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Introduction

Nitrous oxide (N 2 O) concentration in the atmosphere is constantly increasing [START_REF] Khalil | Atmospheric nitrous oxide: Patterns of global change during recent decades and centuries[END_REF]. With a global warming potential 300 times higher than that of carbon dioxide over a 100-year time scale (World Meteorological Organization, 2007), N 2 O is the gas with the third largest contribution to global warming [START_REF] Ciais | Carbon and other biogeochemical cycles[END_REF]. Nitrous oxide plays also an important role in the stratospheric ozone depletion [START_REF] Ravishankara | Nitrous oxide (N 2 O): The dominant ozone-depleting substance emitted in the 21 st century[END_REF]. Soils are a major source of N 2 O, accounting for 60% of natural sources (soils under natural vegetation) and 60% of anthropogenic sources (soils used for agriculture; [START_REF] Ciais | Carbon and other biogeochemical cycles[END_REF]. Nitrous oxide is produced during the natural microbial reactions of nitrification and denitrification, two reactions which are controlled by the status of aerobiosis in soils. Since the water saturation of soils modifies the ratio between water-filled and air-filled pore space, the waterfilled pore space (WFPS) is often used as an indicator of N 2 O emissions [START_REF] Butterbach-Bahl | Nitrous oxide emissions from soils: How well do we understand the processes and their controls?[END_REF][START_REF] Robertson | Nitrification and denitrification in humid tropical ecosystems: Potential controls on nitrogen retention[END_REF]. In particular, wetting and drying cycles are known to affect N 2 O emissions [START_REF] Guo | The extent of soil drying and rewetting affects nitrous oxide emissions, denitrification, and nitrogen mineralization[END_REF][START_REF] Muhr | Repeated drying-rewetting cycles and their effects on the emission of CO 2 , N 2 O, NO, and CH 4 in a forest soil[END_REF]. Peaks of N 2 O emissions have often been observed both in the field and in laboratory experiments after the rewetting of a soil [START_REF] Groffman | Denitrification hysteresis during wetting and drying cycles in soil[END_REF][START_REF] Sanchez-Martin | The importance of the fallow period for N 2 O and CH 4 fluxes and nitrate leaching in a Mediterranean irrigated agroecosystem[END_REF][START_REF] Sexstone | Temporal response of soil denitrification rates to rainfall and irrigation[END_REF].

Following the model proposed by Smith (1980), N 2 O production can occur inside anoxic aggregates and then diffuse to the soil surface through inter-aggregate pores. Thus, delays between microbial production and the moment when N 2 O can be measured at the soil surface have been demonstrated [START_REF] Clough | Carbon induced subsoil denitrification of 15 N-labelled nitrate in 1 m deep soil columns[END_REF]McCarty et al., 1999;[START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF][START_REF] Weier | Denitrification and the dinitrogen/nitrous oxide ratio as affected by soil water, available carbon, and nitrate[END_REF][START_REF] Wollersheim | Effect of bulk density and soil water tension on denitrification in the rhizosphere of spring wheat (Triticum vulgare)[END_REF]. Delays in N 2 O emissions are partly linked to gas entrapment and the associated dissolution of N 2 O in the water phase (Clough et al., 2005). We hypothesize here that introducing dynamic indicators of the soil structure could enhance our understanding of the dynamic nature of N 2 O emissions during wetting and drying cycles, by a better description of N 2 O transport. Indeed, since soil structure controls the water and gas dynamics in soils, and thus the aerobic microbial activity, soil structure is supposed to be of great importance for N 2 O emissions [START_REF] Ball | Soil structure and greenhouse gas emissions: A synthesis of 20 years of experimentation[END_REF].

