS/cm−3

	
153.3

	
82.7

	
185.6

	
88.4




	
C:N

	
-

	
10.8

	
10.4

	
9.9

	
10.0




	
Bulk density

	
g cm-3

	
1.40

	

	
1.44
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Table 2. Agricultural practices carried out in field 1 for each crop in the three cropping systems; in field 2 the same agricultural practices were carried out, starting with savoy cabbage.
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Data

	
Crop

	
Level

	
Main tillage

	
Sowing

	
Fertilization rate kg ha−1 of: N; P2O5; K2O

	
Weed

	
Pest

	
Residue management






	
Jul–Jan

	
Fennel

	
INT

	
Spading

	
Transplanting

	
122; 138; 245

	
Chemical and mechanical weeding

	
Chemical

	
Removed




	
ORG

	
Spading

	
Transplanting

	
77; 94; 150

	
Mechanical weeding

	

	
Removed




	
ORG+

	
No-till

	
No till transplanting

	
25; 58; 75

	
Flame weeding

	

	
Removed




	
Feb–May

	
Spring green manure*

	
INT

	

	

	

	

	

	




	
ORG

	
Rotary tiller, incorporation into the soil

	
Broadcast seeding

	

	

	

	
Chopped and incorporated into the soil with spade




	
ORG+

	

	

	

	

	

	




	
Feb–May

	
Spring living mulch**

	
INT

	

	

	

	

	

	




	
ORG

	

	

	

	

	

	




	
ORG+

	

	
No till broadcast seeding

	

	

	

	




	
Jun–Jul

	
Summer Lettuce

	
INT

	
Spading

	
Transplanting

	
46; 46; 110

	
Chemical and mechanical weeding

	
Chemical

	
Removed




	
ORG

	
Spading

	
Transplanting

	
0; 29; 75

	
Mechanical weeding

	

	
Removed




	
ORG+

	
No-till

	
No till transplanting

	
0; 0; 0

	
Flame weeding

	

	
Removed




	
Jul–Feb

	
Savoy cabbage

	
INT

	
Spading

	
Transplanting

	
108; 69; 173

	
Chemical and mechanical weeding

	
Chemical

	
Removed




	
ORG

	
Spading

	
Transplanting

	
59; 48; 96

	
Mechanical weeding

	

	
Removed




	
ORG+

	
No-till

	
No till transplanting

	
28; 29; 50

	
Flame weeding

	

	
Removed




	
Ma–May

	
Spring Lettuce

	
INT

	
Spading

	
Transplanting

	
27; 39; 75

	
Chemical and mechanical weeding

	
Chemical

	
Removed




	
ORG

	
Spading

	
Transplanting

	
20; 21; 64

	
Mechanical weeding

	

	
Removed




	
ORG+

	
No-till

	
No till transplanting

	
0; 0; 0

	
Flame weeding

	

	
Removed




	
Jun–Jul

	
Summer green manure***

	
INT

	

	

	

	

	

	




	
ORG

	
Rotary tiller

	
Broadcast seeding

	

	

	

	
Chopped and incorporated into the soil with spade




	
ORG+

	

	

	

	

	

	




	
Jun–Jul

	
Summer dead mulch***

	
INT

	

	

	

	

	

	




	
ORG

	

	

	

	

	

	




	
ORG+

	

	
No till broadcast seeding, devitalization with roller crimper and flaming

	

	

	

	
Rolled and band flamed








* field peas (Pisum sativum L.) and faba beans (Vicia faba subsp. minor L.); ** red clover (Trifolium pratense L.); *** red cowpeas (Vigna unguiculata L.), buckwheat (Fagopyrum esculentum L.), millet (Panicum miliaceum L.) and foxtail millet (Setaria italica L.).
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