Both the soil water and soil structure can be studied by X-ray computed tomography. X-ray computed tomography is rapid, non-destructive, and allows successive scans over time while measuring other dynamic parameters, such as N 2 O fluxes. It provides 3-D images, used to perform spatial analysis of the soil sample. In soil science, X-ray computed tomography is a common tool, used for example to study the effect of agricultural practices [START_REF] Deurer | The impact of soil carbon management on soil macropore structure: A comparison of two apple orchard systems in New Zealand[END_REF][START_REF] Schjønning | Gas diffusion, non-darcy air permeability, and computed tomography images of a clay subsoil affected by compaction[END_REF][START_REF] Schlüter | Soil-structure development including seasonal dynamics in a long-term fertilization experiment[END_REF], the water dynamics [START_REF] Kasteel | From local hydraulic properties to effective transport in soil[END_REF][START_REF] Sammartino | A novel method to visualize and characterize preferential flow in undisturbed soil cores by using multislice helical CT[END_REF][START_REF] Wildenschild | Quantitative analysis of flow processes in a sand using synchrotron-based X-ray microtomography[END_REF], or the gas dynamics [START_REF] Deurer | The impact of soil carbon management on soil macropore structure: A comparison of two apple orchard systems in New Zealand[END_REF]Katuwal et al., 2014;[START_REF] Naveed | Correlating gas transport parameters and X-ray computed tomography measurements in porous media[END_REF]. Katuwal et al. (2014) demonstrated the interest of coarse-resolution X-ray scanners to study gas transport functioning in macropores. This methodology can be applied to N 2 O emissions. Only few studies used imaging techniques to study greenhouse gas emissions (e.g., [START_REF] Mangalassery | To what extent can zero tillage lead to a reduction in greenhouse gas emissions from temperate soils?[END_REF][START_REF] Mangalassery | The effect of soil aggregate size on pore structure and its consequence on emission of greenhouse gases[END_REF], and to our knowledge, none of them monitored greenhouse gases while acquiring images of the soil structure.

In this study, we proposed a methodology to image the water and soil structure of a soil sample with coarse-resolution X-ray computed tomography, while controlling the hydric state and monitoring N 2 O fluxes. We aimed at demonstrating which relevant information can be extracted from the images to allow a better understanding of N 2 O emissions. We illustrated this methodology by subjecting a soil sample to two wetting and drying cycles. 

Soil sampling, physical and chemical characterization

The study site was chosen for the high N 2 O emissions previously recorded in the field [START_REF] Gu | Effect of topography on nitrous oxide emissions from winter wheat fields in Central France[END_REF], at the same location as the study of [START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF]. The site is an agricultural field cultivated with rape (Brassica napus L.), located near Chartres, in the northwest of France (48.376° N lat,1.196° E long). The soil is classified as Glossic Retisol (WRB, 2014), with a clay content of 13.7%, a silt content of 82.0%, and a sand content of 4.3% [START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF]. A soil core was collected in June 2013 in a PVC cylinder (13.2-cm inner diameter by 7-cm height) from the surface horizon (1-8 cm). Bulk soil was also sampled in the surface horizon for physical and chemical analyses. Soil organic carbon was measured by sulfochromic oxidation, and total nitrogen was measured by the Dumas method. The soil nitrate content was determined by colorimetric analysis after the extraction from an 8-g soil sample using 0.5 M K 2 SO 4 . Soil pH was determined in a 1:2.5 soil/water volume ratio on samples sieved at < 2 mm. At the sampling time, the soil organic carbon was 9.5 g kg -1 , the total nitrogen content was 0.91 g kg -1 , the nitrate content was 51.3 mg NO 3 --N kg -1 , and the soil pH was 5.6. The porosity of the soil sample was 0.46 cm 3 cm -3 and the volumetric water content was 37.7% (equivalent to 81.9% WFPS). The sample was conditioned in a plastic bag and stored field moist during two weeks at 5°C to minimize microbial activity. Before the start of the experiment, the soil core was trimmed on each end and maintained at 20°C for 24 h.

Experimental setup

The experiment consisted in controlling the hydric status of the soil sample with a multistep outflow system [START_REF] Weihermüller | Multistep outflow experiments to determine soil physical and carbon dioxide production parameters[END_REF]: the soil cylinder was connected to a water-tank to control its wetting according to the Mariotte bottle principle, and connected to a vacuum
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pump and a sampling bottle to control its drying (Fig. 1). Hydraulic continuity was ensured with a porous ceramic plate (1-bar air-entry value, 8.6 × 10 -8 m s -1 saturated hydraulic conductivity, Soilmoisture Equipment Corp.) placed at the bottom of the soil cylinder and previously saturated with water. The soil cylinder-ceramic plate system was sealed with silicon to avoid water or gas leaks. Both the water content and water potential were continuously monitored during the experiment, with a balance (0.1 g precision) and two microtensiometers (porous ceramic cup, 20-mm length, 2.2-mm diam., 150-kPa air-entry value) inserted at 2 and 4 cm from the cylinder surface at the end of the wetting phase. Data were recorded every 10 min with a datalogger (CR1000, Campbell Scientific).

Two wetting-drying cycles (hereafter referred to as the C1 and C2 cycles) were applied to the soil cylinder. The initial water content for C1 was the water content at sampling. The sample was first saturated for 3 d by raising the water level to the soil surface in one step, and then a -100 hPa pressure was applied at the bottom of the soil core in one step, and maintained for about 7 h (C1 cycle). A zero hPa pressure was then applied for 3 d, followed by a -100 hPa pressure for about 7 h (C2 cycle). Indeed, [START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF] demonstrated that N 2 O peaks can be created during the drying phase, at a matric potential of approximately -50 hPa. We chose thus to apply a pressure lower than this value of -50 hPa. The speed of the matric potential decrease was much higher that under natural conditions, and could affect the water transport and hydraulic continuity. We used a KNO 3 solution as the wetting fluid, to ensure that nitrate was not a limiting factor for N 2 O emissions during the wetting phase, and to isolate the effects of nitrate concentration and soil moisture on the N 2 O emissions. Hénault and Germon (2000) showed that the response of N 2 O emissions to the nitrate concentration could be described by a Michaelis-Menten function. We used a nitrate concentration at the plateau of this function (4.1 mM N). The nitrate solution was prepared with de-aired water to prevent air bubble formation during the experiment. the chamber were sampled in evacuated vials at the end of the wetting phase and at the middle of the drying phase (3.5 h after the beginning of the drying phase), and CO 2 concentration was determined by gas chromatography (µGC Gas Analyzer T-3000, SRA Instruments). For a single CO 2 flux measurement, the atmosphere of the closed-chamber was sampled three times during 20-min periods. Given the linear increase of the CO 2 concentration, the flux was then calculated linearly. The chamber was removed before each measurement to restore the atmosphere to ambient concentrations of gases. The sample was kept inside the scanner during the two wetting-drying cycles. The temperature inside the scanner room was monitored and ranged between 22.5 and 25.5°C throughout the experiment.

Computed tomography and image analyses

The soil sample was placed in the scanner in its sampling direction. The soil sample was scanned one time at the end of the wetting phase, and the vacuum pump was then activated to begin the soil drying. We then scanned the sample seven times for C1, and nine times for C2

during the drying phase, alternating with N 2 O flux measurements. Two scans have been added

at C2 compared to C1 to refine the results just after the beginning of the drying phase. We Most of the image processing was realized with the ImageJ software (Rasband, 1997(Rasband, -2014)).

Due to the chamber manipulation during the experiment and displacement of the sample between scans, image registration was first done to ensure spatial consistency between the different images with the Align3 TP plugin [START_REF] Parker | Stack Alignment (Align3_TP)[END_REF]. We cropped the images to exclude non-soil areas, and we rescaled the images to get isotropic voxels of 316 µm. The noise was reduced by using a bilateral filter, and edges were enhanced with an unsharp mask [START_REF] Schlüter | Image processing of multiphase images obtained via X-ray microtomography: A review[END_REF]. The air phase and the water phase were both separated from the soil matrix and gravels by using the watershed segmentation method. This method has previously been successfully used to segment images of soils [START_REF] Schlüter | Image processing of multiphase images obtained via X-ray microtomography: A review[END_REF]. A majority filter with a 3×3×3 kernel was applied to remove very small air-filled and water-filled pores which can be seen as noise. We finally removed manually the signal of the two tensiometers. The procedure used to segment the air phase and the water phase gave satisfactory results (Fig. 2).

Visualization of the air-filled and water-filled pore network was done with the ImageJ plugin 3-D Viewer [START_REF] Schmid | A high-level 3D visualization API for Java and ImageJ[END_REF].

The volume of air-filled and water-filled macropores was estimated with the BoneJ plugin [START_REF] Doube | BoneJ: Free and extensible bone image analysis in ImageJ[END_REF], and the Euler number was calculated considering 26-connectivity with the C library QuantIm v.4 [START_REF] Vogel | QuantIm: C/C++ library for scientific image processing[END_REF], on the segmented images. The Euler number characterizes the connectivity of the air-filled pore space [START_REF] Vogel | Quantification of soil structure based on Minkowski functions[END_REF]. When the Euler number is positive, the pore network is classified as unconnected, whereas it is connected when the Euler number is negative. The volume of air-filled macropores and Euler number were calculated on the total air-filled pores identified, and the air-filled pores connected to the soil surface only, to evaluate the pore network contributing to N 2 O emissions. We estimated the relative gas diffusion coefficients D S /D 0 from the segmented air-filled pore space with [START_REF] Vogel | QuantIm: C/C++ library for scientific image processing[END_REF], as already done by [START_REF] Deurer | The impact of soil carbon management on soil macropore structure: A comparison of two apple orchard systems in New Zealand[END_REF] and [START_REF] Vogel | Quantification of pore structure and gas diffusion as function of scale[END_REF].
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The gas diffusion was modeled by using the Fick's law of diffusion in 3-D, solved by explicit finite differences. Throughout the simulation, the gas concentration at the bottom of the soil sample was fixed at a constant value, and the gas concentration at the top was set to zero. We calculated D S /D 0 on subsamples of increasing thickness from the soil surface (adding 10 pixels at the bottom of the given subsample).

3 Results

Soil water content and soil water potential evolution

During the drying phase, the WFPS measured with the MSO system ranged between 85% and 79% at C1, and between 83% and 79% at C2. The soil matric potential was above 0 cm for the two wetting cycles for the -4 cm depth tensiometer, whereas it was slightly under 0 cm for the -2 cm depth tensiometer at C2 (Fig. 3). Saturation was thus slightly lower during C2. The matric potential showed a plateau at the C2 wetting phase, reached in approximately 4.5 h after the beginning of the C2 wetting phase. During the drying phase, the matric potential decreased linearly, immediately after activating the vacuum pump, to reach -56 cm water column at C1 and -67 cm water column at C2. The decrease of the matric potential was slightly faster at C2 than at C1 (mean decrease of -8.8 cm h -1 at C1, and -9.5 cm h -1 at C2).

Dynamics of the N 2 O and CO 2 fluxes

Emissions were lower during C2 than during C1, both for the wetting and the drying phases, with the maximum N 2 O flux being 55.1 mg N m -2 d -1 at C1, and 19.1 mg N m -2 d -1 at C2 (Fig. 3). Nitrous oxide fluxes were measured to be 9.4 and 0.1 mg N m -2 d -1 at the end of the C1 and C2 wetting phase, respectively. In comparison, they ranged between 0 and 2.6 mg N m -2 d -1 in the field measurements of [START_REF] Gu | Effect of topography on nitrous oxide emissions from winter wheat fields in Central France[END_REF] on the same study site. Nitrous oxide
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fluxes increased quickly during the drying phase to reach a peak approximately 5.5 h after the beginning of the soil drying at C1, and 4.5 h at C2. Peaks occurred at a mean matric potential of -41.1 cm water column at C1, and -44.7 cm at C2, and at a WFPS of 80.2% at C1 and 80.5% at C2. The increase in the N 2 O fluxes was faster for C1 than for C2. The first flux measurement of C1 was especially high (38.2 mg N m -2 d -1 ) compared to the following measurements. At C2, the fluxes measured at the beginning of the drying phase increased more slowly, with fluxes between 3.3 and 3.9 mg N m -2 d -1 for the three first measurements.

Carbon dioxide fluxes were higher at C2 than at C1 at the end of the wetting phase (50.4 mg CO 2 m -2 d -1 at C1, and 164.1 mg CO 2 m -2 d -1 at C2). An opposite trend was observed during the drying phase: CO 2 fluxes were higher at C1 than at C2 (108.3 mg CO 2 m -2 d -1 at C1, and 76.1 mg CO 2 m -2 d -1 at C2). Soil pH at the end of the two wetting-drying cycles was 5.9.

Characterization of the pore network

Four components could be identified, both visually and in the histograms of each image: air phase, water phase, soil matrix, and gravels (Fig. 4 and5). We define the soil matrix as the solid phase and pores with a size lower than the image resolution. Histograms appeared to be unimodal, with the mode corresponding to the soil matrix, because the air-filled and waterfilled porosities represented only a small fraction of the soil sample volume (Fig. 4a and4b).

A small peak near the pure air intensity value (-1024 HU) could be identified for the drying phase, and a small peak near the pure water intensity value (0 HU) could be identified for the wetting phase (Fig. 4c and4d). Less water voxels and more air voxels were identified at C2 than at C1 during the wetting phase, showing that the water saturation was lower at C2 (Fig. 4c and4d).

A 3-D rendering of the air phase and water phase distributions at the end of the wetting phase and at the end of the drying phase for C1 and C2 is given in Fig. 5. Cylindrical pores,
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probably earthworm burrows and root channels (of which one major root channel of approximately 9 mm diameter), as well as smaller pores attributed to inter-aggregate voids are visible. As expected, air-filled pores appeared to be more numerous at the end of the drying phase than at the end of the wetting phase. A high volume of pore remained not saturated during the experiment.

Most of the indicators calculated from the segmented images were highly correlated, except the Euler number and D S /D 0 (Table 1). Indeed, largest pores highly contributed to the porosity, but relatively little to Euler number [START_REF] Vogel | Quantification of pore structure and gas diffusion as function of scale[END_REF], and D S /D 0 includes additional information about the tortuosity. The air-filled porosity identified ranged between 0.029 and 0.035 cm 3 cm -3 at C1, and between 0.023 and 0.035 cm 3 cm -3 at C2. In the driest scan of C2, where the maximum air-filled pore volume has been identified, this air-filled porosity is equivalent to 16% of the real air-filled porosity at a pressure of -100 hPa, or 7.5%

of the total porosity (0.46 cm 3 cm -3 ). For the total core volume, time-evolution of the airfilled pore volume showed a rapid rise from the beginning to 1 h after the soil drying, and then the system entered a state of equilibrium (Fig. 6a). C1 and C2 followed the same trend, but the air-filled pore volume was significantly higher at C2 than at C1 at the end of the wetting phase, and slightly higher at C2 than at C1 during the drying phase. The volume of water-filled pores decreased quickly in the first hour of soil drying, and remained lower at C2 than at C1 during the whole experiment (Fig. 6a). The evolution of the air-filled pores connected to the soil surface showed the same trend as for the total core volume, except that no more difference can be seen between C1 and C2 after 2 h of soil drying (Fig. 6c).

For the total air-filled pore volume identified, the Euler number ranged between 1319 and 1849 at C1, and between 1405 and 1713 at C2 (Fig. 6b). Thus, the Euler number was positive during the whole experiment, meaning that the air-filled pore network was unconnected at the resolution of the images. The Euler number was lower at C2 than at C1 during the wetting
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phase, and higher at C2 than at C1 during the drying phase. The air-filled pore connectivity was thus better at C1 during the drying phase. The value of the Euler number tended to decrease with soil drying. For the air-filled pores connected to the soil surface only, the Euler number ranged between -52.5 and 17 at C1, and between -57 and 1 at C2 (Fig. 6d). A transition between an unconnected and a connected pore network occurred in the first hour of soil drying: the Euler number was positive at the end of the wetting phase, and negative during the drying phase. The inherent connectivity improved then as the soil dried. The Euler number was higher at C1 than at C2 during the whole experiment. One major pore cluster, representing 98% of the air-filled pore volume connected to the soil surface at the end of the two drying phases, was responsible for the negative value of the Euler number. The other pores were smaller and had a less complicated morphology.

Simulated relative gas diffusion coefficients were null for subsamples thicker than approximately 3 cm at C1, and 4 cm at C2, because deepest pores were poorly connected to the soil surface. Thus, only the upper part of the soil sample could participate to the fast N 2 O transport to the soil surface in the gaseous phase. The evolution with time of the gas diffusion coefficient of a 3-cm-thick subsample is given in Fig. 7. Absolute values of D S /D 0 ranged between 0.000 and 0.009 at C1, and between 0.003 and 0.005 at C2. They were higher at C2 than at C1, except for the first measurement of the C1 drying phase. Relative gas diffusion coefficients increased quickly after the beginning of the soil drying at C1, and then showed lower values. This peak at C1 was concomitant with a fast increase of the N 2 O flux. The increase with soil drying was slower at C2 than at C1. Trends were similar for the estimation of D S /D 0 on thinner subsamples (data not shown). 

The use of X-ray computed tomography for greenhouse gas emission studies

The experiment of the present study appeared as the first report of coupling between soil imaging, greenhouse gas flux measurements, and hydric control measured on the same sample. The use of X-ray computed tomography allowed identifying spatially the water and gas phases in the macropores, and thus determining the air-filled pore volume of these macropores at successive moments during the soil drying. At the scanner resolution, only 16%

of the real air-filled porosity was identified, and the rest remained unresolved. Indeed, we used a large sample, with a size typical of that used to determine soil hydraulic properties, to approach the representative elementary volume of the soil. The pixel size was thus coarse, approximately 300 µm. With such a resolution, only macropores are unequivocally recognized, i.e., pores > 300 µm with the nomenclature of [START_REF] Jarvis | A review of non-equilibrium water flow and solute transport in soil macropores: Principles, controlling factors and consequences for water quality[END_REF]. According to Young-Laplace law (assuming 0° degree contact angle, interfacial tension for air-water and spherical interfaces), these macropores are expected to drain at a water potential of -10 cm.

Identifying a higher range of pore sizes would have been informative since macropores participate to N 2 O transport, whereas N 2 O production rather occurs in fine pores of the matrix domain [START_REF] Heincke | Effects of soil solution on the dynamics of N 2 O emissions: A review[END_REF]. However, such a coarse resolution has successfully been used in previous studies to link soil structure and gas diffusion. By using Xray computed tomography at a resolution of approximately 500 µm, Katuwal et al. (2014) observed a high positive correlation between air permeability and the air-filled macroporosity identified in their images. [START_REF] Deurer | The impact of soil carbon management on soil macropore structure: A comparison of two apple orchard systems in New Zealand[END_REF] explained a major part of the variability of the gas diffusion coefficients by the air-filled porosity and connectivity of pores > 300 µm identified with imaging. In the present study, despite the significant fraction of the unresolved pores which were air-filled at the end of the two drying cycles, coarse-resolution X-ray computed tomography can be used to infer N 2 O transport functioning. We also succeeded in
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identifying differences in the soil moisture between the two wetting-drying cycles. This difference was consistent with the other parameters recorded, i.e., matric potential and WFPS, and allowed inferring differences in anoxia level in the soil profile between C1 and C2.

Relative, instead of absolute, comparisons between the two wetting-drying cycles could thus be performed.

Nitrous oxide emissions and pore connectivity

After 3 days of water saturation, soil drying down to -45 cm water column induced maximum N 2 O fluxes. This result has been previously observed by [START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF]. They hypothesized that the gas diffusion coefficient increased as the soil dried and allowed the release of the N 2 O previously entrapped during the wetting phase in the pore space or in the soil solution. Nitrous oxide entrapment in soils at high WFPS has already been highlighted in laboratory experiments [START_REF] Clough | Carbon induced subsoil denitrification of 15 N-labelled nitrate in 1 m deep soil columns[END_REF]McCarty et al., 1999;[START_REF] Weier | Denitrification and the dinitrogen/nitrous oxide ratio as affected by soil water, available carbon, and nitrate[END_REF]. In this new study, supplementary information about the soil structure was obtained and we were able to measure an increase of the air-filled macropores connected to the soil surface as the soil dried. The air-filled pore network connected to the soil surface was described as well interconnected during the drying phase. Fast N 2 O transport in the gaseous phase could occur from the soil upper part connected to the atmosphere during the drying phase, where some biological hotspots could be active [START_REF] Ball | Dynamics of upward and downward N 2 O and CO 2 fluxes in ploughed or no-tilled soils in relation to water-filled pore space, compaction and crop presence[END_REF][START_REF] Van Der Weerden | Influence of pore size distribution and soil water content on nitrous oxide emissions[END_REF]. The porous network was probably also connected by pores of a size lower than the one recorded by the X-ray scanner, which represent approximately 85% of the air-filled pore space at a pressure of -100 hPa. The observed increase of the air-filled pore volume connected to the soil surface, pore connectivity, and relative coefficient of gas diffusion with soil drying favors the hypothesis of [START_REF] Rabot | Temporal variability of nitrous oxide emissions by soils as affected by hydric history[END_REF], stating that entrapped N 2 O was released during the drying phase. By considering the whole pore volume, the pore network was classified as unconnected during the experiment. Firstly, given that the value of the Euler number depends on the size of the lower pore which can be resolved [START_REF] Vogel | Quantification of soil structure based on Minkowski functions[END_REF], the soil sample may have been connected by unresolved air-filled pores. With a coarse-resolution scanner, we underestimate the connectivity of the soil sample. Secondly, the Euler number is a metrics highly affected by isolated voxels [START_REF] Renard | Connectivity metrics for subsurface flow and transport[END_REF], like unconnected structural pores or thresholding artifacts, leading to highly positive values. Katuwal et al. (2014) observed that the Euler number was not a good measure of macropore connectivity to compare soil samples.

Evolution of the Euler number for the whole identified pore volume is thus difficult to interpret, especially as a large fraction of the pore space remained unresolved. We favor the use of the Euler number for the pores connected to the soil surface, which, by construction, includes less isolated pores. Despite a high computational cost, the estimation of D S /D 0 from the segmented pore network appeared to better describe N 2 O transport, by showing an evolution similar to that of N 2 O fluxes: a fast increase at C1 and a slow increase at C2. The relative gas diffusion coefficient provided comprehensive information, by taking into account the pore network connectivity and tortuosity, and was less affected by isolated voxels.

Intensity of nitrous oxide emissions

By comparing the two wetting and drying cycles, differences in the amount of N 2 O emitted were observed. Emissions were lower at C2 than at C1 both during the wetting and the drying phases. A lower water content at C2 may have been responsible for the lower N 2 O production during the C2 wetting phase. Moreover, the higher connectivity and relative gas diffusion coefficient at C2 during the wetting phase caused lower N 2 O entrapment in soil, and could also explain the lower N 2 O release during the C2 drying phase. [START_REF] Balaine | Changes in relative gas diffusivity explain soil nitrous oxide flux dynamics[END_REF] suggested that N 2 O emissions were low for D S /D 0 < 0.006 in their experiment on repacked soil samples at a hydric steady-state, because N 2 O was entrapped in the soil and because the
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The observations in our present study support these findings, as we estimated values of D S /D 0 < 0.006 during the wetting phase, and we observed N 2 O entrapment. Nitrous oxide reduction into N 2 is expected to occur two or three days after the water saturation of a soil sample [START_REF] Letey | Effect of air-filled porosity, nitrate concentration, and time on the ratio of N 2 O/N 2 evolution during denitrification[END_REF]. Nitrous oxide consumption probably occurred in the present study during the wetting phase, as WFPS > 90% favors this reaction (Ruser et al., 2006). Small differences in WFPS between the wetting phases of C1 and C2

could have caused differences in N 2 O consumption. In the literature, reduced N 2 O production after a second wetting and drying cycle has also been explained by the C and N dynamics in relation to the microbial dynamics activity [START_REF] Fierer | Effects of drying-rewetting frequency on soil carbon and nitrogen transformations[END_REF][START_REF] Mikha | Carbon and nitrogen mineralization as affected by drying and wetting cycles[END_REF][START_REF] Muhr | Repeated drying-rewetting cycles and their effects on the emission of CO 2 , N 2 O, NO, and CH 4 in a forest soil[END_REF]. In our study, nitrate was supplied in excess during the wetting phase of each wetting-drying cycle, so nitrate was supposed not to be limiting at the beginning of each wetting-drying phase. On the contrary, the carbon dynamics can be implicated in the lower emissions at C2. A shortage of C after a first wetting-drying cycle may have consumed easily available C substrates [START_REF] Fierer | Effects of drying-rewetting frequency on soil carbon and nitrogen transformations[END_REF], and/or less C substrates may have been exposed to microbial consumption at C2, by the physical disruption of soil aggregates during the wetting-drying cycles [START_REF] Denef | Influence of drywet cycles on the interrelationship between aggregate, particulate organic matter, and microbial community dynamics[END_REF].

Timing of nitrous oxide emissions

In addition to the differences in terms of intensities of N 2 O emissions between the two wetting and drying cycles, differences in the timing of the N 2 O peaks were also observed. The matric potential appeared to be a good indicator of the timing of N 2 O emissions, as already shown by [START_REF] Castellano | Hydrological and biogeochemical controls on the timing and magnitude of nitrous oxide flux across an agricultural landscape[END_REF], because the matric potential defines the diameter of the water-filled pores. We found that maximum N 2 O fluxes were reached at approximately -45 cm water column, that is to say when pores with diameter > 66 µm were drained. This is consistent with the experiment of [START_REF] Castellano | Hydrological and biogeochemical controls on the timing and magnitude of nitrous oxide flux across an agricultural landscape[END_REF], who observed in their free drainage experiment that N 2 O peaks occurred when pores with diameter > 80 µm were drained. In the experiment of [START_REF] Balaine | Changes in relative gas diffusivity explain soil nitrous oxide flux dynamics[END_REF], N 2 O peaks were observed when pores with diameter > 197 and > 57 µm were drained, in soils repacked at bulk densities 1.1 and 1.5 g cm -3 , respectively.

The timing can also be compared between the two wetting-drying cycles. In our study, N 2 O fluxes were very high soon after the beginning of the C1 drying phase contrary to C2. Indeed, less N 2 O may have been produced during the C2 wetting phase, leading to a lower gas concentration gradient between the soil surface and the atmosphere, and thus to a slower gas diffusion. Moreover, the lower rate of increase at C2 than at C1 of the air-filled pore volume, connectivity, and relative gas diffusion coefficient, at the beginning of the drying phase, could also explain the slower N 2 O emissions at the beginning of the C2 drying phase. These variables were highly correlated, so only one of them could have been computed. The volume of air-filled pores and the Euler number of pores connected to the soil surface were easily calculated, but the relative gas diffusion coefficient appeared to be more efficient to describe the timing of N 2 O emissions.

Conclusion

We hypothesized that introducing dynamic indicators of the soil structure could enhance our understanding of the dynamic nature of N 2 O emissions by soils. The experiment performed in this study was intended to demonstrate the ability of a coupling between coarse-resolution Xray computed tomography, hydric control and N 2 O flux measurements, to better describe N 2 O transport in soils. X-ray computed tomography is a rapid and non-destructive method, which allowed measuring an evolution of the air phase volume, pore connectivity, and estimating the relative gas diffusion coefficient during successive wetting-drying cycles on the same soil sample. Contrary to the use of other characterization techniques (e.g., measurements of the gas diffusion coefficient with the one-chamber method), the hydric status of the soil has not We were able to measure an increase of the volume of the air phase connected to the soil surface, and an increase of the pore connectivity and gas diffusion coefficient as the soil dried.

We used the Euler number as an indicator of the connectivity of the gas phase. Because this metrics is highly affected by isolated pores, we based our interpretations on the Euler number calculated for the pore space connected to the soil surface, rather than for the whole pore 

  Abbreviations: C1: first wetting-drying cycle; C2: second wetting-drying cycle; WFPS: water filled pore space.

  Nitrous oxide emissions were monitored by infrared correlation spectroscopy (N 2 O Analyzer model 46i, Thermo Scientific) using a 4-L volume closed-chamber. The emissions were measured for 20-min periods, and the concentration value was recorded every minute. Given the linear increase of the N 2 O concentration in the closed-chamber, N 2 O fluxes were calculated linearly from the observed change in concentration during the first 10 min after the chamber was closed. Only one N 2 O flux measurement was done during wetting, at the end of each wetting phase for each cycle, and seven (respectively eight) flux measurements were recorded during the drying phase for the C1 (respectively C2) cycle. Moreover, gases inside

  used a medical X-ray tomograph (Siemens Somatom Definition AS) operating at an energy kV and a current of 140 mA. The voxel size was 316×316×100 µm. The scanning duration was 15 seconds. In the following, intensities are expressed in Hounsfield units (HU).

  supplementary wetting-drying cycles, and N 2 O entrapment has not been disrupted.

  space identified with imaging. Nitrous oxide emissions were lower in terms of intensity and speed during the second drying cycle. Differences in the intensity of N 2 O emissions were attributed to differences in the water saturation, air-phase connectivity, and relative gas diffusion coefficient, which led to more or less N 2 O production, consumption, and entrapment in soil. The speed of the N 2 O release at the beginning of the drying phase depended on the rate of increase of the air-filled pore volume, connectivity, and was especially well described by the relative gas diffusion coefficient. Parameters of the soil structure were not able to explain completely the intensity of N 2 O emissions during drying, as N 2 O production and consumption factors modified the N 2 O concentration gradient between the soil and the atmosphere.The soil structure can be seen as a factor of the N 2 O flux intensity because the pore size controls N 2 O production by providing a favorable microbial habitat (i.e., aerobic status, substrate availability, water potential), and because the pore tortuosity and connectivity to the soil surface controls N 2 O emission. This study highlighted the need to find and measure dynamic indicators of the soil structure, to enhance our understanding of the dynamic nature of N 2 O emissions by soils.
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 6 Fig. 6. Evolution with time of (a) the air-filled and water-filled pore volume, and (b) the Euler

Fig. 7 .
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 234567 Fig. 1. Schematic overview of the multistep outflow system for hydric control and nitrous oxide measurements.
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  The results presented here are an illustration based on one soil sample, but the methodology is widely applicable. Even if imaging with a coarse scanner resolution provided valuable data, imaging techniques at a finer spatial resolution, able to identify pores with diameter of approximately 50 µm, would allow refining these results. World Meteorological Organization. 2007. Scientific assessment of ozone depletion: 2006, global ozone research and monitoring project. Global Ozone Res. Monit. Project Rep. 50. World Meteorol. Organ., Geneva
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Table 1 . Pearson correlation matrix of the indicators extracted from the segmented X-ray images.

 1 on the total air-filled pores identified; S, calculated on the air-filled pores connected to the soil surface.

	Tables						
	Variables	Euler number (T)	Euler number (S)	Air volume (T)	Air volume (S)	Water volume (T)	Gas diffusion coefficient (T)
	Euler number (T)	1.00					
	Euler number (S)	0.44	1.00				
	Air volume (T)	-0.67	-0.91	1.00			
	Air volume (S)	-0.72	-0.86	0.99	1.00		
	Water volume (T)	0.65	0.77	-0.94	-0.95	1.00	
	Gas diffusion coefficient (T)	0.01	-0.12	0.23	0.24	-0.41	1.00
	T, calculated						
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